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“Dans des terrains cendreux, calcinés, sans verdure,

Comme je me plaignais un jour à la nature, [...]

Je vis en plein midi descendre sur ma tête

Un nuage funèbre et gros d’une tempête”

“One day as I was making complaint to nature

In a burnt, ash-gray land without vegetation, [...]

I saw in broad daylight descending on my head

A leaden cloud, pregnant with a tempest ”

"La Béatrice", Charles Baudelaire

in Les Fleurs du mal. Paris: Poulet-Malassis et De Broise, 1857.

Translation by William Aggeler

in The Flowers of Evils. Fresno, CA: Academy Library guild, 1954
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Summary

Explosive volcanic eruptions directly pose multiple hazards to societies. Among

these, the widespread dispersal and deposition of volcanic fragments ejected in the

atmosphere (i.e., tephra) can threaten human health and the environment, but also

cause heavy economic losses in many sectors, including transportation, tourism,

agriculture and farming. In particular, tephra particles with diameters below 2 mm

(i.e., volcanic ash) can travel in the atmosphere during long periods before settling

very far from their source, possibly generating disruptions at regional and global

scales.

Once sedimented on the ground, tephra form deposits whose characteristics can

be interpreted to determine various eruptive physical parameters, including intensity

and magnitude. However, under the action of environmental factors such as water,

snow or wind, tephra can be remobilised after deposition. This potentially alters the

preservation of deposits, and generates long-lasting secondary hazard (e.g., lahars

and ash storms) that extend the impact of primary tephra fallout in space and time.

Volcanic ash can notably undergo aeolian remobilisation and be resuspended by

winds in the atmosphere, even thousands years after initial deposition.

In order to mitigate the impacts related to the dispersal and sedimentation of

both primary and resuspended volcanic ash, efficient Volcanic Ash Transport and

Dispersal Models (VATDMs) are needed to predict affected areas and forecast the

intensity of hazards. VATDMs are being continuously improved, notably by incor-

porating more accurate parametrisations of aeolian remobilisation processes and of

particle sedimentation. In particular, rapidly descending ash fingers are observed

at the base of volcanic ash clouds. Whilst they have the potential to significantly

enhance the deposition of fine ash, ash fingers are not sufficiently understood to

accurately quantify their effect on volcanic ash sedimentation.

In this thesis new insights are provided to characterise the sedimentation of

volcanic ash within ash fingers and aeolian remobilisation. First, new field measure-
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ments based on visual observations of ash fingers formed below wind-bent plumes

are presented. Higher vertical finger velocities than in previous studies are found for

the ash fingers studied in this thesis at Etna (Italy), Sabancaya (Peru) and Sakura-

jima (Japan) volcanoes. This implies that fine volcanic ash, with sizes ranging from

the smallest grains up to maximum diameters of 613 ± 130 µm, potentially settled

within ash fingers. Observations are also interpreted to study the mechanisms at the

origin of ash fingers that possibly resulted from settling-driven gravitational insta-

bilities (SDGIs) strongly influenced by the wind. Conditions favouring the onset of

SDGIs are separately identified in laboratory experiments, depending on the thick-

ness of volcanic clouds, ash concentration and grainsize. It is found that ash fingers

develop preferentially below thick volcanic ash clouds associated with high ash con-

centrations and fine grainsizes. Experimental measurements additionally confirm

previous findings regarding the size and dynamics of ash fingers over a wider set

of initial conditions. The velocity of fingers increases with increasing particle con-

centrations, whereas their characteristic length scales (i.e., the width and spacing

of fingers, as well as the thickness of the destabilising layer) decrease with increas-

ing particle concentrations. All finger characteristic length scales are found to be

proportional to each other, scaling with a Grashof number of 104.

Moreover, the post-2016 explosive activity of Sabancaya volcano has been consid-

ered as a case study for the description of aeolian remobilisation using a combination

of various sampling and imaging strategies. Recurrent syn-eruptive aeolian remobil-

isation phenomena are observed and different transport mechanisms are identified.

In this volcanic context where new tephra are frequently deposited and readily remo-

bilised by the wind, remobilised particles show negligible morphological differences

with respect to primary deposits.

Results presented in this thesis provide new measurements of ash fingers prop-

erties and aeolian remobilisation. This constitutes a basis for quantifying the role

of ash fingers on the deposition of volcanic ash and provides new insights into syn-

eruptive processes of aeolian remobilisation of volcanic ash. The analysis of both

ash fingers and aeolian remobilisation will benefit from the use of complementary

field techniques in the future to validate interpretations presented in this thesis.



Résumé en Français

Les éruptions volcaniques explosives occasionnent de multiples aléas. Parmi ceux-ci,

la dispersion et la sédimentation de fragments de roches volcaniques (téphras) peut

menacer la santé des personnes ainsi que l’environnement. Cela peut aussi causer de

lourdes pertes économiques dans de nombreux secteurs, y compris dans les domaines

du transport, du tourisme, de l’agriculture et de l’élevage. En particulier, les téphras

avec un diamètre inférieur à 2 mm (cendres volcaniques) peuvent se déplacer dans

l’atmosphère sur de longues périodes avant de se déposer au sol très loin de leur

source, en engendrant des perturbations à des échelles régionales et globales.

Une fois sédimentées au sol, les téphras forment des dépôts dont les propriétés

peuvent être étudiées pour déterminer divers paramètres éruptifs, dont intensité et

la magnitude des éruptions. Cependant, les téphras peuvent être remis en mouve-

ment après déposition sous l’influence de plusieurs facteurs environnementaux tels

que l’eau, la neige, ou le vent. Cela peut potentiellement altérer la préservation

des dépôts, mais aussi générer des aléas secondaires durables (ex. lahars, tempêtes

de cendres) qui étendent dans le temps et l’espace l’impact initial de la chute des

téphras. Les cendres volcaniques peuvent notamment subir une remobilisation éoli-

enne et être remises en suspension dans l’atmosphère par le vent, même plusieurs

milliers d’années après avoir été déposées.

Afin de minimiser les impacts associés à la dispersion et la sédimentation des

cendres volcaniques primaires et remises en suspension, il est nécessaire de dévelop-

per des modèles (VATDMs) capables de prédire les zones affectées et l’intensité

des évènements. Les VATDMs sont en perpétuelle amélioration, notamment grâce à

l’incorporation de meilleures descriptions des processus de remobilisation éolienne et

des mécanismes affectant la chute des cendres. Ils ne prennent cependant pas encore

en compte les effets associés aux traines de cendres, qui sont des courants descendant

rapidement vers le sol depuis la base des nuages de cendre volcanique, et ayant la

capacité de considérablement accélérer la chute des cendres volcaniques fines. En ef-
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fet, malgré leur potentiel rôle dans la dépositions des cendres volcaniques, les traines

de cendres ne sont pas suffisamment bien décrites pour permettre de correctement

quantifier leurs effets sur la sédimentation des cendres volcaniques.

Dans cette thèse, de nouvelles connaissances sont apportées pour caractériser la

sédimentation des cendres volcaniques dans les traines de cendres ainsi que la remo-

bilisation éolienne des dépôts de téphras. De nouvelles mesures de terrain basées sur

des observations de traines de cendres formées sous des panaches volcaniques courbés

par le vent sont présentées. La vitesse de chute moyenne des traines étudiées dans

cette thèse aux volcans Etna (Italie), Sabancaya (Pérou) et Sakurajima (Japon) est

plus grande que celle rapportée dans de précédentes études. Cela implique que des

cendres volcaniques fines, dont le diamètre va des grains les plus fins à des tailles

maximales de 613 ± 130 µm, ont pu sédimenter dans les traines. Les observations

permettent aussi d’examiner les mécanismes à l’origine des traines de cendres. Ces

dernières ont potentiellement résulté d’Instabilités Gravitationnelles Produites par

Sédimentation (IGPS) fortement influencées par le vent. Les conditions favorisant

le développement d’IGPS sont identifiées à l’aide d’expériences de laboratoire, et

dépendent notamment de l’épaisseur des nuages volcaniques, de la concentration en

cendres et de leur taille. Il en est déduit que les traines de cendres se développent

préférentiellement sous des nuages de cendre volcanique épais contenant de grandes

concentrations de cendres, ainsi que pour des particules volcaniques avec de petits

diamètres. De plus, les mesures expérimentales confirment les conclusions d’études

précédentes concernant la dynamique et la taille des traines de cendres pour des

conditions initiales plus vastes. La vitesse des traines augmente en fonction de la

concentration en particules, alors que leurs dimensions caractéristiques (c.-à-d. la

largeur et l’espacement entre les traines, ainsi que l’épaisseur de la couche instable)

diminuent avec la concentration en particules. Toutes les dimensions caractéris-

tiques des traines sont proportionnelles entre elles, ainsi qu’à un nombre de Grashof

égal à 104.

De plus, l’activité explosive post-2016 du volcan Sabancaya a été considérée pour

étudier la remobilisation éolienne sur le terrain. Des phénomènes de remobilisation

éoliennes syn-éruptifs sont fréquemment observés et différents mécanismes de trans-
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port sont identifiés. Dans ce contexte volcanique actif où de nouveaux téphras sont

fréquemment déposés puis immédiatement remis en mouvement par le vent, les dif-

férences morphologiques entre les particules ayant été remises en mouvement et les

particules primaires des dépôts sont très faibles.

Les résultats présentés dans cette thèse fournissent de nouvelles mesures des

propriétés des traines de cendres et de la remobilisation éolienne. Cela constitue

une base afin de quantifier le rôle des traines de cendre dans le dépôt des cendres

volcaniques tout en donnant une nouvelle vision des processus de remobilisation

éolienne syn-éruptifs. L’analyse sur le terrain des traines de cendres et de la re-

mobilisation éolienne bénéficiera à l’avenir de l’utilisation de techniques de terrain

complémentaires permettant de valider les interprétations exposées ici.





Chapter 1

Introduction

Volcanoes are fascinating and complex natural systems related to multiple primary

hazards including lava flows (Harris, 2015), pyroclastic density currents (Sulpizio

et al., 2014), or gas emissions (Edmonds et al., 2015), that occur as a direct product

of eruptions. Among primary volcanic hazards, the most frequent and widespread

phenomena are certainly the dispersal (i.e., the atmospheric transport of particles)

and fallout (i.e., the deposition of particles to the ground) of volcanic fragments pro-

duced during explosive eruptions. These fragments are called tephra when emitted

in the atmosphere, irrespective of their size, shape and composition, in the sense

of Thorarinsson (1944). Tephra particles with diameter d < 2 mm (i.e., volcanic

ash) can travel for hundreds to thousands of kilometres before sedimentation. Al-

though not often causing direct casualties (Auker et al., 2013; Brown et al., 2017),

potential impacts on society resulting from the dispersal and fallout of volcanic ash

cover wide areas, and vary as a function of the distance from the volcano (Figure

1.1). Close to the vent, in the proximal zone, accumulation of tephra can cause

major structural damage to buildings such as roof collapse (Spence et al., 2005),

destroy power and water supplies or severely pollute ecosystems (Arnalds, 2013).

Further from the vent, in the medial zone, tephra can cause non-structural damage

to buildings, disruption of critical services (Wilson et al., 2012), and requires fre-

quent cleaning operation in order to reduce impacts. Far from the vent, in the distal

zone, the presence of airborne respirable ash represents a significant threat to hu-

man health (Forbes et al., 2003; Horwell and Baxter, 2006; Gudmundsson, 2011). At

all distances from the volcano, volcanic ash can disturb air traffic, with potentially

heavy economic losses even for moderate-intensity eruptions (Guffanti et al., 2009;
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Figure 1.1: Sketch illustrating the variations in tephra dispersal and fallout impacts with
distance from the vent. Simplified from Jenkins et al. (2015).

Mazzocchi et al., 2010). Moreover, primary hazards can be extended in space and

time by secondary hazards that are the consequence of factors external to volcanic

eruptions. These notably include lahars and the remobilisation of volcanic ash by

wind that can both occur during eruptions, but also long-after the cessation of the

volcanic activity (Dominguez et al., 2020b; Thouret et al., 2020).

During an eruption, volcanologists can use a wide variety of tools (e.g., remote

sensing techniques, real-time sampling) to monitor the evolution of the eruption in-

tensity. The information obtained provides the basis for assessing potential impacts.

Eruptive source parameters are combined with atmospheric models in Volcanic Ash

Transport and Dispersal Models (VATDMs) to operationally forecast the spatial

and temporal variations in the concentration of volcanic ash in the atmosphere and

predict areas affected by fallout (Bonadonna et al., 2012; Folch, 2012). To do so,

VATDMs require a parameterisation of the volcanic ash transport and dispersal
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that includes a description of the source (i.e., eruptive parameters) and sink (i.e.,

sedimentation) terms. Better evaluating these terms is therefore essential in order

to improve the accuracy of VATDMs. In particular, collective settling mechanisms

can significantly modulate the residence time of volcanic ash in the atmosphere and

possibly lead to misestimations in the results of VATDMs if not accounted for.

Similarly, the secondary transport of volcanic ash in the atmosphere during and

after an eruption can be modelled in order to assess and mitigate impacts resulting

from aeolian remobilisation (Leadbetter et al., 2012; Folch et al., 2014; Reckziegel

et al., 2016; Mingari et al., 2020). In this case, the source term is complex, con-

strained as a function of the location and properties of volcanic ash deposits, but

is also dependent on meteorological conditions and surface characteristics such as

the terrain roughness (e.g., vegetation cover) and soil moisture, which are partic-

ularly challenging to quantify (Jarvis et al., 2020). The effects of these factors on

ash emission schemes need to be better evaluated, notably through field analysis of

remobilised ash that can be used to validate emission schemes.

Tephra fallout deposits retain critical information on eruptive dynamics. They

are essential for understanding the history of volcanoes. The magnitude, intensity

and frequency of explosive volcanic eruptions can be derived from deposits, constitut-

ing a base for assessing hazards in an area (Lindsay and Robertson, 2018; Bonadonna

et al., 2021), notably using a probabilistic approach (Biass et al., 2016b). For the

purpose of reconstructing eruptions from deposits, a good understanding of primary

tephra fallout is fundamental. Inaccurate description of the processes governing

tephra fallout would lead to erroneous interpretations. Moreover, remobilisation of

tephra has the potential to significantly alter the preservation of the deposits, whose

original characteristics can be significantly modified (Cutler et al., 2018; Dugmore

et al., 2020). It is therefore essential to improve our comprehension of both primary

tephra deposition and secondary processes, as well as their impact on deposits.
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1.1 Phenomena studied in this thesis

As any other sediment, tephra are subjected to complex transport and deposition

mechanisms after being produced by fragmentation. These phases of alternate trans-

port and deposition constitute a continuous history (or life cycle; Dominguez et al.,

2020a) including primary and secondary processes. Whilst primary processes are di-

rect results of an eruption, secondary processes are triggered by the action of erosive

agents such as the wind, water or snow. Within these different processes, I focus

on primary tephra fallout (Chapters 2, 3, 4) and the subsequent remobilisation by

wind (Chapter 5) in this thesis.

1.1.1 Tephra sedimentation and the role of ash fingers

During explosive eruptions, volcanic ash and lapilli (d < 64 mm) are entrained up-

ward by convective motions in volcanic plumes that rise until reaching the level

of neutral buoyancy at which their density equals that of the surrounding atmo-

sphere (Sparks, 1986). At this level, volcanic plumes spread horizontally, carrying

tephra particles until sedimentation. Plume rise and transport of tephra are both

affected by surrounding winds, with rising plumes potentially bending into the wind

direction, depending on the ratio between the plume buoyancy and wind advec-

tion (i.e., strong versus weak plumes; Bonadonna and Phillips, 2003; Degruyter

and Bonadonna, 2012). Tephra are predominantly transported downwind, but also

upwind for strong, subvertical, plumes.

Tephra settle from plumes at distances that depend on their terminal fall ve-

locity. This is generally controlled by the size, density and shape of volcanic ash

(Bonadonna et al., 1998; Saxby et al., 2018), with coarse, dense and spherical par-

ticles sedimenting closer to the vent than fine, light and non-spherical particles.

However, the terminal fall velocity of tephra particles can be affected by orographic

effects that potentially create vertical atmospheric circulations that force particles

downward (Watt et al., 2015; Eychenne et al., 2017; Takemi et al., 2021). More-

over, volcanic ash (especially in the fine ash fraction; d < 63 µm) commonly settles

collectively as aggregates or within ash fingers instead of individually.
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Volcanic ash aggregation describes the collision and sticking of volcanic ash par-

ticles that notably occurs because of electrostatic attraction (Pollastri et al., 2021),

hydrometeor formation (Durant et al., 2009), or the creation of liquid bridges binding

particles by capillary forces (Schumacher and Schmincke, 1995). From this variety of

formation mechanisms results several types of aggregates classified as accretionary

pellets, associated with wet aggregation, and particle clusters, generally associated

with dry aggregation, according to Brown et al. (2012) and Bagheri et al. (2016).

The preservation of aggregates is rare in ash fallout deposits, as they usually break

upon impact (especially fragile particle clusters), potentially producing bimodal de-

posits (Carey and Sigurdsson, 1982; Bonadonna et al., 2011). Volcanic ash settling

as aggregates generally sediment faster than individually, thus causing premature

sedimentation (i.e., reduction of the residence time of volcanic ash in the atmo-

sphere). Hence, some VATDMs and plume models now include a parameterisation

of the effect of particle aggregation on the dispersal and sedimentation of volcanic

ash (Folch et al., 2016; Beckett et al., 2022).

Ash fingers are descending ash-laden currents produced by instabilities form-

ing underneath volcanic ash plumes. These currents take the distinctive form of

sedimenting columns that have been observed to form below several volcanic ash

clouds produced various type of eruptions and volcanoes, including Mount Redoubt

(USA) in 1990 (Hobbs et al., 1991), Ruapehu (New Zealand) in 1996 (Bonadonna,

2005a), Soufrière Hills (Montserrat) in 1997 (Bonadonna et al., 2002a), Grimsvötn

(Iceland) in 2004 (Eliasson et al., 2014), Eyjafjallajökull (Iceland) in 2010 (Figure

1.2A; Bonadonna et al., 2011; Manzella et al., 2015; Eliasson, 2020), Etna (Italy)

in 2013 (Andronico et al., 2015; Scollo et al., 2017), Sakurajima (Japan) in 2013

(Eliasson et al., 2014), and Stromboli (Italy) in 2015 (Freret-Lorgeril et al., 2020).

They propagate downward, entraining fine volcanic ash at speeds greater than the

particle terminal fall velocity. Among the observations listed above, very few are ac-

companied by quantitative descriptions of ash fingers dynamics that remain poorly

constrained. In particular, Manzella et al. (2015) found finger downward veloci-

ties corresponding to the terminal fall velocity of ash particles with diameters d ≈

200 µm during the May 2010 Eyjafjallajökull eruption. They also reported the oc-
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currence of bimodal ash fallout deposits and of aggregates at the distance fingers

reached the ground. If entrained within fingers, the sedimentation of the particles

finer than 200 µm collected at the distance fingers reached the ground could have

been significantly enhanced, explaining the presence of a fine grainsize mode in de-

posits, concomitantly with the fallout of aggregates. Figures 1.2B-C schematically

illustrate the observations of Manzella et al. (2015), regarding both the dynamics of

the volcanic plume and tephra deposits. Based on these measurements, it is clear

that the fallout within ash fingers is another size-selective collective settling process

that also has the potential to enhance the deposition of volcanic ash. However,

unlike aggregation, it is far from being sufficiently understood for integration in

plume models and VATDMs. The occurrence of particle aggregation simultaneously

with the observation of ash fingers brings into question the existence of a possible

relationship between the origin of the two processes.

Several mechanisms can be responsible for the production of ash fingers below

volcanic clouds, and below particle suspensions in general. These include settling-

driven gravitational instabilities (SDGIs) (Hoyal et al., 1999b; Carazzo and Jellinek,

2012; Manzella et al., 2015; Scollo et al., 2017), diffusive convection (Green, 1987;

Hoyal et al., 1999b; Carazzo and Jellinek, 2013), wind-induced overturning motions

in ash clouds (Freret-Lorgeril et al., 2020), but also the periodical collapse of jets

from overshoot regions (Gilchrist and Jellinek, 2021). Shear at the cloud base can

also modulate the formation of ash fingers, notably through the creation of Kelvin-

Helmholtz instabilities, or by inhibiting SDGIs (Farenzena and Silvestrini, 2017;

Konopliv et al., 2018). It is also important to note the resemblance between ash

fingers and mammatus that may form underneath volcanic clouds. The latter are

rounded lobes, formed by a combination of ash-hydrometeor settling and evapora-

tion/sublimation processes (Kanak et al., 2008; Ravichandran et al., 2020), with

internal air velocities descending at greater speeds than individual particles (Durant

et al., 2009), but mammatus do not propagate below the cloud base as discrete

sedimentation columns, unlike ash fingers.

In this thesis, I focus on SDGIs formation mechanisms and resulting finger prop-

erties, as SDGIs are appropriate for describing the onset of ash fingers below volcanic
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Figure 1.2: Sketch illustrating the sedimentation from a (weak) volcanic plume and
collective settling mechanisms. A. Photograph of the 2010 eruption of Eyjafjallajökull
from Eliasson (2020), with ash fingers observed at the base of the volcanic plume. B.
Schematic representation of the plume shown in panel A. “IPS” denotes Individual particle
Settling, and Hb is the height of the neutral buoyancy level. C. Illustration of expected
gradual thinning and decrease in grainsize of tephra deposits. The grainsize distribution
(GSD) is plotted in mass percentages (wt%) as a function of the particle diameter expressed
in Φ units (Φ = − log2 d, with d the particle diameter in mm).
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ash clouds advected by the wind at the level of neutral buoyancy (Manzella et al.,

2015; Scollo et al., 2017). Moreover, analysis of finger properties provides a sim-

ple, yet fundamental characterisation of the phenomenon, carefully applicable to

fingers originating from other processes than SDGIs. Other formation mechanisms

are described with additional details in Chapter 4. SDGIs result from particle set-

tling across an interface in an initially stable density configuration where a particle

suspension (i.e., volcanic cloud) is emplaced above a dense ambient fluid (i.e., un-

derlying atmosphere). At the top of the dense fluid, the incorporation of particles

generates a heavy Particle Boundary Layer (PBL) that becomes unstable, as it lies

on particle free fluid with a lower bulk density (Hoyal et al., 1999b; Burns and

Meiburg, 2015; Davarpanah Jazi and Wells, 2020). Rayleigh-Taylor-like instabilities

(Sharp, 1984) develop, and the PBL detaches in the form of fingers.

1.1.2 Aeolian remobilisation of tephra deposits

Primarily deposited tephra can become mobile again under the action of several

factors (e.g., water, ice, wind, human and animal activities) (Collins and Dunne,

1986; Manville et al., 2000), generating additional hazards and starting the second

life of tephra. Deposited volcanic ash transported as a result of factors external

to volcanic eruptions are called remobilised ash, and the process triggering this

secondary transport are generally referred to as remobilisation. Volcanic ash can

be remobilised even thousands of years after an eruption, and the duration of these

effects depends principally on the availability (i.e., total volume) of tephra deposits

(Dominguez et al., 2020b).

Aeolian remobilisation is one of the most recurrent and widespread remobilisation

process. It poses several additional hazards to human health (e.g., through long-

term exposure to high concentrations of respirable particles; Horwell and Baxter,

2006; Gudmundsson, 2011), agriculture (e.g., ash storms that can bury farmlands, or

abrade vegetation; Wilson et al., 2011), and other aspects of society whose intensity

notably depend on atmospheric and soil conditions (e.g., wind intensity, moisture,

grainsize; level of compaction). Intensity of aeolian remobilisation can be classified

as a function of visibility loss in distinct phenomena ranging from drifting ash to
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Figure 1.3: Aeolian remobilisation mechanisms (modified from Kok et al., 2012)

severe ash storms during which visibility is greatly reduced down to less than 200

m (Dominguez et al., 2020a).

It is important at this point to clearly separate remobilisation and resuspension.

Whilst aeolian remobilisation refers to all secondary transport mechanisms of vol-

canic ash by the wind, aeolian resuspension only describes the process by which

deposited volcanic ash re-enters in suspension under the action of the wind. In fact,

similar to bedload transport in rivers, aeolian remobilisation also includes creep mo-

tion during which coarse grains roll and/or slide at the surface and saltation that

transports particles by jumps (Zhang et al., 2021). Upon impact with the ground,

saltating particles can trigger the lift-off and the eventual resuspension of smaller

volcanic ash for short- or long- terms (Figure 1.3). The tendency for volcanic ash to

become mobile in a wind field is classically quantified by the threshold wind friction

velocity, that corresponds to the ratio of resisting gravitational and cohesive forces

over driving aerodynamic forces (Shao and Lu, 2000). A particle lifts off the surface

if the wind friction velocity (i.e., measure of the wind shear at the surface) becomes

greater than the threshold wind friction velocity. This corresponds to particles in a

given grainsize range for terrestrial conditions, as most easily remobilised particles

are not too coarse (i.e., heavy), nor too fine (i.e., cohesive).

As highlighted during a 2019 workshop on wind-remobilisation processes of vol-

canic ash in Argentina (Jarvis et al., 2020), the characteristics of remobilised ash,

and associated remobilisation mechanisms, still require laboratory and field mea-

surements. In particular, there is a need to better assess the relation between remo-
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bilisation intensity and terrain and deposit properties, as well as a need to develop

strategies for field characterisation.

1.2 Methods employed in this thesis

Here, both analogue laboratory experiments and field investigations are used to char-

acterise tephra sedimentation and aeolian remobilisation. Laboratory experiments

are used to study analogue ash fingers developing underneath particle suspensions

in water (Chapters 2, 3) and complement field observations (Chapter 4). Aeolian

remobilisation is characterised in the field through a combination of sampling and

imaging strategies presented in Chapter 5.

1.2.1 Experimental modelling

In order to better understand the formation of ash fingers and their dynamics, simple

laboratory experiments in a small-scale water tank have been used. The experimen-

tal set-up used here is inspired by the experiments of Hoyal et al. (1999b), involving

only two homogeneous layers initially separated by a barrier that is removed at the

start of the experiments. In this configuration, the analogue of the volcanic ash

cloud is a particle suspension that is placed on top of a dense sugar solution, ana-

logue of the atmosphere at the base of a cloud spreading at the neutral buoyancy

level. Particles are spherical glass beads, nearly monodisperse, and characterised by

narrow grainsize distributions. Experiments take place in a quiescent environment

in which the two layers are immobile.

Although not encompassing many aspects related to the sedimentation below vol-

canic ash clouds (e.g., absence of cloud spreading, monodisperse particles, narrow

grainsize range, presence of rigid boundaries), such simplified experimental mod-

els can yield important results for the basic comprehension of natural phenomena.

In fact, the complexity of natural systems requires modelers to carefully select the

level of complexity adapted to the object or physical process studied, knowledge

previously gained from past studies of this natural phenomenon, purpose of the

model (i.e., hypothesis to test), and practical limitations in reproducing the size
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Figure 1.4: Variations in model complexity for the heart (top) and tephra fallout (adapted
from van Zelst et al., 2022). Simple models, such the icon of the heart can be very useful,
easy to understand, while capturing essential information (e.g., the basic shape of the heart
with two ventricles). Images at the top are from https://commons.wikimedia.org/ and
https://www.kiwico.com/diy/stem/anatomy-biology/pumping-heart, and bottom images
are from Eliasson (2020), Koyaguchi and Suzuki (2013) and Scollo et al. (2017) from left
to right.

and dynamics of the natural system. Simple models (in 1D or 2D) involving few

controlling parameters, homogeneous initial conditions and fixed boundaries can be

extremely useful if not oversimplified. For example, by varying specific parameters

and neglecting others, simple models allow to identify main parameters involved in

a problem independently. Conversely, a complex model allows further reconciliation

with natural systems, but may become too complicated to be useful and/or feasible,

depending on the studied phenomenon. Figure 1.4, adapted to the case of volcanic

plumes from van Zelst et al. (2022), illustrates the difference between different de-

grees of complexities for studying the functioning of the heart or of volcanic ash

sedimentation.

For large scale natural processes such as volcanic eruptions, experimental models

are inevitably spatially and temporally simplified to be conceivable at the scale of

a laboratory, even though large-scale experiments (Dellino et al., 2007; Ross et al.,

2013; Lube et al., 2015) approach natural length scales. Hence, scaling analysis is a

crucial step for ensuring similarity between small-scale models and large-scale vol-

canic phenomena when designing experiments in volcanology (Burgisser et al., 2005;

Kavanagh et al., 2018; Roche and Carazzo, 2019). Accurate experiments are scaled



12 Chapter 1: Introduction

to correctly reproduce force ratios that are quantified by dimensionless numbers.

Values of natural dimensionless numbers indicate the physical regimes of a natural

system that needs to be reproduced by experiments, as determined by comparing

natural and experimental dimensionless numbers. This procedure first requires the

selection of relevant dimensionless numbers characterising the natural system. For

example, for experiments aiming at reproducing viscous fluid flows, the Reynolds

and Grashof numbers quantifying the importance of inertial over viscous forces and

buoyant over viscous forces, respectively, can be investigated. Perfectly matching

natural dimensionless numbers is nearly impossible in many cases. However, it is

possible to identify the dynamical regimes associated with nature and experiments,

and to understand the limitations of a model.

1.2.2 Areas studied

Eruptions from three volcanoes (Etna, Italy; Sabancaya, Peru and Sakurajima,

Japan; Figure 1.5) were studied for improving the characterisation of natural ash

fingers and aeolian remobilisation (analysed only at Sabancaya).

First, the sedimentation below volcanic plumes resulting from lava fountains

produced at Mount Etna between 2011 and 2013 was studied based on operational

videos provided by the Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio

Etneo (INGV-OE) that monitors the volcano. Mount Etna is located on Sicily

island, in Italy (Figure 1.5A), and peaks at about 3300 m above sea level (a.s.l.).

It is one of the most active volcano in the world, associated with multiple hazards,

and it can be considered as an excellent natural laboratory for studying volcanic

phenomena. Throughout its history, Mount Etna has mainly been associated with

the emission of lava flows, frequently originating from the flanks of the edifice, but

the number of explosive eruptions increased since 1986. 241 paroxysms characterised

by strong Stombolian to lava fountaining activity happened at the summit craters

between 1986 and 2021 (Andronico et al., 2021), generating high volcanic plumes

spreading over hundreds of km and tephra fallouts. This poses significant hazards to

populations living around the volcano (Scollo et al., 2013; Andronico et al., 2015),

and notably to the city of Catania located about 28 km south of the summit (Figure
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Figure 1.5: Location of study areas
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1.5B). Between 2011 and 2013, 45 paroxysms occurred (Andronico et al., 2021),

including the very intense 23 November 2013 eruption (Corradini et al., 2016; Poret

et al., 2018) during which ash fingers have been observed (Andronico et al., 2015;

Scollo et al., 2017).

Second, a field campaign was conducted from 27 July to 12 August 2018 at Sa-

bancaya volcano (5970 m a.s.l.), in southern Peru (Figure 1.5C) for characterising

tephra fallout and aeolian remobilisation processes, as well as tephra deposits and

eruptive dynamics. Sabancaya volcano is part of a volcanic complex that also in-

cludes Hualca Hualca (6025 m a.s.l.) and Ampato volcanoes (Figure 1.5D), and Sab-

cancaya has been the only historically active volcano among this complex (Thouret

et al., 1994; Juvigné et al., 1998; Gerbe and Thouret, 2004; Samaniego et al., 2016).

Since 2016, the activity of Sabancaya volcano is characterised by frequent Vulcanian

explosions typically reaching heights comprised between 1 and 4 km above the vent

(Machacca Puma et al., 2021; Coppola et al., 2022), but tephra deposits from the

ongoing eruption have not been studied yet. Additional information on the eruptive

history and current volcanic activity at Sabancaya is reported in Chapter 5.

Finally, a field campaign was organised from 11 to 28 November 2019 at Saku-

rajima volcano (1117 m a.s.l.), on the island of Kyushu in southern Japan (Figure

1.5E), during which videos of tephra sedimentation were acquired. Sakurajima is

also characterised by a persistent Vulcanian activity alternating between Minami-

dake and Showa craters (Figure 1.5F) since 1955 (Iguchi et al., 2013) that represents

a long-lasting hazard to the nearby city of Kagoshima (Iguchi et al., 2020). Several

explosions were recorded every day, reaching maximum plume heights of about 3 km

above the vent during the campaign (Vecino et al., 2022). Sakurajima volcano can

also be considered an excellent natural laboratory, due to the high frequency of ex-

plosions, accompanied by almost continuous ash venting, and the good accessibility

of the area.



Chapter 1: Introduction 15

1.3 Thesis objectives and structure

This thesis aims to characterise different mechanisms (namely ash fingers and aeolian

remobilisation) involved in the primary and secondary transport of volcanic ash. As

mentioned in previous sections, ash fingers have the potential to significantly affect

tephra sedimentation and deposits but are still poorly characterised. Hence, under-

standing the processes leading to the formation of ash fingers, and their dynamics,

is crucial for improving our understanding of tephra dispersal and sedimentation

and developing more efficient forecasting models. In fact, by increasing the fall ve-

locity of fine particles that are entrained within rapidly descending currents, ash

fingers can lead to premature deposition of volcanic ash and erroneous predictions

of volcanic ash residence time and spatial distribution in the atmosphere. Very few

quantitative measurements of finger characteristics have been performed so far, and

rare examples include fingers observed during the 2010 eruption of Eyjafjallajökull

by Manzella et al. (2015) and wind-induced fingers studied by Freret-Lorgeril et al.

(2020) at Stromboli in 2015. Besides the lack of field data, the formation mechanism

of ash fingers is unclear, resulting in impractical assessments of the conditions for

which they develop and a more accurate description of the onset of ash fingers below

volcanic plumes and clouds is required. This can be achieved through the combi-

nation of complementary analysis, and in particular through experimental and field

characterisation of ash fingers. In order to obtain a better understanding of ash

fingers, key open questions need to be addressed:

• How, where and when volcanic ash fingers form?

• What are the specific conditions favouring the development of ash fingers?

• How to distinguish ash fingers produced by different physical mechanisms?

• Is it possible to predict the velocity of ash fingers and, more generally, what

are the key parameters controlling their dynamics?

• What are the particle sizes affected by ash fingers and their effect on tephra

deposits?
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• What is the possible relation between ash fingers and volcanic ash aggregation?

Similarly, aeolian remobilisation of volcanic ash requires additional experimental

and field studies for constraining more accurately emission schemes. In particular,

the field characterisation can be improved by:

• Studying aeolian remobilisation in various volcanic settings.

• Comparing and validating theoretical descriptions of aeolian remobilisation

with field observations.

• Developing additional sampling and analysis strategies for characterising re-

mobilised particles.

This thesis comprises four main chapters. Chapters 2 and 3 present results

from scaled analogue experiments aiming at characterising the formation and dy-

namics of ash fingers. Chapter 2 consists in a paper published in Frontiers in Earth

Sciences (Fries, A., Lemus, J., Jarvis, P. A., Clarke, A. B., Phillips, J. C., Manzella,

I. and Bonadonna, C. (2021). The Influence of Particle Concentration on the For-

mation of Settling-Driven Gravitational Instabilities at the Base of Volcanic Clouds.

doi:10.3389/feart.2021.640090) that focuses on the control exerted by particle con-

centration on ash fingers resulting from settling-driven gravitational instabilities

(SDGIs). In this work, various imaging techniques are employed separately in order

to describe the configuration in which SDGIs arise. The length scales and dynamics

of ash fingers are compared with existing theoretical relations and a criterion for the

development of ash fingers is introduced and tested experimentally.

In addition to particle concentration, Chapter 3 includes the description of the

influence of particle size on the tendency for particles to form fingers. Simultane-

ous particle imaging, Particle image Velocimetry (PIV) (Adrian, 2005) and Planar

Laser Induced Fluorescence (PLIF) (Crimaldi, 2008) are used for a more complete

characterisation of the properties of individual fingers. Results are extrapolated to

volcanic clouds in order to constrain the conditions in which natural fingers may

develop.

Chapters 4 and 5 describe results from field investigations. Previous obser-

vations and measurements of ash fingers are summarised and discussed in Chapter
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4 that focuses on the field characterisation of ash fingers based on video record-

ings of volcanic ash sedimentation at Etna, Sabancaya and Sakurajima volcanoes.

New quantitative measurements of the velocity and size of ash fingers are reported,

considerably increasing the number of available data. From these measurements,

maximum grainsizes potentially affected by ash fingers are derived and experimen-

tal scaling laws are tested to understand the mechanisms at the origin of ash fingers.

In Chapter 5, the field work conducted at Sabancaya volcano is presented. This

Chapter links primary and secondary transport of tephra in the atmosphere. In fact,

frequent and intense remobilisation phenomena are reported to occur at the same

time fresh volcanic tephra is injected by Vulcanian explosions. Various sampling

strategies are deployed to analyse primary tephra fallout and remobilised particles.

Theories describing remobilisation mechanisms as a function of the grainsize are ap-

plied for enlightening field observation. The morphology of remobilised particles is

compared with volcanic ash from primary fallout in order to identify potential signa-

tures of remobilisation processes on the shape of volcanic ash. Besides, the activity

of Sabancaya volcano is analysed, based on variations in repose times separating

eruptions, airborne tephra sampling and tephra deposits.

Finally, the conclusions of this research, as well as future perspectives, are given

in Chapter 6.





Chapter 2

The influence of particle concentration on

the formation of settling-driven

gravitational instabilities at the base of

volcanic clouds1

2.1 Introduction

Many studies have highlighted that sedimentation from buoyant particle-laden cur-

rents (e.g., river plumes or volcanic ash clouds) is affected by collective settling

mechanisms such as particle aggregation (Nicholas and Walling, 1996; Zimmermann-

Timm, 2002; Costa et al., 2010; Durant and Brown, 2016) and settling-driven gravi-

tational instabilities (Hoyal et al., 1999b; Parsons et al., 2001; Carazzo and Jellinek,

2012; Manzella et al., 2015). Both processes promote the scavenging of fine particles

by increasing their fall velocities with respect to their individual settling rates. In

particular, they can explain the fine-ash depletion observed in large volcanic clouds

far from the source (Hoyal et al., 1999b; Carazzo and Jellinek, 2013; Durant, 2015;

Gouhier et al., 2019). Many studies have already shown how particle aggregation can

play a substantial role in enhancing fine ash sedimentation through the formation

of clusters which might descend faster and closer to the vent than individual fine
1Published as: Fries, A., Lemus, J., Jarvis, P. A., Clarke, A. B., Phillips, J. C., Manzella, I.

and Bonadonna, C. (2021). The Influence of Particle Concentration on the Formation of Settling-
Driven Gravitational Instabilities at the Base of Volcanic Clouds. Frontiers in Earth Science 9,
640090. doi:10.3389/feart.2021.640090.
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ash particles (Brown et al., 2012; Bagheri et al., 2016; Folch et al., 2016). However,

less attention has been paid to settling-driven gravitational instabilities that can de-

velop at the base of volcanic clouds and result in the formation of downward moving

plumes, called ash fingers, within which fine ash particles fall faster than they do

individually. Tephra dispersal and sedimentation can affect communities at multiple

spatial and temporal scales (Jenkins et al., 2015; Bonadonna et al., 2021) including

disruption to aviation (Guffanti et al., 2009; Prata and Tupper, 2009; Lechner et al.,

2017), impact to public health (Horwell and Baxter, 2006; Gudmundsson, 2011) and

damage to both residential buildings and critical infrastructures (Spence et al., 2005;

Wilson et al., 2012). Therefore, understanding the processes controlling tephra sed-

imentation, including settling-driven gravitational instabilities, is fundamental for

developing more efficient ash dispersal models and better managing the associated

risk (Folch, 2012; Durant, 2015; Scollo et al., 2008).

Settling-driven gravitational instabilities develop at the base of particle suspen-

sions from density differences generated by particles settling across the interface and

their incorporation into the underlying fluid (Figures 2.1A,B). The configuration is

an initially stable density stratification with a buoyant particle suspension (e.g.,

volcanic ash cloud) emplaced above a slightly denser fluid (e.g., atmosphere). The

region immediately below the density interface becomes denser than the underlying

layer when particles settle through it, forming a heavy, interfacial Particle Boundary

Layer (PBL) (Burns and Meiburg, 2012, 2015; Yu et al., 2013; Davarpanah Jazi and

Wells, 2020). Once the system is unstable, the PBL detaches and particle-laden

bulbous plumes (called fingers) sink and protrude into the lower layer (Hoyal et al.,

1999b). These fingers descend rapidly, driving particle sedimentation at faster ve-

locities and rates than individual particle settling. In this paper, we refer to this

finger-producing mechanism as settling-driven gravitational instabilities, where fin-

gers are identified as the downward moving particle-laden plumes. We define the

PBL as the heavy particle-laden layer formed below the initial density interface by

the inclusion of particles in the dense underlying fluid.

Settling-driven gravitational instabilities can affect the sedimentation from buoy-

ant flows that are associated with various natural systems including river (hypopy-
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Figure 2.1: Schematic representation of the mechanism by which settling-driven gravita-
tional instabilities arise. (A) The particle suspension (grey) initially overlies particle-free
fluid (blue) and the density profile is stable. (B) Particles settle at their individual fall ve-
locity (Vp) across the density interface between the particle suspension and the underlying,
initially denser lower fluid, forming a dense Particle Boundary Layer (PBL) of thickness
δ, highlighted in green, that contains density contributions from both the solid and fluid
phases. Destabilization of the density stratification leads to the formation of fingers that
rapidly descend at a speed Vf > Vp. Ash fingers have been observed at the base of vol-
canic clouds including (C) Eyjafjallajökull 2010, Iceland (Manzella et al., 2015), and (D)
Sakurajima 2019, Japan. Red arrows highlight the presence of fingers. Note that more
complex mechanisms than pure individual settling such as wind-driven stirring can also
affect the particle delivery to the PBL in these natural examples and modify the density
configuration that gives rise to ash fingers.
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cnal) plumes (Hoyal et al., 1999b; Maxworthy, 1999; Parsons et al., 2001; Henniger

and Kleiser, 2012; Davarpanah Jazi and Wells, 2016, 2020; Sutherland et al., 2018),

magma chambers (Marsh, 1988), vertical tephra transport in oceans (Carey, 1997;

Manville and Wilson, 2004; Jacobs et al., 2015, 2013) and volcanic clouds (Carazzo

and Jellinek, 2012; Manzella et al., 2015; Scollo et al., 2017). Hence, several authors

from different fields have investigated these instabilities through a combination of

experiments, theoretical analyses and numerical simulations (Hoyal et al., 1999b;

Cardoso and Zarrebini, 2001; Burns and Meiburg, 2012, 2015; Carazzo and Jellinek,

2012; Jacobs et al., 2013; Yu et al., 2013, 2014; Chou and Shao, 2016; Scollo et al.,

2017). Whilst the instability mechanism here resembles the classical Rayleigh-Taylor

instability which occurs when a dense fluid overlies a lighter one (Sharp, 1984; Lin-

den and Redondo, 1991), the characteristics and dynamics differ in critical ways. A

key difference is that this instability originates from the settling of particles out of

the upper layer, forming a narrow region of excess density (the PBL). The inter-

face between the upper layer and the PBL is gravitationally stable, which means

that, unlike in classical Rayleigh-Taylor problems, the upper layer does not undergo

overturning. Simultaneously, there is competition between the rate at which the

PBL forms due to particle settling and the rate at which it is destroyed by gravi-

tational instability with the lower layer. The finite-amplitude characteristics of the

instability are therefore different.

In addition to particle settling, double diffusion, where two density-altering fluid

properties diffuse at different rates, can also lead to the formation of an unsta-

ble interfacial region and associated fingers (Green, 1987; Chen, 1997; Hoyal et al.,

1999a; Carazzo and Jellinek, 2013). A comparison between the diffusive and particle-

settling fluxes allows differentiation between the two mechanisms (Green, 1987;

Hoyal et al., 1999a; Carazzo and Jellinek, 2013); settling-driven gravitational in-

stabilities can occur if the settling flux is greater than the diffusive flux. Both

mechanisms are likely to coexist and to affect the sedimentation from volcanic clouds

because of thermal diffusion and particle settling (Carazzo and Jellinek, 2013). How-

ever, in this paper, we focus on settling-driven gravitational instabilities which are

more suitable for describing finger formation during the spreading of an ash cloud at
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neutral buoyancy, once it is thermally equilibrated with the atmosphere (Manzella

et al., 2015; Scollo et al., 2017). As we will show in Section 2.2.1, the particle flux

into the PBL in our experiments is predominantly controlled by particle settling

rather than double diffusion and we therefore only address gravitational instabilities

arising because of particle settling across the interface.

Hoyal et al. (1999b) showed that the criterion for convection to start at the

base of particle suspensions and for fingers to develop depends on the ratio between

driving gravitational forces and resisting viscous forces as represented by the Grashof

number

Gr =
g′δ3

ν2
, (2.1)

where δ is the PBL thickness (Figure 2.1B), ν the kinematic viscosity, and g′ =

g(ρ−ρa)/ρa the reduced gravity of the PBL, with g = 9.81 m s-2 the acceleration due

to gravity, and ρ and ρa the densities of the PBL and of the ambient, respectively

(a list of symbols can be found in Supplementary Table A2.1). By analogy with

thermal convection, Hoyal et al. (1999b) proposed that the instability starts above

a critical Grashof number of the order of 103. For given values of the reduced

gravity and viscosity, this indicates that fingers develop only if the PBL can grow

to a critical thickness δc = 10(ν2/g′)(1/3). Their experimental measurements further

revealed that the instability wavelength (i.e., the spacing between fingers) and the

finger width are proportional to the critical PBL thickness.

Another condition for the development of fingers due to settling-driven gravita-

tional instabilities is that the particle-fluid mixture behaves as a continuum (Hoyal

et al., 1999b). The particle and fluid motions can then be coupled through terms

in their respective momentum equations (Harlow and Amsden, 1975; Valentine and

Wohletz, 1989; Burgisser et al., 2005). In dilute mixtures, such as fingers, the degree

of coupling can be assessed by calculating the Stokes and Sedimentation dimension-

less numbers that quantify the relative strength of the forces the fluid and particles

exert on each other (Crowe et al., 2011). For fingers to form, the coupling must

be sufficiently strong for the finger velocity to be greater than the particle veloc-

ity. Carazzo and Jellinek (2012) showed that this last condition is met in numerous

volcanic ash clouds, and effectively reduces to a dependence on particle size, with
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fine ash particles (diameter d < 100 µm) promoting finger formation. In a series of

aqueous analogue experiments with both glass beads and natural ash, Scollo et al.

(2017) found that particle concentration and size exerted a major control on the

instability and that no fingers formed for particle diameters greater than approxi-

mately 125 µm. Larger particles instead settled individually, sufficiently decoupled

from the fluid phase. Finally, their experiments revealed that the ash composition

did not significantly change finger dynamics, suggesting that, for a given ash size

distribution, fingers can form underneath plumes regardless of the magma compo-

sition.

Ash fingers associated with settling-driven gravitational instabilities have been

observed in various volcanic eruptions, e.g., Mount Redoubt, USA, 1990 (Hobbs

et al., 1991); Ruapehu, New Zealand, 1996 (Bonadonna, 2005a); Soufrière Hills,

Montserrat, 1997 (Bonadonna et al., 2002b); Eyjafjallajökull, Iceland, 2010 (Bonadonna

et al., 2011; Manzella et al., 2015) (Figure 2.1C); Etna, Italy, 2013 (Andronico et al.,

2015; Manzella et al., 2015); and Sakurajima, Japan, 2019 (Figure 2.1D). Their as-

sociation with different eruptive styles suggests that settling-driven gravitational

instabilities are a common, widespread phenomenon.

Despite these observations, quantitative field descriptions of ash fingers remain

rare. During the 2010 Eyjafjallajökull eruption, Manzella et al. (2015) found the

average downward finger velocity to be about 1 m s-1, which is greater than the calcu-

lated settling velocities of individual ash particles finer than 100 µm (Vp<0.6 m s-1).

They also characterised the geometry of the instability by showing that the width

and spacing of individual fingers appeared to be similar, as suggested previously by

experimental studies (Hoyal et al., 1999b; Carazzo and Jellinek, 2012). Scollo et al.

(2017) suggested that Mass Eruption Rates (MERs) greater than about 105 kg s-1

favour the formation of settling-driven gravitational instabilities, which is in good

agreement with analogue experiments where the particle concentration corresponds

to highly concentrated volcanic clouds. Finally, using a combination of radar and

disdrometer measurements at Stromboli, Italy, Freret-Lorgeril et al. (2020) detected

intermittent periods of higher particle concentration that they interpreted as fingers

affecting the sedimentation from weak, short-lived plumes. Their work, along with
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recent experiments on particle-laden currents (Davarpanah Jazi and Wells, 2020),

suggests that the wind and the relative motion of the current may affect the forma-

tion of ash fingers, evidencing that settling-driven gravitational instabilities are not

the only mechanism by which ash fingers can be produced. However, in our experi-

ments that are performed in the absence of relative horizontal motion between the

particle suspension and the ambient fluid (that are initially separated by a flat in-

terface), we only consider the case of volcanic ash clouds with negligible wind shear

effects for which the particle flux across the interface is dominated by individual

settling, i.e., where the plume and fingers are advected at wind speed at the neutral

buoyancy level and far from the source.

While previous studies have built the theoretical framework to assess the con-

ditions necessary for the formation of settling-driven gravitational instabilities and

focused mainly on the effect of the particle size, which is of primary importance, we

only have limited insights into the effect of the particle concentration on the for-

mation of settling-driven gravitational instabilities. We present new experiments,

performed over a wide range of initial conditions, to investigate the velocity and size

of fingers at different particle concentrations and compare our results with existing

models on settling-driven gravitational instabilities (Hoyal et al., 1999b; Carazzo and

Jellinek, 2012; Manzella et al., 2015). Additionally, we explore the potential of parti-

cle suspensions to develop fingers by introducing a new dimensionless number relat-

ing the suspension and characteristic PBL thicknesses. Despite significant progress

in theoretical (Burns and Meiburg, 2012) and numerical (Burns and Meiburg, 2015)

studies of the formation of settling-driven gravitational instabilities, uncertainties

remain regarding the density configuration associated with the triggering of the in-

stabilities. Although the presence of a heavy PBL below the particle suspension

is widely accepted, the composition of the fluid phase and the particle concentra-

tion in this region remain poorly-described, despite their importance for the bulk

density of the suspension and the dynamics of the resulting fingers. We have used

Planar Laser Induced Fluorescence (PLIF) (Koochesfahani, 1984; Crimaldi, 2008)

to measure the spatial and temporal evolution of the fluid phase density, specifi-

cally focusing on the PBL and fingers. Whilst previous experiments have focused
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on the particle concentration and velocity fields, our PLIF measurements allow for

a complete characterisation of the density configuration associated with the trigger-

ing of the instability. Once developed, settling-driven gravitational instabilities are

thought to significantly increase the sedimentation rate below particle suspensions.

We quantify the particle mass flux in the experiments at different particle concen-

trations. Experimental findings are finally discussed in relation to the sedimentation

of fine ash from volcanic ash clouds.

2.2 Methods

2.2.1 Experimental configuration

The experiments are performed in an experimental water tank 30.1 × 30.1 × 50 cm3

that is divided into two layers by a horizontal barrier (Manzella et al., 2015; Scollo

et al., 2017) (Figure 2.2; H1 = 5 - 21 cm and H2 = 25 cm are the thicknesses of

the upper and the lower layers, respectively). Initially, the density profile is stable.

The upper layer (ash cloud analogue) is a mixture of particles and fresh water, with

initial particle concentrations Cu ranging from 0.0007 to 10 g l-1 (mixture density

from 997 to 1007 kg m-3), and the lower layer (atmosphere analogue) is a denser

sugar solution kept at a constant density of 1008 kg m-3 (sugar concentration of

29 g l-1). Experiments are performed at ambient temperature. This experimental

configuration is inspired by the classical work of Hoyal et al. (1999b) on settling-

driven gravitational instabilities and experiments on Rayleigh-Taylor instabilities

(Linden and Redondo, 1991; Dalziel, 1993). This minimalist design allows us to

study the effect of particle concentration on settling-driven gravitational instabilities

and finger dynamics in isolation from other processes and variables.

The particles are spherical glass beads, which are suitable for modelling the

behaviour of natural ash (Manzella et al., 2015; Scollo et al., 2017). They have a

median diameter D50 of 41.5 µm and a sorting σ=(D84 −D16)/2 (Inman, 1952) of

14 µm (see Supplementary Figure A2.1), as measured by laser diffraction using a

BetterSizer S3 Plus. The particle density is measured, using Helium pycnometery

with a Ultrapyc 1200e, to be 2519.2 ± 0.1 kg m-3.
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Figure 2.2: (A) Experimental apparatus. (B) Schematic of the tank configuration before
barrier removal. The upper layer has a thickness H1 that varies from 5 to 21 cm and is
kept constant at 13.5 cm in type A experiments. In all experiments, the lower layer is
a dense sugar solution with a thickness H2 of 25 cm. The width of the tank w is 30.1
cm (C) Top view of the experimental configuration. The vertical separation and the
laser plane are located 7.5 cm and 4.5 cm from the tank’s front wall, respectively. (D)
Comparison between experimental and natural dimensionless numbers (Re: Flow Reynolds
number; Rep: Particle Reynold number; St: Stokes number; Σ: Sedimentation number;
Gr: Grashof number; Xp: Particle volume fraction; At: Atwood number) associated with
ash clouds and (E) fingers. The vertical solid and dotted lines underline the values of 100

and 103 that are important for most dimensionless numbers.
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Particles are kept in suspension by continuously mixing the upper layer top

to bottom for 20 to 25 s with an agitator composed of a 23 × 7 cm2 millimetric

mesh, that is large enough to mix the entire upper layer and produce homogeneous

and repeatable mixing. Mixing is stopped 5 s before the experiment begins. The

separation between the two layers is then removed manually by sliding the barrier

out of its slt in 0.9 to 1.3 s. A major challenge of this experimental configuration is

that mixing is generated across the density interface when removing the barrier and

is clearly visible in the first 10 s of the experiments, affecting the early development

of settling-driven gravitational instabilities. The perturbation is particularly strong

near the back wall of the tank, so we reduced the length of the tank to 7.5 cm

with rigid vertical separators to attenuate the effect of the vorticity (Manzella et al.,

2015; Scollo et al., 2017). After barrier removal, particles start settling into the

lower partition of the tank (see 2.6; Supplementary Video A2.1). A continuous

Nd:YAG planar laser (Genesis CX-SLM by Coherent) with a wavelength of 532 nm

illuminates the experiments from the side of the tank and a sCMOS camera (HiSense

Zyla by Dantec Dynamics), with 16 bit colour depth, is used to capture images of

the experiments at 10 Hz with image dimensions of 1500×2100 pixels, resulting in a

resolution of 55 px mm-1. We find that the sugar concentration is sufficiently small

that it has negligible effect on the light intensity received by the camera.

Gravitational instabilities in our setup can theoretically develop through two

different mechanisms, double diffusion and particle settling (Hoyal et al., 1999a,b;

Burns and Meiburg, 2012). Double diffusive effects arise when two density-altering

fluid properties (i.e., sugar and particles in the lower and the upper layers, respec-

tively) diffuse at differential rates. The faster diffusion of one component relative

to the other can lead to a local increase of the bulk density at the interface that

triggers gravitational instabilities. The rate at which the bulk density increases in

double-diffusive systems is therefore controlled by the diffusion of the fastest diffus-

ing component. Conversely, settling-driven gravitational instabilities are generated

by particles settling across the interface, causing the upper part of the lower layer

(i.e., the PBL) to become heavier than the fluid below. Gravitational instabilities

produced by particle settling are therefore controlled by both the vertical velocity
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of the particles and the initial particle concentration of the upper layer. We deter-

mine the mechanism that provokes the formation of instabilities in our experiments

by calculating the ratio of the double diffusive and settling fluxes, FD and FI , re-

spectively, at the density interface (Green, 1987; Hoyal et al., 1999a; Carazzo and

Jellinek, 2013).

F ∗ =
FD
FI
. (2.2)

Replacing the fluxes by their expressions FD = 1
20
ρu(gκfβm)1/3(Cu/ρp)

4/3 and FI =

Cugd
2(ρp − ρf )/18µ (Hoyal et al., 1999a; Carazzo and Jellinek, 2013), where κf is

the diffusion coefficient of the fastest diffusing substance, µ the dynamic viscosity

of the fluid, Cu the initial particle concentration in the upper layer (in mass per

unit volume), ρp the particle density, d the particle diameter, βm ≈ (ρp− ρf )/ρp the

volumetric expansion coefficient of a particle suspension and ρu and ρf the density

of the particle suspension and of the fluid phase, respectively, equation (2.2) can be

written as

F ∗ =
9µρu(κfβm)1/3

10d2(ρp − ρf )(ρ2
pg)2/3

. (2.3)

F ∗ � 1 means that double diffusion dominates the mass flux across the interface,

whilst particle settling dominates for F ∗ � 1. In our experiment, the particles are

the fastest diffusing substance, with a maximum hydrodynamic diffusion coefficient

κp of 1.2 × 10-7 m2 s-1 (Lee et al., 1992; Martin et al., 1994). We find that F ∗ is

between 8 × 10-4 and 2 × 10-2 in our experiments, suggesting that settling is the

principal mechanism provoking the formation of fingers, with a negligible contribu-

tion of double diffusive effects.

2.2.2 Scaling of experiments

Our experiments are dedicated to correctly reproducing the processes affecting ash

sedimentation beneath volcanic clouds in a small, simplified configuration. The

difference in complexity and scale between the natural phenomenon and small-scale

experiments raises the problem of the applicability of the analogue experimental

results. To address this, we perform a scaling analysis (Burgisser and Bergantz,

2002; Burgisser et al., 2005; Carazzo and Jellinek, 2012; Kavanagh et al., 2018;
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Roche and Carazzo, 2019). Dimensionless numbers relevant to our problem are

calculated for volcanic ash clouds and compared with particle suspensions (Figure

2.2D). We also compare the dynamical regimes of natural ash and experimental

fingers based on dimensionless numbers (Figure 2.2E). The values of the parameters

associated with volcanic clouds and fingers are obtained from the literature (Table

2.1; Burgisser et al., 2005; Carazzo and Jellinek, 2012; Manzella et al., 2015).

The Reynolds number Re = ρV L/µ, with µ the fluid dynamic viscosity and V

and L the characteristic velocity and length scale of the flow, respectively, charac-

terises the flow behaviour by comparing the inertial to viscous forces in the fluid.

Re is greater in natural volcanic clouds and fingers, where it is far above the mixing

transition (Re > 1000-4000) and is fully turbulent. Hence, we can expect particle

collisions and entrainment of the ambient fluid to be enhanced in natural ash fin-

gers, compared with their experimental counterparts. However, the flows in both

experiments and volcanic clouds are inertia-controlled, suggesting that they are com-

parable despite the fact that velocity fluctuations (i.e., turbulence) are greater in

natural flows.

In situations involving particle settling in fluids, the particle Reynolds number

Rep = ρfVpd/µ is used to assess the properties of the flow surrounding particles

and the subsequent drag force acting on them. d is the particle diameter and Vp is

the individual particle settling velocity given by the Stokes terminal velocity in the

experiments

Vp =
gd2(ρp − ρf )

18ρfν
. (2.4)

At subcritical Rep < 3 × 105, the drag factor f , which assesses the importance of

the fluid resistance exerted on the particles, can be expressed as a function of Rep

and two drag correction coefficients depending on the particle shape kN and kS by

(Bagheri and Bonadonna, 2016a,b)

f =
24ks
Rep

[1 + 0.125(RepkN/kS)2/3] +
0.46kN

1 + 5330
RepkN/kS

. (2.5)

For multiphase flows involving particles, the Stokes St and Sedimentation Σ numbers

quantify the momentum transfer between the fluid phase and the particles (Burgisser
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et al., 2005; Roche and Carazzo, 2019). They are calculated as

St =
(ρp − ρf )d2

18µf

∆U

δf
)(1 +

ρf
2ρp

), (2.6)

and

Σ =
(ρp − ρf )d2

18µf

g

∆U
=

Vp
∆U

, (2.7)

with ∆U the characteristic velocity fluctuation over a characteristic distance δf .

These two parameters allow us to assess the coupling between particles and fluid.

When St � 1 and Σ � 1, particles are strongly coupled with the fluid. This is

the case for both natural ash and experimental fingers, satisfying the assumption

that particles remain coupled with the fluid for fingers to form (Hoyal et al., 1999b;

Carazzo and Jellinek, 2012).

Previous studies have invoked a convective mechanism for finger formation whose

initiation depends on the Grashof number Gr, which can be estimated using a

combination of experimental and field observations (section 2.3.4). Our analysis

shows that Gr is much greater in the natural systems than in the experiments but

that, in both configurations, it exceeds the critical Grashof number Grc =103 (Hoyal

et al., 1999b) for the development of settling-driven gravitational instabilities.

For scaling the density ratio between the particle-laden layer and the underlying

fluid, we calculate the Atwood number At = (ρ − ρa)/(ρ + ρa). At is commonly

used to parameterise the density difference between two fluid layers, notably in

experiments on Rayleigh-Taylor instabilities (Dalziel, 1993; Wilson and Andrews,

2002). Here, At � 1 in all configurations, showing that the difference in density

between the two layers is very small in nature as well as in experiments and that

the instability develops from small initial density differences in both situations.

For settling-driven gravitational instabilities, the natural and experimental ranges

of Rep, At, St and Σ all overlap while they are different for Re and Gr, but above

critical threshold values that ensure that experiments are comparable to the volcanic

phenomenon. We also note that the dimensionless numbers systematically cover a

wider range in nature than in experiments (Table 2.1). This can firstly be explained

by the wide variety of eruptive source and atmospheric conditions which means erup-
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tive clouds can be associated with a wide range of particle diameters, characteristic

velocities and length scales. Moreover, a second explanation is that descriptions

of ash fingers remain rare, meaning they are currently poorly constrained, with

high associated uncertainties. Altogether, this scaling analysis shows that our ex-

periments do a good job reproducing most dimensionless numbers associated with

natural clouds and fingers, although the variability of natural phenomena means

that they are associated with larger ranges of Re and Gr, potentially extending to

greater values than in our experiments. However, it is inevitable that laboratory

models of volcanic clouds cannot capture the full range of variability of the natural

system (Carazzo and Jellinek, 2012; Kavanagh et al., 2018). Despite this, given that

that the ranges of Re and Gr in both the experiments and natural clouds are close to

or above expected transitional values (Reynolds, 1883; Hoyal et al., 1999b), we can

regard our experiments as suitable analogues to study settling-driven gravitational

instabilities at the base of volcanic clouds.

2.2.3 Imaging techniques

In order to independently obtain both the particle concentration C and fluid density

fields, we imaged the particles using a set-up derived from Particle Image Velocime-

try (PIV; Keane and Adrian, 1992; Grant, 1997; Adrian, 2005), and the fluid phase

using Planar Laser Induced Fluorescence (PLIF; Koochesfahani, 1984; Crimaldi,

2008), in separate repeated experiments. These two techniques have previously

been applied separately or simultaneously (Borg et al., 2001; Hu et al., 2002) to

assess the particle concentration and velocity fields, as well as fluid properties such

as temperature and density, in other aqueous experiments. Here we apply particle

imaging and PLIF on separate experiments where we kept the experimental set-up in

the same configuration, including identical starting conditions, i.e., particle size and

concentration and fluid density contrast, as well as identical imaging conditions, i.e.,

camera and laser positions and settings. Ensuring the same experimental and imag-

ing conditions is critical in order to enable the combination of the results given by

the two techniques (Borg et al., 2001). Moreover, we ensured that results from PLIF

experiments were reproducible before combining with results from particle-imaging
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Parameter name
(unit)

Symbol Volcanic
cloud

Experimental
suspensions

Ash fingers Experimental
fingers

Characteristic
velocity (m s-1)

V 50-150(c) 10-2-10-1 0.5-1.5(d) 5×10-3-
15×10-3

Characteristic
thickness (m)
Cloud thickness or
finger width

L 1200-3900(b) 0.05-0.21 142-194(d) 8×10-3-
2.5×10-2

Gravitational
acceleration (m
s-2)

g 9.81 9.81 9.81 9.81

PBL thickness
(m)

δ 70-100(d) 5×10-3-10-2 70-100(d) 5×10-3-10-2

PBL density (kg
m-3)

ρ 0.1-1.32(d) 1008-1018 0.1-1.32(d) 1008-1018

Ambient density
(kg m-3)

ρa 0.1-1.3(c),(d) 1008 0.1-1.3(c),(d) 1008

Fluid density (kg
m-3)

ρf 0.1-1.3(c),(d) 997 0.1-1.3(c),(d) 997

Particle density
(kg m-3)

ρp 750-2400(f) 2519.2 750-2400(f) 2519.2

Particle volume
fraction

Xp 10-6-10-5(f) 4×10-5-
4×10-3

- -

Particle diameter
(m)

d 10-6-10-3(c) 26×10-6-
57×10-6

10-6-10-3(c) 26×10-6-
57×10-6

Dynamic viscosity
(Pa s)

µ 3×10-5(c),(f) 10-3(b),(c),(e) 3×10-5(c),(f) 10-3(b),(c),(e)

Kinematic
viscosity (m2 s-1)

ν 3×10-5(a) 10-6(b) 3×10-5(a) 10-6(b)

Characteristic
velocity
fluctuations (m
s-1)

∆U 2.5(b) 10-3 0.125(b) 4×10-3

Characteristic
fluctuation
lengthscale (m)

δf 120(b) 0.135 14(b) 8×10-3

Stokes drag
correction

kS 1-2.5(g) 1(g) 1-2.5(g) 1(g)

Newton drag
correction

kN 1-103(g) 1(g) 1-103(g) 1(g)

Dimensionless
numbers

Formula Volcanic
cloud

Experimental
suspensions

Ash fingers Experimental
fingers

Reynolds (Re)(e) ρV L
µ

108-1010 102 -104 105-107 101-102

Particle Reynolds
(Rep)(c),(e)

ρfVpd

µ
10-8-103 10-2-10-1 10-3-102 10-1-100

Stokes (St)(a)
(ρp−ρf )d2

18µf
( ∆U
δf

)

[1 +
ρf
2ρp

]
10-16-10-9 10-8-10-7 10-13-10-6 10-7 – 10-6

Sedimentation
(Σ)(a)

(ρp−ρf )d2

18µf
( g

∆U
) 10-15-10-8 10-5-10-4 10-9-10-2 10-3-10-2

Grashof (Gr)(f) g′δ3

ν2 1015-1019 105-108 1012-1015 102-106

Atwood (At)(d) ρ−ρa
ρ+ρa

10-3-10-2 10-3-10-2 10-3-10-2 10-5-10-3

Table 2.1: Top - Typical dimensional parameter ranges for the variables used in the
scaling analysis for both natural and experimental systems. Note that parameters associ-
ated with volcanic clouds (e.g. cloud thickness) can stray beyond the typical ranges given
(Suzuki and Koyaguchi, 2009; Ansmann et al., 2010). Distinct values were considered for
the particle-laden layer (volcanic ash cloud or particle suspension) and for the fingers.
Bottom - Dimensionless numbers associated with natural processes and experiments.
((a)Burgisser and Bergantz, 2002; (b)Burgisser et al., 2005; (c)Carazzo and Jellinek, 2012;
(d)Manzella et al., 2015; (e)Kavanagh et al., 2018; (f)Roche and Carazzo, 2019; (g)Bagheri
and Bonadonna, 2016a
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experiments (Supplementary Figure A2.2).

Particle imaging

We developed a calibration that links the particle concentration C to the light inten-

sity scattered by particles and received by the camera sensor, with the assumption

that the light intensity observed in the experiments is linearly related to the par-

ticle concentration. During calibrations, the water tank is first filled with a fluid

of uniform and known particle concentration (ranging from 0 to 6 g l-1 at 0.5 g

l-1 concentration steps). The tank is then illuminated with different laser powers

of 0.50, 0.45, 0.40 and 0.35 W for each particle concentration. In order to erase

short temporal variations in particle concentration, calibration images are acquired

at 0.1 s intervals and then averaged over 10 s. Finally, we perform an individual

pixel-by-pixel calibration relating pixel intensity to particle concentration for each

laser power. The pixel digital level (i.e., received light intensity) is positively lin-

early correlated with the particle concentration and the coefficient of determination

is high, R2 = 0.95 (Figure 2.3A). However, the light intensity through the width

of the experimental tank is dependent on the particle concentration and exponen-

tially attenuates with x, the distance from the tank wall closest to the laser. Hence,

the quality of the linear regression between light intensity and particle concentra-

tion diminishes with distance from the light source (Figures 2.3B,C). For accurate

particle concentration measurements, we therefore calculate concentration only in

pixels with a coefficient of determination R2 > 0.95. This corresponds to the pixels

located in the 12 cm of the tank closest to the laser, limiting the particle concen-

tration measurements to approximately one third of the tank width. We assume

that finger characteristics in this section are representative of those throughout the

whole tank. Particle concentration measurements have already been employed to

characterize settling-driven gravitational instabilities by Hoyal et al. (1999b) and

Manzella et al. (2015). In both studies, the authors placed light sources behind or

beside their experimental tanks and related light attenuation to the depth-averaged

particle concentration in interrogation areas. With the present particle imaging

scheme, we managed to improve the resolution of the concentration measurements
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Figure 2.3: Calibration of the particle concentration for a laser power of 0.50 W. (A)
Example of a linear relationship between particle concentration and the light intensity in
one pixel. In this example, the coefficient of determination R2 suggests a very good linear
fit. (B) Example of a pixel with a low-quality linear regression. Vertical error bars in
panels A and C represent the standard deviation of the averaged pixel digital level over
10 s. (C) Map of R2 inside the tank. R2 diminishes as a function of x (distance from the
wall closest to the laser).

down to the pixel-scale, which corresponds to a resolution of 0.18 mm in the hor-

izontal and vertical directions. Furthermore, our measurements within the laser

plane differ from depth-averaged particle concentration measurements and offer a

visualization of the 2D particle concentration. We compare our particle concen-

tration measurements obtained using this novel calibration procedure against those

of Manzella et al. (2015). The two measurement techniques are in good qualitative

agreement (Supplementary Figure A2.3). It is worth noting that whilst particle con-

centration measurements in the lower layer, into which the laser light enters directly,

are highly accurate, corresponding measurements in the upper layer are affected by

the refractive index change between the sugar solution and the particle suspension.

Fluid phase imaging

Understanding the behaviour of the fluid phase associated with the occurrence of

settling-driven gravitational instabilities is crucial to improving our general compre-
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hension of the mechanisms driving the instability. In particular, it is important to

quantify the contribution of the fluid phase on the generation of an unstable density

profile associated with settling-driven gravitational instabilities. For this purpose,

we applied the PLIF technique to a series of separate experiments. The PLIF ap-

proach yields quantitative, non-intrusive, measurements of fluid concentrations at

high resolution (Koochesfahani, 1984; Crimaldi, 2008). It involves using a dye that

generates fluorescence with an intensity linearly proportional to its concentration D

when illuminated by a laser. In experiments on fluid mixing, by adding dye to one

endmember, the fluorescence intensity can be used as a tracer, with the fluorescent

dye concentration related to the proportion of dyed fluid (Linden and Redondo,

1991; Troy and Koseff, 2005; Dossmann et al., 2016). In the case presented here,

mixing occurs between fluids of different density. The bulk density of the fluid phase

thus changes during mixing and is quantified by the fluorescent dye concentration.

During our PLIF experiments, the upper layer is doped with Rhodamine 6G

(R6G), a fluorescent dye with an absorption peak at 530 nm (Zehentbauer et al.,

2014), close to the laser wavelength (532 nm), for a maximum absorption efficiency.

The emission spectrum of R6G ranges from 510 to 710 nm with a peak at 560-

580 nm, depending on the solvent (Zehentbauer et al., 2014). We isolate the R6G

fluorescence from other light sources with a smaller wavelength (i.e., primary laser

emission, particle scattering) by equipping the camera with a high-pass filter at 570

nm. This procedure allows us to image the R6G distribution only, as a proxy for

the concentration of the upper fluid phase.

We perform a calibration in order to relate the local R6G dye concentration

D to the digital level of individual pixels (i.e., fluorescence intensity). In PLIF

measurements, the digital level F increases linearly with the R6G dye concentration

D (Borg et al., 2001; Crimaldi, 2008)

F = (φ ε P a(r, θ)γ(r, θ)∆A)D +R, (2.8)

in which ∆A is the pixel area, a(r, θ) the attenuation along the path, ε the dye

absorption coefficient, P the laser power, φ the dye quantum efficiency, γ(r, θ) the

spatial intensity distribution, R the residual light not related to R6G fluorescence,
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and r and θ the radial and the angular components, respectively, of the 2D polar

coordinates describing the position of points within the laser plane. Keeping the

same particle concentration, fluorescent dye, laser properties, camera settings and

experimental configuration in all calibrations and experiments, ∆A, a(r, θ), P , φ, ε,

γ(r, θ) and R can reasonably be assumed to be constant. Equation (8) thus reduces

to

F = pD +R, (2.9)

where p and R are constants that can be determined by linear regression between

F and D.

However, changing the particle concentration modifies the spatial intensity dis-

tribution because the particles have an attenuation effect on a(r, θ) and, therefore,

the determination of p. In fact, complex optical effects including light scatter-

ing and shadowing take place in the presence of particles and the light intensity

I decreases following approximately exponential curves, whose slope steepens with

particle concentration (Figure 2.4A). Hence, in order to study the mixing between a

particle-laden and a clear fluid, it is necessary to account for this effect (Borg et al.,

2001). Whilst calibrations are performed with a uniform particle concentration, the

spatial distribution of particles in the experiments can be very complex. Therefore,

since the particle and R6G concentrations cannot be assessed simultaneously in this

experimental set-up, we conduct PLIF calibrations using different particle concen-

trations. The difference between calibrations allows us to assess the uncertainty on

measurements where the particle concentration is unknown. To obtain minimum

uncertainties, we perform calibrations for particle concentrations of 0, 1 and 2 g l-1,

where the light intensity diminishes to a minimum of 33 % of its initial value (Figure

2.4A). The effect of particle concentration on R6G fluorescence through the width

of the tank is shown in Figure 2.4B. It is clear that small particle concentration

differences can drastically reduce the intensity of fluorescence by attenuating the

spatial light distribution inside the tank.

We conduct PLIF calibrations varying the particle and R6G concentration whilst

keeping a constant laser power of 1.15 W. The water tank is filled with a uniform

dye concentration ranging from 0 to 8 µg l-1 for three particle concentrations: 0,
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1 and 2 g l-1. Calibration images are averaged over 10 s in order to erase short

temporal variations in fluorescence intensity. For each pixel, we fit the digital level

and the R6G concentration to equation (2.8) to determine p and R. In contrast with

the particle concentration calibrations, the quality of the linear regression is good

throughout the tank for a uniform particle concentration, where a(r, θ) is constant.

However, the slope p is affected by the presence of particles as the fluorescence

intensity diminishes with increasing particle concentration (Figure 2.4C), yielding

an uncertainty on the measurements of R6G concentration and ultimately on the

fluid density measurements. In the region of particular interest where the PBL

forms, located within the first 5 cm below the barrier, we estimate the average

uncertainty of the final fluid density measurement to be 0.1 and 0.8 kg m-3 for 1 and

2 g l-1 PLIF experiments, respectively (Supplementary Figure A2.4).

2.2.4 Experimental conditions

We performed two types of experiments, with different objectives. Type A experi-

ments are each repeated at least three times with the aim of separately characterising

(i) the fingers at different particle concentrations, and (ii) the density of the fluid

phase (Table 2.2). In the first subset of type A experiments (A1-A10), we image

the particles and vary the particle concentration from 1 to 10 g l-1. In the second

subset of type A experiments (A11-12), we repeat the same experiments but instead

measure fluid phase properties using the PLIF technique, only with particle concen-

trations of 1 and 2 g l-1. Type A experiments have a constant upper layer thickness

of 13.5 cm and are imaged for 90-120 s after barrier removal.

In type B experiments, we explore the conditions that favour the formation of

settling-driven gravitational instabilities by varying both the upper layer thickness

(from 5 to 21 cm) and the particle concentration (from 7 × 10-4 to 3 g l-1; Table

2.2). The maximum upper layer thickness is limited to 21 cm by the size of the

water tank and we select the minimum thickness to be 5 cm in order to keep the

upper layer much greater than the size of perturbations that could be induced by

barrier removal. All type B experiments are particle-imaging experiments used to

identify the presence or absence of settling-driven gravitational instabilities and are
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Figure 2.4: (A) Profile of light intensity I as a function of distance from the laser source
x (x = 0 corresponds to tank wall closest to laser) for different particle concentrations
(without R6G). (B) Decrease of fluorescence intensity F for selected particle concentra-
tions in PLIF calibrations. Note that, in both (A) and (B), intensity is expressed as a
logarithm normalized with its value at x = 0. (C) Example of linear relation between R6G
concentration and pixel digital level at different particle concentrations for a given pixel.
The fluorescence intensity received by the camera diminishes with particle concentration,
modifying the slope p. Vertical error bars in panels A and C represent the standard devi-
ation of the averaged pixel digital level over 10 s.
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imaged for at least 180 s after barrier removal.

2.2.5 Analytical procedure

For PLIF experiments (A11-12), we calculate the local concentration of upper fluid

Xf that corresponds to the proportion of upper layer fluid (containing the fluorescent

dye) within the fluid phase as Xf = D/Du, with D the local dye concentration and

Du the initial R6G concentration of the upper layer. We then determine the fluid

density ρf from the concentration of upper fluid as

ρf = Xfρw + (1−Xf ) ρs, (2.10)

where ρw is the density of fresh water (that initially forms the fluid phase of the upper

layer) and ρs is the density of the sugar solution in the lower layer. Moreover, PLIF

experiments provide reproducible results, with fluid density profiles very similar from

one experiment to another. This allows us to reasonably combine the fluid phase

density with the particle concentration, obtained in experiments A1-10, in order to

calculate the bulk mixture density ρm as

ρm = Xpρp + (1−Xp) ρf , (2.11)

with ρp the particle density and Xp = C/ρp the particle volume fraction calculated

from the measured particle concentration C. At the density interface, the reduced

gravity is estimated as a function of ρm and ρs as

g′ = g
ρm − ρs
ρs

. (2.12)

For the PBL of density ρ, the reduced gravity is calculated as g′ = g(ρ− ρs)/ρs.

Whilst PLIF experiments used to infer the fluid phase density involve only small

particle concentrations of 1 and 2 g l-1, we additionally calculate the bulk density in

experiments involving higher particle concentrations by estimating the fluid phase

density from Cu = 2 g l-1 PLIF experiments. To do so, we assume that the spatial

distribution of the fluid phase is only weakly affected by the particle concentration.
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Exp.
number

C (g l-1) Xp H1

(cm)
L∗ Sedim. Number of

repeats
Imaging
techniques

Type A experiments
A1 1 4.0 × 10-4 13.5 11.3 F 3 particle imaging
A2 2 8.0 × 10-4 13.5 14.2 F 3 particle imaging
A3 3 1.2 × 10-3 13.5 16.3 F 4 particle imaging
A4 4 1.6 × 10-3 13.5 17.9 F 3 particle imaging
A5 5 2.0 × 10-3 13.5 19.3 F 3 particle imaging
A6 6 2.4 × 10-3 13.5 20.5 F 3 particle imaging
A7 7 2.8 × 10-3 13.5 21.6 F 3 particle imaging
A8 8 3.2 × 10-3 13.5 22.6 F 3 particle imaging
A9 9 3.6 × 10-3 13.5 23.5 F 3 particle imaging
A10 10 4.0 × 10-3 13.5 24.3 F 3 particle imaging
A11 1 4.0 × 10-4 13.5 11.3 F 3 PLIF
A12 2 8.0 × 10-4 13.5 14.2 F 3 PLIF

Type B experiments
B1 0.0007 2.8 × 10-7 13.5 1.0 IPS 1 particle imaging
B2 0.001 4.0 × 10-7 21 1.8 IPS 1 particle imaging
B3 0.0056 2.2 × 10-6 13.5 2.0 IPS 1 particle imaging
B4 0.009 3.6 × 10-6 5 0.8 IPS 1 particle imaging
B5 0.018 7.5 × 10-6 13.5 3.0 IPS 1 particle imaging
B6 0.02 8.0 × 10-6 21 4.8 F 1 particle imaging
B7 0.02 8.0 × 10-6 17 3.8 IPS 1 particle imaging
B8 0.045 1.8 × 10-5 13.5 4.0 IPS 2 particle imaging
B9 0.05 2.0 × 10-5 7.5 2.3 IPS 1 particle imaging
B10 0.05 2.0 × 10-5 10 3.1 IPS 1 particle imaging
B11 0.05 2.0 × 10-5 17 5.2 F 1 particle imaging
B12 0.05 2.0 × 10-5 21 6.5 F 1 particle imaging
B13 0.087 3.5 × 10-5 13.5 5.0 F 2 particle imaging
B14 0.1 4.0 × 10-5 5 1.9 IPS 1 particle imaging
B15 0.1 4.0 × 10-5 7.5 2.9 IPS 1 particle imaging
B16 0.1 4.0 × 10-5 10 3.9 IPS 1 particle imaging
B17 0.1 4.0 × 10-5 17 6.6 F 1 particle imaging
B18 0.1 4.0 × 10-5 21 8.1 F 1 particle imaging
B19 0.15 6.0 × 10-5 5 2.2 F 1 particle imaging
B20 0.15 6.0 × 10-5 7.5 3.3 F 1 particle imaging
B21 0.15 6.0 × 10-5 13.5 6.0 F 1 particle imaging
B22 0.25 1.0 × 10-4 5 2.6 F 1 particle imaging
B23 0.25 1.0 × 10-4 7.5 3.9 F 1 particle imaging
B24 0.25 1.0 × 10-4 10 5.3 F 1 particle imaging
B25 0.36 1.4 × 10-4 13.5 8.0 F 1 particle imaging
B26 0.5 2.0 × 10-4 7.5 5.0 F 1 particle imaging
B27 0.5 2.0 × 10-4 10 6.6 F 1 particle imaging
B28 1 4.0 × 10-4 10 8.4 F 1 particle imaging
B29 3 1.2 × 10-3 7.5 25 F 1 particle imaging
B30 3 1.2 × 10-3 21 9.0 F 1 particle imaging

Table 2.2: List of experiments. All experiments are performed with spherical glass beads,
with a median diameter of 41.5 µm, and a lower layer density of 1008 kg m-3. Particle
concentrations C and equivalent particle volume fractions Xp refer to the initial particle
concentration in the upper layer. H1 is the upper layer thickness and L∗ a dimensionless
number introduced in section 2.3.6 (equation 2.17). In the “Sedim.” column, we indicate
the presence of fingers by “F” whereas their absence (i.e. individual particle settling) is
signaled by “IPS”.
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Given that the particle concentration can reach up to 10 g l-1, this is a strong

assumption that we can only test for Cu = 1 and 2 g l-1 PLIF experiments for which

fluid phase density profiles are indeed very similar (Supplementary Figure A2.2).

Type A particle-imaging experiments (A1-10) are processed in order to quantify

the effect of particle concentration on the dynamic and geometric properties of fin-

gers. The finger velocity is obtained by manually tracking the front position (i.e.,

lowest position of the interface between the finger and the lower layer fluid) over

time. We measure the PBL thickness throughout experiments using both visual

observations and particle concentration profiles. At the lower boundary of the PBL

there is an abrupt change in particle concentration that corresponds to the transi-

tion from the particle suspension to the particle-free lower layer. We therefore define

the PBL base as the position where the vertical gradient of the particle concentra-

tion reaches its minimum value. Results show that the position of the lower PBL

boundary (and therefore the PBL thickness) reaches a constant height after 10-20 s

(Supplementary Figure A2.5), when the initial effect of barrier removal disappears.

The PBL thickness is finally defined as the vertical separation between the initial

density interface, represented by the barrier, and the lower PBL boundary (Figure

2.5). When fingers develop, they form distinct particle-rich columns that descend

into the lower layer and are characterised by bright regions in the experiments.

Along a horizontal transect crossed by fingers, the light intensity profile has a peak

at each finger location (Supplementary Figure A2.6). We therefore determine the

number of fingers by counting the most prominent peaks along a transect located

4 cm under the upper layer, where fingers are clearly developed. This counting

procedure is sensitive to detection parameters such as the vertical position of the

transect or threshold values for peak prominence, width, and separation. Therefore,

in order to obtain repeatable results comparable to other studies, these parameters

have been selected to reproduce manual finger detection (Scollo et al., 2017) within

± 1 finger. In contrast to previous methods, this allows us to quantify the temporal

evolution of the number of fingers throughout the experiment duration. We assess

the finger spacing λ and width W from visual observations (Figure 2.5). These ge-

ometrical parameters are measured 10-20 s after the experimental onset and at the
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Figure 2.5: (A)Visualization of fingers’ geometrical properties for experiment A5 (5 g
l-1) 16 s after removing the barrier. The yellow dashed line is located at the position of the
initial density interface and separates the Upper Layer (UL) and the Lower Layer (LL).
Green, black and blue arrows indicate the PBL thickness and finger width (W ) and spacing
(λ), respectively. (B) Variation in the particle concentration (black line) and its gradient
(blue line) with height, in the region across the density interface 16 s after barrier removal.
The lower boundary of the PBL is identified at the level where the particle concentration
gradient reaches its minimum value (represented by the dotted red line).

same time as the PBL thickness, when the effect of barrier removal becomes small.

λ corresponds to the distance separating two fingers and is measured at the base of

the PBL, whilst W is measured at the head of the fingers (i.e., their thickest point).

The uncertainty is quantified by the standard deviation from measurements of mul-

tiple fingers in each experiment. Key experimental measurements are summarised

in Table 2.3.

Type B experiments are exclusively used to determine the presence or absence

of fingers over a wider range of initial conditions than type A experiments. The

presence of fingers is determined by visual identification of (i) downward-moving

particle-laden plumes, with columnar or bulbous shapes, that form at the initial

density interface and inside which particles move faster than individually and (ii)

the tendency of fingers to initiate and maintain layer-scale convection in the lower

partition of the tank (Hoyal et al., 1999b). We do not measure the evolution of

particle concentration in type B experiments, for which the calibration presented

in subsection 2.2.3 does not apply because of the low initial particle concentrations

employed.
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Parameter Measurement Method

PBL thickness δ 0.14-1.25 cm Detection of the PBL thickness from
analysis of the vertical particle concen-
tration gradient

Finger width W 0.98-2.23 cm Manual measurement of the width at
finger’s thickest point

Finger spacing λ 1.18-3.63 cm Manual measurement of the distance
separating adjacent fingers (at the level
of the interface)

Maximum number of
finger n

7-18 Detection of peaks in the digital level
below the interface

Finger velocity Vf 0.34-1.38 cm s-1 Manual tracking of the position of the
finger front

Particle concentration in
the PBL

0.8-9 g l-1 Linear relation between the camera dig-
ital level and the particle concentration.

Concentration of upper
fluid inside fingers

0-7 % Linear relation between the camera dig-
ital level and fluorescent dye concentra-
tion

Time required to grow a
PBL with excess density
≥ 0.15 kg m-3 ti

54-4 s Combination of measurements of the
particle concentration measurements
with estimations of the fluid phase den-
sity

Particle mass flux 20 cm
below the barrier

0.21-2.60 g m-2 s-1 Integration of the particle concentra-
tion profile at different times

Table 2.3: Summary of the measurements performed in type A experiments. The ranges
of values are given by the difference between measurements performed at different particle
concentrations.
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2.3 Results

2.3.1 Evolution of particle concentration and mixture density

with time: the formation of the PBL

Particles are initially contained in the upper part of the tank and they start sed-

imenting through the initial density interface after barrier removal. Subsequently,

the average particle concentration decreases over time in the upper layer whilst it

increases in the lower layer. In all experiments, we observe that the particle concen-

tration in the PBL does not exceed that of the upper layer. Horizontally averaging

the particle concentration at each time, we obtain particle concentration profiles

for experiments A1-10. Particle concentration profiles are then combined with fluid

phase density profiles (equation 2.10) to approximate the bulk mixture density pro-

file (equation 2.11).

Figure 2.6A shows the evolution of bulk mixture density with time for experiment

A8 (8 g l-1; Table 2.2), chosen as an example since the relatively high particle con-

centration leads to a pronounced unstable density profile. Just after barrier removal

(t = 3 s), the bulk density increases with depth in the experimental apparatus and

the density profile is stable. However, particles sink below the interface and mix

with the dense lower layer fluid. Consequently, an unstable heavy region associ-

ated with the PBL grows in thickness and density below the upper layer because

of the added particle concentration. For experiment A8, this layer is particularly

pronounced after the time t = 12 s, where it exceeds the density of the lower layer

by about 1.3 kg m-3.

An initial increase in density in the region immediately below the initial interface

is observed in all experiments. Figure 2.6B shows the maximum excess density (i.e.,

difference between the density of the unstable region and that of the lower layer)

versus initial upper layer particle concentration, for experiments A1 to A10 (Table

2.2). The maximum excess density gradually increases from 0.15 kg m-3 for a particle

concentration of 1 g l-1 to 1.4 kg m-3 for a particle concentration of 10 g l-1.

The perturbation to the system caused by the barrier removal at the experiment

onset prevents us identifying the timescale of growth of the PBL thickness, which
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is expected to be δ/Vp (Martin and Nokes, 1989). Because of this experimental

limitation, we therefore quantify the timescale at which the density increases in the

PBL by measuring ti, the time to develop an unstable layer with excess density ≥

0.15 kg m-3. We find that ti decreases with C (2.6; Supplementary Videos A2.2 and

A2.3), with ti = 40-60 s at Cu = 1 g l-1 and ti = 4-6 s at Cu = 10 g l-1 (Figure 2.6C).

Measurements are well fitted by the relation ti = (α/g′), where α = 0.2 m s-1 is

an empirically-fitted constant, dimensionally homogeneous to velocity. By analogy

with the expected timescale of PBL growth, we presume that the constant α, which

governs the increase of the density inside the PBL, is inversely proportional to the

individual settling speed of particles.

2.3.2 Fluid mixing driven by gravitational instabilities and

entrainment within fingers

Unlike particles, the upper layer fluid phase is not significantly entrained inside the

lower layer after barrier removal and fluid mixing between the upper and the lower

layer is limited in proportion and vertical extent (Figure 2.7). However, we notice

the development of a thin 2-3 cm mixing zone below the interface with intermedi-

ate concentrations of upper fluid (10-60 %). This zone is affected by disturbances

created by the initial barrier removal. Below this zone, the spatial distribution of

the concentration of upper fluid shows that only small amounts of upper fluid are

entrained within fingers. This entrained fluid appears as thin leaks of upper fluid

(similar to those observed by Parsons et al., 2001) with concentrations of upper

fluid up to 6-7 % (Figure 2.7B). Once entrained downward, portions of the upper

layer are seen to buoyantly rise back up once fingers reach the bottom of the tank

(2.6; Supplementary Videos A2.4 and A2.5). On average, the concentration of upper

fluid in the lower layer increases with time but remains low (< 3 %) (Figure 2.7C).

There is an initially rapid increase at the start of the experiment due to the removal

of the barrier. This is then followed by small oscillations that are linked with the

thickening and retraction of the PBL at the location where fingers are formed. This

thickening induces a perturbation of the lower density interface that results in an

increase of the average concentration of upper fluid. The PBL later retracts to its
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Figure 2.6: (A)Horizontally-averaged density and particle concentration profiles for ex-
periment A8 (initial particle concentration is 8 g l-1; Table 2.2), with the fluid phase density
in blue, the particle concentration in black (axis above) and the bulk mixture density in
red. The initial barrier position is represented by the dashed lines. Initially, at t = 3 s (left
panel), the bulk stratification is stable. After some time t = 12 s (right panel), the PBL
develops below the interface and leads to the formation of a dense unstable region high-
lighted in green. For clarity, the uncertainties associated with measurements of the fluid
density (corresponding to 0.8 kg m-3 below the density interface) are not displayed on the
figures. (B) Variation in the excess density with particle concentration for experiments A1
to A10 (Table 2.2). The particle concentration on the horizontal axis refers to the initial
particle concentration of the upper layer, whereas the excess density is the maximum value
for a given experiment. (C) Effect of particle concentration on the duration ti required to
attain an excess density ≥ 0.15 kg m-3 in the upper layer. Error bars correspond to the
standard deviation associated with each particle concentration.
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Figure 2.7: A Spatial distribution of upper fluid concentration 30 s after barrier removal
in experiment A11 (1 g l-1). The black dashed line indicates the position of the initial
density interface and the red rectangle the portion of the experiment considered to be the
lower layer. (B) Concentration of upper fluid in the lower partition of the tank with an
adjusted colormap to highlight regions of upper fluid entrainment within fingers. Black
arrows show the location of leaks. (C) Average concentration of upper fluid in the lower
layer. Oscillations in the signal at the beginning of the experiment are initially due to the
removal of the barrier and then PBL detachment (see 2.6; Supplementary Videa A2.4).
The uncertainty on the measurement is estimated to be 17 %.

initial position after detachment of the fingers, resulting in a decrease in the average

concentration of upper fluid.

2.3.3 Effect of particle concentration on finger velocity, num-

ber and temporal evolution

The average finger velocity increases with particle concentration (Figure 2.8), from

0.35 cm s-1 at Cu = 1 g l-1 to 1.4 cm s-1 for Cu = 10 g l-1. We calculate the predicted

characteristic finger velocity by combining the buoyancy and mass fluxes to obtain

dimensions of velocity, as well as assuming that fingers have a circular cross section

(Hoyal et al., 1999b; Carazzo and Jellinek, 2012)

Vf = g′
2/5

(
πVpδ

2

4
)1/5, (2.13)
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Figure 2.8: Finger velocity as a function of initial particle concentration. The blue line
corresponds to the finger velocity calculated using equation (2.13) (Hoyal et al., 1999b;
Carazzo and Jellinek, 2012) in combination with equation (2.12) to obtain the reduced
gravity of the PBL. The blue region corresponds to finger velocities calculated with upper
fluid concentrations ranging from 0 (upper limit) to 7 % (lower limit). Vertical error
bars correspond to the standard deviation of the finger velocity measured in different
experiments.

where Vp is given by equation (2.4) and g
′ is calculated using equation (2.12)

and a maximum concentration of upper fluid in fingers of 7 % (Figure 2.8). The

characteristic length of the instability δ is measured experimentally and estimated

from volume conservation to be half the finger width, which is the length scale

controlling finger dynamics (Hoyal et al., 1999b). The calculated evolution of finger

velocity with initial particle concentration is in good agreement with the observed

finger speed (R2 = 0.84).

The evolution of the maximum number of fingers per unit width as a function of

both particle concentration and time has been investigated (Figure 2.9). The num-

ber of fingers increases with particle concentration, with 0.25 fingers per cm formed

on average at Cu = 1 g l-1 and 0.6 fingers per cm at Cu = 10 g l-1. This new set

of experiments agrees very well with the previous finding for the number of fingers
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Figure 2.9: (A) Variation in the number of fingers per unit length (n/w) as a function of
particle concentration, with n the number of fingers and w the width of the experimental
tank (w = 30.1 cm in this study and w = 30.3 cm for Scollo et al. (2017)). Vertical error
bars correspond to the standard deviation of the number of fingers measured in different
experiments. (B) Evolution of the number of fingers per unit length as a function of time
for selected particle concentrations. The uncertainty of 0.03 fingers cm-1 comes from the
typical discrepancy of ± 1 fingers determined by comparing the automatic detection of
fingers with visual observations.

(Scollo et al., 2017), while also expanding the previously-investigated concentration

range (Figure 2.9A). We observe the occurrence of fingers from a few seconds after

barrier removal. The maximum number of fingers is achieved 10 to 20 s after bar-

rier removal and this timing weakly depends on the particle concentration (Figure

2.9B). For high particle concentrations, the number of fingers increases at a faster

rate, reaching its maximum value quicker than for low particle concentrations. For

example, whilst the number of fingers increases from 0 to a maximum of 0.53 fin-

gers per cm in 10 s for Cu = 6 g l-1, it takes 20 s to achieve the maximum number

of fingers of 0.27 fingers per cm for Cu = 2 g l-1. The number of fingers per unit

length gradually decreases after reaching its maximum value (Scollo et al., 2017)

and attains a nearly constant value of approximately 0.2 – 0.3 cm-1, regardless of

the initial particle concentration. This value is possibly related to the progressive

depletion of particles from the upper layer and to the merging of fingers.
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2.3.4 Finger length scales in experiments: PBL thickness,

finger width and finger spacing

As expected for such settling-driven gravitational instabilities (Hoyal et al., 1999b;

Carazzo and Jellinek, 2012), all characteristic length scales, which we measure 10

to 20 s after removing the barrier, are related to each other by a proportionality

coefficient. We find finger width and spacing to scale as approximately two and three

times the thickness of the PBL, respectively (W ≈ 2δ and λ ≈ 3δ; Figure 2.10A-

C) and that all these length scales decrease with the initial particle concentration

(Figure 2.10D-E). From the definition of the Grashof number (equation 2.1), the

PBL thickness is expected to scale as (Hoyal et al., 1999b; Carazzo and Jellinek,

2012)

δ = (
Grν2

g′
)1/3. (2.14)

Finger width and spacing should, therefore, scale similarly. Taking Gr = Grc =

103 provides an estimate of the critical PBL thickness (Turner, 1973; Hoyal et al.,

1999b) above which convection can start (i.e., the minimum PBL thickness). This

assumption, however, is found to underestimate the thickness of the PBL measured

in experiments. It is therefore probable that the PBL continues to grow beyond

this critical thickness. We find that a value Gr = Grexp = 104 provides a better

fit between observations and equation (2.14). This is consistent with the results of

Barnard (2021), who found Grc = 104 in an analogue experimental configuration.

The agreement between the measurements and the model is good for the finger

width and spacing, whilst equation (2.14) predicts the thickness of the PBL with

less accuracy (Figure 2.10), which is characterised by more scattered data points

due to the effect of barrier removal. Moreover, if we fit the measured characteristic

length scales to scale with g′m, we find m = -0.43 for the PBL thickness, for which

the agreement with equation 2.14 is the lowest, whereas for the finger spacing and

width, m = -0.38 and -0.35, which are closer to the predicted value of −1/3.
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Figure 2.10: Comparison between fingers characteristic lengths for individual experi-
ments. (A) Width (W ) as a function of PBL thickness (δ). (B) Spacing (λ) against PBL
thickness (C) Width against spacing. The blue lines show the proportionality relationships
inferred between characteristic lengths: W = 2.1δ; λ = 3.3δ; W = 0.71λ. (D-F) Log-log
plot of the characteristic length scales of the instabilities, measured 10 to 20 s after the
beginning of the experiment, including (D) PBL thickness δ, (E) finger width W and (F)
finger spacing λ, as functions of initial particle concentration, compared to the prediction
of Hoyal et al. (1999b). The blue dashed line corresponds to Grc = 103 and the red solid
line to Grexp = 104. Vertical error bars correspond to the standard deviation of the sizes
measured in different experiments.
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2.3.5 Temporal evolution of the particle mass flux

The particle mass flux through a horizontal plane at depth l located below the upper

layer can be calculated in the experiments as

Fexp =
∆m

A∆t
, (2.15)

with ∆m = mt+∆t −mt the particle mass difference in the region below l measured

in a time interval ∆t = 0.1 s, and A = 7.5 × 30.1 cm2 the horizontal cross sectional

area of the experimental domain. At any time, the mass of particles below l can

be calculated by integrating the particle concentration profile (Figure 2.6) from the

bottom of the tank z = b (z = 0 corresponds to the height of the initial density

interface) to z = l; mt = A
∫ b
l
C(z)dz. This estimation of the mass does not account

for the mass of particles accumulated at the bottom of the experimental tank and

therefore only provides a lower limit on the particle mass flux.

Predicting the evolution of the particle mass flux in the presence of fingers is

complex because a complete description requires: (i) information on the 3D evolu-

tion of the finger velocity and size with time and depth, (ii) a good knowledge of the

duration necessary to produce fingers, and (iii) a description of the particle distri-

bution and velocity field inside fingers. It is nonetheless possible to assess the time

at which the particle mass flux is expected to increase (i.e. the time at which first

particles reach a depth l). Assuming that particles are coupled with the flow within

fingers that form instantaneously at the start of the experiment, first particles can

reach a depth l after a time l/Vf , with Vf the vertical velocity of fingers given by

equation (2.13). In contrast, first particles settling individually from the base of the

upper layer at their Stokes velocity (equation 2.4) are expected to reach l after a

time l/Vp.

Figure 2.11A shows the temporal evolution of Fexp measured at a depth l = 20

cm for Cu = 1, 3 and 5 g l-1. Generally, experiments with high particle concen-

trations result in larger particle mass fluxes that start to increase quicker than in

experiments at lower particle concentrations. For all particle concentrations, Fexp

increases progressively from when fingers first arrive, before reaching a more stable
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plateau. The particle mass flux starts to increase close to the time l/Vf (15-35 s),

which is the expected arrival time for fingers, and much earlier than the expected

arrival time of individual particles (143 s). Fexp continues to increase as more fingers

reach z = l and fingers become bigger through merging and entrainment of ambient

fluid. The latter behaviour where Fexp fluctuates around a plateau that occurs once

the number of fingers has stabilised (Figure 2.9B) and overturning has begun in the

lower layer, homogenising the particle concentration. To compare different exper-

iments, we average Fexp for 15 s after the plateau is attained and plot this value

as a function of Cu (Figure 2.11B). We find that the particle mass flux increases

with the initial particle concentration and that a power-law with a fitted exponent

of 1.2 can be used to describe the relation between Fexp and Cu. In particular, we

note that this exponent is independent of l and varies within the interval 1.2 ±

0.1. Theoretically, we can expect Fexp ∝ VfCu. From equations (2.13) and (2.14),

the finger velocity scales with C
4/15
u so we therefore expect the particle mass flux

to be proportional to C19/15
u . The value of the exponent 19/15 ≈ 1.27 is close to

the exponent of the power-law used to fit the evolution of Fexp with Cu in experi-

ments and there is a good agreement between experimental measurements and the

proportionality relation Fexp ∝ 0.14C
19/15
u .

2.3.6 Potential to form settling-driven gravitational instabil-

ities

The tendency for settling-driven gravitational instabilities to develop below particle

suspensions and to generate fingers has previously been shown to depend on the par-

ticle size. Carazzo and Jellinek (2012) compared the instability growth rate with the

terminal fall velocity of individual particles and showed that fine ash promotes finger

formation, whereas Scollo et al. (2017) experimentally demonstrated that coarse par-

ticle (> 125 µm) settled individually in water. When particles are sufficiently small,

settling-driven gravitational instabilities can form below a particle-laden layer if the

time scale of particle delivery to the PBL, given by Hc/Vp, with Hc the thickness of

the particle-laden layer, is greater than the time necessary to grow an unstable PBL,

given by δ/Vp. This condition is independent of the particle size (i.e. Vp). Assuming
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Figure 2.11: (A) Particle mass flux Fexp measured in experiments 20 cm below the upper
layer from equation (2.15) for experiments A1, A3 and A6 (1, 3 and 6 g l-1). The black,
blue and orange arrows indicate the time l/Vf at which fingers are expected to arrive at
depth l for initial particle concentrations Cu of 1, 3 and 6 g l-1, respectively. Note that
individually settling particles arrive at a depth 20 cm below the upper layer after a time
t = 143 s that is beyond the limit of the horizontal axis (B) Variation in Fexp (averaged
during 15 s after reaching a plateau value) with Cu in a log-log plot. The solid blue line
shows the best fit between Fexp and Cu. Vertical error bars correspond to the standard
deviation of the averaged particle mass flux measured in different experiments.
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that the particle concentration is homogeneous in the particle-laden layer, and that

its thickness remains constant and uniform, we can therefore assess the potential for

instabilities to form by evaluating the dimensionless quantity

L∗ =
Hc

δ
. (2.16)

Combining equations (2.12), (2.14) and (2.16), L∗ can be expressed as

L∗ = Hc(
gXp(ρp − ρa)
ρaGrν2

)
1
3 (2.17)

L∗ � 1 guarantees that the PBL can reach its characteristic thickness and that

fingers can possibly develop. Conversely, L∗ � 1 means that the particle-laden

layer is substantially thinner than the critical PBL thickness, thus preventing finger

formation. In our experiments, we consider Hc = H1, Gr = Grexp = 104 and L∗

consequently ranges from 11.3 to 24.3 in type A experiments, which all produced

fingers (Table 2.2). In order to better constrain the conditions leading to the forma-

tion of fingers, we explore a wider range of initial particle concentration and upper

layer thickness in type B experiments for which L∗ varies from 0.8 to 25.

Figure 2.12 shows a regime diagram for experimental fingers as a function of

upper layer thickness and initial particle concentration. Whilst fingers are observed

in all the experiments performed at L∗ ≥ 5, experiments with L∗ ≤ 2 are charac-

terised by individual particle settling and the absence of fingers (2.6; Supplementary

Video A2.6). The domain defined by 2 < L∗ < 5 corresponds to a transition regime

where fingers are either present or absent, depending mainly on the particle con-

centration, with higher particle concentrations favouring finger formation and their

development, since they are more numerous and descending faster. We note that, as

expected for settling-driven gravitational instabilities, high particle concentrations

and thick upper layers favour the formation of fingers (Jacobs et al., 2015).
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Figure 2.12: Contours of L∗ = Hc/δ (equation 2.16) calculated for experiments as a
function of the upper layer thickness and initial particle concentration. Calculation of
L∗ is performed with Gr = Grexp = 104. Blue circles and red squares correspond to
experiments associated with fingers or individual particle settling (IPS), respectively (Table
2.2). The grey area 2 < L∗ < 5 indicates the transition between experiments with fingers
and individual particle settling.
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2.4 Discussion

2.4.1 Summary of the experimental results and comparison

with previous studies

The combination of PLIF and particle imaging techniques in separate reproducible

experiments provides an approximation of the bulk mixture density evolution with

time. We report the formation of an unstable region in all type A experiments, which

is more pronounced for high particle concentrations (Figure 2.6). From experimental

observations of the evolution of the particle concentration and of the fluid and bulk

mixture density, we summarise the mechanism leading to the onset of settling-driven

gravitational instabilities as:

1. The initial density configuration is gravitationally stable, with a light particle-

laden layer emplaced above a denser layer;

2. Particles settle across the interface from the upper layer and are incorporated

in the dense lower layer fluid;

3. A thin region containing both particles and dense lower layer fluid grows below

the original interface. This PBL becomes heavier than the underlying fluid

because of the effect of added particles on the density of the lower layer fluid;

4. Settling-driven gravitational instabilities can occur when the thickness and

density of the PBL increases causing its Gr to exceed Grexp = 104, initiating

convection and resulting in the formation of fingers.

This mechanism is consistent with theoretical scenarios describing the formation

and the destabilisation of a dense particle-laden layer due to particle settling as

illustrated in Figure 2.1 (i.e., the growing of the “nose region”; Burns and Meiburg,

2012, 2015; Yu et al., 2013; Davarpanah Jazi andWells, 2020). It is worth mentioning

that such a formation mechanism does not require the particle concentration inside

the PBL to be greater than the initial particle concentration in the upper layer. The

increase in bulk density inside the PBL is due to particles settling across the interface

into the upper part of the dense lower layer that therefore becomes heavier than the
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fluid below. This is in agreement with our experiments where we do not observe an

increase of the particle concentration inside the PBL within the uncertainty of our

measurements (Figure 2.6; Table 2.3). The fact that we do not observe an increase of

the particle concentration across the interface is due to the lower layer being at most

1 % denser than the upper layer. Thus, in contrast with configurations involving

large density differences (Carey, 1997; Manville and Wilson, 2004), particles are not

significantly slowed at the interface by this density contrast and do not accumulate.

Similarly, the density gradient created at the base of the upper layer (Figure 2.6A)

because of barrier removal only causes negligible variations in the particle settling

velocity and does not result in an increase of the particle concentration as reported

by Blanchette and Bush (2005) for configurations with significant settling velocity

variations.

Furthermore, our experiments suggest that fingers do not inject significant amounts

of upper layer fluid into the lower layer and have an average concentration of upper

fluid < 3 % (Figure 2.7). This observation indicates that settling-driven gravita-

tional instabilities only weakly affect the transport of fluid phases from the upper

to the lower layer, although we observe discrete fluid leaks with concentration of

upper fluid up to 7 % injected through fingers propagating from the base of the

upper layer (Table 2.3). The small upper fluid concentrations inside fingers suggest

that their density, and hence their velocity, depends only weakly on the upper layer

fluid density and is mainly controlled by the density of the lower layer fluid and the

particle concentration inside fingers.

As in previous studies, we find that, along with particle size, particle concentra-

tion exerts a primary control on particle sedimentation and the formation of fingers

(Del Bello et al., 2017; Scollo et al., 2017). Our results are in very good agreement

with previous measurements of the number of fingers (Figure 2.9) (Scollo et al.,

2017) and with theoretical estimates of the finger velocity (Figure 2.8) and char-

acteristic lengths (Figure 2.10) (Hoyal et al., 1999b; Carazzo and Jellinek, 2012).

This increases the confidence in these theoretical formulations of finger geometry

and speed on an extended particle concentration range. However, we underline that

the scaling relationships of equations (2.13) and (2.14) are not complete solutions
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describing the complex flow mechanisms taking place in settling-driven gravitational

instabilities. They are based on simplifying assumptions regarding the choice of a

single length scale characterising finger dynamics. Moreover, they do not account

for the complex particle-fluid and particle-particle interactions happening inside fin-

gers and can therefore give only first order estimates of the size and velocity of both

experimental and natural fingers.

We find that the critical thickness determined with Grc underestimates the ob-

served PBL thickness (Figure 2.10D) and we report that the dimensions of the

instabilities formed at different particle concentrations are consistent with a value

of Grexp = 104. This can be interpreted as evidence that the PBL continues to

grow even after it reaches its critical thickness (Gr = Grc). Alternatively, this may

also indicate that the effective PBL thickness is affected by barrier removal that

initially modifies the flux of particles crossing the density interface by creating small

scale eddies that quickly entrain particles below the interface. Even if we assess the

dimensions and velocity of the fingers when the effects of the initial perturbation

dissipate, this experimental issue can cause differences between the measured PBL

thickness and the critical thickness which would develop in an ideal case. Hence,

to predict the effective instability dimensions, one should first evaluate Gr from

observations of the instabilities’ characteristic lengths before using equation (2.14)

to extrapolate the dimensions of the instability at different particle concentrations

(i.e., different values of the reduced gravity).

2.4.2 Nature and size of volcanic ash fingers

We find the convective scaling law of Hoyal et al. (1999b), that works well for exper-

iments, to greatly underestimate the dimensions of volcanic ash fingers by several

orders of magnitude. For example, Manzella et al. (2015) estimated the width of ash

fingers at Eyjafjallajökull 2010 to be about 170 m from visual observations. Based

on observations of the fingers downward velocity, they also estimated the fine ash

volume fraction to be in the range of 1×10-6 to 4×10-6 and the PBL bulk density

to be approximately 1.31 kg m-3. Using the values of the air kinematic viscosity υ

= 3×10-5 m2 s-1, air density ρa = 1.30 kg m-3 and the Grashof number associated
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with experiments Grexp = 104, equation (2.14) only yields a finger width of a few

centimetres when applied to the volcanic cloud of Eyjafjallajökull. This suggests

that the characterisation of the PBL in nature is highly uncertain. Therefore, this

law may not be appropriate for volcanic clouds. In addition to the challenges as-

sociated with the measurements of parameters such as the fine ash concentration

in volcanic clouds and the PBL, a variety of mechanisms that are not described

by our experiments or by those of Hoyal et al. (1999b) and that can form fingers

can also explain these discrepancies. In fact, the PBL can purely grow by parti-

cle settling, as showed in Figure 2.1A and 2.1B for our experimental configuration,

and is most likely to do so in the absence of other vertical fluid motions. Evidence

for this mechanisms is perhaps suggested by lidar measurements during the 1991

Mount Redoubt eruption (Hobbs et al., 1991) that showed ash fingers forming at

the flat base of the volcanic cloud about 150 km from the vent (“ash veils” in their

Plate 1). However, other processes present in volcanic ash clouds can also affect the

sedimentation of fine ash. These include jets from overshoot regions, internal waves,

overturning motions inside the cloud, and wind-driven stirring (e.g. Carazzo and

Jellinek, 2012; Freret-Lorgeril et al., 2020). In addition, Mammatus clouds, i.e., for-

mations characterised by the development of lobes on the cloud base (Schultz et al.,

2006), have also been observed at the base of volcanic clouds, e.g., Mt. St. Helens,

USA, 1980 (Durant et al., 2009; Carazzo and Jellinek, 2012). However, even if they

share visual and dynamic similarities with settling-driven gravitational instabilities,

it remains unclear if there is any link between the two phenomena.

Another source of discrepancy with the experiments is related to the fact that,

unlike volcanic clouds, experiments are performed in a confined and quiescent en-

vironment, without shear at the base of the particle suspension. Although our

experiments can address the case where the plume and fingers are advected at wind

speed (Scollo et al., 2017), the effect of shear on the base of volcanic clouds needs to

be considered in future work in order to describe more adequately the formation and

the size of ash fingers. The presence of shear at the base of the cloud can affect the

formation of ash fingers for two main reasons: (i) shear can inhibit the formation

of a PBL by producing eddies at the base the cloud that impede the sedimentation
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of particles across the interface and (ii) it can create Kelvin-Helmoltz instabilities

that will interact with settling-driven gravitational instabilities and possibly con-

trol the spatial distribution, dimensions and timing of ash fingers. Moreover, our

experiments do not explore the effect of internal cloud dynamics on settling-driven

gravitational instabilities. Whilst our experiments are in a transitional regime, vol-

canic ash clouds and ash fingers are fully turbulent and can contain vertical fluc-

tuations that possibly affect the supply rate of particles to the PBL. We expect

that more complete observations of ash fingers, combined with dedicated numerical

simulations, will provide a better characterisation of ash finger sizes.

2.4.3 Conditions favouring the formation of volcanic ash fin-

gers

Based on a new dimensionless number L∗ (equations 2.16 and 2.17), we assess the

possibility for the PBL to grow to its characteristic thickness and therefore constrain

the conditions favouring the development of fingers. We can distinguish between

three regimes in experiments: (i) fingers invariably form for L∗ ≥ 5 whereas, (ii)

they never form for L∗ ≤ 2 and (iii) are either present or absent for 2 < L∗ <

5 which corresponds to a transition regime. In general, our analysis indicates that

fingers are more likely to form below thick particle-laden layers associated with large

particle concentrations, which correspond to L∗ ≥ 5. Calculating L∗ in volcanic ash

clouds is more complex and requires a good characterisation of the PBL thickness

and of the eruptive parameters associated with volcanic eruptions. For instance,

measurements of the fine ash concentration in volcanic clouds remain uncertain, as

in situ characterisation of volcanic ash is often associated with the very edge of

volcanic clouds due to flight restrictions of aircraft (Weber et al., 2012; Eliasson

et al., 2014, 2016; Fu et al., 2015). Because of these caveats, we are not able to

reliably quantify the value of L∗ for natural volcanic ash clouds.

However, both the cloud thickness and the particle concentrations are related

to the MER (Wilson et al., 1978; Sparks, 1986), suggesting that eruptions with

high MERs are more prone to develop ash fingers (Scollo et al., 2017). Whilst L∗

depends on both the particle concentration and the thickness of the upper layer
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(i.e., volcanic cloud), other parameters also affect the occurrence of settling-driven

gravitational instabilities and the production of fingers. For example, particle size

has been shown to exert a major control on the tendency to form fingers, with small

particles more likely to settle collectively than coarse particles (Carazzo and Jellinek,

2012; Scollo et al., 2017). Hence, although L∗ provides a good characterisation of

the particle concentrations and cloud thicknesses that are associated with fingers, it

is not sufficient to obtain a complete characterisation of the conditions favouring the

generation of settling-driven gravitational instabilities. L∗ needs to be considered

along with other parameters, such as the particle size and the cloud velocity, in order

to assess the potential of volcanic ash clouds to produce fingers.

2.4.4 Experimental limitations and perspectives

As with all experimental studies, a number of limitations must be considered when

interpreting the data.

First, because of the additional light scattering effect of particles, we only mea-

sure the fluid density field in PLIF experiments for low particle concentrations (1

and 2 g l-1), with relatively large uncertainties (± 0.8 kg m-3 on average below the

initial density interface). Future combined PLIF and particle imaging will allow si-

multaneous measurement of the particle spatial distribution and fluid density (Borg

et al., 2001; Dossmann et al., 2016), thus accounting for the effect of particles on

fluid density measurements. The combination of these two techniques would there-

fore contribute to reduce the uncertainty associated with fluid density measurements

and provide estimates of the fluid phase properties for particle concentrations > 2

g l-1.

Second, measurements of the PBL thickness are initially affected by a disturbance

to the density interface generated when removing the barrier. We therefore measure

the PBL thickness after it reaches a constant value once the initial perturbation

disappears (Supplementary Figure A2.5). The initial perturbation could be reduced

by using a thinner composite barrier (Dalziel, 1993; Lawrie and Dalziel, 2011) and

a motorised barrier removal system (Davies Wykes and Dalziel, 2014) in order to

obtain a better description of the initial growth of the PBL.
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Third, the scaling of the finger size with the Grashof number works well when

applied to experiments but not when applied to volcanic ash clouds. As described

in section 2.4.2 differences between the experimental configuration and volcanic

clouds can explain this discrepancy, in addition to the challenges associated with

the measurement of relevant parameters in natural eruption. Experiments involving

particle-laden currents instead of an immobile particle suspension will contribute

to better understand this discrepancy and the scaling of natural ash fingers, along

with efforts in numerical simulations of the processes. In fact, the scaling analysis

in section 2.2.2 notably revealed that volcanic clouds are associated with a wider

range of dimensionless numbers than our experiments and that Re and Gr can be

orders of magnitude greater in nature (Table 2.1). This shows that volcanic clouds

are much more turbulent than the analogue particle suspensions in the experiments,

that are emplaced in a quiescent environment. Contrarily to the experiments, we

can therefore expect turbulent motions inside the clouds to have a more pronounced

effect on ash sedimentation, in particular by modulating the flux of particles en-

tering the PBL, as described in section 2.4.2. The discrepancy between Grashof

numbers associated with the experimental and natural configuration is related to

the difficulty of measuring the PBL thickness below volcanic clouds. We expect

that a more complete characterisation of the parameters associated with volcanic

clouds will contribute to better assess the size of the PBL and evaluate the relevance

of the scaling presented in our experimental study.

Finally, laboratory experiments, unlike volcanic plumes, exist in a confined space

affected by boundary conditions and the formation of return flows (Roche and

Carazzo, 2019). In our experiments, boundary conditions have an impact on con-

vection in the lower layer, which has only a limited effect on measurements of finger

characteristic velocity and dimensions, especially in the early part of the experi-

ments, and a negligible influence on finger formation. Despite these uncertainties

however, we can infer useful and rigorous interpretations of the results.
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2.5 Conclusions

Our experiments provide new insights into the development of an unstable particle-

laden layer from an initially stable configuration because of particle settling across

the interface. The use of PLIF has revealed that the fluid phase in the upper layer

is not substantially affected by the instability and the subsequent propagation of

fingers. Additionally, our experiments confirm and expand previous experimental

findings and theoretical predictions concerning the increase of both finger number

and speed with respect to particle concentration and the decrease of PBL and fingers

size. Estimations of the particle mass flux also suggest that fingers are associated

with a quicker deposition of fine particles. Finally, we propose a new dimensionless

number L∗ in order to assess the potential of settling-driven gravitational instabilities

to occur at the base of volcanic ash clouds. In summary:

• Settling-driven gravitational instabilities in a quiescent environment arise from

small density anomalies generated by particle settling across the interface and

being incorporated in the denser underlying fluid (i.e., the sugar solution in

experiments and the atmosphere for volcanic clouds). The bulk mixture be-

comes denser in this region (PBL) and destabilizes the density configuration

by generating a dense layer above a lighter fluid. A gravitational instability

originates and, when the PBL exceeds its critical thickness (dependent on the

particle concentration), fingers begin intruding into the lower layer.

• Our new experiments validate previous results (Scollo et al., 2017) and extend

them to a larger particle concentration range (from 1 to 10 g l-1). Both the

number of fingers and the finger velocity increase with particle concentration

of the suspension, and, therefore, the importance of ash fingers on fine ash

settling is expected to increase with the mass loading of ash clouds.

• Experiments show that the particle mass flux increases quicker below high

particle concentration suspensions than below particle suspensions with low

particle concentrations because of the presence of fingers.

• Experimental results suggest that the characteristic lengths of the instabil-



66 Chapter 2

ity scale with the finger Grashof number, with Grexp = 104 in experiments.

Natural ash fingers, however, may exhibit a different scaling.

• The potential to form settling-driven gravitational instabilities at the base

of particle suspensions can be quantified through L∗ = Hc/δ that depends

on the thickness of the suspension and on the particle concentration. Our

experimental results suggest that fingers form at L∗ ≥ 5 (thick upper layer

and high particle concentration) and that particles settle individually at L∗

≤ 2 (thin upper layer and low particle concentration), with a transitionary

regime for 2 < L∗ < 5. Volcanic eruptions associated with large MERs as well

as thick ash clouds and high particle concentrations are expected to favour the

production of fingers associated with settling-driven gravitational instabilities;

however, the characterization of associated PBL and ash concentrations is still

too uncertain for calculating accurate values of L*.
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2.6 Appendix A2

Notations used in Chapter 2

Notation Units

a dimensionless attenuation -

cd fluorescent dye concentration kg m-3

d particle diameter m

f drag factor -

g acceleration due to gravity m s-2
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Notation Units

g
′ reduced gravity m s-2

kN Newton drag correction -

kS Stokes drag correction -

m exponent on reduced gravity -

n number of fingers -

p slope of the linear regression between I and cd m3 kg-1

r radial component of the polar coordinates m

t time s

ti duration required to develop an unstable region s

w experimental tank width m

C particle concentration kg m-3

D50 median particle diameter m

D16 16th percentile diameter m

D84 84th percentile diameter m

F camera digital level (fluorescence) -

H1 upper layer thickness m

H2 lower layer thickness m

Hc cloud thickness m

I Dimensionless light intensity -

L characteristic flow thickness m

L∗ ratio between the cloud and the PBL thickness m

P dimensionless laser power -

R residual light effect on digital level -

V characteristic flow velocity m s-1

Vf finger velocity m s-1

Vp particle settling velocity m s-1

W finger width m

Xf fluid mixing ratio -

Xp particle volume fraction -

At Atwood number -
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Notation Units

Gr Grashof number -

Re Reynolds number -

Rep particle Reynolds number -

St Stokes number -

α empirical scaling parameter for the time m s-1

β spatial intensity distribution (angular) rad-1

γ spatial intensity distribution (radial) m-1

δ PBL thickness m

δf characteristic fluctuation lengthscale m

ε fluorescent dye absorption coefficient m2 kg-1

λ finger spacing m

µ fluid dynamic viscosity kg m-1 s-1

θ angular component of the polar coordinates rad

ν fluid kinematic viscosity m2 s-1

ρ PBL density kg m-3

ρa ambient density kg m-3

ρf fluid density kg m-3

ρp particle density kg m-3

ρs sugar solution density kg m-3

ρw water density kg m-3

σ sorting parameter (Inman, 1952) m

φ fluorescent dye quantum efficiency -

∆A pixel area m2 rad

∆U characteristic velocity fluctuations m s-1

Σ sedimentation number -

Table A2.1: List of symbols

Supplementary Figures
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Figure A2.1: Cumulative grain size distribution of the glass beads used in the experiments
(D50 = 41.5 µm, σ = 14 µm). The grain size distribution was obtained by laser diffraction
using a BetterSizer S3 Plus. The dotted black, red and blue lines respectively indicate the
14th, 50th and 86th percentiles.
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Figure A2.2: Comparison of the fluid density profiles for experiments A11 and A12
(with particle concentrations of 1 and 2 g l-1, respectively). Results are very similar and
reproducible.
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Figure A2.3: Temporal evolution of the average particle concentration in experiment
A5 (5 g l-1) compared with the results of Manzella et al. (2015) obtained in the same
conditions, using a different imaging technique, for (A) the upper layer and (B) the
lower layer. Dashed lines correspond to error limits. They are estimated using uniform
suspensions, with a known particle concentration, that are imaged in the experimental
configuration. The average error is given by the difference between the known particle
concentration and the particle concentration inferred from the calibration. The average
relative error is 10 to 15 % of the particle concentration, depending on the laser power.
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Figure A2.4: In PLIF experiments, the spatial particle distribution cannot be assessed,
meaning that the particle concentration in a given volume can vary from 0 g l-1 up to
the initial upper-layer concentration. Therefore, to assess the uncertainty of PLIF mea-
surements, we use the calibration to infer the R6G concentration of uniform suspensions
having different particle concentrations, ranging from 0 to 2 g l-1, whilst keeping the same
R6G concentration of 8 µg l-1. The relative uncertainty is then obtained by calculating
the difference between horizontally averaged R6G concentration measurements performed
on particle suspensions with those performed on particle-free solutions. This difference is
7 % (0.7 % in the first 5 cm below the barrier) between 0 and 1 g l-1 suspensions and 13
% (7 % in the first 5 cm below the barrier) between 0 and 2 g l-1. Therefore, in the region
of interest where the PBL grows, R6G concentration measurements are associated with an
uncertainty dependent on the input particle concentration which is 0.7 % and 7 % of the
initial R6G concentration for 1 and 2 g l-1 experiments, respectively. For our experimental
conditions where the fluid phase density varies from 997 kg m-3 in the upper layer to 1008
kg m-3 in the lower layer, the uncertainty in the determination of R6G concentrations
results in an average uncertainty in fluid density of 0.08 kg m-3 for 1 g l-1 experiments
and of 0.77 kg m-3 for 2 g l-1 experiments. The relative uncertainty on R6G concentration
measurements as a function of height is shown for (A) 1 g l-1 experiments and (B) ≥ 2 g
l-1 experiments. The peak in uncertainty located above the position of the initial density
interface is an artifact and due to light extinction on the barrier track.
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Figure A2.5: Automatic determination of the PBL thickness based on the localization
of the minimum particle concentration gradient during experiment 1 (A. 1 g l-1), 3 (B. 3
g l-1), 6 (C. 6 g l-1)
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Figure A2.6: Horizontally averaged density and particle concentration profiles, with the
fluid phase density in blue, the particle concentration in black (axis on the top) and the
bulk mixture density in red. The initial position of the barrier is represented by the dashed
lines. A dense unstable region highlighted in green develops below the interface after a
certain time t. (A) 2 g l-1 experiment (small peaks in particle concentration are due to
reflection of the laser sheet on the barrier) (B) 8 g l-1 experiment.
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Supplementary Videos

Links to supplementary videos:

• Supplementary Video A2.1: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT04

• Supplementary Video A2.2: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT05

• Supplementary Video A2.3: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT06

• Supplementary Video A2.4: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT07

• Supplementary Video A2.5: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT08

• Supplementary Video A2.6: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT09

https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT04
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT04
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT05
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT05
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT06
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT06
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT07
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT07
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT08
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT08
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT09
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT09




Chapter 3

Control of particle size and concentration

on the onset of settling-driven

gravitational instabilities at the base of

volcanic clouds and resulting finger

dynamics1

3.1 Introduction

Particle settling across the interface between a buoyant particle-laden fluid and a

denser particle-free ambient can result in the formation of settling-driven gravita-

tional instabilities (SDGIs) (Hoyal et al., 1999b; Manzella et al., 2015). Even if

the configuration is originally gravitationally stable, mixing of particles and denser

fluid below the initial density interface generate a narrow region of excess density

(Burns and Meiburg, 2015; Davarpanah Jazi and Wells, 2020; Fries et al., 2021).

This heavy particle boundary layer (PBL) develops under the base of the buoy-

ant particle-laden fluid and detaches in the form of fingers (i.e., downward moving

currents) within which particles collectively descend faster than individually. The

formation of fingers from SDGIs consequently has the potential to enhance the sed-
1To be submitted to Journal of Geophysical Research as: Fries, A., Lemus, J., Jarvis, P. A.,

Clarke, A. B., Phillips, J. C., Manzella, I. and Bonadonna, C. : Control of particle size and
concentration on the onset of settling-driven gravitational instabilities at the base of volcanic
clouds and resulting finger dynamics.
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imentation from buoyant particle suspensions and particle-laden flows in various

geophysical settlings.

SDGI-driven fingers have been widely observed within volcanic ash clouds with

significant implications for the vertical transport of fine ash in the atmosphere

(Hobbs et al., 1991; Bonadonna et al., 2002b, 2011; Carazzo and Jellinek, 2012;

Manzella et al., 2015; Scollo et al., 2017). Collective settling has also been ob-

served to impact ash sedimentation at the ocean-atmosphere interface (Carey, 1997;

Manville and Wilson, 2004; Jacobs et al., 2013). Even though particle aggregation

has often been considered as the main collective settling process to reduce the res-

idence of fine ash in the atmosphere (e.g., Costa et al., 2010; Rose and Durant,

2011; Brown et al., 2012), recent studies have demonstrated how SDGI-driven fin-

gers have a similar potential. In fact, particle aggregation and SDGIs are expected

to be closely linked, even though their interaction is still poorly characterised (e.g.

Carazzo and Jellinek, 2012). Manzella et al. (2015) provided a rare quantitative

description of the ash fingers formed during the 2010 eruption of Eyjafjallajökull

(Iceland). They find that ash fingers descended at an average vertical velocity of

about 1 m s-1, which surpasses the terminal fall velocity of individual ash particles

finer than 200 µm collected upon deposition on the ground. Ash fingers were found

to impact in the same area of sedimentation as different types of particle aggregates

(Manzella et al., 2015).

In recent decades, analogue experiments and numerical simulations have ad-

vanced our comprehension of the processes by which ash fingers can be generated.

In fact, other mechanisms than SDGIs can also potentially result in fingering insta-

bilities. This includes double diffusive instabilities that originate from the differen-

tial diffusion of two components that affect the fluid density (Green, 1987; Hoyal

et al., 1999a; Carazzo and Jellinek, 2013). However, if the particle settling flux

is significantly greater than that due to double diffusion, SDGIs are the dominant

mechanism producing ash fingers (Hoyal et al., 1999b). Although both mechanisms

could possibly coexist in natural settings (Carazzo and Jellinek, 2013; Carazzo et al.,

2013), here we focus on SDGIs that are appropriate to describe ash sedimentation

beneath volcanic clouds in thermal equilibrium with the atmosphere at the level
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of neutral buoyancy and far from the source (Manzella et al., 2015; Scollo et al.,

2017). Close to the source, the delivery of particles to the PBL can be modulated

by mechanisms other than solely particle settling (Eliasson et al., 2016; Eliasson,

2020; Freret-Lorgeril et al., 2020; Gilchrist and Jellinek, 2021).

Improving the characterisation of ash fingers and defining the conditions in which

they form is necessary in order to refine our understanding of fine ash sedimenta-

tion from volcanic clouds (Durant, 2015). In particular, whilst it is accepted that

ash fingers are associated with small particle sizes and high particle concentrations

(Carazzo and Jellinek, 2012; Scollo et al., 2017; Fries et al., 2021), the actual condi-

tions for which ash fingers can develop remain uncertain. In addition, all experiments

associated with SDGIs have been carried out in aqueous environments. As a result,

all resulting characterisation is difficult to apply to natural volcanic clouds. In this

work we extrapolate the experimental results to a real volcanic setting based on the

field observations of Manzella et al. (2015) and theoretical analysis. Moreover, the

detailed structure of individual fingers, as well as their evolution in time, has not

been sufficiently described yet.

This contribution is motivated by two main objectives. First, we investigate

the particle sizes and concentration associated with the formation of SDGIs and

compare our results with existing criteria predicting the development of fingers,

both in the experiments (water environment) and below volcanic ash clouds (air

environment). Second, we describe the density configuration from which fingers

originate with higher accuracy than previous experiments (Fries et al., 2021), and

we provide detailed measurements of fingers physical properties using an innovative

combination of Particle Imaging (PI), Planar Laser Induced Fluorescence (PLIF;

Koochesfahani, 1984; Crimaldi, 2008) and Particle Image Velocimetry (PIV; Grant,

1997; Adrian, 2005). In particular, we characterise particle velocity within fingers

through PI and PIV measurements and assess the associated coupling with fingers.

Concentration and vorticity are also characterised to investigate the relation between

SDGI-driven fingers and particle aggregation. Finally, we analyse the evolution of

the fingers width with time that is quantified by the entrainment coefficient.
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3.2 Background

3.2.1 Measures of the tendency for SDGIs to form

It has been shown that the development of fingers from SDGIs depends on the

Grashof number Gr (Hoyal et al., 1999b), which represents the ratio between driving

gravitational and retarding viscous forces. In simple analogue experiments making

use of separate particle imaging and PLIF, Fries et al. (2021) have illustrated how

SDGIs can arise from very small density differences. They report that fingers form

when the PBL reaches a critical thickness

δ =

(
Grcν

2

g′

)1/3

, (3.1)

with Grc = 104 the critical Grashof number, ν the ambient fluid kinematic viscosity

and g′ the reduced gravity of the PBL defined as

g
′
=

(ρPBL − ρa)
ρa

g, (3.2)

where g = 9.81 m s-2 is the gravitational acceleration and ρPBL and ρa are the densi-

ties of the PBL and the ambient, respectively. The observed value of Grc = 104 is an

order of magnitude larger than that used in previous characterisations of the onset

of SDGIs, which was that Grc = 103 (Hoyal et al., 1999b), based on an analogy with

the critical Rayleigh number above which thermal convection initiates. However,

recent numerical simulations (Lemus et al., 2021) and experiments (Barnard, 2021)

also point towards Grc ≈ 104 for collective settling.

An additional necessary condition for the onset of SDGIs below particle-laden

fluids of thickness H is that L∗ = H/δ must be much greater than one. This

means that only particle-laden fluid layers sufficiently thick to sustain a critically

unstable PBL can produce SDGIs. Fries et al. (2021) find SDGIs develop for L∗ >

5, whilst individual particle settling (IPS) dominates for L∗ < 2. For 2 ≤ L∗ ≤ 5, a

transitional regime exists where either SDGIs or IPS dominate, with higher particle

concentrations associated with SDGIs.

The tendency of SDGIs to develop also depends on the particle size, as demon-
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strated by analogue experiments (Scollo et al., 2017) and numerical simulations

(Lemus et al., 2021) that have shown how only particles smaller than a threshold

size are observed to settle collectively within fingers (size threshold in water is 125

µm for particle concentration of the order of 1 g l-1). This observation is consistent

with previous theoretical works, which consider that fingers can form only if the

timescale over which individual particles settle is much greater than the onset of

the instability. This criterion is expressed through the dimensionless number B1

that corresponds to the ratio between the growth rate of the instability Vi and the

settling velocity of individual particles Vp (Marsh, 1988; Carey, 1997; Fiske et al.,

1998; Manville and Wilson, 2004; Carazzo and Jellinek, 2012; Jacobs et al., 2015)

B1 =
Vi
Vp
. (3.3)

Values of B1 � 1 ensure that SDGIs can form before particles settle, whereas values

of B1 � 1 imply that IPS is much faster than the development of the instability,

such that the latter is therefore inhibited. The growth rate of SDGIs has been

estimated from the growth rate of Rayleigh-Taylor instabilities as (Whitehead and

Luther, 1975; Carazzo and Jellinek, 2012)

Vi =
(ρPBL − ρa) gδ2

3µ
, (3.4)

with µ the ambient dynamic viscosity. We have used adapted settling laws for de-

scribing the sedimentation of particles as a function of the particle Reynolds number

Rep (Bonadonna et al., 1998). For high Rep, the individual particle settling velocity

is estimated as

Vp ≈
√

3.1gρp
ρa

, (Rep > 500). (3.5)

At intermediate values of Rep, the settling velocity is approximated by

Vp ≈ d

(
4g2ρ

2
p

225µρa

)1/3

, (0.4 < Rep < 500). (3.6)

Low Rep (Rep < 0.4) particles are considered to settle at their Stokes velocity (equa-
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tion 3.7)

Vp =
gd2 (ρp − ρa)

18µ
, (3.7)

with d and ρp the particle diameter and density, respectively.

Jacobs et al. (2015) have derived an alternative formulation of B1 considering

that instabilities develop if the timescale for collective settling is greater than the

timescale for individual particle settling. In this formulation, the growth of the

instability is controlled by the balance between gravitational forces and inertial

drag rather than viscous drag. The timescale for collective settling τc is estimated

from the late-time growth rate of Rayleigh-Taylor instabilities (Linden and Redondo,

1991; Ristorcelli and Clark, 2004):

τc =

√
δ

βAPBLg
, (3.8)

where β is a dimensionless parameter that depends on the density ratio and APBL

is the dimensionless Atwood number of the PBL defined as APBL = (ρPBL −

ρa)/(ρPBL + ρa). Here we take β = 0.03, in the range of values estimated by exper-

imental and numerical investigations (Linden and Redondo, 1991; Dimonte et al.,

2004; Jacobs et al., 2015). The ratio of these two timescales yields the dimensionless

number B2 that can be written

B2 =
τi
τc
, (3.9)

with τi the timescale for individual particle settling. The tendency of fingers to

exclusively affect fine particles also demonstrates that fingers can form and persist

only if the particles and the flow are sufficiently coupled, i.e., if the characteristic

velocity of laminar fingers, Vf , defined from the mass and buoyancy flux as

Vf = g
′( 2

5)
(
πVpδ

2

4

)1/5

, (3.10)

is much greater than the individual settling velocity of the particles Vp (Hoyal et al.,

1999b). It is, therefore, possible to define another dimensionless number character-
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ising the formation of SDGIs

B3 =
Vf
Vp
. (3.11)

The dimensionless numbers B1, B2 and B3 described here are all defined as a ratio

between a characteristic velocity, or timescale, of SDGIs (or resulting fingers) and

the individual particle velocity. They, therefore, all share similarities. Values much

greater than one are favourable for the development of SDGIs, whilst IPS dominates

for values lower than unity. For particles settling at their Stokes velocity, they are all

inversely proportional to the particle diameter raised to an exponent ∼ 2. Significant

differences between B1, B2 and B3 arise from the dependence of the growth rate of

the instability (or the velocity of resulting fingers) on the particle concentration

that has an influence on the density of the PBL and, consequently, on the reduced

gravity, the thickness of the PBL and the Atwood number. Although B1, B2 and B3

all quantify the tendency for SDGIs to develop, they have subtly different physical

meanings. B1 quantifies if the growth rate of SDGIs controlled by the balance

between gravitational and viscous forces is greater than the velocity of individually

settling particles, whilst B2 assesses if the growth rate of SDGIs controlled by the

balance between gravitational forces and inertial drag is greater than the timescale

over which particles settle from the particle suspension (Jacobs et al., 2015). B1

and B2 therefore represent similar numbers, with the growth of SDGIs slowed by

either viscous (B1) or inertial (B2) forces. Separately, B3 quantifies if particles are

sufficiently coupled with the flow for fingers to form (Hoyal et al., 1999b). Hence,

despite the analogies existing between B1, B2 and B3, these numbers are independent

and target different aspects of the onset of instabilities. B1 and B2 are relevant for

different physical regimes, but B3 is a complementary number that can be combined

with both B1 and B2 for assessing the conditions for the onset of SDGIs and fingers.

In recent work, Lemus et al. (2021) used numerical modelling to study the for-

mation of fingers in an aqueous environment with small density differences between

the particle-laden fluid and the underlying dense ambient that reproduces the exper-

iments of Manzella et al. (2015), Scollo et al. (2017) and Fries et al. (2021). Varying

the particle size in their simulations, they find that fingers only form for particle

diameters where Vf > Vp. Their results, therefore, agree with the formulation of
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B3, with the additional detail that fingers resulting from SDGIs can form even if

Vf is only greater (rather than much greater) than Vp; i.e., B3 > 1. Here we aim

to test the existing criteria for the development of SDGIs in water and scale our

results to natural volcanic ash clouds. To do so, we compare the values of the above

dimensionless numbers B1, B2 and B3 (equations 3.1, 3.9 and 3.11) with observa-

tions of the conditions under which SDGIs initiate in simple analogue experiments

during which we vary the particle concentration and size. B1, B2 and B3 are then

calculated for volcanic ash clouds in order to evaluate the possibility of SDGIs and

ash fingers to occur.

3.2.2 Coupling between particles and the flow within fingers

The behaviour of particles within fingers and the complex interactions between par-

ticles and the fluid phase can be characterised by the combination of the Reynolds

(Re), Stokes (St) and sedimentation (Σ) numbers (Burgisser et al., 2005). For fin-

gers, these dimensionless numbers are defined as (Burgisser et al., 2005; Burgisser

and Bergantz, 2002; Carazzo and Jellinek, 2012)

Re =
Vfδ

ν
, (3.12)

St =
(ρp − ρa)d2Vf

18fµδ
, (3.13)

and

Σ =
(ρp − ρa)d2g

18fµVf
=
Vp
Vf

=
1

B3

, (3.14)

with f the drag factor approximately equal to 1 for our experimental conditions

(Fries et al., 2021). Vf and δ are respectively chosen as the characteristic velocity

and length scales of the flow (and of its fluctuations).

Re, i.e., the ratio of inertial over viscous forces in the flow, indicates the fluid

dynamical regime of the flow. The flow is fully turbulent if Re ≥ 104, transitional

for 1 < Re < 104 and laminar for Re ≤ 1. St corresponds to the ratio of the particle

response time over the time scale of the flow motion (i.e., the balance between the

inertial and viscous forces on a particle) and Σ is the balance between gravity and
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viscous forces applied on a particle (Roche and Carazzo, 2019). Particles with St

> 1 are decoupled from the fluid phase, increasing the turbulence intensity of the

flow, whilst St < 1 indicates that particles are dynamically coupled with the fluid

phase and tend to reduce the turbulence intensity of the flow (Burgisser et al., 2005).

The settling of particles is governed by gravity for Σ > 1 and controlled by the flow

motion for Σ < 1. For fingers, the definition of B3 (equation 3.11) corresponds to

the reciprocal of Σ (equation 3.14). The formation of fingers from SDGIs is therefore

favoured for Σ < 1 and inhibited for Σ > 1.

The combination of St and Σ quantifies the complete dynamic behaviour of

particles within fingers (Burgisser et al., 2005; Carazzo and Jellinek, 2012; Roche

and Carazzo, 2019). For St < 1 and Σ < 1, there is a strong coupling between

the particles and the fluid phase, and particles are well mixed within the flow,

whereas particles are decoupled from the fluid phase and settle for St > 1 and Σ

> 1. A strong two-way coupling between the fluid phase and particles develops for

St ≈ 1 and Σ ≈ 1, St < 1 and Σ > 1, or St > 1 and Σ < 1. This can create

transient particle gathering and the formation of mesoscale structures with higher

particle concentrations (Burgisser et al., 2005; Carazzo and Jellinek, 2012). In our

experiments, we therefore quantify both St and Σ in order to assess the coupling of

particles and the flow within fingers.

3.2.3 Structure and physical characterisation of fingers

Once SDGIs are initiated, fingers start to propagate underneath the particle-laden

fluid. In confined environments, layer-scale convection starts shortly after the intru-

sion of the first fingers and induces mixing in the layer underneath the particle-laden

fluid (Hoyal et al., 1999b; Manzella et al., 2015). Whilst the evolution of fingers dur-

ing the late layer-scale convection stage partially depends on the dimensions of the

system (i.e., the thicknesses of the particle-laden layer and of the ambient; Lemus

et al., 2021), the properties of fingers formed initially are principally controlled by

the characteristics of the particles and the initial density configuration. Equations

(3.1) and (3.10), that respectively describe the characteristic size and velocity of

fingers, have been validated against measurements of the size and the front velocity
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of fingers in experiments (Scollo et al., 2017; Fries et al., 2021) and numerical simula-

tions (Lemus et al., 2021). The results suggest that the size of fingers is proportional

to the thickness of the PBL from which they originate by detachment. The size and

velocity of fingers is, therefore, related to the density difference between the PBL

(that depends on the particle concentration) and the underlying ambient. Hence,

by analogy with thermal convection (Turner, 1973), it has been measured that the

characteristic size of ash fingers varies as δ ∝ g
′−1/3, with the finger size diminishing

with increasing particle concentrations (Hoyal et al., 1999b; Fries et al., 2021).

It has been postulated in previous studies on SDGIs that the particle concen-

tration increases in the PBL and fingers with respect to the initial concentration

within the particle suspension (Carazzo and Jellinek, 2012; Manzella et al., 2015;

Scollo et al., 2017). Although this is certainly the case when the density and/or vis-

cosity difference between the particle suspension and the ambient is high enough to

considerably hinder the settling of particles at the interface (such as fingers formed

below the air/water interface; Carey, 1997; Manville and Wilson, 2004), the experi-

mental measurements of Fries et al. (2021) and the numerical simulations of Lemus

et al. (2021) reveal that the particle concentration in the PBL does not increase when

the differences in density and viscosity are small. The PBL becomes heavier than

the fluid below when dense particles settle on top of the dense underlying ambient,

adding their contribution to the mixture density (Fries et al., 2021; Lemus et al.,

2021). However, the particle concentration and density within fingers has not been

accurately constrained in experiments yet, despite its relevance for the sedimenta-

tion of particles in natural systems, and notably below volcanic ash clouds. In fact,

besides its importance for the formation of ash fingers, the particle concentration

is also one of the main factor influencing particle aggregation (Rose and Durant,

2011; Brown et al., 2012; Durant and Brown, 2016), i.e., another major process

enhancing the sedimentation of volcanic ash by increasing the associated terminal

fall velocity due to particles binding into larger aggregates. Manzella et al. (2015)

reported, during the 2010 eruption of Eyjafjallajökull, that ash fingers reached the

ground at a distance also characterised by the occurrence of volcanic ash aggregates,

highlighting that the two phenomena (i.e., formation of fingers and aggregation) can
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happen conjointly. This observation additionally suggests that aggregation could oc-

cur within ash fingers, as the particle concentration may increase, leading to higher

probabilities of particle collisions.

The PBL can be described as analogous to a thermal boundary layer by fur-

ther comparing SDGIs with thermal convection, and fingers that form are accord-

ingly analogous to thermals detaching from the boundary layer. This analogy has

been explored by several authors that studied the behaviour of sediment thermals

(Rahimipour and Wilkinson, 1992; Ruggaber, 2000; Bush et al., 2003; Zhao et al.,

2014; Freret-Lorgeril et al., 2020); i.e., thermal-like particle clouds formed by the

rapid release of dense particles into a fluid. The particle clouds follow three stages of

motion according to Rahimipour and Wilkinson (1992). Particles first accelerate as

a solid body in an initial acceleration phase. The behaviour and structure of particle

clouds then become similar to that of thermals, with strong internal circulation and

characteristic vortex ring structures. This is in line with the observations of Scollo

et al. (2017) who used PIV measurements to observe the creation of vortices during

finger propagation across the initial density interface. During this self-preserving

phase, it can be assumed that the sediment thermals reach a state of self-similarity

in which all lengths are in proportion (Ruggaber, 2000). Thermals gradually in-

crease in size and decelerate due to turbulent entrainment. The internal circulation

ultimately ceased during the dispersive phase, as the velocity of the sediment ther-

mal approaches that of individually settling particles. Fingers resulting from SDGIs

share similarities with sediment thermals. However, contrarily to fingers produced

by SDGIs, previously-studied sediment thermals have initial densities much higher

than that of the ambient fluid, as groups of closely packed dense particles are in-

stantaneously released in a fluid medium.

3.3 Methods

3.3.1 Experimental set-up

We perform experiments in a simple experimental configuration that involves an

isothermal water tank 30.1 × 30.1 × 50.0 cm3 divided horizontally, by a removable
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barrier, into an upper particle suspension and a lower, denser sugar solution with

constant thicknesses of 13.5 and 25.0 cm, respectively (Figure 3.1A). In this con-

figuration, the two layers are static, with no motion in between them. Similarly to

previous studies that have used the same experimental apparatus (Manzella et al.,

2015; Scollo et al., 2017; Fries et al., 2021), the length of the water tank is limited to

7.5 cm with rigid vertical separations in order to attenuate the vorticity generated

at the back of the water tank upon the removal of the barrier. All experiments

are performed at room temperature. The upper particle suspension is composed

of a buoyant mixture of glass spheres and fresh water, whilst the lower layer has

a constant density of 1008 kg m-3, attained with a sugar concentration of 29 g l-1.

The density of the lower layer is always greater than the density of the particle sus-

pension, which results in an initially gravitationally-stable configuration. Before the

start of an experiment, particles are manually dispersed in the upper layer with an

agitator until a homogeneous particle concentration Cu is attained. The experiments

begin (t = 0 s) with the manual removal of the barrier that allows particles to settle

across the initial density interface into the top of the lower layer. As described in

the experiments of Fries et al. (2021), and as reported in most similar setups (Lin-

den and Redondo, 1991; Dalziel, 1993), a major experimental issue with the start

of the experiments is that a perturbation of the interface is initially generated when

removing the barrier, affecting the early stage (first 10 s) of the experiments.

The experiments are scaled to represent an analogue volcanic ash cloud (i.e.,

the upper particle suspension) emplaced at the level of neutral buoyancy over a

dense atmosphere (i.e., the lower sugar solution). Readers can refer to the work of

Fries et al. (2021) for a complete scaling analysis (Chapter 2.2.2). The most impor-

tant dimensionless numbers involved in scaling this problem are the Reynolds (Re),

Atwood (Au), Grashof (Gr), Stokes (St) and sedimentation (Σ) numbers that re-

spectively characterise the flow behaviour, the density ratio between the upper and

lower layers, the balance of gravitational over viscous forces, and the degree of cou-

pling between the particles and the fluid phase (St and Σ). In both experiments and

natural volcanic clouds, the flows are controlled by inertia (i.e., Re > 1), although

Re is typically much greater in the natural system than experiments, signifying a
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Figure 3.1: Sketch of the experimental set up. A. View from the cameras. B. View from
above. In both sketches, the fields of view (FOV) of the cameras is illustrated by the red
area that is 22.8 × 17.4 cm2
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greater degree of turbulence. In fact, whilst natural fingers are fully turbulent (Re

≥ 104; Fries et al., 2021), the experimental fingers are in the transitional regime (Re

≈ 102). Au is � 1 in all configurations, as the density difference between the two

layers is very small in both nature and in experiments. We find values of Gr greater

than the critical Grashof number for the initiation of SDGIs (Grc = 104) in volcanic

clouds and their analogues. Finally, for experiments where SDGIs form (i.e., for the

fine particle sizes and high particle concentrations), St and Σ are both < 1 in the

natural and experimental fingers. As discussed above in Section 3.2.2, this implies

that particles are strongly coupled with the fluid (Burgisser et al., 2005; Carazzo

and Jellinek, 2012).

3.3.2 Imaging techniques

Our experiments are illuminated from the side of the water tank with a continuous

532 nm Nd:YAG planar laser (Coherent Genesis CS-SLM) at a constant power of 1

W. Two sCMOS cameras (HiSense Zyla by Dantec Dynamics) are used to acquire

image pairs at a frame rate of 4 Hz and with a pixel depth of 16 bits, with an interval

of 20 ms between pair images. Both cameras are equipped with Nikon Nikkor 35

mm f/2D lenses. Our experimental setup is designed to simultaneously image both

the particles and the fluid phase. To do so, one camera is fitted with a narrow

band filter centred around the wavelength of the laser to isolate the light scattered

by the particles, whilst the other camera is equipped with a high-pass filter at 570

µm that obstructs the primary laser wavelengths and, thus, the light scattered by

the particles. Moreover, in order to combine the results of the two cameras, it

is crucial to ensure that they capture the same spatial field of view (FOV) (Borg

et al., 2001) and that their acquisition is synchronised. Both cameras are therefore

mounted on a Dantec Dynamics dual camera mount, which uses a beam splitter

(i.e., a partially-silvered mirror) to present identical FOVs to both cameras. For

both cameras, 1600 × 2100 pixel images have been acquired, covering the centre

of the experimental water tank as shown in Figure 3.1A, at a resolution of 92 px

mm-1. The two cameras are synchronised within a maximum of 10 µs by a BNC 575

synchroniser. Figure 3.1B schematically illustrates the setup employed for imaging
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the experiments.

Images captured by the first camera, which detect the light scattered by particles,

are used for PIV analysis, described below (in Section 3.3.4) and for determining

the local particle concentration in the experiments. In order to measure the latter,

we use a calibration identical to that of Fries et al. (2021), that is based on a lin-

ear relation between the particle concentration C and the pixel digital level (i.e.,

the pixel brightness). To determine the calibration, we perform a set of calibration

experiments where, first, the water tank is filled with a uniform particle concentra-

tion ranging from 0 to 3 g l-1, at 0.5 g l-1 concentration steps. Second, calibration

images are acquired and averaged over 10 s. Finally, we perform a linear regression

between the known particle concentration and the pixel digital level for each pixel.

However, the quality of this regression is found to decrease with distance from the

laser (Figure 3.2A). In later analysis, we therefore estimate C only in pixels with a

coefficient of determination R > 0.95.

The density of the fluid phase is assessed independently, but simultaneously, with

the second camera. We apply the PLIF imaging technique in order to measure the

density of the fluid phase at high resolution. This is based on the linear relation

between the concentration of a fluorescent dye (here Rhodamine 6G; R6G) and the

pixel digital level. In our case, R6G is only added in the particle suspension in order

to trace the fluid phase of the upper layer and measure its proportion in the tank

(Linden and Redondo, 1991; Dossmann et al., 2016; Fries et al., 2021). Because the

upper and the lower layer fluids have different densities, it is, therefore, possible to

infer the fluid phase density from PLIF measurements in any pixel, in both the upper

and lower layers. R6G has a peak fluorescence wavelength between 560 and 580 nm

(Zehentbauer et al., 2014). The camera is, therefore, equipped with the high-pass

filter at 570 nm that is sensitive to the fluorescent emission from R6G, whilst the

primary laser light and scattering from the particles is filtered out. Quantitative

PLIF measurements necessitate a prior calibration that relates the fluorescent dye

concentration D to the pixel digital level (i.e., to the fluorescence intensity F ).

Similarly to the particle concentration calibration, the PLIF calibration is performed

by filling the tank with fluid of a uniform R6G concentration. Images are averaged
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Figure 3.2: A. Variation in the quality of the linear relation for PI, quantified through the
coefficient of determination R2, between the particle concentration C and the pixel digital
level. The insets show the calibration of two individual pixels: close to the tank wall (i.e.,
the light source) on the left there is a good linear regression between C and the pixel
digital level whilst this is not the case further from the light source. The squares indicate
the region in which the pixels presented in the insets are located. B. Spatial variation
in the vertically averaged fluorescence intensity F received by the sensor of the camera
for different particle concentrations. C. Calibration of the PLIF imaging technique for
an individual pixel (located in the region within the dashed square) and different particle
concentrations.
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over 10 s and, for each pixel, we perform a linear regression between D and F .

The quality of the linear regressions is good throughout the entire tank, with an

R > 0.95, in contrast to the calibration for the particle concentration. However,

adding particles to the fluid doped with R6G has a clear attenuation effect on the

spatial distribution of F (Figure 3.2B) due to the additional interactions between the

particles and the laser light. At a given distance x from the wall of the tank through

which the laser light arrives, higher values of C are associated with lower values of

F . Hence, we calibrate the PLIF measurements for the particle concentrations used

in the experiments; i.e., from 0 to 3 g l-1, with 1 g l-1 steps (Figure 3.2C).

For both the determination of the particle concentration and PLIF measure-

ments, it is important to mention that the calibrations are performed with homoge-

neous particle and R6G concentrations that are uniformly distributed in the entire

experimental tank. In subsequent experiments, the initial configuration differs from

calibrations, as only the upper layer initially contains particles and R6G. Moreover,

the concentrations of particles and R6G are not homogeneous throughout the en-

tire duration of the experiments. These differences lead to subtle changes in the

pixel digital level recorded by the cameras and, therefore, to uncertainties in the

estimation of both the particle concentration and PLIF measurements.

3.3.3 Experimental conditions

The experiments are divided into two types. In the first type of experiments (ex-

periments E1-E16; Table 3.1), we have investigated the triggering conditions for

SDGIs. In particular, we have varied both the particle concentration and the par-

ticle size in order to address the conditions favourable for the occurrence of SDGIs

and compare these results with the values of B1, B2 and B3. We select a wide

range of parameters for complementing the conditions explored in previous works

(Scollo et al., 2017; Fries et al., 2021). During these experiments, we only image the

particles (Particle Images – PI; Table 3.1) to observe their settling behaviour (i.e.,

individual or collective sedimentation), and we do not apply PIV analysis, nor the

PLIF imaging technique.

The second type of experiments (experiments D1 – D3; Table 3.1) makes use
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Exp.
number

Cu
(g/l)

Xp
×
10-4

D10

(µm)
D50

(µm)
D90

(µm)
L∗ B1 B2 B3 St Σ Type

of
sedim.

Number
of
repeats

Imaging
techniques

Triggering of SDGIs
E1 0.01 0.04 21.0 30.1 45.0 2 81 0.7 0.9 10-6 1.1 IPS 1 PI
E2 0.05 0.2 21.0 30.1 45.0 4 139 2.1 2.9 10-5 0.3 SDGIs 1 PI
E3 0.5 2 23.6 40.7 64.8 9 163 5.3 3.3 10-4 0.3 SDGIs 1 PI
E4 0.5 2 61.6 87.3 124.4 9 36 1.2 1.0 10-4 1.0 IPS 1 PI
E5 0.5 2 76.1 108.7 153.8 9 23 0.8 0.7 10-3 1.4 IPS 1 PI
E6 1 4 61.6 87.3 124.4 11 45 1.8 1.2 10-3 0.8 SDGIs 1 PI
E7 1 4 76.1 108.7 153.8 11 29 1.2 0.8 10-3 1.2 SDGIs 1 PI
E8 1 4 102.9 143.5 201.0 11 17 0.7 0.5 10-3 2.0 IPS 1 PI
E9 2 8 61.6 87.3 124.4 14 56 2.9 1.4 10-3 0.7 SDGIs 1 PI
E10 2 8 76.1 108.7 153.8 14 36 1.9 1.0 10-3 1.0 SDGIs 1 PI
E11 2 8 102.9 143.5 201.0 14 21 1.1 0.6 10-3 1.7 IPS 1 PI
E12 3 12 61.6 87.3 124.4 16 65 3.8 1.6 10-3 0.6 SDGIs 1 PI
E13 3 12 76.1 108.7 153.8 16 42 2.5 1.1 10-3 0.9 SDGIs 1 PI
E14 3 12 102.9 143.5 201.0 16 24 1.4 0.7 10-3 1.4 SDGIs 1 PI
E15 3 12 152.0 238.6 336.6 16 9 0.5 0.3 10-2 3.3 IPS 1 PI
E16 12 48 152.9 230.1 312.7 26 15 1.4 0.5 10-2 2.0 IPS 1 PI
Fingers characteristics
D1 1 4 23.6 40.7 64.8 11 206 8.5 4.1 10-4 0.2 SDGIs 7 PI, PIV

& PLIF
D2 2 8 23.6 40.7 64.8 14 259 13.4 4.9 10-4 0.2 SDGIs 7 PI, PIV

& PLIF
D3 3 12 23.6 40.7 64.8 16 297 17.6 5.4 10-4 0.2 SDGIs 8 PI, PIV

& PLIF

Table 3.1: List of experiments. We have varied both the initial particle concentration
of the upper layer Cu (i.e., the particle volume fraction Xp) and the size of the particles,
here characterised by the median diameter D50 and the 10th and 90th percentiles of the
distributions D10 and D90, respectively . The dimensionless numbers L∗, B1, B2 and B3

that quantify the tendency to develop fingers are calculated for the experiments, as well
as St and Σ that quantify the coupling between the flow and particles. We distinguish
between experiments associated with settling-driven gravitational instabilities (SDGIs) and
individual particle settling (IPS). The imaging techniques applied are particle imaging (PI),
particle image velocimetry (PIV) and planar laser induced fluorescence (PLIF).
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of a complete set of imaging techniques applied simultaneously with the aim of

describing SDGIs and the resulting fingers in detail. We image the particles (PI)

and additionally use the PIV technique for obtaining the particle velocity field and

PLIF measurements for analysing the properties of the fluid phase (Table 3.1). In

order to apply the PLIF imaging technique, the upper layer in the second type of

experiments is dyed with a uniform R6G concentration of Du = 8 µg l-1. Only one

particle size fraction (median diameter, D50, of 40.7 µm) is used in these experiments

over a narrow range of particle concentrations of 1, 2 and 3 g l-1. These experiments

are repeated at least 7 times in order to increase the number of individual fingers

that can be studied. The detailed list of experimental conditions is given in Table

3.1. All experiments are performed in the same experimental configuration (Figure

3.1) and imaged for at least 120 s after the removal of the horizontal barrier that

marks the start of the experiments.

In both types of experiments, the particles are spherical glass beads with a

density ρp of 2519.2 ± 0.1 kg m-3 measured with a Helium pycnometer (Ultrapic

1200e). Different particle classes with unimodal grainsize distributions have been

obtained by sieving. The grainsize distributions of the particle classes are obtained

by laser diffraction using a BetterSizer S3 Plus. They are described by the median

diameter D50 and the 10th and 90th percentiles of the grainsize distribution D10 and

D84, respectively. The main parameters describing the different particle classes are

given in Table 3.1.

3.3.4 Data analysis

For the first type of experiments, we use the images to determine the settling mech-

anisms of the particles leaving the particle suspension. In our experiments, which

involve slowly diffusing substances, i.e., where the formation of fingers is triggered

by SDGIs rather than by double-diffusive effects (see Fries et al., 2021for a more

complete analysis), the presence of fingers is considered as the evidence of the onset

of SDGIs. Fingers are identified based on visual observations of downward moving

particle-laden plumes and on the tendency of fingers to initiate layer-scale convection

in the lower layer (Hoyal et al., 1999b; Manzella et al., 2015; Lemus et al., 2021).
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The second type of experiments makes use of a more complete set of imaging

techniques and, consequently, of more advanced analysis. For each pixel, we calcu-

late the concentration of upper fluid Xf from D and Du

Xf =
D

Du

. (3.15)

The density of the fluid phase ρf in a given pixel can therefore be inferred from Xf ,

the density of fresh water ρw = 997 kg m-3, that initially constitutes the fluid phase

of the upper layer, and the density of the underlying sugar solution ρs

ρf = Xfρw + (1−Xf ) ρs. (3.16)

Simultaneously, we obtain the particle concentration from the calibration described

in Section 3.3.2. Hence, it is possible to calculate the bulk mixture density ρm from

the particle volume fraction Xp = C/ρp as

ρm = Xpρp + (1−Xp) ρf . (3.17)

Additionally, we use the images of the particles for PIV analysis (Grant, 1997;

Adrian, 2005), performed with the Dantec Dynamic Studio Software using the built-

in Adaptive PIV algorithm. The PIV technique provides an estimation of the particle

velocity field based on the cross-correlation of a defined interrogation area (IA)

between two pair images. Similarly to Scollo et al. (2017), we use an adaptive PIV

iterative process that progressively diminishes the size of the IAs from 64 × 64 to

16 × 16 pixels. It should be noted that we are using PIV to obtain the velocity field

of the dense, dispersed particle phase, which differs from its typical application that

involves using neutrally buoyant particles to quantify the velocity field of a fluid

(Hassan et al., 2020).

The particle velocity field obtained with the PIV analysis is extracted from the

Dynamic Studio software and treated separately. For our 2D data, we calculate the

component of the vorticity perpendicular to the laser plane (i.e., the plane on which
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the particles are imaged) as

ω =
∂V

∂x
− ∂U

∂z
, (3.18)

with x and U the horizontal position and velocity, respectively, and z and V their

vertical counterparts. Vorticity is constrained as an indication of the potential of

particles to collide within fingers, and, therefore, to enhance particle aggregation

(Scollo et al., 2017). Turbulent flows generate eddies with sizes comprised between

the characteristic scale of the flow down to the Kolmogorov length scale (Burgisser

et al., 2005) and are, therefore, associated with non-zero, fluctuating ω (Scollo et al.,

2017). Here, ω is used to quantify the vortical motion of particles within and around

fingers (i.e., the direction and strength of vortices). In our experiment, we assess

ω at the scale of individual fingers in order to document their structure; broader

measurements of ω have been performed by Scollo et al. (2017) across the initial

density interface. The absolute value of ω scales with the local angular rate of

rotation in the flow and its sign indicates the sense of rotation. With our system

of coordinates clockwise rotations are characterised by positive values of ω. Whilst

fingers are 3D structures, we are not able to estimate the other components of the

vorticity in this setup. However, as fingers essentially propagate downward in the

z direction, and seemingly have an axisymmetric geometry (Yu et al., 2014), we

consider that we are able to document the most significant flow dynamics with the

planar velocity field (Scollo et al., 2017).

From our second set of experiments, we have selected 16 individual fingers for

further, more detailed, analysis (Table 3.2). The properties of fingers (i.e., the

particle and fluid concentration, the mixture density and the velocity field) are

averaged for time intervals varying from 10 to 21 s, which correspond to the durations

between the formation of a finger and the onset of strong horizontal motions. In fact,

we choose to analyse fingers that propagate in the vertical direction, without being

significantly affected by horizontal displacements generated by the convection in the

lower layer. These fingers are continuously fed particles from the upper layer before

completely detaching from the PBL. As such, the growing fingers can be modelled

either as negatively-buoyant starting plumes or sediment thermals (Turner, 1962;

Bush et al., 2003; Zhao et al., 2014; Freret-Lorgeril et al., 2020). An important
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quantity that describes the evolution of such flows is the entrainment coefficient

that corresponds to the ratio Ue/Vc, where Ue is the radial entrainment velocity

inside the thermal and Vc the centreline vertical velocity (Morton et al., 1956). For

thermals, the entrainment coefficient αe corresponds to the mean slope of half-spread

αe =
r

h
, (3.19)

with r the radius and h the height of the thermal (Morton et al., 1956; Turner, 1962,

1969; Peñas et al., 2021). The finger geometry is estimated from time-averaged im-

ages (Figure 3.3). First, we select the background image that corresponds to the time

before the finger starts to propagate below the particle suspension (Figure 3.3A).

Second, the background is subtracted from images with developing fingers (Figure

3.3B,C). Third, images of fingers are time-averaged (Figure 3.3D) and binarized,

considering a threshold digital level that corresponds to 2.5 % of the maximum

pixel digital level of the time-averaged image (Figure 3.3E). Finally, r and h are

measured on the binary image, by manually tracing the edge of the finger (Figure

3.3F).

3.4 Results

3.4.1 Onset of SDGIs

Particles in our experiments are all characterised by St < 1 (Table 3.1), suggesting

that they are dynamically coupled with the fluid phase. The value of Σ, therefore,

determines the behaviour of particles with respect to the flow within fingers. Σ < 1

(and St < 1) is associated with the formation of SDGIs. In this case, particles are

well-mixed within fingers and fully coupled with the fluid phase. Conversely, Σ > 1

(and St < 1) is associated with IPS, as particles would settle or be expelled from

the flow within fingers, even if their trajectories would be affected by the motion of

the fluid phase. For Σ ≈ 1 (and St < 1), either SDGIs or IPS are observed.

In Figure 3.4, we compare the values of the dimensionless numbers B1, B2 and

B3 (equations 3.1, 3.9 and 3.11, respectively) with observations of the conditions in
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Finger
number

Exp.
number

Cu

(g l-1)
Cmax

(g l-1)
Cmax

/Cu

Vmax

(mm s-1)
Vmax

/Vp

αe tf
(s)

F1 D1 1 0.27 0.27 -14.6 -10.4 0.19 21
F2 D1 1 0.49 0.49 -20.4 -14.6 0.16 16
F3 D1 1 0.31 0.31 -8.5 -6.1 0.23 10
F4 D1 1 0.62 0.62 -16.0 -11.4 - 21
F5 D1 1 0.31 0.31 -15.9 -11.4 0.23 16
F6 D1 1 0.29 0.29 -12.0 -8.6 - 20
F7 D2 2 0.54 0.27 -12.4 -8.9 0.27 10
F8 D2 2 1.05 0.53 -14.1 -10.1 0.30 12
F9 D2 2 0.51 0.26 -10.9 -7.8 0.21 16
F10 D3 3 1.95 0.65 -14.2 -10.1 0.19 12
F11 D3 3 1.84 0.61 -20.6 -14.7 - 14
F12 D3 3 1.37 0.46 -15.7 -11.2 0.19 10
F13 D3 3 1.75 0.58 -12.6 -9.0 0.60 10
F14 D3 3 0.77 0.26 -26.3 -18.8 0.40 10
F15 D3 3 0.97 0.32 -10.2 -7.3 0.23 10
F16 D3 3 1.07 0.36 -18.2 -13.0 0.46 11
Mean
(Standard deviation)

0.41
(0.15)

-14.2
(3.5)

-10.8
(3.2)

0.28
(0.13)

14
(4)

Table 3.2: List of individual fingers properties. Cu is the initial particle concentration
of the particle suspension and Cmax the maximum particle concentration measured within
time-averaged fingers. Similarly, Vp is the individual settling velocity of the particles and
Vmax the maximum downward vertical velocity measured in time-averaged fingers with the
PIV technique. αe is the entrainment coefficient that has not been estimated for merging
fingers (F4, F6 and F11). Finally, tf is the duration for which fingers properties have been
averaged. The median diameter of the particles is 40.7 µm for all the fingers selected.
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Figure 3.3: Image processing for estimating the entrainment coefficient associated with
an individual finger (example of finger F14; Table 3.2). A. Background image. B. In-
stantaneous image of a developing finger from which C. the background is subtracted. D.
Time-averaged image. E. Binary image of the time-averaged finger F. Manual measure-
ment of the radius r and height h of the finger.
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which SDGIs develop in our experiments and in previous experimental (Scollo et al.,

2017; Fries et al., 2021) and numerical (Lemus et al., 2021) studies performed in the

same configuration. The values of B1, B2 and B3 are estimated as functions of both

the particle concentration of the suspension and the size of the particles. First, the

reduced gravity is calculated by equation (3.2), considering that the density of the

PBL is

ρPBL = Xpρp + (1−Xp) ρf . (3.20)

The density of the fluid phase is calculated from equation (3.16), with Xf = 0.07,

as supported by the PLIF measurements of Fries et al. (2021). The reduced gravity

values are then used to estimate the PBL thickness with equation (3.1). For these

aqueous systems, the fluid kinematic viscosity is 1 × 10-6 m s-2.

We report that SDGIs preferentially form in association with fine particle sizes

and high particle concentrations, which confirms previous experimental findings

(Carazzo and Jellinek, 2012; Jacobs et al., 2015; Scollo et al., 2017; Lemus et al.,

2021). This corresponds to high values of B1, B2 and B3, as expected from the defi-

nition of the criteria ensuring the onset of SDGIs for B1, B2, B3 � 1. Alternatively,

coarse particle sizes and low particle concentrations lead to IPS (i.e., small values

of B1, B2 and B3). We have also highlighted how the particle size threshold above

which particles preferentially settle individually rather than within fingers increases

for increasing particle concentration. The relative importance of the particle size

and concentration on the development of SDGIs is reflected in the slopes of B1, B2

and B3 contour lines plotted in a particle concentration-size diagram such as Figure

3.4. Breaks in slope correspond to the transition between low Rep particles (equa-

tion 3.6) and intermediate Rep (equation 3.7). Steep contour lines indicate that the

particle size is of primary importance over the particle concentration, whilst gentler

slopes imply that the particle concentration plays a more prominent role.

The contour line B1 = 1 is found to inaccurately describe the transition from

SDGIs to IPS. Indeed, we observe IPS even though B1 ≥ 9 for all experiments

(Table 3.1). As illustrated by the line B1 = 100, the contour lines of B1 are also too

steep to separate the SDGI and IPS experiments (Figure 3.4). This suggests that

the definition of B1 fails to account for the relative importance of the particle size
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Figure 3.4: Comparison between the conditions at which the sedimentation is governed
by either SDGIs or IPS and the contours of the dimensionless numbers B1 (dotted lines), B2

(dashed lines) and B3 (solid line) predicting the onset of SDGIs as a function of the particle
concentration and the grainsize. The contour lines B1, B2 and B3 = 1 are highlighted
with greater thicknesses, as they theoretically quantify the transition from SDGIs to IPS.
Observations of SDGIs are reported in blue and the experiments/simulations for which IPS
dominates are reported in red. The dataset comprises measurements in identical system
configurations from Scollo et al. (2017) (squares), Fries et al. (2021) (crosses), Lemus
et al. (2021) (circles; numerical simulations) and additional experiments presented in this
study (triangles). The horizontal error bars extend to the 10th and 90th percentiles of the
grainsize distribution and the markers are positioned at the median diameter. Vertical
error bars correspond to the uncertainty on the particle concentration, derived from both
the uncertainty on the mass and volume measurements. On the top of the figure, the
grey region indicates the particle concentrations for which the initial density of the upper
layer ρu is greater than the density of the lower layer ρs, and, therefore, corresponds to a
Rayleigh-Taylor unstable configuration.
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and concentration on the onset of SDGIs by underestimating the effect of particle

concentration. The contour linesB2 = 1 andB3 = 1, however, adequately distinguish

the dataset into SDGIs for B2, B3 > 1 and IPS for B2, B3< 1. Values close to 1

give more transitional results, notably with values of 1 < B2 ≤ 1.4 associated with

IPS for 3 experiments, and values of 0.7 ≤ B3 < 1 associated with SDGIs for 2

experiments (Table 3.1). Both B2 and B3 correctly capture the relative influence of

particle size and concentration. However, for numerical simulations (Lemus et al.,

2021) and for the experiments of Scollo et al. (2017), only the contour line B3 = 1

predicts the onset of SDGIs consistently.

3.4.2 Development of SDGIs and of associated fingers

Images of the particles are treated in order to obtain the distribution of the particle

concentration inside the water tank (Figure 3.5). As described in Section 3.3.2, the

particle concentration cannot be obtained throughout the entire images because the

linear regression between the particle concentration and the pixel digital level is not

valid far from the laser source. Particle concentration maps are horizontally averaged

for obtaining particle concentration profiles. At the beginning of the experiments (t

= 3 s), fingers already start to form below the initial density interface. Interestingly,

the particle concentration increases below the upper layer as particles settle on top

of the initially particle-free lower layer, but particles do not accumulate (i.e., the

particle concentration in the PBL does not exceed the initial particle concentration

of the upper layer). Fingers later develop and descend in the lower layer as discrete

columns of particles (t = 12 s). As they descend, fingers become larger through

entrainment of the surrounding fluid and merging (t = 30 s). In the final stage of

the experiments, fingers still form below the upper layer and the lower layer becomes

more homogeneous because of the mixing induced by layer-scale convection (t = 70

s). The particle concentration profile is, therefore, more uniform in the lower layer.

In the upper layer, we observe the creation of a gradient in the particle concentration

due to sedimentation that progressively removes particles from the top part of the

particle suspension. The particle concentration at the density interface therefore

becomes greater than at the top of the upper layer, without exceeding the initial
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particle concentration.

Simultaneously, PLIF images are used to calculate the concentration of upper

fluid and the fluid phase density in the experiments with equations (3.15) and (3.16),

respectively (Figure 3.6). The fluid density is seen to remain relatively unchanged

with time as fingers only entrain small amounts of upper fluid within them (Fries

et al., 2021). Despite this, some descending columns with greater upper fluid con-

centrations are visible in the images and correspond to fingers entering the lower

layer. This is further evidenced in images showing the difference between the con-

centration of upper fluid at a certain time and at t = 0 s. At t = 70 s, the measured

concentration of upper fluid erroneously increases in the upper layer, due to the

decrease of the particle concentration that diminishes the attenuation effect of the

particles on PLIF measurements. Because of the mixing induced at the start of

the experiments by the barrier removal, the fluid density profile does not exhibit

a perfect step transition from the density of fresh water in the upper layer to the

density of the sugar solution in the lower layer. The density of the fluid phase in-

stead transitions smoothly, but rapidly, across the interface from the density of fresh

water to the density of the sugar solution. Based on the profiles, the density of the

fluid phase is found to remain uniform in the lower layer.

Combining simultaneous particle imaging and PLIF visualisation techniques al-

lows us to obtain the mixture density ρm in the experiments with equation (3.17)

(Figure 3.7). The density configuration is initially stable and ρm increases gradually

with depth across the interfacial region (t = 3 s). As already described in previous

works (Burns and Meiburg, 2012, 2015; Yu et al., 2013; Davarpanah Jazi and Wells,

2020; Fries et al., 2021; Lemus et al., 2021), the PBL grows below the interface,

combining both the contribution of the particles and of the dense lower layer fluid

to ρm. The density configuration, therefore, becomes unstable, with a layer of higher

density emplaced above a lighter ambient. Similarly to Fries et al. (2021), we find

the density difference between the PBL and the ambient fluid to be very small. In

fact, the density of the particle-fluid mixture in the PBL is only 0.01 to 0.1 % higher

than that of the ambient density. Fingers grow (t = 12 s) and descend (t = 30 s) in

the lower layer as negatively buoyant plumes. Later in the experiments (t = 70 s),



Chapter 3 105

Figure 3.5: Image processing for obtaining the particle concentration map and profile
inside the experimental tank at four different times, for experiment D3 (3 g l-1 and D50

= 40.7 µm Table 3.1). Pixels for which the particle concentration cannot be calculated
appear in grey (i.e., pixels associated with R² ≤ 0.95). The dashed grey line represents
the initial position of the density interface at z = 0 cm.
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Figure 3.6: Image processing used to infer the concentration of upper fluid concentration
Xf (equation 3.12) in the experiments and the density of the fluid phase ρf (equation
3.13) for experiment D3 (3 g l-1 and D50 = 40.7 µm; Table 3.1) at four different times.
Changes in the upper fluid concentration with respect to the initial state Xf −Xf (t = 0)
are highlighted. The dashed grey line represents the initial position of the density interface
at z = 0 cm.
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the lower layer is mixed by convection and the density stratification becomes more

stable.

3.4.3 Dynamics of individual fingers

Fingers start to form in the first 10 s following the removal of the barrier and rapidly

evolve as they descend in the lower layer (Figure 3.8). First, fingers detach from the

upper layer in the form of small columns (t = 7 s; Figure 3.8A) that expand vertically

and radially with time. For all particle concentrations studied here, the entrainment

coefficient αe (equation 3.19) that quantifies this change is found to significantly vary

(Table 3.2), with a mean value of 0.28 ± 0.13, a minimum of 0.16 and a maximum of

0.60. The radial expansion is related to strong internal circulation and the creation

of a vortex ring that develops in the head region (t = 12 s; Figure 3.8B). At this

stage fingers resemble sediment thermals in the self-preserving phase (Rahimipour

and Wilkinson, 1992). They adopt a characteristic mushroom shape, similarly to

Rayleigh-Taylor bubbles formed for fluids with nearly equal densities (Sharp, 1984;

Kull, 1991; Waddell et al., 2001; Chou and Shao, 2016). As fingers descend, the

particle-laden columns connected to the base of the upper layer gradually thins (t =

12 s; Figure 3.8C) and the particle concentration diminishes in this region (t = 19

s; Figure 3.8D). The maximum particle concentration within time-averaged fingers

Cmax does not exceed that of the particle suspension and is consistently found to be

between 0.25Cu and 0.66Cu, with a mean value of Cmax = 0.41Cu (Table 3.2).

The merging of fingers happens through interactions between their respective

vortex rings. This is illustrated in Figure 3.9 which makes use of the PIV technique

to obtain the particle velocity field. A first finger grows below the interface and

develops a characteristic vortex ring, whilst a second smaller finger forms beside (t

= 31 s; Figure 3.9A,D). The vortex rings of the two fingers later interact and merge,

causing the entrainment of the smaller finger into the bigger one (t = 35 s; Figure

3.9B,E). As a result, a thicker finger is formed (t = 39 s; Figure 3.9C,F). Finger

merging is also promoted by the lateral motion induced at the density interface when

convection in the lower layer initiates.

As seen above in Section 3.4.2, fingers develop from very small density differences
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Figure 3.7: Mixture density maps normalised by the ambient density of the sugar solution
in the lower layer (ρm−ρa)/ρa for experiment D3 (3 g l-1 and D50 = 40.7 µm; Table 3.1) at
three different times. ρm is the mixture density derived from equation (3.14) and ρa is the
average fluid density of the lower layer at time t. Blue colours indicate mixture densities
lower than the density of the lower layer whilst the regions of higher density appear in red.
An artificial lateral variation in the measurement of ρm is created in the lower layer at t
< 70 s, due to the initial absence of particles, contrarily to calibrations. Corresponding
particle concentration C (black line) and density profiles are shown in the right column.
Densities are expressed as the density difference ρ− ρa, with ρ the density of the mixture
(red line) or of the fluid phase (blue line). The grey areas correspond to the pixel for
which C cannot be determined and the dashed grey line represents the initial position of
the density interface at z = 0 cm.
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Figure 3.8: False-colour image of the particle concentration field showing the evolution
of the particle concentration within a single finger (F14: 3 g l-1 and D50 = 40.7 µm; Table
3.2) at times A. t = 7 s, B. t = 12 s , C. t = 17 s and D. t = 19 s. The region encased in
red in the inset of panel A indicates the imaged region of the experiment.
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Figure 3.9: Distribution of the particle concentration (left panels A., B., and C.) and
velocity field (right panels D., E., F.) associated with the merging of two fingers (F4: 1 g
l-1 and D50 = 40.7 µm; Table 3.2).
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generated at the base of the initial density interface. This is demonstrated at the

scale of a finger in Figure 3.10. Fingers incorporate both the contributions of the

particles (Figure 3.10A,B) and of the dense lower layer fluid phase. This makes them

negatively buoyant, driving their propagation below the interface, with particle-fluid

mixture densities 0.01 – 0.1 % greater than the ambient density (Figure 3.10C,D).

PIV measurements are also used to assess the particle velocity field (Figure 3.10E,F)

and in particular Vmax, the maximum value of the vertical component of the parti-

cle velocity. Within fingers, Vmax corresponds to the maximum vertical velocity of

the flow, as particles are fully coupled with the fluid phase. Comparison with the

individual settling velocity of the particles Vp shows that Vmax is greater than Vp by

an order of magnitude within fingers (Figure 3.10G,H), with a mean value Vmax/Vp

equal to -10.8 ± 3.2 (Table 3.2). This indicates that the particle settling velocity is

considerably enhanced within fingers, and we find Vmax to even exceed the charac-

teristic finger front velocity Vf (equation 3.10) by up to a factor of 4 (Vf/Vp = -4.1,

-4.9 and -5.4 for particle concentrations of 1, 2 and 3 g l-1, respectively). In fact,

the flow velocity is not homogeneous within fingers, as it decreases toward the thick

propagation front and increases in narrower regions where particles are channelized

downward (Figure 3.10G,H).

The distribution of the time-averaged normalised particle concentration C/Cmax

within fingers is found to be nearly symmetrical around the centreline that is de-

fined as the position at which the particle concentration reaches a maximum (Figure

3.11A). Small heterogeneities can be related to the short period available for aver-

aging the particle concentration, as fingers develop rapidly and are not maintained

for durations greater than 30 s in our experimental setup. The normalised parti-

cle velocity V/Vp presents two minima (Figure 3.11B), which can be linked to the

presence of the ring vortex that slightly enhances the flow velocity around the cen-

treline. In 2D, the ring vortex appears as two counter-rotating vortices (i.e., regions

characterised by vorticity values of opposing signs) ( Figure 3.11C). As expected for

fingers developing from the detachment of a PBL with a thickness δ, C/Cmax, V/Vp

and ω all reach zero over a radial length scale comparable to δ.
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Figure 3.10: Particle concentration (A. and B.), normalised mixture density (C. and
D.), particle velocity field (E. and F.) and vertical component of the particle velocity V
normalised by the individual particle settling speed Vp (G. and H.) associated with the
development of a finger in experiment D3 (F14: 3 g l-1 and D50 = 40.7 µm; Table 3.2).
In G. and H., purple colours indicate downward motions at speeds greater the particle
individual settling rate and green colours are found for upward motions. Panels on the top
(A., C., E., G.) are associated with the formation of a finger at t = 7 s and panels at the
bottom (B., D., F., H.) correspond to the same finger at t = 12 s.
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Figure 3.11: Time-averaged radial profiles of (A.) the normalised particle concentration,
(B.) normalised vertical velocity and (C.) vorticity for three selected fingers F3, F9 and
F13 (respectively 1, 2 and 3 g l-1 and D50 = 40.7 µm; Table 3.2). Profiles are acquired at
a depth ranging between 1 and 3.6 cm below the density interface. Here, we normalise the
horizontal distance from the centreline r by the characteristic size of the PBL δ (equation
3.1). r/δ = 0 corresponds to the position of the finger centreline which is represented by
the grey dashed line. The particle concentration is normalised to its maximum value along
the centreline Cmax.
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3.5 Discussion

3.5.1 The onset of SDGIs

Previous work has already established that high particle concentrations and fine

grainsizes favour the formation of SDGIs below particle suspensions (Marsh, 1988;

Manville and Wilson, 2004; Carazzo and Jellinek, 2012; Jacobs et al., 2015; Scollo

et al., 2017; Fries et al., 2021; Lemus et al., 2021). Here, we quantify the potential

onset of SDGIs over a wide range of particle concentrations and sizes based on the

dimensionless numbers B1, B2 and B3 derived in this work (equations 3.1, 3.9 and

3.11) .

The criterion B1 > 1 is found to overestimate the parameter range for which

SDGIs develop. Additionally, the contour lines of B1 cannot separate the conditions

where SDGIs are observed from IPS. A first possible explanation for this discrep-

ancy is that the growth rate of the instability Vi (equation 3.4) used to derive the

formulation of B1 is an approximation for a system in which the viscosity of the

fluid propagating as fingers is negligible compared to the ambient (Whitehead and

Luther, 1975; Carazzo and Jellinek, 2012). In our experimental configuration, as

well as below volcanic ash clouds, the fluids have nearly identical viscosities and

this assumption is therefore not valid. Secondly, this discrepancy indicates that the

growth of SDGIs is not controlled by the balance between gravitational forces and

viscous drag, but rather slowed by inertial drag.

Our results suggest that the criteria B2 > 1 (i.e., the timescale for the descent

of instabilities controlled by the balance between gravitational and inertial drag is

shorter than the timescale for the settling of individual particles; Jacobs et al., 2015)

and B3 > 1 (i.e., the characteristic velocity of fingers is greater than the particles

individual settling velocity Vp) can most adequately predict the conditions for which

SDGIs form in our experimental configuration (Figure 3.4). Under these conditions,

particles are fully coupled with the flow within fingers (i.e., St < 1 and Σ < 1;

with Σ the reciprocal of B3). Conversely, IPS dominates for B2 < 1 and B3 < 1.

As described in Section 3.4.1, fingers are associated with a Reynolds number much

greater that unity both in experiments and below volcanic ash clouds (Jacobs et al.,
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2013; Scollo et al., 2017; Fries et al., 2021). Inertial drag forces must, therefore, be

considered for estimating the finger velocity, as confirmed by the good agreement

between the value of B2 and the experimental observations. On the other hand, the

characteristic finger velocity, derived from the combination of the fingers mass and

buoyancy fluxes (Hoyal et al., 1999b), provides a good estimation of the finger front

velocity, already tested for our experimental configuration (Fries et al., 2021). This

is additionally supported by the good predictive capability of B3 for the formation

of SDGIs.

Although both depending on the individual settling velocity of the particles, the

values of B2 and B3 are independent and assess different conditions for predicting

the tendency of SDGIs to for. However, they are both able to predict the onset

of SDGIs in experiments with a satisfactory accuracy. For values close to unity,

IPS are yet reported for B2 > 1, whilst SDGIs are reported for B3 < 1 (Table

3.2). B2, therefore, slightly overestimates the conditions for which SDGIs form

and B3 slightly underestimate these conditions. However, the onset of SDGIs in

numerical simulations (Lemus et al., 2021) is much more consistently predicted by

B3 values than B2 values and the size threshold d ≈ 125 µm for the formation of

SDGIs reported by Scollo et al. (2017) for particle concentrations on the order of 1

g l-1 is better predicted by B3 as well, giving additional confidence in the criterion

based on B3. Although B3 is found to be more efficient than B2 for quantifying

the tendency to form SDGIs, the combination of both numbers provides accurate

bounds on the conditions associated with SDGIs in aqueous environments. B2 and

B3 can, therefore, be considered together for a more complete characterisation of

the conditions favouring SDGIs.

3.5.2 Application to volcanic ash clouds

By analogy with the experiments and the simulations involving the sedimentation of

well-sorted dense particles in an initially-quiescent aqueous environment, it is pos-

sible to predict the type of sedimentation for volcanic ash clouds (collective – SDGI

or individual – IPS) based on the values of B2 and B3 in the atmosphere. Similarly

to analogue configurations in water, the size threshold separating the formation of
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SDGIs from IPS is expected to be positively correlated with the ash concentra-

tion within volcanic clouds. Figure 3.12 shows the contour lines of B2 and B3 as

a function of the concentration (i.e., the particle volume fraction) and the diam-

eter of volcanic ash. B2 and B3 have been calculated for high, intermediate and

low Rep particles by combining equations (3.5), (3.6) and (3.7) for the velocity of

individually-settling particles with equations (3.8) and (3.10) giving the velocity of

collective settling. We have selected conditions representative of volcanic ash clouds,

with ρa = 1.3 kg m-3 the air density, ρp = 1550 kg m-3 the density of volcanic ash

collected during the 2010 Eyjafjallajökull eruption (Bonadonna et al., 2011), µ = 1.8

× 10-5 Pa s the dynamic viscosity of the air, H = 1 km the characteristic thickness

of the volcanic ash cloud and δ = 90 m the characteristic PBL thickness (Manzella

et al., 2015). As for experiments, the values of B2 and B3 increase with increasing

particle volume fractions and finer grainsizes, indicating that high concentrations of

fine volcanic ash promote the formation of SDGIs. For a particle volume fraction

of 10-6 characteristic of volcanic ash clouds produced by small to moderate erup-

tions (Carazzo and Jellinek, 2012; Manzella et al., 2015), the transition from IPS

to SDGIs is found to happen around a diameter d ≈ 250 µm in the atmosphere, in

good agreement with the measurements of Manzella et al. (2015) who found fingers

to affect particles < 200 µm during the 2010 eruption of Eyjafjallajökull. Interest-

ingly, this size threshold is higher than in a water environment for the same particle

volume fraction (d ≈ 20 µm; Figure 3.4) due to inertial effects that become much

more important than viscous forces. Results additionally suggest that the relative

influence of the particle concentration against the particle size increases with Rep,

as illustrated by the contour lines of B2 and B3 that become more horizontal for

increasing Rep in Figure 3.12.

Figure 3.12 can only describe the case of the 2010 eruption of Ejyafjallajökull

(Manzella et al., 2015) adequately. Hence, for other volcanic ash clouds, the regime

diagram presented in Figure 3.12 only provides a general approximation of the con-

ditions for which ash fingers can form. In fact, the calculation of B2 and B3 for

volcanic ash clouds is associated with several caveats.

Both the estimations of B2 and B3 require the preliminary determination of
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Figure 3.12: Contours of B2 (dashed lines) and B3 (solid lines) calculated as functions
of ash concentration and grainsize for conditions representative of the 2010 volcanic cloud
of Eyjafjallajökull (Manzella et al., 2015). The contour lines are divided in three distinct
regions based on the grainsize d, with low Rep particles (d < 120 µm), intermediate Rep
particles (120 µm < d < 1200 µm) and high Rep particles (d > 1200 µm).
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δ. However, whilst δ can be accurately predicted in aqueous experiments using

equation (3.1) (Hoyal et al., 1999b), applying this definition to volcanic ash clouds

results in greatly underestimating the observed size (i.e., width and spacing) of ash

fingers by 4 orders of magnitude (Manzella et al., 2015; Fries et al., 2021). These

important discrepancies can be explained by uncertainties in measuring parameters

associated with volcanic ash clouds (such as the ash concentration) that lead to

erroneous results using equation (3.1), and by the experimental simplifications that

do not account for a variety of mechanisms affecting volcanic ash clouds. In fact,

the experimental configuration is simplified in order to examine the fundamental

mechanisms through which SDGIs develop. In particular, we only consider two

uniform and static fluid layers separated by an initially flat interface in a confined

environment. Volcanic ash clouds are much more complex systems that involve a

wide variety of atmospheric processes that can affect the deposition of volcanic ash,

including the role of hydrometeors that can influence both the formation of volcanic

ash aggregates (Textor et al., 2006) and the cloud mass loading (Durant et al.,

2008, 2009). Additionally, other processes which have the potential to modulate the

sedimentation of fine volcanic ash, such as wind-driven stirring (Freret-Lorgeril et al.,

2020) are neglected in our experimental configuration. Moreover, volcanic ash clouds

spread laterally in the atmosphere, creating shear velocity profiles which can affect

the formation of SDGIs (Farenzena and Silvestrini, 2017; Konopliv et al., 2018).

These processes highlight the need for future studies dedicated to evaluating their

effects on SDGIs and improving understanding of ash fingers with more realistic

parameterisation. Here, we therefore chose to evaluate the values of B2 and B3

by taking direct measurements of the size of ash fingers observed during the 2010

eruption of Eyjafjallajökull (Manzella et al., 2015). This is a major limitation, as we

are not able to quantify the evolution of the PBL thickness as a function of eruptive

parameters. Another important caveat is that the experimental observations and

numerical simulations reported in Figure 3.4 are all associated with monodisperse

and relatively well-sorted particle suspensions whilst natural volcanic clouds contain

a wide range of particle sizes. The effect of polydispersity on SDGI formation and

evolution also needs to be considered in future works. Finally, parameters other
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than the particle concentration and the grainsize play a role in the development of

SDGIs and should consequently be taken into account. The variation of atmospheric

parameters, notably as a function of the cloud’s altitude, can have a significant

influence on the values of B2 and B3 (Carazzo and Jellinek, 2012). As already

shown in previous works (Jacobs et al., 2015; Fries et al., 2021), the thickness of

the particle suspension (cloud) is also particularly important, with thick suspensions

favouring the formation of SDGIs. This corresponds to values greater than 5 for the

dimensionless number L∗ that represents the ratio of the particle suspension over

the PBL thickness (Fries et al., 2021).

3.5.3 Characterisation of individual fingers

The simultaneous application of the PIV and PLIF imaging techniques allows us to

investigate the internal structure of fingers, with more accuracy and in more detail

than in the previous experimental setup, where particle imaging and PLIF were

used separately (Fries et al., 2021). As described in previous studies (Burns and

Meiburg, 2015; Davarpanah Jazi and Wells, 2020; Fries et al., 2021; Lemus et al.,

2021), fingers result from the destabilisation of the PBL through a SDGI that arises

from a very small density difference (Figure 3.8). Once they descend below the

initial density interface, the heavy-particle laden fluid rolls up along the sides of the

fingers and a ring vortex develops at their front. This gives fingers a characteristic

mushroom shape (Figure 3.8B), similar to the structures observed for Rayleigh-

Taylor instabilities (Sharp, 1984; He et al., 1999; Waddell et al., 2001; Ramaprabhu

and Andrews, 2004; Chou and Shao, 2016), with strong internal circulations as

described for sediment thermals (Rahimipour and Wilkinson, 1992; Ruggaber, 2000;

Bush et al., 2003; Zhao et al., 2014). In 2D, the ring vortex appears as two vortices

with sizes scaling as δ, and we do not observe the creation of eddies over multiple

length scales as expected for fully turbulent flows (Burgisser et al., 2005). This

is in line with the Reynolds number of experimental fingers that is characteristic

of a transitional regime. Contrarily to experiments on sediment thermals, we do

not observe an initial acceleration phase during which particle clouds behave as

solid bodies, as the density of fingers is initially much lower than that of sediment
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thermals. The ring vortex is observed to efficiently entrain the surrounding fluid

into the fingers as well as favouring the merging of nearby fingers (Figure 3.9). As

a result, the width of fingers gradually increases, especially in the head region (i.e.,

propagation front), whilst the column that connects growing fingers to the PBL

thins with time (Figure 3.8). On average, fingers can be considered as relatively

radially symmetrical (Figure 3.11). In 2D, the ring vortex appears as two counter-

rotating vortices on the side of the fingers. The downward velocity V of particles

within fingers is found to be an order of magnitude greater than Vp, showing that

fingers considerably enhance sedimentation (Figure 3.10; Table 3.2). Interestingly,

we also observe that V is greater than the finger front velocity Vf (equation 3.10;

Hoyal et al., 1999b). This suggests that particles decelerate when reaching the head

region.

Furthermore, we quantify the entrainment coefficient αe and report a mean value

αe = 0.28 ± 0.13 (Table 3.2). However, considerable variations are found in the

values of αe that varies from 0.16 to 0.60. This is possibly linked to the fact that

fingers do not descend purely vertically and can be affected by small horizontal

variations due to the convection of the lower layer. Moreover, the determination of

αe implies subjective choices, notably for defining the edge of fingers (Figure 3.4).

The mean value of αe is nonetheless close to the value of 0.25± 0.1 found for thermals

(Turner, 1969; Escudier and Maxworthy, 1973) and sediment thermals (Bush et al.,

2003) that share similarities with fingers. Entrainment within fingers controls the

evolution of their width and of their buoyancy, as measured by Freret-Lorgeril et al.

(2020) who report the expansion of finger width with time from Doppler radar

observations below volcanic ash clouds. Hence, it has implications regarding the

longevity of fingers below the initial density interface and for the associated deposits

(Bush et al., 2003; Zhao et al., 2014). Better constraining αe in future studies is

therefore crucial for a more complete characterisation of the evolution of fingers

with time and depth. To do so, numerical simulations and experiments involving

single fingers (similarly to the experiments on sediment thermals; Rahimipour and

Wilkinson, 1992; Bush et al., 2003) could be explored.

Finally, we report that the particle concentration within the PBL (Figure 3.5)
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and fingers (Table 3.2) does not become greater than the initial particle concen-

tration of the particle-laden layer Cu. Indeed, the maximum particle concentration

Cmax within fingers is found to be a fraction of Cu, with mean Cmax/Cu values of 0.41

± 0.15. This suggests that the probability for particle collisions and the formation

of aggregates does not increase within fingers. However, similarly to Scollo et al.

(2017), we find vorticity to increase around the finger centrelines, in association

with strong internal circulations and the formation of a ring vortex. This observa-

tion suggests that particle collisions can nonetheless happen within fingers, notably

through interactions between eddies such as the ones highlighted during the merging

of two fingers (Figure 3.9), especially because natural volcanic ash fingers are fully

turbulent contrarily to their experimental counterparts. Dedicated experiments and

numerical simulations involving wider grainsize distributions would be necessary to

further investigate the complex relationship between fingers and particle aggrega-

tion.

3.6 Conclusions

Our experimental results confirm previous findings that showed how both particle

concentration and size exert a primary control on the formation of fingers resulting

from SDGIs. In addition, we characterise the conditions for the potential onset of

SDGIs both in water (experiments) and in the atmosphere (natural volcanic clouds)

based on the two parameters B2 (ratio of the timescale for individual particle settling

over the timescale for collective settling controlled by inertial drag over) and B3

(ratio of the finger characteristic velocity over the velocity of individual particles).

In particular, we find that:

1) fingers form preferentially for B2 > 1, and B3 > 1 at which particles are

fully coupled with the flow within fingers, as indicated by the Stokes and

sedimentation numbers (St < 1 and Σ < 1);

2) individual particle settling dominates at lower particle concentrations and for

coarser grainsizes (i.e., B2 < 1, or B3 < 1);
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3) particle size threshold for the formation of SDGI-driven fingers increases with

particle concentration and is different in water and in air. As an example, for a

characteristic particle volume fraction of 10-6, particles < 20 µm are associated

with B2 and B3 > 1 in water and can be entrained within fingers, whilst coarser

grainsizes (< 250 µm) can be affected by SDGIs in the atmosphere below

natural volcanic ash clouds. It is important to note that the extrapolation of

experimental results to volcanic ash clouds to identify favourable conditions

for the development of fingers based on B2 and B3 is difficult and needs to

be considered as a first order approximation. In fact, volcanic ash clouds are

significantly more complex than our experiments and other parameters, such

as cloud thickness and atmospheric conditions, should also be accounted for

in addition to the ash concentration and size.

Furthermore, under conditions appropriate for finger formation we observe that:

1) SDGIs arise from very small density differences resulting from the settling

of particles at the top of the dense lower layer. In fact, the density of the

destabilising layer and fingers is only 0.01 to 0.1 % greater than the density of

the ambient fluid in experiments;

2) the mushroom shape that fingers develop during descent is associated with

the formation of a vortex ring, as illustrated by PIV measurements on a 2D

plane that evidence the presence of two counter-rotating vortices on the side

of fingers. This is consistent with Rayleigh-Taylor structures (Sharp, 1984)

that are produced for fluids of similar densities;

3) the radius of individual fingers increases with time through entrainment of the

ambient fluid and is characterised by an entrainment coefficient of 0.28 ± 0.13,

in good agreement with the entrainment coefficient for sediment thermals in

the self-preserving phase (0.25 ± 0.1; Bush et al., 2003);

4) particle concentration, flow velocity and vorticity profiles are approximately

symmetrical around finger centrelines and particles are fully coupled with the

finger fluid;
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5) the velocity within fingers is not homogeneous, with the narrow column feed-

ing the finger head being faster with the potential to exceed the finger front

velocity by a factor 4. In general, the velocity of particles entrained within

fingers exceeds the individual settling velocity by one order of magnitude;

6) even if the particle concentration within fingers is not found to increase with

respect to the upper layer, strong circulation within fingers has the potential

to promote particle collisions, especially because of the interactions between

eddies. The turbulence of natural volcanic ash fingers can further increase this

potential.
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3.7 Appendix A3

Notations used in Chapter 3

Notation Units

d Particle diameter m

f Drag factor

g Gravitational acceleration m s-2

g′ Reduced gravity m s-2

h Height of finger m

r Radius of a finger m

t Time s

x Horizontal position m

z Vertical position m

APBL Atwood number of the PBL

Au Atwood number of the upper layer

B1 Ratio Vi over Vp
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Notation Units

B2 Ratio τi over τc

B3 Ratio Vf over Vp

C Particle concentration kg m-3

Cmax Maximum particle concentration kg m-3

Cu Particle concentration of the upper layer kg m-3

D Fluorescent dye concentration kg m-3

Du Fluorescent dye concentration of the upper layer kg m-3

F Fluorescence intensity

Gr Grashof number

Grc Critical Grashof number

H Thickness of the particle-laden layer m

L∗ Ratio of the particle-laden layer over the PBL thickness

R2 Coefficient of determination

Re Reynolds number

Rep Particle Reynolds number

St Stokes number

U Horizontal velocity m s-1

Ue Radial entrainment velocity m s-1

V Vertical velocity m s-1

Vc Centreline vertical velocity m s-1

Vf Characteristic finger velocity m s-1

Vi Growth rate of the instability m s-1

Vmax Maximum vertical velocity within fingers m s-1

Vp Individual particle settling velocity m s-1

Xf Concentration of upper fluid

Xp Particle volume fraction

αe Entrainment coefficient

β Constant plume growth parameter

δ PBL thickness m

µ Dynamic viscosity Pa s
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Notation Units

ν kinematic viscosity m² s-1

ρa Ambient density kg m-3

ρf Density of the fluid phase kg m-3

ρm Bulk mixture density kg m-3

ρp Particle density kg m-3

ρPBL PBL density kg m-3

ρs Density of the sugar solution kg m-3

ρw Density of fresh water kg m-3

τc Timescale for collective settling s

τi Timescale for individual particle settling s

ω Vorticity s-1

Σ Sedimentation number

Table A3.1: List of symbols
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Formation and characteristics of rapidly

descending ash-laden currents below

volcanic clouds.1

4.1 Introduction

Fragmentation associated with explosive volcanic eruptions generates particles of

various sizes ranging from blocks and bombs (diameter d > 64 mm) to lapilli (2 <

d < 64 mm) and ash (d < 2 mm). These fragments are collectively called tephra

when ejected into the atmosphere, irrespective of their size. Whilst large blocks

and bombs typically decouple from the upward-moving eruption column and follow

ballistic trajectories (Biass et al., 2016b; Taddeucci et al., 2017; Massaro et al., 2022),

lapilli and ash may ascend within the volcanic plume and are dispersed by winds

further from the source (Carey and Sparks, 1986; Bonadonna et al., 2015b). The

residence time, and consequently the travel distance, of tephra in the atmosphere

is strongly dependent on the particle terminal fall velocity that is controlled by

their physical properties, including their size, density and shape (Bonadonna et al.,

1998; Mele et al., 2011; Bagheri and Bonadonna, 2016a; Saxby et al., 2018). In

general, large and dense tephra particles settle close to the vent, whereas smaller

and lighter particles are transported further downwind. Volcanic ash can, therefore,

travel hundreds to thousands of kilometres in the atmosphere before settling (Prata,
1To be submitted to Journal of Volcanology and Geothermal Research as: Fries, A., Lemus, J.,

Jarvis, P. A., Scollo, S. and Bonadonna, C. : Hands on ash fingers: formation and characteristics
of rapidly descending ash-laden currents below volcanic clouds.
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2009; Cashman and Rust, 2020). Resulting tephra fallout deposits typically thin

with increasing distance from the vent, and the size of deposited tephra typically

diminishes with distance from the vent (Pyle, 1989; Bonadonna and Costa, 2012).

Collective sedimentation processes and specific atmospheric conditions can mod-

ulate the longevity of volcanic ash in the atmosphere (Del Bello et al., 2017; Gouhier

et al., 2019), as well as the properties of tephra deposits. Fine volcanic ash (d < 63

100 µm) commonly settles as aggregates that deposit much faster than individual

particles (Rose and Durant, 2011). Conversely, depending mainly on the aggregate

type (Brown et al., 2012; Bagheri et al., 2016) and porosity, particle aggregation has

the potential to delay the sedimentation of coarser volcanic ash (Rossi et al., 2021).

In many cases, the occurrence of secondary thickness maxima in tephra deposits can

be attributed to the effect of particle aggregation (Scasso et al., 1994; Bonadonna

and Phillips, 2003; Tsuji et al., 2020) that is also characterised by bimodal grainsize

distributions due to the breaking of particle clusters upon impact (Carey and Sig-

urdsson, 1982; Bonadonna et al., 2011). Additionally, it has also been showed that

topographically induced vertical oscillations in the wind velocity can impact the

deposition of volcanic ash by increasing the particle terminal fall velocity (Poulidis

et al., 2017, 2021; Takemi et al., 2021). Hence, these orographic effects can also

explain the occurrence of some secondary thickness maxima in mountainous regions

(Watt et al., 2015; Eychenne et al., 2017; Poulidis et al., 2018).

Instabilities forming beneath volcanic ash clouds can generate rapidly descending

particle-laden currents (called ash fingers) that also have the potential to prema-

turely scavenge fine volcanic ash in the atmosphere, as fingers propagate at speeds

greater than the terminal fall velocity of their constitutive particles (Carazzo and

Jellinek, 2012, 2013; Manzella et al., 2015). Ash fingers take the form of approxi-

mately vertical columns, similar in appearance to virga, precipitation shafts or mi-

croburst (Houze et al., 1993) observed at the base of meteorological clouds, within

which volcanic ash settle collectively at speeds greater than their individual terminal

fall velocity. However, the characterisation of natural ash fingers and their forma-

tion mechanism remains incomplete since very few measurements of their properties

have been reported.
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The atmospheric dispersal and subsequent sedimentation of volcanic ash rep-

resent potentially severe hazards affecting human societies over wide spatial and

temporal scales (Blong, 1984; Jenkins et al., 2015; Bonadonna et al., 2021). In fact,

volcanic ash fall can be life-threatening and cause immediate damage to buildings

and infrastructures in areas close to active volcanoes (Spence et al., 2005; Wilson

et al., 2012, 2015; Jenkins et al., 2015). Even very far from the source, volcanic ash

can notably disrupt air traffic and have heavy economic repercussions (Mazzocchi

et al., 2010; Alexander, 2013; Guffanti and Tupper, 2015; Prata and Rose, 2015).

In order to mitigate these impacts, accurate Volcanic Ash Transport and Disper-

sal Models (VATDMs) have been instituted for forecasting the spatial distribution

of volcanic ash in the atmosphere (Searcy et al., 1998; Bonadonna et al., 2012).

For simulating volcanic ash transport, VATDMs combine atmospheric models with

the parameterisation of volcanic clouds, including the characterisation of the source

(e.g., eruptive parameters) and sink (e.g., sedimentation) terms. Although some

VATDMs have already reached a high level of complexity (Hurst and Davis, 2017;

Folch et al., 2020; Beckett et al., 2022), notably with regards to the possibility to

account for volcanic ash aggregation, the description of the sink term can be im-

proved by implementing additional physical processes affecting the settling speed of

volcanic ash (Bonadonna et al., 2012; Durant, 2015). In particular, VATDMs would

benefit from the quantitative description of instabilities forming underneath volcanic

ash clouds that lead to the development of ash fingers. To do so, a good preliminary

understanding of these phenomena and of their effect on tephra sedimentation is

required.

In this work, we first review previous observations of downward-moving ash-

laden currents formed below volcanic ash clouds, and we summarise the mechanisms

that have been proposed to explain the formation of ash fingers. We then present

new field measurements of ash fingers. Finally, using a supplementary catalogue

of previously-studied volcanic eruptions, we quantify the conditions promoting the

onset of ash fingers.
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4.2 Current understanding of ash fingers

4.2.1 Observations

The destabilisation of volcanic ash cloud undersides has been observed during various

eruptions, leading to the formation of descending particle-laden currents. All of

these observations, and associated references, are presented in Table 4.1. Although

previous publications have used various terms to describe these currents (e.g., “ash

veils”, Hobbs et al., 1991; “streak fallouts”, Eliasson et al., 2014; Eliasson, 2020;

“sediment thermals”, Freret-Lorgeril et al., 2020; Figure 4.1), in this work we refer to

these currents as “ash fingers” (Bonadonna et al., 2002b; Carazzo and Jellinek, 2012;

Andronico et al., 2015), irrespective of the formation mechanism. Mammatus are

also considered in the following review, but their specificities require us to separate

them from other phenomena in the terminology (see in sections 4.2.1 and 4.2.2).
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Ash fingers and gravitational instabilities

Few authors have described sedimentation within ash fingers. First, Bonadonna

et al. (2002b) noticed the presence of “finger-like protrusions” in the sedimenta-

tion of volcanic ash from the September 1997 eruption of Soufrière Hills (Montser-

rat) volcano (Figure 4.1A). In June 1996, Bonadonna (2005a) described “instability

structures” potentially enhancing the deposition of fine volcanic ash below a weak

volcanic plume from Ruapehu (New-Zealand) (Figure 4.1B). Andronico et al. (2015)

and Scollo et al. (2017) later presented the development of ash fingers affecting sedi-

mentation from the 23 November 2013 lava fountain of Etna volcano (Italy) (Figure

4.1C).

One of the most complete characterisation of natural ash fingers has been per-

formed by Manzella et al. (2015) for the 4 May 2010 eruption of Eyjafjallajökull

(Iceland) (Figure 4.1D). From high-resolution videos, they estimated that ash fin-

gers formed at the base of the volcanic ash cloud at a distance ≈ 1.4 km from the

vent, and reached the ground approximately 10 km downwind. Fingers had average

widths of 168 ± 26 m, and spacings of 180 ± 60 m. They find that ash fingers

propagated at 1 ± 0.5 m s-1 downward and at 8.5 ± 0.8 m s-1 horizontally, which is

consistent with a volcanic plume spreading at 7.9 ± 1.3 m s-1. The vertical speed

of fingers corresponded to the terminal fall velocity of ash particles with diameters

d ≈ 200 µm, as calculated with the model of Ganser (1993), and to particle volume

fractions of 1 × 10-6 – 4 × 10-6 within fingers. Additionally, tephra sedimentation

and resulting deposits are extensively documented for this eruption (Bonadonna

et al., 2011). Aggregates (coated particles and fragile ash clusters) that broke on

impact with the ground occur at ≈ 10 km from the vent, as well as bimodal deposits

with a coarse (d ≈ 500 µm) and a fine (d ≈ 150 µm) mode. The origin of the fine

grainsize mode in bimodal deposits is interpreted as either the result of aggregates

breaking upon impact, or of fine particles being transported within fingers at speeds

higher than their terminal fall velocity. The coincidence of both particle aggregation

and ash fingers reaching the ground approximately 10 km from the vent also raised

the question of a possible relation between the two phenomena, notably as particle

aggregation could happen both in the volcanic plume and in ash fingers.
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Figure 4.1: Ash fingers reported below volcanic ash clouds in previous publications at
(A) Soufrière Hills, Montserrat, in September 1997 (Bonadonna et al., 2002b; modified by
Carazzo and Jellinek, 2012), (B) Ruapehu, New Zealand, in June 1996 (Bonadonna, 2005a;
picture from Scollo et al., 2017), (C) Etna, Italy, in November 2013 (Andronico et al., 2015;
Scollo et al., 2017), (D) Eyjafjallajökull, Iceland, in May 2010 (Bonadonna et al., 2011;
Manzella et al., 2015), (E) Mount Redoubt, USA, in January 1990 (Hobbs et al., 1991),
(F) Sakurajima, Japan, in July 2013 (Eliasson et al., 2014), (G) Grímsvötn, Iceland, in
November 2004 (Eliasson et al., 2014), (H) Sakurajima, in November 2019 (Fries et al.,
2021), (I) Stromboli, Italy, in September – October 2015 (Freret-Lorgeril et al., 2020).
(J) Mammatus formed below the ash cloud of Mount Saint Helens, USA, in May 1980
(Schultz et al., 2006). Panel E is a false-colour image of lidar backscattering measurements,
black/red and blue/white indicating high and low backscatter values, respectively.
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Ash veils

Using lidar backscattering measurements, Hobbs et al. (1991) reported the occur-

rence of “ash veils” in the ash fallout from the 1990 eruptions of Mount Redoubt

volcano (USA). These ash fingers formed underneath the volcanic plume, approx-

imately 130 to 180 km downwind of the source. Although their properties have

not been further characterised, we can estimate from their measurements (Figure

4.1E) that ash fingers were approximately 250 to 300 m wide, and that the spacing

between them was about 350 – 400 m.

Streak fallouts

From visual observations at Sakurajima volcano (Japan) in 2013 (Figure 4.1F),

and during the 2004 Grímsvötn eruption (Figure 4.1G), Eliasson et al. (2014) have

recognised “streak fallouts” below volcanic ash clouds that appeared as discrete sedi-

mentation columns. Additional airborne measurements of the particle concentration

were performed during campaigns at Sakurajima using optical particle counters on-

board observation aircraft. Eliasson et al. (2014) report ash fingers width of 666 m,

and calculate average descent velocities of 0.34 m s-1 based on the mass flow within

ash fingers. This corresponds to the terminal fall velocity of 66 µm grains. From

their measurements, we can estimate that the maximum particle concentration de-

tected during their flights in ash fingers was approximately 50 mg m-3. We also note

that, in 2019, Fries et al. (2021) (Chapter 2) also identified the occurrence of ash

fingers at Sakurajima (Figure 4.1H).

Fingering sediment thermals

Freret-Lorgeril et al. (2020) revealed the presence of “fingering sediment thermals”

in the sedimentation of weak short-lived plumes from Stromboli volcano (Italy) in

2015. They used detailed Doppler radar time series to highlight the presence of

discrete reflectivity features in tephra fallouts interpreted as ash fingers, confirmed

by complementary visual observations (Figure 4.1I). The fingers’ widths increased

with time, ranging from ≈ 100 to ≈ 600 m, and their downward velocities were

estimated at 0.55 – 1.92 m s-1, corresponding to the terminal fall velocity of 100
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– 300 µm particles. Moreover, Freret-Lorgeril et al. (2020) derived maximum ash

concentrations of 681 mg m-3 based on disdrometers that recorded the fallout of 230

– 690 µm particles at velocities 0.7 – 3.2 m s-1 on the ground.

Mammatus clouds

Observations of mammatus below volcanic ash clouds are documented by Schultz

et al. (2006) and Durant et al. (2009). Mammatus are descending pouch-like lobes

(i.e., finger-like structures) occurring on the underside of a wide variety of clouds

(e.g., cumulonimbus, altocumulus, altostratus, stratocumulus, cirrus, and volcanic

ash clouds; Schultz et al., 2006). From their review of available mammatus obser-

vations, Schultz et al. (2006) indicate that the width of individual mammatus lobes

is 250 m to 8 km, with average values of 1 – 3 km. Mammatus fields can both

appear in small cloud sections, or over hundreds of kilometres, for durations ranging

from 15 minutes to several hours. The vertical extent of mammatus is ≈ 0.5 km

below clouds’ base, and typical descending current motion is ≈ 3 m s-1. Mammatus

were also described on the underside of the volcanic ash clouds of Augustine vol-

cano (USA) in March 1986 and Mount Saint Helens (USA) on 18 May 1980 (Schultz

et al., 2006) (Figure 4.1J). More recently, mammatus have been distinguished below

the ash cloud produced by Grímsvötn on 21 – 28 May 2011 (Prata et al., 2017).

In their study of the 1980 Mount Saint Helens eruption, Durant et al. (2009) have

highlighted the presence of a distal mass deposition maxima ≈ 300 km from the vent

in the same region where mammatus lobes were observed and aggregates deposited.

Moreover, they show that the settling rate of particles < 100 µm was greatly en-

hanced through aggregation favoured by the conditions resulting from the formation

of mammatus lobes and rapid cloud subsidence that largely exceeded the terminal

fall velocity of individual volcanic ash particles.

4.2.2 Formation mechanisms of ash fingers and mammatus

As seen above, ash fingers can take several forms and different formation mechanism

have been proposed. These formation mechanisms are not necessarily contradictory,

but instead apply to different types of eruptions, under different conditions, and
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for different regions of volcanic ash clouds. Whilst individual particle settling (IPS)

of coarse tephra (i.e., blocks, lapilli) dominates in regions closest to the source of

volcanic plumes, Figure 4.2 proposes a general overview of the ash finger formation

mechanisms described in previous studies for strong, vertical (Figure 4.2A), and

weak, wind-bent (Figure 4.2B) volcanic plumes.

Sediment waves

Close to the source of strong, typical Plinian eruption columns, Gilchrist and Jellinek

(2021) have studied the formation of periodic “sediment waves” (SWs) with exhaus-

tive particle-laden jet experiments. SWs are intermittent annular waves carrying

downward particles and entrained jet fluid around the volcanic jet faster than the

particle terminal fall velocity. The frequencies of jet oscillations and SW formation

overlap, indicating that SWs originate from the periodic collapse of the jet mixture,

notably from the overshoot region. SWs can transport coarse tephra to the ground

at greater rates than individual fallout and entrain smaller particles as well, with

implications for the plume structure and proximal deposits of Plinian eruptions, in-

cluding the formation of multiply-layered ash clouds upon dilution of SWs through

entrainment of the surrounding fluid. Although SWs differ from ash fingers, they

are presented in this work, as they have the potential to enhance volcanic ash sed-

imentation close to volcanic jets through collective settling in descending gravity

currents.

Settling-driven gravitational instabilities (SDGIs)

Further from the vent, the volcanic tephra cloud spreads downwind at the level

of neutral buoyancy Hb (Sparks, 1986; Bonadonna and Phillips, 2003). In this con-

text, ash fingers can originate from settling-driven gravitational instabilities (SDGIs)

(Carazzo and Jellinek, 2012; Manzella et al., 2015; Scollo et al., 2017; Fries et al.,

2021; Lemus et al., 2021) that are alternatively called more generally “convective in-

stabilities” in a number of earlier publications (Bonadonna et al., 2002b; Bonadonna,

2005a; Bonadonna et al., 2011). SDGIs arise from the settling of dense particles

across an interface between a particle suspension (or particle-laden current) and an
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Figure 4.2: Overview of ash finger and mammatus observations and formation mecha-
nisms for (A) strong (vertical), and (B) weak (bent-over) volcanic plumes. Acronyms and
symbols are: IPS for Individual Particle Settling, SW for Sedimentation Wave, PBL for
Particle Boundary Layer, SDGI for Settling-Driven Gravitational Instability and Hb for
the height at which the volcanic plume reaches the level of the neutral buoyancy. Black
underlined font indicates mechanisms that have been directly observed and modelled ex-
perimentally and/or numerically. Blue italic font is for processes and features supported
by theoretical, experimental, and/or numerical investigations and indirect observations. In
green (circled), we report mechanisms that are theorised and directly observed, but without
experimental and/or numerical validation. Finally, in red (in rectangles), are features that
are directly observed, without supporting theoretical, experimental or numerical models.
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underlying denser ambient (Hoyal et al., 1999b). Although the configuration is ini-

tially gravitationally stable, with a light fluid emplaced above a denser one, settling

of particles into the top of the dense lower layer creates an increase in the bulk den-

sity below the initial interface that triggers a Rayleigh-Taylor-like instability (Sharp,

1984) and the onset of fingers.

Depending on the density contrast between the particle suspension and the

denser ambient, settling particles are either slowed at the interface and accumulate,

for high density and viscosity contrasts (Carey, 1997; Manville and Wilson, 2004; Ja-

cobs et al., 2013), or are not significantly slowed, for smaller contrasts (Fries et al.,

2021; Lemus et al., 2021). In the first case, particle accumulation results in the

formation of a dense interfacial layer with greater particle concentrations than the

upper particle suspension. This is notably seen for volcanic ash settling at the top

of water bodies, where particles are considerably slowed at the air-water interface

(Carey, 1997; Manville andWilson, 2004; Jacobs et al., 2013). In the second case, the

particle concentration does not increase across the interface between fluids of simi-

lar densities and viscosities. However, the bulk density of the particle-fluid mixture

increases below the particle suspension as particles settle and are incorporated in a

denser ambient. This is evidenced for simple two-layer experimental configurations

(Fries et al., 2021) and numerical simulations (Lemus et al., 2021) modelling the

settling of a particle suspension on top of a denser ambient in water, and supported

by theoretical scenarios describing the growth of a heavy “nose region” below parti-

cle suspensions (Burns and Meiburg, 2012, 2015; Yu et al., 2013; Davarpanah Jazi

and Wells, 2020). Here, the dense particle-laden layer that destabilises and detaches

as fingers is called the Particle Boundary Layer (PBL), regardless of its particle

concentration. It is worth mentioning that SDGIs can affect particle deposition in

a variety of natural settings other than volcanic ash clouds and especially riverine

plumes (Hoyal et al., 1999b; Maxworthy, 1999; Parsons et al., 2001; Henniger and

Kleiser, 2012; Davarpanah Jazi and Wells, 2016; Sutherland et al., 2018).
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Formation of mammatus clouds

Several mechanisms have been advanced to explain the formation of mammatus

clouds (Schultz et al., 2006). Among them, the most important mechanisms have

been identified as (i) ash-hydrometeor evaporation/sublimation, (ii) ash-hydrometeor

settling, and (iii) cloud-base detrainment instability (CDI) (Schultz et al., 2006;

Kanak et al., 2008; Durant et al., 2009). Ash-hydrometeor evaporation/sublimation

mechanisms involve the formation of a cold air layer at the cloud base due to the

absorption of latent heat when water droplets or ice crystals fall into dry air and

evaporate or sublimate, respectively. This cold air layer at the cloud base then

descends as mammatus lobes once it becomes denser than the underlying atmo-

sphere. Similarly to SDGIs, ash-hydrometeor settling at the cloud base can gener-

ate an instability and the subsequent formation of descending finger-like structures

(Ravichandran et al., 2020). (iii) CDI arises from the spontaneous mixing of moist

air in underlying warm, dry air (Emanuel, 1981; Kanak et al., 2008). This subtly

differs from ash-hydrometeor evaporation/sublimation mechanism because hydrom-

eteors are introduced in dry air by mixing induced by shear, rather than by fallout

(Schultz et al., 2006). Interestingly, mammatus lobes have been reported to form un-

der ash plumes from Mount Redoubt in 1990, and the “ash veils” observed by Hobbs

et al. (1991) could be reminiscent of bursting mammatus lobes (Schultz et al., 2006).

Diffusive convection

Very far from the vent, diffusive convection can result in double-diffusive fingers

that affect the finest fraction of volcanic ash (Carazzo and Jellinek, 2013). Double-

diffusive fingers are thin, elongated, descending structures formed as a result of the

differential diffusion of density-altering components. A classic example of double-

diffusive fingers are “salt fingers” that originate in oceans at the boundary between

warm, salty layers and underlying colder, fresher water (Turner, 1967). Even if the

initial density configuration is stable in this case, rapid diffusion of heat and simul-

taneous slow diffusion of salt leads to the formation of a heavy, unstable layer that

is both cold and salty, causing the onset of fingering instabilities. This process can

also affect particle suspensions, or particle-laden plumes, when the rapid diffusion of



140 Chapter 4

heat and fine, slowly settling particles are involved and may be treated as the slow-

diffusive component in the system (Green, 1987; Chen, 1997; Hoyal et al., 1999a;

Parsons et al., 2001). Double-diffusive fingers also have the potential to enhance

particle sedimentation. For volcanic ash clouds, diffusive convection can arise from

the differential diffusion of slowly-diffusing very fine particles and rapidly-diffusing

heat (Carazzo and Jellinek, 2013).

Streak fallouts

Weak volcanic plumes, bent over by the wind, are associated with the majority

of ash fingers observations. Close to the vent, where volcanic plumes raise in the

atmosphere, “streak fallouts” (i.e., ash fingers) are interpreted by Eliasson et al.

(2014) and Eliasson (2020) as the result of the cooling of lower parts of rising volcanic

plumes that start much hotter than the environment. In this case, ash fingers form

when volcanic ash loading exceeds the maximum carrying capacity of the density

stratification inside the cloud that can be expressed as a function of temperature

difference between the plume and the atmosphere.

Wind-induced ash fingers

Wind-induced ash fingers can form if volcanic ash in a cloud settles slower than the

horizontal wind velocity, as described by the conceptual model of Freret-Lorgeril

et al. (2020), based on both natural observations at Stromboli and simple qualita-

tive experiments. First, wind-driven organisation of the ash cloud happens when

subjected to sufficiently strong winds, with the development of counter rotating rolls

comparable in size to the cloud thickness. Second, these wind-induced rolls enhance

the delivery of particles to the cloud base, producing a dense basal layer, especially

where the rolls converge. Third, similarly to SDGIs, gravitational instabilities initi-

ate below this dense particle-laden layer (i.e., PBL) resulting in the formation of ash

fingers. Fourth, fingers entrain ambient fluid, expand and decelerate during descent,

as described for sediment thermals (Rahimipour and Wilkinson, 1992; Bush et al.,

2003; Zhao et al., 2014). Finally, a new generation of fingers forms below the first

one.
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Differences between weak and strong volcanic plumes

Streak fallouts and wind-induced processes are not expected to form beneath strong

volcanic plumes, whilst SW formation is limited to strong Plinian columns. Mam-

matus clouds have not been observed below weak volcanic plumes, although their

formation is possible in theory for favourable atmospheric conditions. Finally, SDGIs

and diffusive convection can potentially trigger the formation of ash fingers for both

strong and weak volcanic plumes.

4.2.3 Quantitative constraints on the onset and properties of

ash fingers

For all formation mechanisms, a common characteristic of resulting ash fingers is

that they inevitably have to propagate faster than the individual terminal fall ve-

locity of their constitutive particles (Durant et al., 2009; Carazzo and Jellinek, 2012;

Eliasson et al., 2014; Manzella et al., 2015; Scollo et al., 2017; Freret-Lorgeril et al.,

2020). In other terms, the downward velocity of ash fingers Vf must be greater

than the terminal fall velocity of individual particles Vp. Classically, this criterion

is evaluated using the ratio (Marsh, 1988; Hoyal et al., 1999b; Carazzo and Jellinek,

2012; Chapter 3)

B =
Vf
Vp
, (4.1)

where the finger velocity can be estimated from the combination of the buoyancy

and volume fluxes as (Hoyal et al., 1999b; Carazzo and Jellinek, 2012)

Vf =

(
gXp (ρp − ρa)

ρa

)2/5(πVpδ2
f

4

)1/5

, (4.2)

with g = 9.81 m s-2 the gravitational acceleration, Xp the particle volume fraction,

ρp and ρa the particle and ambient (air) density, respectively, and δf the finger

characteristic length scale that corresponds to the thickness of the destabilizing

particle-laden layer (i.e., the PBL) δPBL. Fingers can form only if B > 1. This is an

intuitive condition, as particles would leave the current and inhibit the formation of

ash fingers otherwise (B < 1). In fact, ash fingers can form only if their constitutive



142 Chapter 4

particles are fully coupled with the descending flow, i.e., for dimensionless Sedimen-

tation (Σ) and Stokes (St) numbers below 1 (Burgisser et al., 2005; Carazzo and

Jellinek, 2012; Scollo et al., 2017; Roche and Carazzo, 2019; Fries et al., 2021). Σ is

the reciprocal of B

Σ =
Vp
Vf

=
1

B
, (4.3)

whilst St is defined as

St =
(ρp − ρa)d2Vf

18fµδ
, (4.4)

with f the drag factor and µ the ambient dynamic viscosity.

The second shared consideration is that ash fingers are gravity currents origi-

nating from density differences between the volcanic ash cloud and the underlying

atmosphere, similarly to Rayleigh-Taylor-like fingering instabilities (Sharp, 1984;

Völtz et al., 2001) which occur at the interface between fluids of different densities,

when a dense fluid is emplaced above a lighter one. These density differences lead

to unstable density configurations that trigger instabilities at the cloud base and,

ultimately, the formation of fingers (Durant et al., 2009; Carazzo and Jellinek, 2012,

2013; Eliasson et al., 2014; Manzella et al., 2015; Scollo et al., 2017; Freret-Lorgeril

et al., 2020). Critical differences in the proposed scenarios for the onset of ash fingers

lie in the processes explaining the source of the density differences.

Sediment waves

SW descending around jet columns periodically originate from the overshoot region

of rising particle-laden jets (Gilchrist and Jellinek, 2021). Hence, depending on the

jet regime, the characteristic frequency for SWs fSW , defined as

fSW =
VSW
λSW

, (4.5)

with VSW the descent speed of SWs and λSW the distance between successive SWs,

overlaps with either that of the overshoot oscillations or the fountain collapse fre-

quency. This can be used to diagnose if descending currents around volcanic jets are

SWs, by comparing their frequency of occurrence with that of overshoot oscillations

or fountain collapse.
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Settling-driven gravitational instabilities

The conditions leading to the destabilisation of a PBL produced by particle settling

across a density interface depend on the ratio between destabilising gravitational

forces and resisting viscous forces (Hoyal et al., 1999b; Carazzo and Jellinek, 2012).

This is quantified through the dimensionless Grashof number Gr that can be written

as

Gr =
gXp (ρp − ρa) ρaδ3

PBL

µ2
, (4.6)

when particles are the density-altering component. Above a critical Grashof number

Grc = 104 in aqueous experiments (Fries et al., 2021), the PBL detaches, leading to

convection. Hence, the PBL becomes unstable only if it can reach a critical thickness

δc that diminishes as a function of the particle volume fraction (Jacobs et al., 2015).

This criterion can be expressed through the dimensionless number

L∗ = h

(
gXp (ρp − ρa) ρa

Grcµ2

)1/3

, (4.7)

that corresponds to the ratio of the cloud thickness h over δc (Fries et al., 2021).

At L∗ � 1, the cloud is sufficiently thick to sustain an unstable PBL, whereas a

critically thick PBL cannot grow below clouds characterised by L∗ ≈ 1, or L∗ < 1.

As a consequence, thick volcanic ash clouds, containing large quantities of volcanic

ash, are expected to favour the development of ash fingers, in contrast with thin

ash-poor volcanic clouds.

SDGIs generate fingers from the detachment of the PBL. As a result, the length

scales of ash fingers originating from SDGIs are expected to be proportional to

the PBL thickness δPBL (Hoyal et al., 1999b; Carazzo and Jellinek, 2012; Manzella

et al., 2015; Scollo et al., 2017). The width of individual fingers W , and the spacing

between them λ, have been measured to be approximately twice and thrice the PBL

thickness, respectively (i.e., W ≈ 2δPBL, λ ≈ 3δPBL and λ ≈ 3W/2) (Fries et al.,

2021).



144 Chapter 4

Diffusive convection

As described by Green (1987), Hoyal et al. (1999a) and Carazzo and Jellinek (2013),

diffusive convection can happen below particle-laden clouds if

RT =
αT∆T

βm∆Cm
<

(
κT
κp

)3/2

, (4.8)

with RT the stability ratio, αT the volumetric expansion coefficient for some density-

altering component, e.g., heat or a solute, ∆T and ∆Cm the temperature and particle

concentration (expressed as a mass fraction) difference between the cloud and the

atmosphere, βm the volumetric expansion coefficient for a particle suspension, κT

and κp the diffusion coefficients of heat and particles, respectively. Typical values

of these parameters suggest that criterion of equation (4.8) is largely respected for

particles smaller than 10 µm in volcanic ash clouds (Carazzo and Jellinek, 2013).

Moreover, double-diffusive fingers contribute to the sedimentation below volcanic ash

clouds if the diffusive convective flux of particles crossing the interface FD is high

enough compared to the flux by individual particle settling FI . This is quantified

by the ratio

F ∗ =
FD
FI
. (4.9)

Diffusive convection dominates for F ∗ > 100, whereas individual particle settling

governs sedimentation for F ∗ < 0.01. Both processes are important for 0.01 <

F ∗ < 100 (Carazzo and Jellinek, 2013). Based on particle size and concentration

measurements obtained from a variety of remote sensing techniques, Carazzo and

Jellinek (2013) show that F ∗ ranges between 0.01 and 100 for several volcanic ash

clouds, with increasing F ∗ as a function of time and distance from the vent.

Streak fallouts

Eliasson et al. (2014) and Eliasson (2020) hypothesise that the onset of ash fingers

below hot, rising, volcanic plumes (i.e., “streak fallouts”) is an instability process

that cannot be predicted in the time domain but that the conditions leading to the

formation of streak fallouts can be described theoretically. In this context, ash fingers

potentially arise if the volume fraction of volcanic ash Xp becomes greater than the
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maximum transportable particle concentration (or maximum carrying capacity) Cmp

that can be defined as the ratio (Eliasson, 2020)

Cmp =
∆T

Tp
, (4.10)

with Tp the plume temperature. The volcanic plume is stably stratified for Xp <

Cmp, whereas ash fingers rapidly jettison the excess volcanic ash under the form

of “streak fallouts” for Xp > Cmp and Xp ≈ Cmp. When volcanic plumes reach

Hb, and become neutrally buoyant due to the diminution of the plume temperature

and removal of excess mass load, the formation of ash fingers ceases as Xp becomes

smaller than Cmp, explaining why ash fingers are predominantly observed close to

volcanic vents (Eliasson, 2020).

Wind-induced fingers

Wind-induced rolls in a volcanic ash cloud which form over a timescale tw can only

modulate the sedimentation of particles settling over a lower, or similar timescale

tp (Freret-Lorgeril et al., 2020). These timescales can be expressed as a function of

the cloud thickness h, horizontal wind velocity Vw, and particle individual settling

velocity Vp, resulting in the following criterion for the development of wind-induced

fingers

tw =
h

Vw
& tp =

h

Vp
. (4.11)

If this condition is satisfied, wind-induced ash fingers can develop from a distance

d0 = twVc ≈ twVw = h (4.12)

from the vent, with Vc the cloud horizontal velocity that can be approximated by the

wind velocity for clouds advected at the wind speed. In this case, wind-induced ash

fingers are expected to start forming at the distance similar to the cloud thickness,

as suggested by Freret-Lorgeril et al. (2020) for the 4 May 2010 volcanic plume of

Eyjafjallajökull (Manzella et al., 2015) and the 23 November 2013 eruption of Mount

Etna (Scollo et al., 2017).
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Mammatus

Mammatus lobes can appear under specific conditions below volcanic ash clouds.

Observations of mammatus under volcanic ash clouds are all associated with the

presence of dry underlying air layers and possibly high water contents in the clouds

(Schultz et al., 2006). These conditions favour the occurrence of evaporation/sublimation

at the cloud base and are in good agreement with broader studies on the formation of

mammatus clouds. Using 3D numerical simulations, Kanak et al. (2008) found that

evaporation/sublimation at the cloud base is essential for the formation of mam-

matus that developed without settling, but not without evaporation/sublimation.

Ravichandran et al. (2020) investigated in more detail the formation of mammatus

by the combination of settling and evaporation/sublimation. They find that the

size of the hydrometeors is a crucial factor controlling the structure of mammatus

clouds. Whilst well-defined mammatus lobes developed for large hydrometeors (d

> 25 µm), only stringy cloud structures, similar to double-diffusive fingers, devel-

oped for small hydrometeors (d < 25 µm). Furthermore, Kanak et al. (2008) have

demonstrated that the CDI criterion (i.e., the liquid-water or ice-water static en-

ergy of the underlying warm, dry air is higher than that of the air in the cloud)

is a necessary condition for the formation of mammatus. However, not all of their

simulations satisfying the CDI criterion produced mammatus. The CDI criterion

is, therefore, not a sufficient criterion. In summary, whilst the CDI criterion must

be satisfied for mammatus clouds to form, evaporation/sublimation below the cloud

base is the main mechanism driving the production of mammatus, with additional

contribution from ash-hydrometeor settling that affects mammatus structures as a

function of the particle size (lobes for d > 25 µm and filaments for d < 25 µm).

For volcanic ash clouds, this implies that mammatus require a dry underlying at-

mosphere to form, and is favoured by the nucleation of ice (Durant et al., 2009),

with coarse ash-hydrometeor particles promoting the development of well-defined

mammatus lobes.
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4.2.4 Summary and objectives of this study

We have summarised above the observations of ash fingers reported in the scientific

literature (Figure 4.1 and Table 4.1), and we have presented the main mechanisms

invoked to explain their formation and properties (Figure 4.2). Whilst previous stud-

ies agree that ash fingers are vertical density currents resulting from an increase of

the cloud base density, several explanations are advanced to describe the conditions

leading to this increase (i.e., oscillations from the overshoot region of volcanic jets,

particle settling, double diffusion, cloud cooling, wind-driven internal cloud rolls, or

evaporation/sublimation for mammatus clouds). The tendency to form ash fingers

can be estimated from considerations depending on the formation mechanism that

are summarised in section 4.2.3. However, as quantified by the dimensionless num-

bers B (equation 4.1), Σ (equation 4.3) and St (equation 4.4), a general condition

for fingers to develop is that particles stay coupled to the flow within fingers (Hoyal

et al., 1999b; Carazzo and Jellinek, 2012; Manzella et al., 2015; Scollo et al., 2017;

Freret-Lorgeril et al., 2020).

The aim of this study is to provide additional characterisation of natural ash

fingers based on visual observations in order to improve our general understanding.

Where possible, these new measurements will be compared with theoretical con-

siderations from previous studies in order to analyse the conditions leading to the

formation of ash fingers and suggest probable formation mechanisms. Finally, the

additional measurements will refine our comprehension of the ash fingers properties

and their potential effect on volcanic ash sedimentation.

4.3 Methods

4.3.1 Field observations

In order to better constrain the conditions leading to the formation of ash fingers,

we have collected additional information on the eruptions associated with observa-

tions of ash fingers or mammatus presented in Table 4.1. We have also included

the May 2011 eruption of Grímsvötn during which mammatus have been observed

(Prata et al., 2017). Additionally, we have complemented our investigation with
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2 explosive events from Etna volcano where ash fingers were not observed (Scollo

et al., 2017). These 2 eruptions are a low intensity explosive event that happened on

15 November 2010 and a lava fountain produced on 12 August 2011 (Scollo et al.,

2012; Mereu et al., 2018). All additional information is presented in Table 4.2, com-

bining measurements of the eruptive (i.e., top plume height Ht, plume thickness

h, Mass Eruption Rate (MER), volume fraction of volcanic ash in the plume Xp)

and atmospheric (i.e., horizontal wind speed Vw) parameters. We have used pub-

lished data, notably the Independent Volcanic Eruption Source Parameter Archive

(IVESPA) (Aubry et al., 2021), in order to obtain these parameters. When not

directly available, the cloud thickness has been approximated from the plume top

height as h ≈ 0.3Ht (Sparks, 1986). The volume fraction of volcanic ash in the

plume has been calculated as a function of the ash concentration C and density

ρp as Xp = C/ρp. Ash concentrations were measured using a variety of techniques

including radar (Harris et al., 1981; Harris and Rose, 1983; Marzano et al., 2006),

lidar (Scollo et al., 2012; Mereu et al., 2018), disdrometer (Freret-Lorgeril et al.,

2020) and VATDM (Tesche et al., 2012) observations. The concentration inside ash

fingers produced during the May 2010 eruption of Eyjafjallajökull was estimated

from the finger velocity and width (Manzella et al., 2015). We consider an average

density of 2600 kg m-3 for volcanic ash based on observations from Bonadonna et al.

(2011) (averaged density for pumice fragments < 125 µm).
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For characterising the properties of ash fingers, we have analysed 3 visible-

wavelength videos (resolution of 704 × 608 px) of lava fountains associated with

the occurrence of ash fingers at Etna volcano. The lava fountains occurred on 12

April 2012, 04 April 2013 and 23 November 2013. Except for the 23 November 2013

explosive activity, previous publications did not report the formation of ash fingers

during these events. Videos were provided by the Istituto Nazionale di Geofisica e

Vulcanologia, Osservatorio Etneo (INGV-OE) that operates a camera network for

monitoring the activity of Etna volcano (Scollo et al., 2014, 2019). They were all

acquired from the city of Catania (ECV camera), about 26 km south of the vent.

Furthermore, we have conducted two field campaigns at Sabancaya (Peru) and

Sakurajima volcanoes in July to August 2018 and November 2019, respectively,

in order to further analyse the properties of ash fingers, the conditions favouring

their development and the characteristics of associated tephra deposits. We chose

Sabancaya and Sakurajima because both volcanoes are characterised by persistent

Vulcanian explosions (Iguchi et al., 2013; Machacca Puma et al., 2021) that gener-

ate transient volcanic ash plumes at a high frequency and are, therefore, excellent

for studying tephra sedimentation, with several explosions per day during our cam-

paigns. At Sabancaya volcano, that summits at 5970 m above sea level (a.s.l.),

explosive activity started in November 2016 and is still ongoing up to the time of

writing (March 2022). Explosions happened at a typical frequency of 21 explosions

per day during our field campaign (Chapter 5), reaching heights of 1 – 4 km above

the vent (a.v.) (Manrique et al., 2018; Coppola et al., 2022). The density of volcanic

ash emitted during this period has been estimated at about 2700 kg m-3 using He-

lium pycnometry (Aguilar, 2019; Chapter 5). Similarly, Sakurajima volcano (1117

m a.s.l.) has exhibited persistent Vulcanian activity since 1955 (Iguchi et al., 2013),

typically producing several explosions per day that reached maximum heights of

about 3 km a.v.l. during our campaign (Vecino et al., 2022). The activity addition-

ally included almost continuous ash venting between explosions. During this period,

the density of volcanic ash has been measured at 2400 – 2700 kg m-3 from water

pycnometry (Freret-Lorgeril et al., 2022). At Sabancaya and Sakurajima, we have

acquired visible-wavelength videos of the volcanic ash plumes at a resolution of 1980
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× 1080 px and a frame rate of 50 Hz using Canon Legria HF G40 and Sony HD-

SR8e cameras. 17 ash plumes have been selected for analysis, including 6 plumes

at Sabancaya and 11 plumes at Sakurajima. Ash fingers have been recognised in 1

video from Sabancaya and 8 videos from Sakurajima. We have also analysed the

grainsize of tephra deposited at locations close to the location where fingers reached

the ground. At Sabancaya, the most surficial ground layer was sampled (Chapter 5)

whilst falling tephra were collected in rectangular plastic trays at Sakurajima (Ve-

cino et al., 2022). For both volcanoes, the grainsize was obtained by a combination

of sieving and laser diffraction techniques (Chapter 5; Vecino et al., 2022).

The main characteristics of the videos studied in this work are presented in Table

4.3. For INGV-OE videos, the optical parameters of the ECV camera are sourced

from the work of Snee (2021) who studied tephra plumes coupled to lava fountains

at Etna volcano between 2011 and 2013 from visible video analysis. At Sabancaya

and Sakurajima volcanoes, cameras have variable positions around the volcanoes

and we have directly measured the altitude zcam, orientation and inclination φi of

the cameras prior to the acquisition of the videos. The horizontal fields of view θh of

each video have been estimated using the same methodology as Snee (2021). This

consists of first drawing a line in Google Earth from the position of the camera that

represents the horizontal projection of the camera line of sight, as determined from

the camera orientation. A second line representing the right or left boundary of the

videos is then drawn by adjusting the ground level view in Google Earth to match

the images acquired by the camera. The angle between these two lines corresponds

to θh/2, and the vertical field of view is calculated as

θv = θh
Ni

Mi

, (4.13)

where Mi and Ni are respectively the width and height of the images. With this

procedure, the uncertainty on the determination of θh is estimated by drawing mul-

tiple lines to adjust video margins to the ground level view in Google Earth. For our

videos, maximum uncertainties are ∼ 2°. From Google Earth data, the geographic

coordinates of the vent have been determined, as well as its altitude zvent, that has

been estimated at 5.9 and 0.9 km a.s.l. for Sabancaya and Sakurajima, respectively.
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Finally, volcanic plumes at Etna, Sabancaya and Sakurajima were bent over by the

wind that, therefore, played a significant role in the dynamics of the plumes. We

have estimated the wind direction and horizontal velocity Vw at the time of the

eruptions from the ECWMF ERA 5 reanalysis dataset (Hersbach et al., 2020) at

the level of the vent and at the plume top height. Vw in Table 4.3 corresponds to

the average value of these estimations obtained at the two different levels.
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4.3.2 Video analysis

Videos are used to measure the evolution of the volcanic plumes’ height and thickness

with time. For eruptions associated with observations of ash fingers, we additionally

measure the fingers’ width, spacing and front position. Measuring the finger front

position allows us to quantify both the distance at which fingers form and reach the

ground, as well as their downward velocity. When not directly observed, the distance

at which fingers reach the ground is estimated based on their initial position, vertical

velocity and wind speed (Manzella et al., 2015). Figure 4.3 is a sketch showing

the different properties that have been quantified from the video analysis. Prior

to measurements, we remove lens distortion effects using the Camera Calibration

Toolbox for Matlab which estimates the camera’s intrinsic parameters (Zhang, 1999).

We then process the images similarly to Manzella et al. (2015), by accentuating

the contrast between the volcanic plume and the background in order to facilitate

analysis. All measurements are performed manually with ImageJ on video frames

extracted at time steps ∆t ranging from 2 to 10 s. Original results (in px) are then

converted to metric units thanks to a geometrical calibration corrected to account for

the dispersion of the plumes along the wind direction (Scollo et al., 2014; Bombrun

et al., 2018; Snee, 2021).

Following the method developed by Snee (2021), we apply the procedure de-

scribed hereafter in order to calibrate the videos. First, we perform a geometrical

calibration based on the camera properties (Table 4.3) by considering that the points

of interest to be on a vertical image plane passing through the vent and perpendic-

ular to the line of sight of the camera (Figure 4.4). This image plane is located at a

distance di from the camera. In this framework, the altitude of a point P1 located at

a pixel height j1 is given by (Valade et al., 2014; Bombrun et al., 2018; Snee, 2021;

Simionato et al., 2022)

z1 = zcam +
di
2

[
tan

(
φi −

θv
2

+ (j1 − 1) δθv

)
+ tan

(
φi −

θv
2

+ j1δθv

)]
, (4.14)

with δθv = θv/Ni the vertical angle subtended by an individual pixel. Similarly, the
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Figure 4.3: Properties measured from video analysis. zvent and zf are the altitudes of
the vent and of the finger front, respectively. Similarly, yvent and yf are the horizontal
positions of the vent and of the finger front, with d0 the distance between the vent and
the first finger formed beneath the plume. df is the distance between the vent and the
position where fingers reach the ground. Ht and h are the plume top height and thickness,
respectively. W , λ and Vf are the finger width, spacing and vertical velocity.

distance b1 between P1 and the vent is calculated as (Snee, 2021)

b1 =
di
2

[tan(−θh
2

+ (i1 − 1)δθh) + tan(−θh
2

+ i1δθh)

− tan(−θh
2

+ (ivent − 1)δθh)− tan(−θh
2

+ iventδθh)],

(4.15)

with i1 and ivent the horizontal location of P1 and of the vent in the image, respec-

tively, and δθh = θh/Mi the horizontal angle subtended by an individual pixel.

Finally, we adjust the initial geometrical calibration to correct for the plume

dispersal along the direction of the wind (Scollo et al., 2014; Snee, 2021). In the

case a weak volcanic plume is bent into the direction of the wind, as is the case in

the videos that we have analysed, a new vertical plane passing through the vent, and

parallel to the average wind direction, needs to be defined. This new wind-oriented

plane forms an acute angle υw with the image plane (Figure 4.5). Depending on the

position of the point of interest in the image plane (i.e., left or right of the vent) and

on the wind direction (i.e., wind going away or towards the camera), it is possible to

define 4 scenarios for which the wind correction requires specific adaptations (Snee,
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Figure 4.4: Geometrical calibration. A. Top view. B. Side view. C. Visualisation of a
point of interest P1 located on the image plane. Modified from Snee (2021)
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2021). Here, we only present one scenario where the point of interest is located to

the right of the vent from the camera’s perspective, and the wind is directed away

from the camera (Figure 4.5). Detailed calculations and additional configurations

are described by Snee (2021). In order to perform the wind correction, P2 is defined

as the projection of P1 onto the wind-oriented plane and a horizontal distance dh

therefore separates P1 and P2. The coordinates of P2 equal to those of P1 shifted by

horizontal offsets ∆x and ∆y (Figure 4.5A), and a vertical offset ∆z (Figure 4.5B).

Hence, the distance b2 between the vent and P2 and the altitude z2 of P2 can be

calculated as

b2 =

√
(b1 + ∆x)2 + ∆y2, (4.16)

z2 = z1 + ∆z, (4.17)

where b1 and z1 are calculated using equations (4.15) and (4.14), respectively. In the

configuration presented in Figure 4.5, the horizontal and vertical offsets are (Snee,

2021)

∆x = − b1 sin (υw)

cos
(
αh − θh

2
+ υw

) sin

(
θh
2
− αh

)
, (4.18)

∆y =
b1 sin (υw)

cos
(
αh − θh

2
+ υw

) cos

(
θh
2
− αh

)
, (4.19)

∆x = ∆y tan

(
φi −

θv
2
− αv

)
, (4.20)

with αh = i1δθh and αv = j1δθv.

4.3.3 Data analysis

Measurements calibrated to account for the plume distortion due to the wind are

used to derive the main properties of the volcanic plume and of the ash fingers. The

plume top height Ht is the highest point of the plume, and the vertical difference in

altitude between Ht and the plume base corresponds to the plume thickness h. We

evaluate the distance d0 at which the first finger is observed to form as the distance

between the vent and the front of the finger closest to the vent. The finger width

is determined from the difference between the horizontal distances separating the

vent and the left and right edges of an individual finger (equation 4.16). Similarly
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Figure 4.5: Wind calibration. A. Top view. B. Side view. Modified from Snee (2021)
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the spacing corresponds to the difference in distance from the vent between two

consecutive fingers. The downward finger velocity is estimated from the evolution

of the finger front altitude with time

Vf =
∆zf
∆t

, (4.21)

where ∆zf is the change in vertical position of the finger front over a time step ∆t

separating consecutive analysed images.

Given that fingers can only incorporate particles with individual fall velocities

Vp lower than Vf (i.e., B > 1, St < 1 and Σ < 1; equations 4.1, 4.3 and 4.4),

we calculate the maximum particle diameter dmax which can be entrained by ash

fingers as the particle diameter for which Vp (dmax) = Vf (Carazzo and Jellinek, 2012;

Manzella et al., 2015; Freret-Lorgeril et al., 2020; Lemus et al., 2021). Vp increases

with increasing particle diameter d, but the precise functional dependence depends

on the particle Reynolds number (Bonadonna et al., 1998)

Rep =
Vpdρa
µ

. (4.22)

For low Rep (< 0.4), Vp is the Stokes settling velocity. dmax can therefore be deter-

mined as

dmax =

√
18µVf

g (ρp − ρa)
, (Rep < 0.4). (4.23)

For intermediate Rep (0.4 < Rep < 500), dmax is calculated as

dmax = Vf

(
4g2ρ2

p

225µρa

)−1/3

, (0.4 < Rep < 500). (4.24)

At high Rep (> 500), dmax becomes

dmax =
V 2
f ρa

3.1gρp
, (Rep > 500). (4.25)

We have selected a typical density for volcanic ash ρp = 2600 kg m-3, and represen-

tative atmospheric density values ρa = 0.9, 0.7 and 1.2 kg m-3 for Etna, Sabancaya

and Sakurajima, respectively. The air dynamic viscosity has been assumed to be
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1.8 × 10-5 kg m-1 s-1 for all cases.

Finally, following Manzella et al. (2015), we estimate the particle volume fraction

of volcanic ash particles smaller than dmax as a function of the finger velocity and

width. Under the assumption that ash fingers propagate at a velocity determined by

equation (4.2), as validated for aqueous experiments (Hoyal et al., 1999b; Carazzo

and Jellinek, 2012; Scollo et al., 2017; Fries et al., 2021), the particle volume fraction

within fingers is

Xp =
2V 2

f ρa√
πδfg(ρp − ρa)

. (4.26)

The characteristic length scale of ash fingers δf is approximated as half the finger

width. For the calculation of equation (4.26), we chose identical values of ρp and ρa

as those selected for calculating dmax (equation 4.23, 4.24 and 4.25).

4.4 Results

4.4.1 Properties of volcanic ash fingers

Figure 4.6 shows an example of an analysis performed for a plume at Sakurajima

volcano (Sak-9; Table 4.3). Additional examples for Etna and Sabancaya volcanoes

can be found in Supplementary material (Figure A4.1 for Etna and Figure A4.2

for Sabancaya). Error bars on W and zf result from the uncertainties associated

with the determination of θh and di. For all videos studied here, ash fingers are

observed below weak volcanic plumes bent over by the wind. For sustained plumes

(i.e., lava fountains at Etna volcano), ash fingers form continuously underneath

the plume, whilst the formation of ash fingers ceases rapidly (in the order of 1 –

10 min) for transient volcanic events (i.e., Vulcanian explosions at Sabancaya and

Sakurajima volcanoes). Ash fingers propagate downward until reaching the ground

or disappearing as a result of dilution in the atmosphere, and analyses are limited in

some cases by the ability to trace individual ash fingers, especially at Etna volcano,

where videos are of low resolution. As illustrated in Figure 4.6, the width of ash

fingers is not observed to increase with time and the decrease in zf is found to

be approximately linear (i.e., constant Vf ) for the duration of the analysis, which is
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Plume
Ht

(km
a.v.)

h
(km)

d0

(km)
df
(km)

λ
(m)

W
(m)

Vf

(m s-1)
dmax

(µm) Xp

Etna-1 3.6 0.9 0.9 5.1 436 244 3.7 412 2.2× 10-6

Etna-1 3.6 2.7 1.9 4.8 376 84 5.5 613 1.4× 10-5

Etna-2 2.1 1.3 1.2 4.5 471 168 4.3 487 4.5 × 10-6

Etna-3 3.3 2.3 2.1 11.9 352 94 1.8 203 1.4 × 10-6

Etna-3 3.3 3.3 3.0 - 373 101 - - -
Sab-1 1.2 0.4 - - - - - - -
Sab-2 1.6 0.5 - - - - - - -
Sab-3 1.6 1.1 - - - - - - -
Sab-4 2.0 1.3 - - - - - - -
Sab-5 0.5 0.7 - - - - - - -
Sab-6 1.6 0.5 1.0 - - 134 - - -
Sab-6 1.6 0.9 1.4 - - 97 - - -
Sab-6 1.6 0.5 1.1 2.1 213 87 5.1 529 9.5 × 10-6

Sak-1 1.2 0.8 - - - - - - -
Sak-2 0.9 0.8 - - - - - - -
Sak-3 1.2 0.9 1.8 3.0 - 50 3.6 444 1.4× 10-5

Sak-4 2.7 1.3 - - - -
Sak-5 0.9 0.8 1.6 4.2 - 151 1.7 211 1.0 × 10-6

Sak-6 0.7 0.4 1.7 3.9 - 119 2.2 272 2.2 × 10-6

Sak-7 0.5 0.4 1.5 4.7 - 83 2.2 272 3.1 × 10-6

Sak-8 1.0 0.5 1.0 2.9 304 81 3.3 404 7.1 × 10-6

Sak-8 1.0 0.5 1.0 3.4 - 131 2.0 354 1.6 × 10-6

Sak-8 1.0 - - - - - 2.9 243 -
Sak-9 0.4 - - - - 111 - - -
Sak-9 0.4 0.7 1.3 3.4 252 79 4.2 518 8.5 × 10-6

Sak-10 0.6 - - - 302 186 3.1 390 2.9 × 10-6

Sak-11 0.2 0.9 5.5 6.2 314 149 2.6 325 2.5 × 10-6

Table 4.4: Results of the video analysis (Ht: top plume height above vent, h: plume
thickness, λ: spacing between fingers, W : finger width, Vf : finger velocity, dmax: calcu-
lated maximum diameter of volcanic ash constituting ash fingers, Xp: calculated volume
fraction inside ash fingers). “-” entries mean that observations were not usable for mea-
surements/calculations

limited by the time taken by ash fingers to reach the ground. Average measurements

of the properties of volcanic ash plumes (i.e., Ht and h) and ash fingers (i.e., d0, λ,

W and Vf ) are summarised in Table 4.4.

Comparison with previously-studied ash fingers (Table 4.1) is shown in Figure

4.7. The error bars correspond to the standard deviation of the properties measured

as a function of time. λ (Figure 4.7A) and W (Figure 4.7B), with average values of

304 ± 123 m and 123 ± 83.4 m, are found to cover similar ranges to those reported

for the 2010 eruption of Eyjafjallajökull (Manzella et al., 2015), 1990 eruption of

Mount Redoubt (Hobbs et al., 1991) and 2015 plumes of Stromboli (Freret-Lorgeril

et al., 2020). However, our measurements of Vf (Figure 4.7C) are all found to be
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Figure 4.6: Example of a finger analysis (for plume Sak-9; Table 4.3). A. Original image.
B. Processed image with increased contrast. C-H. Detailed view of an individual ash finger
corresponding to the region highlighted by the yellow window in panel B. I. Evolution of
the finger width W with time. J. Evolution of the finger front altitude zf with time.
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greater than previous estimates (Eliasson et al., 2014; Manzella et al., 2015; Freret-

Lorgeril et al., 2020), with maximum values up to 5.5 ± 1.2 m s-1, a minimum of

1.7 ± 0.3 m s-1 and a mean of 2.4 ± 1.6 m s-1. Except for λ, that is greater at Etna

than at Sakurajima and Sabancaya, the properties of ash fingers are not found to

differ according to the type of eruption.

The maximum diameter of volcanic ash that can potentially be entrained into

ash fingers (dmax) increases as a function of Vf (equations 4.23-4.25). Since our

estimates of Vf are greater than those reported in previous studies, our derived dmax

are coherently larger (Figure 4.8A). The uncertainties associated with the calculation

of dmax result from the uncertainties on Vf measurements. We find a minimum value

of dmax = 203 ± 48 µm and a maximum at dmax = 613 ± 130 µm. The average value

for the ash fingers studied here is dmax = 378 ± 125 µm. Whilst the minimum value

of dmax compares well with those of Manzella et al. (2015) and Freret-Lorgeril et al.

(2020) who found dmax ≈ 200 µm, the maximum value of dmax is approximately the

triple the previous estimates. It is interesting to note that our measurements of Vf

at Sakurajima, and, therefore, values of dmax are one order of magnitude greater

than those of Eliasson et al. (2014) although we have studied very similar plumes at

the same volcano. These differences are possibly linked to the contrasting techniques

that have been employed for estimating Vf .

The particle volume fraction within fingers Xp also increases with increasing Vf ,

but is also a function of the finger characteristic length scale (equation 4.26). Hence,

uncertainties on Xp originate from both uncertainties on Vf andW . We find a mean

value Xp = (5.3 ± 4.6) × 10-6, with a minimum and a maximum of (1.0 ± 0.1) ×

10-6 and (1.4 ± 0.2) × 10-5, respectively (Figure 4.8B). Similarly to dmax, we present

Xp values greater than those reported in previous studies (Table 4.2). Although

Eliasson et al. (2014) and Freret-Lorgeril et al. (2020) used techniques independent

of Vf to measure Xp, it is worth mentioning that a correlation between Xp and Vf ,

consistent with our estimates, is apparent in their data.

Calculated dmax values are compared with the grainsize of tephra deposited on

the ground for plumes at Sabancaya and Sakurajima volcanoes in Figure 4.9. For

Sabancaya, fingers were observed to reach the ground in an area located 2.1 km
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Figure 4.7: Properties of ash fingers: A. spacing λ, B. widthW and C. downward veloc-
ity Vf . In black are results from this study, with the names of the plumes corresponding to
those of Table 4.3. Red triangles, blue circles, blue diamonds and green circles correspond
to the observations of Manzella et al. (2015), Hobbs et al. (1991), Freret-Lorgeril et al.
(2020) and Eliasson et al. (2014), respectively (Table 4.1).



Chapter 4 165

Figure 4.8: Variations in (A) the maximum particle diameter dmax and (B) particle
volume fraction Xp as a function of the finger velocity Vf . In black are results from this
study. Red triangles, blue diamonds and green circles correspond to the measurements of
Manzella et al. (2015), Freret-Lorgeril et al. (2020) and Eliasson et al. (2014), respectively
(Tables 4.1, 4.2).
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Figure 4.9: Comparison between dmax and the grainsize distribution (in weight percent-
age, wt%) of tephra collected at the locations fingers reached the ground for (A) Sabancaya
(Sab-6 plume; Table 4.4) and (B) Sakurajima (Sak-5 plume; Table 4.4) volcanoes. The
value of dmax is represented by a red arrow. Size fractions finer than dmax are highlighted
in red (i.e., particles having potentially settled within ash fingers), whilst size fractions
larger than dmax are represented by the dotted areas (i.e., particles that rather settled
individually).

south-east of the vent on the 01 August 2018 (Sab-6; Tables 4.3 and 4.4). Surficial

tephra deposits were collected 2.0 km south-east of the vent during the July to

August 2018 field campaign. Deposits are characterised by a coarse (710 - 1000

µm) grainsize mode and a finer (< 710 µm) grainsize distribution tail. For plume

Sab-6, dmax is estimated at 529 µm from visual observations. This suggest that

a substantial fraction of the particles composing the fine grainsize distribution tail

could have settled within ash fingers, whilst coarser particles would have detach from

the flow winthin fingers and rather settled individually. For Sakurajima, fingers were

observed to reach the ground in an area located 4.2 km north of the vent on the 17

November 2019 (Sak-5; Tables 4.3 and 4.4). On the same day, falling tephra were

collected 4.5 km north of the vent (Vecino et al., 2022). Particles are characterised

by a bimodal grainsize distribution, with a fine (16 - 32 µm) and a coarse (250 -

500 µm) grainsize mode. For plume Sak-5, dmax is estimated at 211 µm, adequately

separating the fine and coarse grainsize modes. The presence of the fine grainsize

mode can also be explained by the presence of particle clusters composed of a coarse

core (> 90 µm) and a shell of fine material (< 90 µm) that were observed to break

upon impact with the ground at the same location (Vecino et al., 2022).
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4.4.2 Scaling of volcanic ash fingers and conditions favouring

their formation

If ash fingers originate from the detachment of a critically unstable PBL, as described

for SDGIs (Hoyal et al., 1999b; Carazzo and Jellinek, 2012; Manzella et al., 2015;

Scollo et al., 2017; Fries et al., 2021), their characteristic length is expected to

decrease with increasing particle concentrations. In fact, based on equation (4.6),

the critical thickness of the PBL can be calculated as

δc =

(
Grcµ

2

gXp (ρp − ρa) ρa

)1/3

, (4.27)

where the critical Grashof number is evaluated at Grc = 104 for simple configura-

tions in water (Fries et al., 2021; Lemus et al., 2021). W is expected to scale as 2δc.

We show the variation in W as a function of Xp in Figure 4.10, for our measure-

ments (Table 4.4) and data from previous publications (Table 4.1 and 4.2) (Eliasson

et al., 2014; Manzella et al., 2015; Freret-Lorgeril et al., 2020). Measurements are

compared with equation (4.27) predicting the value of δc. Although, as previously

mentioned by Fries et al. (2021), equation (4.27) is found to greatly underestimate

the length scale of ash fingers, we report a strong negative correlation between W

and Xp. Interestingly, the best fit (R2 = 0.75) suggests that W decreases as X−1/3
p ,

as expected from equation (4.27), but with a discrepancy of about two orders of

magnitude (W ≈ 100× δc). Here, we are not able to measure Xp independently of

W , but equations (4.26) and (4.27) are nonetheless derived from separate expres-

sions. Moreover, the best fit is also coherent with the data of Eliasson et al. (2014)

and Freret-Lorgeril et al. (2020), who measured the particle concentration and W

separately.

We have seen in Section 4.2.2 that ash fingers may originate from various mech-

anisms for given conditions that imply different scaling laws between the properties

of ash fingers. Although we have not been able to measure the plume temperature,

thought to be important for the onset of diffusive convection or of streak fallouts,

nor directly estimated the particle concentration within the volcanic plume, we have

quantified the geometrical properties of ash fingers. We can therefore compare these
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Figure 4.10: Comparison between the finger width W and the particle volume fraction
Xp. Our data are presented in black. Red triangles, blue diamonds and green circles
represent the measurements of Manzella et al. (2015), Freret-Lorgeril et al. (2020) and
Eliasson et al. (2014), respectively (Tables 4.1, 4.2). The blue line corresponds to the best
fit W = Xm

p , with m the fitted exponent. The dashed black line represents theoretical
estimates based on W = 2δc (equation 4.27).

geometrical characteristics with the available scaling laws presented in section 4.2.3

in order to examine the processes at the source of observed ash fingers. In partic-

ular, our investigation focuses on SDGIs and wind-induced formation mechanisms.

Figure 4.11A shows the variation of λ as a function of W . Theoretical and exper-

imental constraints suggest that λ and W are proportional to each other (Hoyal

et al., 1999b; Carazzo and Jellinek, 2012; Scollo et al., 2017; Fries et al., 2021), with

λ ≈ 3W/2. Including previous observations of Manzella et al. (2015) and Hobbs

et al. (1991), the coefficient of determination R2 = 0.55 confirms a poor agreement

between measurements and the scaling λ ≈ 3W/2. In Figure 4.11B, we compare the

plume thickness h with d0 the distance at which the first finger is observed to form.

For fingers produced at Etna volcano, we find that h and d0 are similar (R2 = 0.73),

whilst d0 is systematically greater than h at Sabancaya and Sakurajima volcanoes.

This suggests that ash fingers potentially form after a characteristic time tw for

the turnover of wind-induced rolls (equation 4.12), consistently with the analysis of

Freret-Lorgeril et al. (2020) who revealed the existence of such scaling at Stromboli
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in 2015, Eyjafjallajökull in 2010 (Manzella et al., 2015; represented in Figure 4.11B)

and Etna in November 2013.

Although the number of observations is limited, we evaluate the influence of

h, Xp, Ht and Vw on the formation of volcanic ash fingers. In Figure 4.12A, our

measurements and previous observations (Table 4.2) are compared with the contour

lines of L∗ (equation 4.7; Fries et al., 2021). As expected for SDGIs, we find that

thick volcanic ash clouds and high particle concentrations (i.e., L∗ � 1) favour the

development of ash fingers, whereas their onset is inhibited for thin clouds and low

particle concentrations. In particular, we find that L∗ ≥ 15 guarantees the formation

of ash fingers. For L∗ < 15, the particle concentration controls the formation of ash

fingers that form only for Xp > 1 × 10-6. Figure 4.12B shows the occurrence of ash

fingers as a function of both the top plume heightHt and the horizontal wind velocity

Vw. Ash fingers are observed predominantly for high Vw, typically greater than 10

m s-1. It is also clear in Figure 4.12 that mammatus clouds form preferentially for

high volcanic ash clouds (Ht > 15 km; Table 4.2).

4.5 Discussion

4.5.1 New measurements of ash fingers and implications for

volcanic ash sedimentation

After reviewing previous observations, we propose to use the term “ash fingers” to

describe all ash-laden currents descending below volcanic ash clouds in the form

of discrete sedimentation columns driven by density differences, irrespective of the

formation mechanism. Mammatus share similarities with ash fingers, but are not re-

ported to extend below the base of volcanic ash clouds (Schultz et al., 2006; Durant

et al., 2009). Hence, the term “ash fingers” adequately describes “ash veils” (Hobbs

et al., 1991), “gravitational instabilities” (Manzella et al., 2015; Scollo et al., 2017),

“convective instabilities” (Bonadonna et al., 2002b; Bonadonna, 2005a), “streak fall-

outs” (Eliasson et al., 2014; Eliasson, 2020), and “sediment thermals” (Freret-Lorgeril

et al., 2020), but not mammatus. Within this framework, observed phenomena (i.e.,

ash fingers) can be separated from the processes responsible for their generation.
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Figure 4.11: Geometrical comparisons between (A) the spacing between ash fingers λ
and the finger width W and (B) the plume thickness h and the distance between the
vent and the closest finger d0. In black are results from this study. Red triangles and
blue circles indicate the observations of Manzella et al. (2015) and Hobbs et al. (1991),
respectively (Table 4.1). Dashed black lines indicate geometrical scaling laws expected for
SDGIs (panel A) and wind-induced fingers (panel B).
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Figure 4.12: Conditions associated with the development of ash fingers. A. Influence
of the particle volume fraction Xp and plume thickness h on the formation of ash fingers
compared with contours of L∗ (equation 4.7). B. Influence of the horizontal wind speed
Vw and plume top height Ht on observations of ash fingers. Squares, circles and triangles
represent results from this study and crosses are results from previous studies. Black
markers indicate conditions associated with the observations of ash fingers (F), red markers
show the conditions for which ash fingers are not observed (NF), and blue markers represent
mammatus clouds.
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The formation mechanisms all involve the creation of a dense, unstable, layer at

the base of volcanic ash clouds resulting from either particle settling (Carazzo and

Jellinek, 2012; Manzella et al., 2015; Scollo et al., 2017; Fries et al., 2021), double

diffusive processes (Carazzo and Jellinek, 2013), temperature differences (Eliasson

et al., 2014; Eliasson, 2020) or wind-induced stirring (Freret-Lorgeril et al., 2020).

However, it remains essential to assess the mechanisms responsible for the formation

of ash fingers, as different mechanisms result in different scaling laws and dynamics

(see section 4.2.3).

Quantitative descriptions of ash fingers remain rare (Table 4.1), despite their

frequent occurrence and their potential effect on tephra sedimentation that can

greatly enhance the deposition of fine volcanic ash (Carazzo and Jellinek, 2012;

Durant, 2015; Manzella et al., 2015). Here, we have used visible-wavelength videos in

order to further characterise ash fingers and the conditions for which they form. Our

results considerably increase the number of measurements for ash fingers, notably

through direct assessments of their velocity Vf , width W and spacing λ (Figure 4.7;

Table 4.4), associated with measurements of the plume top height Ht, thickness

h and distance between the vent and closest ash fingers d0 (Figure 4.11; Table

4.4). These results extend previously-determined properties, especially for Vf that

is consistently found to be greater than in preceding studies (Figure 4.7).

Our new measurements of Vf imply that particles coarser than previously thought

can be affected by collective settling within ash fingers. This is quantified by dmax

for which Vp (dmax) = Vf (equations 4.23-4.25). Previous estimations have reported

maximum dmax values of about 200 µm (Manzella et al., 2015; Freret-Lorgeril et al.,

2022). Here, we find minimum and maximum dmax values of, 203 ± 48 µm and 613 ±

130 µm respectively, with a mean dmax = 378 ± 125 µm (Figure 4.8). This increases

the maximum diameter of volcanic ash that can be entrained with ash fingers by a

factor 3. Hence, ash fingers have the potential to further enhance the sedimentation

of volcanic ash, notably for sizes as large as ≈ 600 µm.

dmax values were compared to the grainsize distributions of tephra deposited on

the ground for two plumes at Sabancaya and Sakurajima volcanoes (Figure 4.9).

For Sabancaya, surficial tephra deposits were sampled in order to identify if the
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presence of ash fingers left a characteristic signature in deposits. A fine tail in the

grainsize distribution can be linked to fine particles transported within ash fingers

that would, therefore, settle closer to the vent than expected. However, the absence

of direct sampling below the plume (Sab-6; Tables 4.3 and 4.4) limits the inter-

pretation of these deposits that resulted from the accumulation of several fallouts,

but also because other mechanisms such as particle aggregation could also have re-

sulted in similar grainsize distribution. The comparison is more straightforward for

Sakurajima, where tephra particles were directly collected in dedicated trays below

Sak-5 plume (Tables 4.3 and 4.4). Alike Manzella et al. (2015), the grainsize distri-

bution of the particles is bimodal, with a fine grainsize mode (16 - 32 µm) that can

be explained by the sedimentation of fine volcanic ash within ash fingers, but also

within the shell of particle clusters (Vecino et al., 2022). Ash fingers and particle

aggregation affect the same grainsizes and have nearly identical effects on tephra

sedimentation, by driving the premature fall of fine volcanic ash. Hence, clearly dis-

tinguishing between the two processes based on the characteristics of tephra deposits

was not possible for this plume.

4.5.2 Scaling of ash fingers and conditions favouring their

development

As expected for fingers produced by SDGIs, the size of ash fingers is found to de-

crease as a function of the particle concentration (W ∝ X
−1/3
p ; Figure 4.10). We

also find a poor agreement (R² = 0.55) between the characteristic length scales of

ash fingers and the scaling λ = 3W/2 derived for SDGIs (Figure 4.11A). Despite

there being a small number of eruptions not associated with ash fingers that could

be studied, ash fingers are additionally found to form preferentially for L∗ � 1 (L∗

> 15) (equation 4.7; Figure 4.12A), whilst high particle concentration influences the

development of ash fingers for L∗ < 15. This is similar to the experiments of Fries

et al. (2021), who reported the formation of fingers for L∗ > 5 and described that the

particle concentration controlled the tendency to generate fingers for L∗ < 5. These

observations suggest that ash fingers studied in this work predominantly form as a

result of SDGIs. However, we find W ≈ 100 × δc instead of the theoretical scaling
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W = 2× δc (Hoyal et al., 1999b; Carazzo and Jellinek, 2012; Manzella et al., 2015;

Fries et al., 2021), where δc is calculated with equation (4.27). This discrepancy,

along with the difference in the value of L∗ separating conditions favourable and

unfavourable to the formation of ash fingers, suggests that δc is underestimated by

equation (4.27) that is validated only for simple experiments studying the sedimenta-

tion from a particle suspension into a denser, quiescent, aqueous ambient. Volcanic

plumes are much more complex phenomena involving additional physical processes,

notably including internal overturning motions in volcanic clouds (Freret-Lorgeril

et al., 2020) and the presence of shear at the cloud base.

The studied ash fingers all formed beneath volcanic plumes bent-over by the

wind, as illustrated in Figure 4.12B. This is first explained by the greater abun-

dance of weak plumes that are much more frequently observed than strong, ver-

tical, plumes. Moreover, visual observations of structures in tephra sedimentation

is greatly facilitated for bent-over plumes. Finally, ash fingers can be favoured by

wind-induced rolls forming in bent-over clouds (Freret-Lorgeril et al., 2020), as sug-

gested by the scaling h ≈ d0 for plumes imaged at Etna volcano (Figure 4.11B).

Furthermore, it is important to mention that shear at the cloud base, resulting from

wind shear and/or gravitational spreading, can dampen the formation of ash fingers

from SDGIs or diffusive convection (Konopliv et al., 2018). In fact, in the presence

of environmental shear, dominant instability modes can be modified, depending on

the particle settling velocity and shear intensity (Farenzena and Silvestrini, 2017).

For volcanic ash clouds, this implies that ash fingers formed in the presence of shear

are not purely resulting from SDGIs, but are modulated as a function of shear.

4.5.3 Limitations and future work

In this study, we only have used visual observations to characterise ash fingers. To

do so, we have calibrated videos based on the procedure of Snee (2021), and have

determined missing camera parameters from Google Earth images, with uncertain-

ties on the assessment of the horizontal field of view θh. A better quantification of

θh would allow us to refine our results.

In fact, although allowing for the characterisation of important fingers proper-
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ties, analysing ash fingers from visual observations alone are associated with many

unknowns, notably regarding the particle size and concentrations within ash fingers.

Hence, similarly to Freret-Lorgeril et al. (2020) and Eliasson et al. (2014), employing

a variety of measuring techniques in future works is needed to supplement visual

observations (e.g., with radar, lidar, or drone/balloon based measurements). For

example, direct measurements of Xp, independent of finger properties, would allow

a better description of the relation between ash fingers characteristic length scales

and Xp.

The role of L∗ in predicting the development of ash fingers is also particularly

limited, as only two eruptions not associated with the formation of ash fingers could

be investigated (Figure 4.11A). In fact, conforming the absence of ash fingers is, in

general, more complex than the inverse, and we were only able to estimate Xp for

plumes associated with ash fingers in this work, further reducing the representative-

ness of our data.

Since most ash fingers are observed to form below bent-over plumes, appropri-

ate experimental and numerical models analysing the sedimentation below particle-

laden currents are required. Such models, similar to the experiments of Parsons

et al. (2001), Davarpanah Jazi and Wells (2020, 2016) and Jarvis et al., or to the

numerical simulations of Lemus et al. (in prep.), would allow study of the effect

of wind and shear on the formation of ash fingers. The discrepancy between δc

and natural observations of the size of ash fingers would notably be investigated

in order to develop a more robust scaling law to predict the dimensions of ash fin-

gers. Additionally, we have only been able to study ash fingers below weak volcanic

plumes. Additional observations for other types of plumes and eruption dynamics

are required in order to obtain a more complete view of ash fingers and of their

formation mechanism. Moreover, we have investigated the formation of ash fingers

close to the vent, imaging more distal parts of volcanic ash clouds is necessary to

better understand the effect of diffusive convection and mammatus.

Finally, similarly to Manzella et al. (2015), this work reveals that tephra deposits

were bimodal at the location where ash fingers reached the ground, at the same

distance aggregates were observed to fall (Figure 4.9). However, the respective role
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of ash fingers and aggregation on final deposits is still unclear. Field work on tephra

deposits and sedimentation rates associated with eruptions for which ash fingers and

aggregation are observed separately is required for improving our understanding of

the effect of ash fingers on ash deposition. Moreover, laboratory and numerical

models can address this issue, particularly because aggregation and ash fingers can

be separated contrarily to the natural case.

4.6 Conclusions

A review of previous observations and new measurements of ash finger properties,

based on visual observations at Etna, Sabancaya and Sakurajima volcanoes (associ-

ated with both lava-fountain fed and Vulcanian plumes), calibrated to account for

the distortion of volcanic plumes into the wind direction (Snee, 2021), are presented

in this work. We have recognised ash fingers below weak plumes bent by the wind.

The main results of our analysis are:

1. The mean width W , spacing λ and downward velocities Vf of ash fingers

studied here are W = 123 ± 83 m, λ = 304 ± 123 m and Vf = 2.4 ± 1.6 m

s-1.

2. Ash fingers are found to potentially entrain volcanic ash particles with diam-

eters up to 613 ± 130 µm. This favours the premature sedimentation of fine

volcanic ash, potentially leading to the formation of tephra deposits charac-

terised by bimodal grainsize distributions.

3. W scales as a function of the particle volume fraction Xp (W ∝ X
−1/3
p ).

Previous scaling laws (Hoyal et al., 1999b; Carazzo and Jellinek, 2012; Fries

et al., 2021), although reproducing the dependence ofW on Xp, underestimate

the characteristic length scales of ash fingers.

4. A weak agreement is found between the scaling law λ = 3W/2 and observa-

tions.

5. Fingers at Etna volcano form from a distance corresponding to the cloud thick-

ness, as expected for fingers developing as a result of wind-induced stirring
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(Freret-Lorgeril et al., 2020).

6. The formation of ash fingers seems to be favoured for thick ash clouds and

high ash concentrations (L∗ � 1), but more independent ash concentration

measurements are required to better constrain Xp within volcanic plumes and

fingers, as well as the conditions associated with their occurrence.

7. Observations of ash fingers are mostly associated with horizontal wind veloci-

ties greater than 10 m s-1.

Our results suggest that the ash fingers studied in this work can result from

settling-driven gravitational instabilities modulated by the wind. Moreover, besides

considerably increasing quantitative observations of ash fingers, we have also ex-

tended the range of volcanic ash sizes potentially affected by ash fingers that was

previously limited to particle diameters ≈ 200 µm. This further highlights that ash

fingers can enhance volcanic ash sedimentation, with potential implications for the

longevity and the dispersal of volcanic ash in the atmosphere.
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4.7 Appendix A4

Notations used in Chapter 4

Symbol Name Unit

b1 distance between the vent and P1 m

b2 distance between the vent and P2 m

B Ratio Vf over Vp -

C particle concentration kg m-3
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Symbol Name Unit

Cmp plume maximum carrying capacity -

d particle diameter m

d0

horizontal distance between the vent and

the closest ash finger
m

dh horizontal distance between P1 and P2 m

di
horizontal distance between the camera and

the image plane containing the vent
m

dmax

maximum particle diameter possibly

entering fingers
m

fSW
characteristic frequency of sedimentation

waves
s-1

FD diffusive convective flux kg m-2 s-1

FI flux by individual particle settling kg m-2 s-1

F ∗ ratio FD over FI -

g gravitational acceleration m s-2

Gr Grashof number -

Grc critical Grashof number -

h plume thickness m

Hb height of the neutral buoyancy level m

Ht top plume height m

i1 horizontal position of P1 in the image px

ivent horizontal position of the vent in the image px

j1 vertical position of P1 in the image px

jvent vertical position of the vent in the image px

L∗ ratio h over δc -

Mi image width px

Ni image height px

P1

point of interest located on the image plane

containing the vent
-

P2 projection of P1 on the wind-oriented plane -
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Symbol Name Unit

RT Stability ratio -

Rep particle Reynolds number -

St Stokes number -

tp timescale for individual particle settling s

tw timescale of wind-induced rolls s

Tp plume temperature K

Vf finger downward velocity m s-1

Vp individual particle settling velocity m s-1

VSW downward velocity of sedimentation waves m s-1

Vw horizontal wind velocity m s-1

W finger width m

Xp particle volume fraction -

yf horizontal position of the finger front m

yvent horizontal position of the vent m

zcam altitude of the camera m

zf altitude of the finger front m

zvent altitude of the vent m

αh horizontal angle subtended by i1 -

αT volumetric expansion coefficient for heat K-1

αv vertical angle subtended by j1 -

βm
volumetric expansion coefficient for a

particle suspension
-

δc critical thickness of the PBL m

δf characteristic finger length scale m

δPBL PBL thickness m

δθh
horizontal angle subtended by an individual

pixel
-

δθv
vertical angle subtended by an individual

pixel
-
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Symbol Name Unit

∆Cm

particle concentration difference between

the volcanic cloud and the atmosphere (in

mass fraction)

-

∆t
time step between successive analysed

images
s

∆T
temperature difference between the volcanic

cloud and the atmosphere
K

∆x
horizontal offset between P1 and P2

(perpendicular to the camera line of sight)
m

∆y
horizontal offset between P1 and P2

(parallel to the camera line of sight)
m

∆z vertical offset between P1 and P2 m

θh horizontal field of view -

θv vertical field of view -

κp diffusion coefficient of particles m2 s-1

κT diffusion coefficient of heat m2 s-1

λ spacing between fingers m

λSW
distance between successive sedimentation

waves
m

µ ambient dynamic viscosity kg m-1 s-1

ρa ambient density kg m-3

ρp particle density kg m-3

Σ sedimentation number -

φi camera inclination -

Table A4.1: List of symbols

Supplementary Figures
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Figure A4.1: Analysis of ash fingers properties (Etna-1; Table 4.3). A. Original image.
B. Processed image with increased contrast. C-L. Detailed view of an individual ash finger
corresponding to the region highlighted by the yellow window in panel B. M. Evolution of
the finger width W with time. N. Evolution of the finger front altitude zf with time.
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Figure A4.2: Analysis of ash fingers properties (Sab-6; Table 4.3). A. Original image. B.
Processed image with increased contrast. C-E. Detailed view of an individual ash finger
corresponding to the region highlighted by the yellow window in panel B. F. Evolution of
the finger width W with time. G. Evolution of the finger front altitude zf with time.
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The post-2016 long-lasting Vulcanian

activity of Sabancaya volcano (Peru) and

associated aeolian remobilisation of

volcanic ash.1

5.1 Introduction

A variety of hazards are associated with volcanic eruptions that can act over poten-

tially long periods of time (Siebert et al., 2010; Barclay et al., 2019). Furthermore,

many volcanoes are known to experience stages during which frequent pulsatory

explosions represent long-lasting hazards to the exposed communities over weeks to

decades. Recent notable examples include Soufrière Hills, Montserrat (Bonadonna

et al., 2002a,b; Druitt et al., 2002), Arenal, Costa Rica (Cole et al., 2005), Colima,

Mexico (Varley et al., 2010), Tungurahua, Ecuador (Eychenne et al., 2013), Fuego,

Guatemala (Naismith et al., 2019) and Sakurajima, Japan (Poulidis et al., 2019). A

further example is Sabancaya in Peru, which has been characterised by multiple Vul-

canian explosions per day between 1990-1998 (Gerbe and Thouret, 2004) and since

November 2016 (Kern et al., 2017; Manrique et al., 2018). Despite being one of the

most active volcanoes in Peru, and a persistent threat to the 30,000 inhabitants of
1To be submitted to Journal of Volcanology and Geothermal Research as: Fries, A., Dominguez,

L., Jarvis, P. A., Pistolesi, M., Manrique Llenera, N., Aguilar Contreras, R., Valvidia Humerez,
D., Rossi, E., Pollastri, S., Horwell, C. and Bonadonna, C. : The post-2016 long-lasting Vulcanian
activity of Sabancaya volcano (Peru) and associated aeolian remobilisation of volcanic ash.
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the Colca river valley, the explosive activity and the tephra deposits associated with

Sabancaya remain only partially described.

Sequences of explosive events of similar intensity separated by time intervals

varying from few seconds to several hours constitute pulsatory dynamics that are

typical of Strombolian (Taddeucci et al., 2015) and Vulcanian (Clarke et al., 2015)

eruptions. Hawaiian and Surtseyan eruptions can also be associated with pulsatory

activity (Dominguez et al., 2016), quantified by the intensity and frequency of ex-

plosive events. Very frequent (i.e., very short repose times between explosions of

the order of 0.1 to 10 s) explosions can produce sustained lava fountains resulting

in the emission of steady plumes (Valentine and Gregg, 2008; Ripepe et al., 2013),

whilst less frequent (i.e., longer repose times) explosions preferentially generate dis-

crete plumes (Varley et al., 2006; Chojnicki et al., 2015). The variability of explosive

events is, therefore, a key factor to determine the eruptive styles and dynamics, which

can be studied based on the explosion frequency and magma viscosities (Dominguez

et al., 2016).

Concomitantly with the Vulcanian eruption sequence, the wind remobilisation

of loose volcanic ash from tephra deposits represents an additional, long-lasting,

secondary hazard (Wilson et al., 2011; Forte et al., 2018). Remobilised ash can

impact human health (Forbes et al., 2003; Horwell and Baxter, 2006; Baxter and

Horwell, 2015), infrastructure, livestock and vegetation (Wilson et al., 2011; Forte

et al., 2018) for extended periods of time (from syn-eruptive to millennia after an

eruption) and over wider areas than those affected by primary fallouts (Dominguez

et al., 2020b). Moreover, remobilisation of tephra by a wide variety of mechanisms

has the potential to significantly alter the preservation of the deposits (Collins et al.,

1983; Collins and Dunne, 1986; Manville et al., 2000; Blong et al., 2017; Cutler et al.,

2018; Dugmore et al., 2018; Buckland et al., 2020; Bolós et al., 2021) which are

key to assess the eruptive parameters of past eruptions (Pyle, 1989; Fierstein and

Nathenson, 1992; Bonadonna et al., 2015b; Houghton and Carey, 2015).

Aeolian remobilisation processes include any sediment transport driven by the

wind as a result of complex interactions between meteorological conditions, soil sur-

face properties, particle characteristics, topography and local roughness elements
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(Panebianco et al., 2017; Del Bello et al., 2018; Etyemezian et al., 2019; Dominguez

et al., 2020a; Jarvis et al., 2020). The mobility of the particles mainly depends on

their size and density, as well as on the wind friction velocity (Bagnold, 1941). Parti-

cles are lifted off the ground when aerodynamic forces become greater than resisting

gravitational and cohesive forces. This force balance is typically quantified through

the threshold friction velocity, and particles become mobile if the wind friction ve-

locity becomes greater than the threshold friction velocity (Shao and Lu, 2000). We

provide a more complete description of the calculation of the threshold friction ve-

locity in Appendix A5.1. The easiest particles to aerodynamically entrain into the

atmosphere by the action of the wind are those which minimise the threshold fric-

tion velocity, namely particles with diameters between 70 and 100 µm for terrestrial

conditions. For coarser particles, increasing grainsize augments the gravitational

forces, consequently increasing the value of the threshold friction velocity. For finer

particles, decreasing grainsize increases cohesive forces, also increasing the threshold

friction velocity (Dominguez et al., 2020a; Jarvis et al., 2020). However, these fine

particles can also be lifted (splashed) due to the impact of coarser particles already

in saltation with the ground (Shao et al., 1993; Kok et al., 2012). Once mobilised,

the mode and duration of transport depend on the particle settling and wind friction

velocities (Appendix A5.1; Scott et al., 1995; Kok et al., 2012; Mingari et al., 2020).

For typical aeolian conditions on Earth, particles with diameters ranging from 70

to 500 µm will frequently undergo saltation, with coarser particles moving by creep

and those finer becoming suspended on short (≤ days) or long term (weeks-months)

(Pye, 1987).

The understanding of aeolian remobilisation of volcanic ash is progressing through

a combination of field, experimental and numerical work (Arnalds et al., 2013;

Panebianco et al., 2017; Del Bello et al., 2018, 2021; Dominguez et al., 2020a,b;

Jarvis et al., 2020; Mingari et al., 2020). Previous studies have mainly focussed

on the characterisation of remobilisation affecting the deposits of short-lived (com-

pared to the timescales of aeolian processes), or steady volcanic eruptions. In this

supply-limited context, a large and finite volume of primary volcanic ash is almost

instantaneously released during the eruption and aeolian processes are subsequently
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influenced by the particle depletion with time (Dominguez et al., 2020b). However,

in this chapter, we describe simultaneous aeolian remobilisation of tephra deposits

produced by a long-lasting cycle of almost daily Vulcanian explosions that continu-

ously releases wind-erodible primary volcanic ash since 2016.

Even though aeolian remobilisation of volcanic ash can largely impact the preser-

vation potential of tephra deposits, the two processes (i.e., aeolian remobilisation and

tephra sedimentation) are typically studied separately, hindering the determination

of erupted volume. Here we propose a multidisciplinary study for the characterisa-

tion of both tephra sedimentation and syn-eruptive aeolian remobilisation. First, we

have examined the primary tephra-fallout deposit based both on natural outcrops

and on a network of dedicated collectors installed in February 2018. Second, we

have characterised the pulsatory explosive activity of Sabancaya by analysing the

variation in the repose intervals between explosions and the magma viscosity, as de-

rived from geophysical data and geochemical models, respectively. Third, we have

detailed observations of aeolian remobilisation events including their timing, inten-

sity, and the important variables favouring their onset. Finally, we have analysed

remobilised ash particles and compare their properties (i.e., size and morphology)

with those from samples of airborne primary ash fallout deposits.

5.2 Sabancaya volcano

5.2.1 Geological setting

Sabancaya (5970 m above sea level; asl) in southern Peru is located in the Central

Volcanic Zone (CVZ) of the Andes, 70 km northwest of Arequipa (Figure 5.1A).

Volcanic activity in this zone results from the subduction of the Nazca oceanic plate

below the south American continental lithosphere (Ramos, 1999; Wörner et al.,

2018). At least seven volcanoes of the CVZ are known to have erupted in historical

times, including Huaynaputina, that produced the largest historical eruption of the

Andes in 1600 AD (Adams et al., 2001; Thouret et al., 2002; Verosub and Lippman,

2008; Prival et al., 2020). Sabancaya is the youngest and only historically active vol-

cano of an alignment of three edifices oriented north-south that additionally includes
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Ampato (6280 m asl) in the south and the eroded Hualca Hualca volcano (6025 m

asl) in the north (Alcalá-Reygosa et al., 2011; Samaniego et al., 2016; MacQueen

et al., 2020). The three volcanoes sit on the altiplano (altitude of approximately

4500 m asl), on the southern edge of the Colca river valley. The area around the

volcano is sparsely populated, but Sabancaya nonetheless poses a threat to the com-

munities inhabiting the Colca river valley (about 30000 inhabitants), 17 km north of

the volcano, whilst volcanic ash has been reported to reach the city of Arequipa in

the south, the second largest city of Peru (Manrique et al., 2018; Del Carpio Calienes

et al., 2020).

The altiplano on which Sabancaya sits is an arid area, with scarce vegetation

that is limited to shrubs and short grasses (<1 m) such as Azorella compacta (Wick-

ens, 1995; Harpel et al., 2021) and Jarava ichu (Stouse, 1971; Galán de Mera and

Linares Perea, 2012). Total annual precipitation is meagre, below 100 mm per year,

with a dry and cold season from May to October and a wet and warm season from

November to April (Supplementary Figure A5.1). Wind directions up to 5 km above

the vent also exhibit a marked seasonality, with a prevailing direction towards the

east during the dry season and towards the west during the rainy season (Thouret

et al., 1994; Figure 5.1B). The meteorological conditions and the poor vegetation

cover of the terrain around Sabancaya are favourable to the remobilisation of loose

volcanic ash that stays exposed to the wind for long durations (Jarvis et al., 2020).

5.2.2 Explosive activity at Sabancaya

The current activity at Sabancaya started in 2012 with an increase in gas emissions

and seismicity (Jay et al., 2015) before the onset of magmatic activity in Novem-

ber 2016 (Manrique et al., 2018; Del Carpio Calienes et al., 2020; MacQueen et al.,

2020). Since then, Sabancaya has shown a pulsatory explosive activity up to the

time of writing (March 2022) that is characterised by several Vulcanian explosions

per day. In general, the heights of the plumes have progressively decreased since

the start of the eruption (Coppola et al., 2022), with plumes up to 5500 m above

the vent in July 2017 (Manrique et al., 2018) and to 4000 m above the vent in 2020

(Machacca Puma et al., 2021). Coppola et al. (2022) have identified 6 phases of
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Figure 5.1: A. Location of Sabancaya volcano. The region presented here corresponds
to the red area in the inset regional map. Green stars and red triangles indicate cities and
volcanic edifices, respectively. The blue, black and brown lines, respectively, represent the
Colca river and the main and secondary roads. B. Wind roses (i.e., the relative frequency
of wind directions and speeds) at Sabancaya from November 2016 (start of the eruption) to
November 2021. The wind roses are displayed separately for the dry (May to October) and
the rainy (November to April) seasons. The wind directions are integrated from the height
of the vent up to the maximum height of the volcanic plumes (between 5.9 and 11 km asl).
Wind data are from the ECMWF (European Centre for Medium-range Weather Forecasts)
ERA5 reanalysis dataset (Hersbach et al., 2020) using the Matlab package TephraProb,
developed by Biass et al. (2016a). C. Close-up of Sabancaya volcano showing the location
of stratigraphic sections. Numbers correspond to the field sites. The green rectangles
indicate the location of the stratigraphic sections shown in Figure 5.4.
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activity from November 2016 to December 2020. First, a short vent-clearing phase

marks the beginning of the eruption with frequent explosions (Phase I: November

– December 2016). This phase is followed by the growth of a first lava dome ac-

companied by an intense, but fluctuating, explosive activity (Phase II: December

2016 – January 2018). The number of explosions decreased and the growth of the

lava dome stopped, during a phase of general stability (Phase III: January 2018 –

March 2019). Following this period, both the growth of the dome and the explosive

activity increased again (Phase IV: March – October 2019). The next phase is char-

acterised by the lowest number of explosions associated with the collapse of the lava

dome and the crater (Phase V: November 2019 – September 2020). Finally, Coppola

et al. (2022) reported the formation of a second lava dome that started to grow in

September 2020, accompanied with the renewal of the explosive activity (Phase VI:

September – December 2020). Based on the height of the ash plumes that is related

to the mass erupted by Vulcanian explosions (Bonadonna et al., 2002a; Druitt et al.,

2002; Londono and Galvis, 2018), Coppola et al. (2022) estimated a tephra volume

(recalculated as Dense Rock Equivalent, DRE, using magma and deposit densities

of 2700 and 1000 kg m-3, respectively) of 0.004-0.009 km3 for the explosive period

between November 2016 and December 2020, with a net decrease in the eruptive

rate since 2018. Based on volume of lava domes, about 0.002 km3 DRE has been

calculated for the effusive phases in the same period. The whole-rock geochemistry

of tephra samples (including ballistic clasts) collected in 2017 indicate homogeneous

andesitic compositions, with a silica content representing 59.8-62.8 % of the mass

(Manrique et al., 2018).

The seismicity and geodesy of the volcano are actively monitored by the Instituto

Geofísico del Perú (IGP) through its Centro Vulcanológico Nacional (CENVUL) and

the Observatorio Vulcanológico del INGEMMET (OVI) based on real-time data

streaming and surveys that include visual observations (Machacca Puma et al.,

2021; Coppola et al., 2022). Monitoring also comprises a dedicated tephra collector

network distributed around the volcano in order to collect the primary tephra fallout

material from which the accumulated mass load and the thickness can be determined

over extended periods of time (several months).
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Before the present activity of the volcano, a similar cycle of Vulcanian and

phreatomagmatic explosions of andesitic to dacitic composition took place at Sa-

bancaya between 1990 and 1998 (Thouret et al., 1994; Juvigné et al., 1998, 2008;

Gerbe and Thouret, 2004; Samaniego et al., 2016) after a period of unrest that

started in December 1986. During this eruptive cycle, the mean production rate of

magma has been estimated to be low, at 0.001 – 0.01 km3 per year, with a peak

climatic phase from May to October 1990 that produced about 0.025 km3 of tephra

at the beginning of the eruption (Thouret et al., 1994; Gerbe and Thouret, 2004).

The plume heights significantly decreased from plumes 3-7 km high in 1990-1992

to plumes <1 km after 1997. Simultaneously, the componentry of the ejecta sub-

stantially changed with time. In 1990, juvenile fragments constituted only 10-15

% of the ejecta. This proportion increased to 40-50 % of the material emitted in

1992-1997, with a slight decrease in 1995-1997. Juvenile fragments were eventually

absent after 1997 (Gerbe and Thouret, 2004).

Few historical eruptions can be attributed to Sabancaya previously to the 1990-

1998 eruptive cycle, with mentions in Spanish chronicles of only two events during

the 18th century (Thouret et al., 1994) confirmed by the presence of a 10-30 cm

coarse ash layer dated at 265 ± 30 BP (Samaniego et al., 2016). Additionally, the

study of peat sections near Sabancaya by Juvigné et al. (2008) reveals the presence

of four phreatomagmatic tephra units dated at 1870-2120 BP, 2170-2440 BP, 4120-

4520 BP and 9440 to 9770 BP and tentatively attributed to eruptions originating

from the local volcanoes (Ampato and/or Sabancaya). They also discovered the

presence of Plinian tephra fall layers that can be related to the large regional tephra

fallout from the 1600 AD eruption of Huaynaputina, which Volcanic Explosivity

Index (VEI) has been estimated at VEI 6 (Adams et al., 2001; Thouret et al., 2002;

Prival et al., 2020); and to the 2030 BP eruption of Misti (Cobeñas et al., 2012).

Their study suggests that the explosive activity at Sabancaya was sporadic before

the 1990-1998 eruptive cycle, with long repose periods in between eruptions. This is

confirmed by the study of Samaniego et al. (2016) who identified at least 6 eruptions

in the last 4000-5000 years, including historical 1990-1998 and 18th century events.

Whilst the activity was mainly effusive 6000 to 3000 years ago during the formation
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of Sabancaya edifice, it became mostly eruptive 3000 years ago. In general, the

eruptive rate is estimated at 5-7 × 10-4 km3 per year at Sabancaya in the last 3000

years (Samaniego et al., 2016).

5.3 Methods

5.3.1 Field Analysis of tephra deposits, collectors and real-

time ash fallout sampling

We conducted a field campaign at Sabancaya from 27 July to 12 August 2018 dur-

ing which we studied proximal to medial (<25 km from the source; Figure 5.1C)

primary tephra deposits, tephra fallout and aeolian remobilisation processes. To do

so, in addition to analysing the stratigraphy, we apply various sampling strategies

for separately collecting primary tephra fallout and remobilised volcanic particles

(Figures 5.2 and 5.3). The detailed list of field measurements and collected samples

can be found in Supplementary Table A5.1.

During the field campaign we have studied 21 stratigraphic sections distributed

in the north, south and east sectors of the volcanic edifice, and located at distances

comprised between 1.9 to 21 km from the vent (Figure 5.1C; Table A5.1). Due to

the difficult access in the western part and to the presence of blocky lava flows of

about 300-400 m high on the eastern and north-eastern flank of Sabancaya (Bulmer

et al., 1999; Samaniego et al., 2016), the detailed study of these areas around the

volcano was not possible. We have, therefore, concentrated our efforts south of

the edifice, in glacial valleys that are associated with gentle slopes (Alcalá-Reygosa

et al., 2011). At least 3 tephra units were identified and measured throughout these

stratigraphic sections. This study is focused on the top layer associated with the

ongoing eruption of Sabancaya and the subsequent remobilisation of these deposits

by the wind. The top layers have been thus sampled for grainsize and particle shape

analysis. Samples have been also collected to estimate the Dense Rock Equivalent

(DRE) density.

Since surface characteristics can influence the conservation of tephra deposits

(Dugmore et al., 2018), stratigraphic sections have been studied in flat areas, where
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Figure 5.2: A. Location of the OVI ash collectors represented by the crossed circles.
Inset in the bottom right shows the tephra collector SC-05 on the flanks of Ampato on 2
August 2018. Green circles highlight the location of tephra collectors for which samples
have been analysed. B. Location of the samples of airborne material collected on adhesive
paper, with primary ash fallouts (prim. samples), remobilised material (R0 and R150
samples) and samples of the most surficial ground layer (SG samples) represented by green
diamonds, blue circles and pink stars, respectively. Numbers correspond to the field sites
(Supplementary Table A5.1).
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post-depositional slope processes were unlikely to have affected the primary deposits

(Selby, 1982). We have noted the presence of local roughness elements that can affect

the preservation of the deposits in their vicinity. For example, the preservation of

tephra fallout deposits may be modified as a function of the vegetation type and

abundance (Cutler et al., 2018; Dugmore et al., 2018). Accumulation of tephra

inside and around plants, on both the windward and the leeward areas, commonly

results in thicker layers of remobilised ash (Dominguez et al., 2020a). Similarly,

rocks are also known to inhibit erosion by the wind and to protect the deposits on

their leeward side (Kok et al., 2012; Dominguez et al., 2020a).

The OVI monitoring network includes 33 tephra collectors that have been in-

stalled within a 35 km radius around Sabancaya (Figure 5.2A) in order to measure

the evolution of the cumulative mass of primary tephra fallout since February 2018

(Valdivia, 2019). Collectors are robust containers, funnel-shaped, upward facing,

inspired from the design of Bernard (2013) (Valdivia, 2019). They can be used to

study tephra accumulations up to 30 mm in thickness. Due to the challenging field

conditions and the remoteness of their emplacement sites, collectors are unevenly

distributed and tephra collection is performed by the INGEMMET staff during mis-

sions about two to three times a year. Additionally, there is a lack of collectors

southwest of the vent and in the areas proximal to the vent (<5 km) (Figure 5.2A).

We have analysed the morphology and grainsize of 17 tephra samples derived from

tephra collectors (samples labelled sab; Table 5.1; Supplementary Table A5.1). The

location of the collectors from which samples have been analysed is highlighted in

Figure 5.2B.

In order to integrate the cumulative sampling of tephra collectors, we have per-

formed real-time sampling of primary tephra fallouts on adhesive paper (samples

labelled prim.; Supplementary Table A5.1), similarly to the setup of Bonadonna

et al. (2011). Airborne particles stick on the adhesive paper, which is mounted onto

a thin section for subsequent grainsize and shape analysis with a reflected light mi-

croscope. In total we collected 12 primary samples on the flanks of Ampato, 4 km

south of the vent (Figure 5.2B), during two successive explosions on 2 August 2018.
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Sample Collector Sampling
dates

Sampling
duration
(days)

Latitude Longitude Distance from
the vent
(km)

sab-1726 SC-27 23 Jun. to 25
Jul. 2017

33 -15.647165 -71.660010 2.7

sab-1832 SC-27 07 Apr. to 25
May 2018

49 -15.647165 -71.660010 2.7

sab-1847 SC-22 22 May to 23
Jun. 2018

32 -15.764047 -71.831625 3.7

sab-1850 SC-27 27 May to 20
Jun. 2018

24 -15.647165 -71.660010 2.7

sab-1852 SC-04 25 May to 20
Jun. 2018

26 -15.824344 -71.744081 12.8

sab-1854 SC-05 25 May to 19
Jun. 2018

25 -15.824365 -71.843434 4.4

sab-1869 SC-05 19 Jun. to 28
Jul. 2018

39 -15.824365 -71.843434 4.4

sab-1890 SC-05 28 Jul. to 06
Dec. 2018

131 -15.824365 -71.843434 4.4

sab-1892 SC-27 20 Jun. to 06
Dec. 2018

169 -15.806825 -71.842863 2.7

sab-1895 SC-22 23 Jun. to 07
Dec. 2018

167 -15.764047 -71.831625 3.7

sab-1926 SC-27 15 Apr. to 20
Aug. 2019

127 -15.806825 -71.842863 2.7

sab-1927 SC-05 06 Apr. to 20
Aug. 2019

136 -15.824365 -71.843434 4.4

sab-1947 SC-04 21 Aug. to 22
Oct. 2019

62 -15.824344 -71.744081 12.8

sab-1948 SC-05 21 Aug. to 22
Oct. 2019

62 -15.824344 -71.744081 4.4

sab-1957 SC-22 15 May to 24
Oct. 2019

160 -15.764047 -71.831625 3.7

sab-1963 SC-27 20 Aug. to 28
Nov. 2019

100 -15.806825 -71.842863 2.7

sab-1967 SC-04 15 Oct. to 28
Nov. 2019

44 -15.641568 -71.765053 12.8

Table 5.1: Tephra collectors samples analysed with the BetterSizer S3 Plus to obtain the
grainsize distribution and the morphology of primary ash fallouts.
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Figure 5.3: Sampling strategies applied for the collection of primary fallout and remo-
bilised particles. Inset picture shows the collection of remobilised particles on adhesive
paper at the level of the ground (R0 samples). Red arrows represent possible trajectories
of remobilised particles.

5.3.2 Observation and real-time sampling of aeolian remobil-

isation

We also collected airborne particles associated with aeolian remobilisation events

on adhesive paper at different sites (Figure 5.2B). We distinguished between parti-

cles sampled 1.5 m above the ground (samples labelled R150; Supplementary Table

A5.1), with the thin section held vertically facing the upwind direction, and parti-

cles that have been sampled by placing the adhesive paper face up at ground level

(samples labelled R0; Supplementary Table A5.1). During field experiments, we

have complemented the sampling strategy by sampling the most surficial ground

layer upwind of the thin section location (samples labelled SG; Supplementary Ta-

ble A5.1). This sample is characteristic of the source material from which airborne

remobilised particles originate. Figure 5.3 summarises the sampling strategies used

to collect airborne remobilised particles.

In order to measure the concentration of fine ash in suspension (diameter d ≤ 10

µm) and to complement the sampling of remobilised volcanic ash on adhesive paper,

we have undertaken in-situ measurements of Particulate Matter with a diameter

≤10 µm (PM10) near the location of the field experiments. PM10 measurements have

been performed using a SidePak AM520 PM10 measurement device with a sampling

frequency of 1 s. The evolution in the PM10 concentration has been recorded for
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Site Date Time
(hh:mm)

Duration
(hh:mm)

Latitude Longitude

5 29 Jul. 2018 12:06 – 14:30 02:24 -15.836799 -71.815849
12 30 Jul. 2018 09:46 – 11:46 02:00 -15.744903 -71.828286
15 31 Jul. 2018 11:35 – 15:46 04:11 -15.836247 -71.815980
31 03 Aug. 2018 09:27 – 15:22 04:55 -15.822000 -71.843777
36 04 Aug. 2018 10:36 – 11:47 01:11 -15.825111 -71.842083

Table 5.2: Date, duration (time is given in Peru standard time PET) and location of
PM10 measurements.

durations of 1 to 5 hours (Table 5.2).

Finally, we have acquired High Definition (HD; 1920 × 1080 pixels) and High

Speed (HS; 3200 frames s-1) videos of remobilisation events, with a Canon Legria

HFG40 and a Phantom Miro M110 HS Camera mounted with a 60 mm Nikon lens,

respectively. HD videos have been used to image, describe and classify aeolian remo-

bilisation events according to the categories of lithometeors proposed by Dominguez

et al. (2020a), whilst HS videos have been used to investigate remobilisation mech-

anisms at the scale of the particles (38.5 µm px-1). To do so, the HS camera was

placed on the ground and triggered for a duration of 1 s when particles were seen in

motion.

5.3.3 Particle characterisation

We have characterised the particles collected during the field campaign and have

applied specific analytical strategies, depending on the type of sample. In particular,

we have used distinct methods to analyse loose samples and the particles collected

on adhesive paper (Figure 5.3).

Particle size and morphology

Tephra samples obtained from collectors, from stratigraphic sections (layers A, B

and C) and from field experiments (i.e., samples of the most surficial ground layers),

were dried for 24 h in an oven at 80°C before obtaining their grainsize distributions

(GSD) by manual sieving up to 0 φ (i.e., 1 mm; φ = − log2 d, with d the particle

diameter in mm; Inman, 1952). The grainsize distribution of the fraction finer than

0 φ (d < 1 mm) has been measured by a combination of laser diffraction and dynamic
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image analysis using a BetterSizer S3 Plus analyser. The final GSD of each sample

has then been calculated from merging the grainsize distributions above and below

0 φ to obtain the weight percentage (m, wt%) of each size class i as follows

mwt%
i =

(mBSwt%
i m>0φ

i +m<0φ
i )

mt

, (5.1)

where mBSwt%
i is the weight percentage obtained with the BetterSizer S3 Plus, m>0φ

i

is the mass fraction larger than 0 φ (d < 1 mm), m<0φ
i is the mass fraction smaller

than 0 φ (d > 1 mm), and mt is the total mass of the sample. Based on the final

GSD, we calculated the median diameter MdΦ and the sorting coefficient ofInman

(1952) σΦ = (σ84Φ− σ16Φ)/2, with σ16Φ and σ84Φ being the 16th and 84th percentiles

of the grainsize distribution in Φ units, respectively.

The morphology of particles finer than 0 φ (d < 1 mm) has been obtained from

images acquired with two CCD cameras equipped on the BetterSizer S3 Plus. In-

dividual particle images were first treated automatically and manually in order to

remove touching and out-of-focus particles. The remaining images were then bina-

rized and analysed in order to obtain the equivalent diameter deq (deq = 4Ap/π,

with Ap the area of a particle) of the particles, as well as their form factor, solidity

and convexity, that are important shape parameters for measuring the form and

roughness of particles (Liu et al., 2015; Dominguez et al., 2020a). The form factor

describes the general roundness of the particles, with values of 1 indicative of spher-

ical particles. It is defined as a function of the area over the squared perimeter of

a particle (form factor = 4πAp/P
2
p , with Pp the perimeter of a particle). Solidity

corresponds to the ratio of the particle area to the area of its bounding convex hull

(solidity = Ap/Ach, with Ach the area of the bounding convex hull) and provides a

measure of the morphological roughness of the particles. The convexity, meanwhile,

is defined as the ratio between the perimeters of the convex hull and the particle

(convexity = Pch/Pp, with Pch the perimeter of the convex hull), and yields infor-

mation on the textural morphology (i.e., the roughness of the particle surface). For

both convexity and solidity, values close to 1 indicate that the particles are smooth

and rounded.

Samples of airborne particles collected on adhesive paper have been analysed with
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a reflected light microscope (Olympus BX61) equipped with an automated stage for

Multi Image Alignment (MIA). MIA allows us to capture the entire surface of the

adhesive paper in a single operation at a resolution of 2.2 µm px-1. Images were

then treated manually in order to contour the particles before binarization, that

was facilitated by the high contrast between the light-coloured primary ash parti-

cles and the black tape (see Supplementary Figure A5.2). The binary images were

analysed in ImageJ (Schneider et al., 2012) by using a macro based on the work

of Liu et al. (2015) to calculate deq and shape descriptors for particles with pixel

densities greater or equal to 250 px per particle. This, therefore, limits the analysis

to particles with deq ≥ 10 µm. Similarly to the analysis performed with the Bet-

terSizer, we have obtained the form factor, solidity and convexity of the particles.

Since the estimation of the particle morphology is different for loose material (i.e.,

dynamic image analysis) and for samples collected on adhesive paper (i.e., micro-

scope analysis), here we compare only the shape descriptors of samples analysed

with the same methods. Quantifying the discrepancies related to the difference in

analytical methods is beyond the scope of this study.

The total volume of the particles in a size class i is given by the sum of the

equivalent volumes V eq
i of all the particles with a deq belonging to size class i. The

GSD of the sample is then calculated in volume percentage (vol%) by dividing the

volume of particles in each size class by the total volume of the particles in the

sample Vt (Freret-Lorgeril et al., 2019)

V vol%
i =

∑
i

V eq
i

Vt
, (5.2)

where V vol%
i is the vol% of particles in the size class i. GSDs in vol% are later

converted in wt% by assuming that the particle density does not depend on the

particle size for the diameter range analysed with the microscope.

Density and composition analyses

Density measurements have been performed for the size fractions finer than 0 φ (d

< 1 mm). We have analysed three samples from tephra collectors (sab-1869, sab-
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1890 and sab-1892; Table 5.2), one sample of each stratigraphic unit, including the

most surficial ground layer. Using an Ultrapyc 1200e Helium pycnometer, we have

measured the density of some crushed samples of primary ash fallouts to enable DRE

estimates. Additionally, we have estimated the density of the deposits measuring the

mass of 10 cm3 samples from tephra collectors contained in a graduated cylinder with

a Mettler Toledo PM100 high precision balance. The uncertainty on these density

measurements has been constrained from the dispersion of the results obtained for

3 samples (sab-1869, sab-1890 and sab-1892).

The percentage of juvenile fragments from componentry analyses has been es-

timated for 2 primary ash samples (sab-1869 and sab-1895) and 3 different strati-

graphic units (A – site 30, B – site 30 and C – site 13) identified during our fieldwork.

For this purpose, we have manually separated the juvenile material with diameters

lower than 0 Φ (d > 1 mm) from lithic clasts at the binocular microscope. Juvenile

material consists of dark, poorly vesicular and highly porphyritic clasts (Manrique

et al., 2018), similarly to the products of the 1990-1998 eruption (Gerbe and Thouret,

2004).

The groundmass glass composition has been obtained with a Jeol JXA-8200

electron microprobe at the University of Geneva. They were carried out on a dense

ballistic fragments (sab-1813) (d ∼ 60 cm) that followed a ballistic trajectory after

ejection and that was sampled at a distance of about 500 m from the vent on 06 April

2018 (Supplementary Table A5.1). We have additionally analysed the groundmass

glass composition of juvenile volcanic ash from 4 primary ash samples (sab-1726,

sab-1832, sab-1869 and sab-1895) that are considered representative of the melt

composition (Table 5.3) and collected from 3 different stratigraphic units (A – site

30, B – site 30 and C – site 13). Analytical conditions for this were a 15 kV

accelerating voltage with an emission current of 6 nA and a beam diameter of 10

µm.
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5.3.4 Erupted volume and mass

We have drawn isopach maps from the thicknesses of the different units measured

during our field campaign (27 July to 12 August 2018). Isopach contours have been

constrained only for the top tephra layers analysed at field sites corresponding to flat

areas where deposits are undisturbed by surface elements (i.e., plants and rocks).

Estimation of the volume of tephra fallout was inferred using methods based on

the thinning of the deposits with distance from the vent, e.g. exponential (Pyle,

1989; Fierstein and Nathenson, 1992), power-law (Bonadonna and Houghton, 2005)

and Weibull (Bonadonna and Costa, 2012, 2013) fits, using the Matlab function

TephraFits (Biass et al., 2019).

Additionally, a cumulative isomass map was compiled based on mass load (kg

m-2) as derived from tephra collectors with observations spanning over three over-

lapping periods from April 2018 to November 2019. The three periods considered

are: i) from April 2018 to October 2019, for tephra collectors west of the vent; ii)

from May 2018 to October 2019, for tephra collectors mainly located east of the

vent; and iii) from July 2018 to November 2019, for the most proximal and distal

tephra collectors. These periods all include the period from July 2018 to October

2019 and respectively cover 19, 18 and 16 months. The period from July 2018 to

November 2019 is associated with the shortest sampling duration and, therefore,

provides minimum estimations for contouring tephra accumulation. The calculation

of the cumulative mass of tephra was based on these three periods, as they were as-

sociated with the highest number of available measurements and the widest spatial

distribution for constructing the isomass map. Similarly to volume calculations, we

have estimated the erupted mass based on the exponential, power-law and Weibull

methods. The erupted mass was converted to erupted volume based on the deposit

density estimation.

5.3.5 Explosion frequency and classification

Pulsatory explosive behaviour of Sabancaya as seen from sporadic visual obser-

vations has been analysed based on the distribution of the repose times between

explosions and the calculated viscosity of magma, following the methodology of
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Dominguez et al. (2016). We have investigated the frequency of explosions and

the repose intervals of consecutive single events by cross-checking geophysical data

recorded by the OVI seismic stations and visual observations (Machacca Puma et al.,

2021; Coppola et al., 2022) from the beginning of the explosive activity in November

2016 until May 2021. Although the geophysical data and the explosive activity at

the surface are difficult to correlate, real-time and continuous monitoring of geo-

physical signals offers an uninterrupted proxy for the frequency of explosions, whilst

visual observations can only be used during the day and under favourable weather

conditions. However, visual data provided valuable insights in order to statistically

constrain the threshold of seismic energy (>0.1 MJ) associated with visible explo-

sions producing pyroclastic material, enabling filtering of the seismic signal. For

the classification of the explosions based on their frequency, the distribution of the

repose time between single events has been analysed by applying the log-logistic

renewal process following the methodology of Dominguez et al. (2016). To this

end, the magma viscosity was constrained based on the models of Giordano et al.

(2008), for the melt viscosity, and Costa et al. (2009) for the bulk viscosity. The

melt composition was constrained from the groundmass glass compositions of the

tephra produced between June and July 2017 (sab-1726) and between April and

May 2018 (sab-1832), whilst we have considered the same water content of 1.5 wt%

and crystallinity of 22.5 vol% as reported by Gerbe and Thouret (2004), given the

similarities in the magma composition between the current eruptive activity and

the 1990-1998 cycle. A melt temperature of 900° C is assumed as an average value

for similar magma compositions such as Santiaguito, Guatemala (Scott et al., 2012)

and Ubinas, Peru (Rivera et al., 2014) eruptions.

5.4 Results

5.4.1 Tephra deposits

The tephra deposits located at distances <10 km from the vent can be divided into

three main layers (A, B and C) that are described below. Figure 5.4 shows the

correlation between the stratigraphic sections studied at increasing distances from
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the vent, along with representative GSDs and particle shape analysis for sites 41

(2.6 km of SE the vent) and 30 (4.5 km SE of the vent) which are used as reference

sections. Table 5.3 presents the composition in major elements of groundmass glasses

and the percentage of juvenile fragments, for layers A, B and C, as well as for

primary tephra samples and tephra emitted during the 1990-1998 eruption (Gerbe

and Thouret, 2004). All samples are characterised by rhyolitic groundmass glass

compositions highly enriched in K2O (> 5 wt%).

Layer A represents the top of the stratigraphic sections. It is composed of un-

compacted grey ash covered by a millimetric (<5 mm) layer of coarser ash. A is well

sorted, with MdΦ values between 1.5 and 2.6 Φ, and σΦ between 0.8 and 1.5 Φ. The

top, slightly coarser ash (MdΦ = 1.0 – 2.6 Φ) is less sorted, with σΦ varying from 0.8

to 3.3 Φ. The thickness of layer A varies locally, notably as a function of the surface

elements (e.g., vegetation, boulders, topography; Supplementary Table A5.1). For

example, at 6.5 km southeast from the vent, it varies between 5 cm inside plants and

2 cm outside. Moreover, the thickness of layer A does not decrease gradually with

distance from the vent, but is rather uniform and generally between 2 and 3 cm in

the entire studied area (Figure 5.4). The local variation in thickness, the presence

of ripples at the surface of the deposits (Supplementary Figure A5.3) and of cross-

bedding structures in A, along with the looseness of the material suggest that layer

A has undergone wind erosion and is probably continuing to be remobilised.

Below A, layer B appears as a compacted layer of darker grey ash stratified

in multiple sub-layers in most proximal locations (e.g., site 41; Figure 5.4). The

grainsize distributions of A and B are very similar (MdΦ = 1.4 – 3.3 Φ and σΦ = 0.8

– 2.7 Φ; Figure 5.4), and their groundmass glass composition is nearly identical, with

similar percentages of juvenile fragments (87 % for A and 77 % for B at site 30; Table

5.3). The form factor values of particles in layers A and B are also comparable, with

90 % of the particles between 0.3 and 0.8, and median form factors of 0.7 (Figure

5.4). Similarly to A, the thickness of B varies at the local scale in association with the

presence of surface elements (Supplementary Table A5.1). Conversely, the thickness

of B clearly varies as a function of the distance from the vent along the prevailing

wind direction and passes from 18 cm at 2 km E of the vent (site 47) to 1.5 cm at
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Figure 5.4: Stratigraphic sections of the most recent tephra deposits associated with
Sabancaya. Tephra deposits are correlated between sections arranged from the closest to
the furthest from the vent (from left to right) and correspond to the green rectangles in
Figure 5.1C. Distances from the vent are given above sketches of the sections. Each section
is illustrated by a photograph (the white bars 5 cm long in all images), with additional
grainsize and morphology measurements for sites 41 and 30. The general roundness of the
particles is expressed through the form factor shape parameter in whisker box plots, with
the red lines representing the median of the distribution, the lower and upper limits of the
boxes indicating the 25th and 75th percentiles and the dashed lines extending to the 1st

and 99th percentiles.
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6.5 km (site 56). Similarly to A, the local variation in the thickness of B, along with

the presence of fine ash lenses (Dominguez et al., 2020a) suggests that B could have

been affected by syn-eruptive remobilisation, as is the case for A, while the general

trend suggests it represents a primary layer. Given the similarities between layers A

and B in terms of composition, componentry and morphology and their distribution

at the top of the stratigraphic sections, we consider that they correspond to tephra

fallouts from the current cycle (post-2016) of explosions of Sabancaya. The only

difference observed between A and B is the level of compactness, with the loose

material of A emplaced above the compacted layer B.

Layer C is a brown, compacted tephra layer (MdΦ = 2.6 – 2.8 Φ and σΦ = 0.9

– 1.5 Φ) that constitutes the base of the stratigraphic section (Figure 5.4). C is

distinguished from A and B by its lower content of juvenile fragments (lower than

25 %; Table 5.3), and it appears less fresh and often representing a horizon in which

small roots are often located. The groundmass glass composition of C is similar to

that of A and B, and comparable to the that of tephra from the 1990-1998 eruption

(Table 5.3; Gerbe and Thouret, 2004. Given the above, we attributed layer C to the

previous (i.e. 1990-1998) cycle of activity at Sabancaya.

We observed that more distal tephra deposits (at distances >10 km from the

vent; e.g., site 45 in Figure 5.4) are different from those observed in proximal areas.

Tephra are considerably coarser (MdΦ = -1.3 – 0.4 Φ) and poorly sorted (σΦ = 2.5

– 3.0 Φ). We nonetheless distinguish 2 layers, D1, an uncompacted layer at the top

of the stratigraphic sections, and D2 directly underneath (Figure 5.4).

5.4.2 Tephra sampled in vertical collectors and adhesive pa-

per

The GSDs of the primary tephra sampled in the ash collectors are unimodal and

relatively fine, with a median particle diameter below 500 µm (Figure 5.5A). As

expected for low-intensity explosions, such as those produced by Sabancaya, the

mode of these GSDs rapidly decreases with distance from the source, passing from

355-500 µm at 2.7 km from the vent to 180-250 µm at 12.8 km from the vent. MdΦ

ranges from 1.5 to 2.1 Φ and σΦ ranges from 1.0 to 0.8 Φ. Values of the solidity
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of primary tephra are principally between 0.8 and 1.0, with 90% of the particles in

that range. The convexity is mostly between 0.9 and 1 for 90 % of the particles

(Figure 5.5A). DRE density is 2802.2 ± 11.3 kg m-3, while the bulk density of the

material sampled in tephra collectors is 1560.1 ± 26.9 kg m-3.

GSDs of primary tephra collected on adhesive paper are bimodal, with a fine

(45-63 µm) and a coarser (180-250 µm) mode (Figure 5.5B). Traces of volcanic ash

aggregates are often found on these adhesive paper, which most likely correspond to

the particle clusters described by Brown et al. (2012) and Bagheri et al. (2016) that

easily break upon impact. Solidity and convexity of these particles are between 0.57

and 0.90 and 0.63 and 0.97 for 90% or particles, respectively (Figure 5.5B). These

values are indicative of less circular and smooth particles than those sampled in the

tephra collectors.

5.4.3 Volume of tephra deposits

We constrained the cumulative volume of A and B that represents the volume of

tephra emitted between the beginning of the eruption in November 2016 and our

field campaign that took place from 27 July to 12 August 2018.

An isopach map has been compiled from the cumulative thickness of layers A

and B (Figure 5.6A). However, the number of field sites available for constraining

the isopach contours is spatially limited, notably because we have been unable to

access the western part of the edifice. The elongation of isopach contours was,

therefore, assumed to be both toward the east and the west, in agreement with the

prevailing wind directions during the dry and wet season, respectively (Figure 5.1B;

Thouret et al., 1994). The gradual decrease of the deposit thickness with distance

was fitted with exponential, power-law and Weibull trends (Figure 5.6B). The details

of the different fitting strategies are described in Appendix A5.2. For the power-law

fitting, we find an exponent m less than 2 (m = 1.2), which is characteristic of

poorly exposed deposits; and the estimation of the volume is, therefore, sensitive to

the distal integration limit (Bonadonna et al., 2015a; Biass et al., 2019). In order to

account for this sensitivity and provide uncertainties on volumes obtained from the

power-law fitting strategy, we calculate the volume by averaging the estimates for
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Figure 5.5: A. GSDs of the ash accumulated in primary ash collectors (sab. samples)
for the different locations in wt%. The inset on the right shows the shape parameters,
convexity and solidity, of primary particles sampled in ash collectors. B. GSD of primary
ash fallout samples (prim. samples) collected on adhesive paper at sites 25-28 (4.4 km from
the vent). The inset shows the convexity and solidity, of primary ash particles collected
on adhesive paper.
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Figure 5.6: A. Isopach map (in cm) of layers A and B cumulated. The position of the
vent is indicated by the red triangle. B. Semi-log plot of the deposits thickness against
the square-root of isopach areas. Exponential, power-law and Weibull fits are represented
by the solid blue, dashed red and dashed-dotted green lines, respectively.

two distal integration limits that correspond to the values of the square root areas

at which the power-law trend equals to 0.01 and 0.001 cm (i.e., thickness becomes

comparable to the diameter of individual fine particles).

The estimated volume of tephra deposits is 0.03, 0.06 and 0.03 km3 with the

exponential, power-law and Weibull fitting strategies, respectively. Based on the

average and on the standard deviation of these estimates, we retain a volume of 0.04

± 0.02 km3 deposited between November 2016 and August 2018. This corresponds

to a DRE volume of 0.02 ± 0.01 km3 calculated from the values of the deposit

and DRE densities presented above. Note that the uncertainties reported here only

correspond to the dispersion of the results provided by the different fitting methods.
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5.4.4 Mass of tephra collected in vertical collectors

A cumulative isomass map has been compiled from the data of the tephra collectors

between April 2018 and November 2019 during which most measurements are avail-

able (Figure 5.7A). The number of data points available is yet limited, and we were

only able to estimate three isomass contours. Additionally, the isomass map is not

well constrained southwest of the vent, an area that lacks tephra collectors due to

the difficulty of access on the steep edifice of Ampato volcano. Moreover, because

of the morphology of the terrain and the small magnitude of the eruptions, only a

few distal measurements are available west and north of the vent, in the valley of

the Colca river, and we were unable to draw a distal isomass contour (i.e., for a

load of 0.1 kg m-2). The elongation of the isomass contours suggests fallout disper-

sion toward the east-southeast and the west-northwest, which reflects the prevailing

wind direction at Sabancaya during the dry and the wet season (Figure 5.1B). Simi-

larly to the deposit thickness, the gradual decrease of the tephra load with distance

was fitted with exponential, power-law and Weibull trends (Figure 5.7B; Appendix

A5.3). Again, we find m less than 2 (m = 1.7) for the power-law fitting, indicating

that the estimation of the mass is sensitive to the distal integration limit. Hence,

we calculate the mass by averaging the estimates for two distal integration limits

that correspond to the values of the square root areas at which the power-law trend

equals to 0.1 and 0.01 kg m-2.

We obtain a cumulative mass of 1.1 × 109 kg using the exponential function,

2.3 ± 0.7 × 109 kg with the power-law function and 1.4 × 109 kg with the Weibull

function. From the average of the masses obtained with the different fitting strate-

gies, we therefore retain a mass of 1.6 ± 0.7 × 109 kg for the period from April

2018 to November 2019. Using the deposit and the DRE densities, this yields a

cumulative bulk volume of 1.1 ± 0.5 × 10-3 km3 for the total deposit and a DRE

volume of 5.8 ± 2.5 × 10-4 km3, for the period between April 2018 and November

2019 (20 months). This corresponds to a bulk volume of 5.5 ± 2.5 × 10-5 km3 and

a DRE volume of 2.9 ± 1.3 × 10-5 km3 per month (3.5 ± 1.5 × 10-4 km3 DRE per

year). Again, the uncertainties reported here on mass and volume estimates only

correspond to the dispersion of the results provided by the different methods.
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Figure 5.7: A. Isomass map in kg m-2 for the accumulation of tephra in ash collectors
from April 2018 to November 2019. Sampling from three overlapping periods has been
considered together in order to draw the isolines: from April 2018 to October 2019 in the
white circles, from May 2018 to October 2019 in the green diamonds and from July 2018
to November 2019 in the orange squares. The position of the vent is indicated by the red
triangle B. Mass decay profile computed from the isomass map in a semi-log plot of the
tephra accumulation against the square root of isomass areas. Exponential, power-law and
Weibull fits are represented by the solid blue, dashed red and dashed-dotted green lines,
respectively.
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5.4.5 Pulsatory explosive activity of Sabancaya

Eruptive activity at Sabancaya is characterised by a cyclic and pulsatory eruptive

style since November 2016, when the first magmatic explosions took place. A de-

tailed statistical analysis, and the application of the renewal log-logistic model to

describe the temporal variation of the repose time between explosions, allows for the

quantification of the unsteadiness of this activity. More information on the statisti-

cal analysis can be found in Appendix A5.4. Based on a comprehensive satellite and

ground-based dataset including optical images, SO2 fluxes and shallow seismicity,

Coppola et al. (2022) defined 6 phases for the current eruption of Sabancaya from

November 2016 to December 2020. In order to apply statistical renewal methods

to correlate homogeneous eruptive styles, in this study we have analysed the sta-

tionarity of this activity based on a moving-average test over the same 6 phases

(2016 – 2020) as well as with the period from January to May 2021. As shown in

Figure 5.8A, phase II previously defined by Coppola et al. (2022) for being a phase

of intense explosive activity accompanied of a dome growth has been sub-divided in

3 homogeneous sub-phases, IIa, IIb and IIc. Indeed, this phase was characterized

by 3 deepening-refilling cycles marking the variations on frequency and energy of

explosions (Coppola et al., 2022). Table 5.4 summarises the descriptive statistics of

the 8 stationary phases including the median, mean and maximum repose interval

as well as the frequency of explosions per phase.

The results of the detailed repose interval analysis show an intercalation of low

(i.e., phases I, V, VII) to medium frequency (i.e., phases IIb, III, IVa, IVb, IVc, VI)

with high frequency phases (i.e., IIa, IIc, IVd, VIII). In this line, phases I, V and

VII, with 11, 10 and 6 explosions per day, represent the lowest frequency phases

with significant variable median repose times of 70, 25 and 80 minutes; and highly

contrasting maximum repose times of 38, 222 and 68 hours, respectively. The phases

with higher frequency (IIa, IIc, IVd, VIII), with 38, 42, 55 and 42 explosions per day

also have the shortest median repose times, between 18 and 23 min, and variable

maximum repose times of 39, 29, 6 and 9 hours, respectively (Table 5.4). During

our field campaign in July-August 2018, an average of 21 explosions per day, with

a median repose interval of 41 minutes, were recorded (Figure 5.8A, Table 5.4).
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Figure 5.8: A. Time series of explosions at Sabancaya from the beginning of the eruption
up to May 2021 shown by the repose interval between explosions. The red solid line
corresponds to the moving-average of the repose interval. Based on the work of Coppola
et al. (2022) and the variability of the time series, 8 phases have been identified. The
dashed red box indicates the time of our field campaign. B. Variations of magma viscosity
as a function of the median of the repose interval for several published data and for the
phases IIb and III of Sabancaya where viscosity has been estimated. C. Classification of
pulsatory activity based on the log-logistic parameters for the distribution of the repose
time interval, µ and s, associated with the frequency and regularity of activity, respectively.
Circles correspond to various eruptions of the dataset of Dominguez et al. (2016). Diamonds
correspond to the eight phases of Sabancaya analysed in this study.



Chapter 5 213

Phase Start date
(DD/MM/YYYY)

End date Median
(min)

Mean
(min)

Maximum
(hours)

Frequency
(explosions
day-1)

I 06/11/2016 23/12/2016 70 132 38 11
IIa 24/12/2016 24/03/2017 23 38 39 38
IIb 25/03/2017 25/08/2017 34 54 86 27
IIc 26/08/2017 23/01/2018 25 34 29 42
III 24/01/2018 13/03/2019 51 88 44 17
IVa 13/03/2019 11/05/2019 38 70 24 21
IVb 12/05/2019 31/07/2019 39 83 35 18
IVc 01/08/2019 25/09/2019 34 55 17 27
IVd 26/09/2019 23/10/2019 18 27 6 55
V 23/10/2019 30/08/2020 25 138 222 10
VI 01/09/2020 30/11/2020 35 56 13 26
VII 01/12/2020 02/02/2021 80 235 68 6
VIII 03/02/2021 05/05/2021 23 34 9 42
Field
campaign

27/07/2018 12/08/2018 41 62 19 21

Table 5.4: Repose time interval for all the phases analysed at Sabancaya from 2016 to
2021. The period of the field campaign is also described.

Based on the median of the repose time and the magma viscosity correlation pro-

posed by Dominguez et al. (2016), the 2 phases for which we were able to estimate

the magma viscosity (i.e., phases IIb and III; Figure 5.8B) follow the trend of other

pulsatory activities with similar compositions such as the 2003 cycle of Santiaguito

(Guatemala). The log-logistic parameters of the repose interval distribution, µ (as-

sociated with α, the scale of the distribution) and s (associated with the shape of the

distribution), which provide insights into the frequency and regularity of activity,

respectively, are shown in Figure 5.8C for all the phases identified at Sabancaya and

compared with a dataset of various pulsatory eruptions (Dominguez et al., 2016).

Figure 5.8C shows that the most frequent phases (i.e., IIa, IIc, IVd, VIII) cluster

with the lowest µ and s, indicating phases of frequent and regular activity; whilst

the medium frequency phases (i.e., IIb, III, IVa, IVb, IVc, VI) cluster with a slightly

higher µ and s. In contrast, the lowest frequency phases (i.e., I, V, VII) show a

high variation in µ and s corresponding also to the high variation in the median of

the repose interval and the irregularity of this activity, particularly for the phases

V and VII with the highest values of s (Figure 5.8C).
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Figure 5.9: Aeolian remobilisation phenomena encountered at Sabancaya during the field
campaign (from 27 July to 12 August 2018). A. drifting ash on 29 July 2018 B. blowing
ash on 29 July 2018 C. ash whirl on 29 July 2018 D. ash storm on 03 August 2018. Black
arrows point in the direction of the wind.

5.4.6 Remobilisation phenomena

We have encountered a variety of aeolian remobilisation phenomena during the field

campaign that happened simultaneously with the explosive events. Notably based

on the loss of visibility, these phenomena can be categorised according to the classi-

fication of Dominguez et al. (2020a) which has been adapted from the lithometeors

of the World Meteorological Office (Figure 5.9). Here, we focus on the class of

phenomena that describes the particles that are being raised in the atmosphere at

the time of observation, as a result of an interaction between atmospheric and soil

conditions. We do not describe phenomena that correspond to particles already

suspended prior to the time of observation.

Drifting and blowing ash consist of ash raised by the wind to small (<1.80 m)

and moderate (≥1.80 m) heights, respectively, for durations on the order of minutes

(Figure 5.9A-B; 5.7: Supplementary Video A5.1). They are the most common remo-

bilisation phenomena that have been observed daily under all weather conditions.

The main difference between drifting and blowing ash is that blowing ash can reach

eye level (1.80 m above the ground) and reduce the visibility at that height, whilst
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drifting ash remain too low to reduce the visibility at eye level.

Ash whirls (alternatively called “ash devils”) share similarities with drifting and

blowing ash, with the particularity that the ensembles of ash are raised in the form

of a column that spins around an approximately vertical axis (Figure 5.9C; 5.7:

Supplementary Video A5.2). The formation of ash whirls is powered by heating

from insolation and their lifetime spans between tens of seconds and a few minutes

(Sinclair, 1969; Balme and Greeley, 2006). They were recurrently identified on the

field, with multiple ash devils observed every day.

Finally, ash storms are the most intense and rarest remobilisation phenomenon

that were encountered in the field. Large quantities of ash are lifted to great heights

by strong turbulent winds during ash storms and the visibility is greatly reduced

(Figure 5.9D; 5.7: Supplementary Video A5.3). The occurrence of ash storms can

raise particles for prolonged periods of time and trigger ash hazes (i.e., particles

suspended in the atmosphere), even far from the source.

5.4.7 HS videos and PM10 measurements

We have imaged the remobilisation transport mechanisms at the scale of the par-

ticles. The remobilisation of the grains is intermittent, with short periods of gusts

during which numerous particles were seen in motion separated by longer periods of

rest. HS videos additionally offer an insight into the different remobilisation mech-

anisms, with coarse particles moving by creep on the ground surface, and finer par-

ticles transported by saltation (see 5.7; Supplementary Video A5.4). Unfortunately,

the resolution of the images is not sufficient to image the very fine particles that

have the potential to enter into suspension. However, it is particularly interesting to

observe the splash effect during aeolian remobilisation events, when saltating parti-

cles hit the surface and trigger the motion of other particles upon impact, favouring

their remobilisation and potential entrainment in suspension ((Shao et al., 1993);

Supplementary Figure A5.4).

As seen in the HS videos, short-lived wind gusts can entrain numerous particles

in suspension that were also evidenced in the PM10 concentration measurements.

Temporal variations in the PM10 series show the intermittent nature of aeolian
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remobilisation (Figure 5.10). Interestingly, PM10 concentrations tend to increase

over the course of the day, in correlation with the diurnal evolution of soil surface

and meteorological properties (Mingari et al., 2020). Specifically, we see that the

increase in PM10 concentrations is associated with an increase in the wind speed and

the surface temperature during the day (Figure 5.10). Thus, due to a reduction in

soil moisture through surface heating, as well as increasing wind friction velocities,

more particles are prone to be remobilised as cohesive forces of the most surficial layer

might diminish over the day. For all the days studied here, the PM10 concentration

regularly exceeds limits defined by the World Health Organisation for daily (0.15

mg m-3) and yearly (0.05 mg m-3) average exposures, especially during ash storms

that have been analysed on the 03 and 04 August 2018 (Figure 5.10D-E).

5.4.8 Characterisation of remobilised ash

Figure 5.11 shows the GSDs of airborne remobilised particles collected on adhesive

paper at the ground level (R0) and at heights >1.5 m (R150) (see Figure 5.3 that

illustrates the differences between the sampling strategies). It is clear that the GSDs

are distinct, possibly depending on the transport mechanism of the particles. R0

samples are associated with a fine modal diameter of 45-63 µm, whilst R150 samples

exhibit a very fine mode below 20 µm at 11-16 µm (red and blue GSDs of Figure

5.11, respectively).

In order to better understand these differences in the sizes of remobilised par-

ticles, we compare the GSDs of airborne remobilised particles with the sample of

the most surficial ground layer collected upwind that is representative of the source

material (SG sample; Figure 5.12). Volcanic ash particles on the ground are coarser

than airborne remobilised ash, with a modal diameter of 250-355 µm. This indicates

that aeolian remobilisation is a size-selective process favouring the transport of fine

particles, as already described in a number of studies (Shao and Lu, 2000; Kok et al.,

2012; Jarvis et al., 2020).

The GSDs of remobilised and ground particles are additionally compared with

the threshold friction velocity model, u∗t, of Shao and Lu (2000) and the model of

Mingari et al. (2020) for transport mode (Figure 5.11). R0 samples are associated
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Figure 5.10: PM10 concentration measurements for the A. 29 July, B. 30 July, C. 31
July, D. 03 August and E. 04 August 2018 compared with hourly averaged wind speed
at 10 m above the surface (dashed-dotted blue line) and temperature (dashed red line)
obtained from the ECMWF ERA-Interim reanalysis. The solid green line is the moving
average of the PM10 concentration performed over time spans of 2 minutes. Yellow regions
indicate recommended PM10 limits of 0.05 and 0.15 mg m-3 for yearly and daily exposures
(Elissondo et al., 2016; Mueller et al., 2020). Table 5.2 contains the location and the
duration of the PM10 measurement presented here.
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Figure 5.11: Representative GSDs of the most surficial ground layer (SG) upwind of
airborne particles remobilised by the wind sampled at the ground level (R0) and at heights
> 1.5 m (R150). Samples have been collected at sites 31, 40, and 61, respectively at
4.1, 4.5 and 4.4 km from the vent (Supplementary Table A5.1). The GSDs are compared
with the model of the threshold friction velocity (u∗t) of Shao and Lu (2000) (solid blue
line) indicating the minimum wind friction velocity (u∗, on the right y-axis) for which
grains become mobile and the model of Mingari et al. (2020) (solid green line) showing the
critical grainsize at which a transition between suspended and saltating particles might
occur. Both models are associated with the grainsize of the particles and the wind friction
velocity. The yellow and orange shaded regions respectively cover the grainsizes that are
transported in suspension and saltation for wind friction velocities of about 0.5 m s-1.
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with the grainsizes that minimise the threshold friction velocity, typically between

70 and 100 µm. Hence, they correspond to the particles that are most likely moving

only under action of the wind, whilst both coarser and finer particles are respectively

too heavy and too cohesive to easily lift off. Considering low and common wind

friction velocities ≤0.5 m s-1 (Dominguez et al., 2020b; Mingari et al., 2020), the

particles collected on R150 samples are unlikely to be remobilised only by the wind,

but rather due to the impact of coarser saltating particles with the ground (Shao

et al., 1993). Moreover, for the same range of wind friction velocities, particles with

diameters below the range 32-45 µm are expected to stay in suspension once in

the atmosphere, as their settling velocities are lower than the wind friction velocity

(Mingari et al., 2020). This size threshold is found to correctly separate the modal

grainsize of particles collected on R0 and R150 samples (Figure 5.11).

The morphologies of airborne primary (prim.) and remobilised (R0 and R150)

particles collected on adhesive paper are presented in Figure 5.12. Similarly to

Dominguez et al. (2020a), we have refined the shape analysis by separating the

particles in three size classes: (i) below 63 µm (class 1), (ii) between 63 and 125

µm (class 2), and (iii) above 125 µm (class 3). In general, the shape descriptors of

primary and remobilised ash are very similar, with differences in the median values

<0.1. This indicates that volcanic ash particles at Sabancaya have comparable

morphologies, regardless of their transport and deposition mechanisms. Remobilised

particles are nonetheless systematically associated with slightly greater variability

in the shape descriptors than primary ash, especially for the form factor in particles

<125 µm (class 1 and 2, Figure 5.12C).

In more detail, R0 samples exhibit minor differences in classes 1 and 2. They

have median values of convexity of 0.89 and 0.85 for classes 1 and 2, respectively,

whilst primary ash has median values of 0.84 and 0.81. R150 samples have median

convexity values close to those of primary ash (0.85 and 0.82 for classes 1 and 2,

respectively) (Figure 5.12A). For classes 1 and 2, median solidity values of remo-

bilised particles are almost identical to those of primary particles, with differences

≤ 0.02 (Figure 5.12B). The median form factor of the remobilised particles ≤125

µm collected on R0 samples is 0.52 for both class 1 and class 2. These values of
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Figure 5.12: Box and whisker plots showing the comparison of A. the convexity, B.
the solidity and C. the form factor between airborne primary (prim.) and remobilised
(R0 and R150) ash particles collected on adhesive paper. Values close to 1 in these shape
descriptors are indicative of smooth and rounded particles.
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form factor are subtly greater than that of primary ash (0.45 and 0.46) and R150

samples (0.44 and 0.45) (Figure 5.12C). This suggests that particles collected on

R0 samples are slightly more rounded and smoother than the particles collected

on R150 samples. However, median shape descriptors values are very similar for

all class 3 particles, with maximum differences of ≤0.03 for all shape parameters.

All particle types have median convexity values ranging from 0.81 to 0.84, median

solidity values are comprised between 0.86 and 0.89, and median form factor values

span the range from 0.51 to 0.54.

5.5 Discussion

5.5.1 Preservation and interpretation of tephra deposits

We have distinguished 3 tephra layers at Sabancaya. Upper layers (A and B) can

be related to the ongoing activity and rapidly thin out and vanish going from prox-

imal to distal sections (Figures 5.4, 5.6A). This process is possibly accentuated by

wind erosion. Since after the 1990-1998 Sabancaya eruption a repose interval of

200 years followed (Thouret et al., 1994; Gerbe and Thouret, 2004; Juvigné et al.,

2008), this activity was associated with the layer C that notably shares similar per-

centages of juveniles and groundmass glass composition (Table 5.3). Similarities in

the plume heights and andesitic magma compositions nonetheless exist between the

previous eruptive episode (1990-1998) and the current activity (post-2016), further

confirming the attribution. The succession of very similar eruptive episodes over a

relatively short timescale at Sabancaya is, therefore, an additional challenge for the

interpretation of the deposits and the study of separate eruptions.

Tephra deposits retain valuable information into the dynamics of past eruptions

and are used to reconstruct the total GSD (Bonadonna and Houghton, 2005), mag-

nitude (i.e., mass, volume), intensity (i.e., plume height, mass eruption rate) and

duration of volcanic events (Carey and Sparks, 1986; Fierstein and Nathenson, 1992;

Bonadonna and Costa, 2013; Houghton and Carey, 2015; Aubry et al., 2021). They

therefore provide important information for understanding the eruptive history of a

volcano and develop potential scenarios of future eruptions for hazard assessments
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(Bonadonna, 2005b; Biass et al., 2016a; Bonadonna et al., 2021). Constraining erup-

tive parameters from tephra layers requires that they are representative of the orig-

inal deposits. However, post-depositional processes, such as aeolian remobilisation,

can affect the characteristics of the deposits (Engwell et al., 2013) and particularly

in cyclic volcanic contexts during which small amounts of tephra are produced in-

termittently in very dynamic erosional conditions. At Sabancaya, both layers A and

B show clear evidence of wind reworking. According to field observations, the loose

layer A that constitute the very top of the stratigraphic sections is subject to con-

tinuous deposition of primary tephra and simultaneous subsequent remobilisation.

The thickness of layer A does not decrease with distance from the vent and is rather

homogeneous for the entire area studied during the field campaign (Figure 5.4, Sup-

plementary Table A5.1), as it corresponds to the uncompacted tephra deposit that

is continuously being remobilised and redistributed over the area surrounding the

vent (Dugmore et al., 2020). We have seen that, in these arid areas of low vegetation

cover, the deposit thickness is particularly sensitive to local variations in the wind-

ward and leeward sides of plants, which are notably a result of tephra entrapment

and preservation in the vegetation during primary and secondary transport (Blong

et al., 2017; Dugmore et al., 2018; Dominguez et al., 2020a). It is worth mentioning

that additional water and glacial erosion take place at Sabancaya as well (Thouret

et al., 1994). As a consequence, the interpretation of stratigraphic sections could,

therefore, lead to inaccurate assessments of the eruptive parameters, and should be

complemented by different sampling methods (e.g., ground and airborne material,

vertical and horizontal mass fluxes), field observations (e.g., HS and high-resolution

videos) as well as measurements in various environments (e.g., including sections in

peat bogs; Juvigné et al., 2008; Fontijn et al., 2014) in order to comprehensively

study tephra layers of pulsatory activity in dynamic weather terrains as is the case

of Sabancaya.

5.5.2 Volume of tephra deposits

Based on measurements of the deposits thickness, we have estimated a bulk vol-

ume of 0.04 ± 0.02 km3 and a DRE volume of 0.02 ± 0.01 km3 emitted between
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November 2016 and August 2018 (Figure 5.6). This corresponds to a Volcanic Ex-

plosivity Index (VEI) of 3 (Newhall and Self, 1982), and is comparable to the volume

emitted from May to October 1990 (0.025 km3) during the previous eruption of Sa-

bancaya (Thouret et al., 1994; Gerbe and Thouret, 2004). However, the volume of

the deposits estimated here is about one order of magnitude greater than the volume

estimated from the height of the volcanic plumes, as calculated from recordings of

the optical camera network (< 0.01 km3; Coppola et al., 2022). The discrepancy

between the two measurement strategies can be explained by the underestimation of

the fraction of particles contributing to the thermal mass of the plumes (Bonadonna

et al., 2002a; Druitt et al., 2002; Londono and Galvis, 2018), and by the caveats

associated with the measurements of the height of volcanic plumes from optical

cameras, i.e., impossibility to measure the plume heights during nights, and limita-

tions of measurements that do not account for the distortion of plumes by the wind

(Scollo et al., 2014). Additionally, the tephra deposits are poorly exposed, and we

have not been able to measure their thickness in the western side of the volcanic

edifice due to the challenging terrain. This leads to uncertainties in the estimation of

the tephra volume which are difficult to assess (Klawonn et al., 2014a,b; Bonadonna

et al., 2015a).

Besides, the measurement of the tephra volume from November 2016 to August

2018 are complemented by the tephra collector network, sampled from April 2018

to November 2019. During this latter period, we find that a mass of 1.6 ± 0.7

× 109 kg has been emitted (Figure 5.7). This corresponds to a DRE volume of

5.8 ± 2.5 × 10-4 km3 for the whole period and a DRE volume of 2.9 ± 1.3 ×

10-5 km3 per month. It is therefore evident that the volume of tephra emitted in

this period is very low compared to the estimated volume based on the deposits

of layers A and B. This is also illustrated by the measurements of Coppola et al.

(2022), that show that significantly lower volumes of ash have been emitted since

2018. It is also interesting to compare the amount of tephra produced by similar

eruptions. The volume of tephra estimated between April 2018 and November 2019

is very low in comparison with the large Vulcanian explosions of Soufrière Hills

volcano (Montserrat), for which average tephra volumes are estimated at 1.1 × 10-4
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km3 from August to October 1997 (Bonadonna et al., 2002b; Druitt et al., 2002).

The size, magnitude and frequency of the explosions at Sabancaya are much more

comparable to their counterparts at Sakurajima volcano. Between 2011 and 2015,

Oishi et al. (2018) have estimated the monthly averaged volume of volcanic ash

fallouts to range from 3 × 10-4 to 4 × 10-4 km3 per month. These values are about

one order of magnitude higher than those for the period between April 2018 to

November 2019 at Sabancaya .

It is important to note that the uncertainties on the mass and volume of tephra

deposit only account for the dispersion of the results obtained with various empirical

methods. Other sources of uncertainties notably include the absence of field sites

located west of the edifice and in proximal areas (<5 km from the vent) and the

lack of proximal tephra collectors southwest of the vent . In addition, given the

meteorological conditions at Sabancaya, it cannot be excluded that a small portion

of the thin tephra layers deposited on the funnel of the collectors may have been

lost and transported by the wind before depositing in the container, and/or that

the accumulated material in the collectors contains a proportion of remobilised ash.

Yet, both the decrease of the median grainsize (Figure 5.5A) and gradual thinning

of the deposits (Figures 5.4, 5.6A, 5.7A) with distance are still observed, as expected

for primary fallouts.

5.5.3 Vulcanian activity at Sabancaya volcano

The current eruptive cycle at Sabancaya is indistinctly characterised by a Vulcanian

eruptive style as suggested by the repose time analysis of the whole cycle from 2016

to 2021 (Figure 5.8; Table 5.4). Explosive activity presents significant temporal

variations regarding the frequency and the regularity of explosions, from which at

least 8 phases have been identified. In general, there is an intercalation of low to

high frequency phases suggesting significant changes on fragmentation processes that

might be affected primarily by the extrusion and growing of domes, interplay among

magma feeding and degassing inducing changes in rheology and ascent dynamics,

overpressure in the conduit and shearing effects (Gonnermann, 2015; Pistolesi et al.,

2015). The analysis of the magma viscosity and the median repose time between
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explosions shows a robust correlation for the phases IIb and III of the Sabancaya

dataset, following the trend of similar dacitic compositions such as the 2003 Santia-

guito cycle (Figure 5.8B). Unfortunately, we were not able to constrain the effect of

viscosity on the other phases which might play an important role on the construction

and collapse of domes described at Sabancaya. Coppola et al. (2022) demonstrated

that at least 3 phases have been associated with the growing of two domes (i.e.,

dome “Huk” during phases II and IV; and the dome “Iskay” during phase VI). The

periodicity at which dome growth was observed for phases II, IV and VI is consistent

with high frequency explosive phases with low median repose intervals between ex-

plosions (18 to 35 minutes; Table 5.4). Similarly, the collapse of dome “Huk” during

phase V (Coppola et al., 2022) is associated with the lowest frequency period for

the ongoing explosive cycle of Sabancaya, associated with median repose time of 25

minutes but with maximum intervals between explosions of up to 222 hours.

In addition, the log-logistic parameters of the repose time distributions show

that explosions in different phases of Sabancaya’s activity are as frequent as the

2003 Santiaguito and the 2011-2012 Sakurajima-Showa cycles, but with a less regular

behaviour (Figure 5.8C). As observed by Dominguez et al. (2016) for other pulsatory

volcanoes, the frequency of explosions decreases as µ increases and the regularity of

the activity decreases with s. In the case of Sabancaya, we can see that the 8 phases

follow a general linear trend within the range of Vulcanian activity (Figure 5.8C).

In particular, the most frequent phases IIa, IIc, IVd and VIII, are as frequent as the

2003 Santiaguito activity but less regular; whilst the medium frequency phases IIb,

III, IVa, IVb, IVc and VI are slightly less regular. Interestingly, phase V, associated

with the collapse of dome “Huk” (Coppola et al., 2022) shows similar values of

regularity as the 2011-2012 Sakurajima-Showa activity (Japan) but more frequent

(Figure 5.8C). The cyclic eruptive processes of Sabancaya are correlated with a

complex effusive and explosive dynamics controlled by the growing and collapse of

domes, the magma-rise rate and fragmentation processes consistent with frequent

but irregular Vulcanian eruptive styles.
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5.5.4 Characteristics of remobilised material and identifica-

tion of primary tephra

Aeolian remobilisation at Sabancaya is recurrent during the day and takes multiple

forms from low intensity events, such as drifting ash, to strong turbulent ash storms

(Figure 5.9). These observations are consistent with the aeolian reworking features

found in tephra deposits. Field observations and prolonged PM10 concentration

measurements highlight the effect of diurnal weather variations on aeolian phenom-

ena. The concentration of suspended material (PM10) typically increases as the day

progresses and surface conditions evolve (e.g., increase in wind velocity and surface

temperature) (Figure 5.10). It is important to note that, for all the days during

which PM10 data have been acquired, the PM10 concentration had remained rela-

tively high, greater than sanitary limits (0.05 and 0.15 mg m-3 for yearly and daily

exposures, respectively; Elissondo et al. (2016); Mueller et al. (2020)). The PM10

concentration was particularly high in ash storms (Figure 5.10D-E) during which it

exceeded potentially hazardous levels for prolonged periods of time. Together with

the volcanic activity and tephra fallout, the frequent occurrence of high PM10 con-

centrations constitutes a recurrent respiratory hazard (Horwell and Baxter, 2006)

to communities in the vicinity of Sabancaya volcano.

Differential sampling of airborne remobilised ash at the ground level (R0) and

above 1.5 m (R150) (Figure 5.2A) shows that the GSDs depends greatly on the

transport mechanism (Figure 5.11). Consistently, R0 samples are associated with a

grainsize mode of 45-63 µm that minimises the threshold friction velocity as defined

by Shao and Lu (2000). We can therefore estimate that R0 samples are associated

with a predominant saltation (i.e., bouncing) mechanism. For probable low wind

friction velocities ≤0.5 m s-1 (Dominguez et al., 2020b; Mingari et al., 2020), these

particles are characterised by relatively high settling velocities compared to the wind

friction velocity. On the other hand, particles collected on R150 samples are finer,

with a mode < 20 µm. These particles are characterised by grainsizes having settling

velocities significantly lower than probable wind friction velocities in the order of

0.3 to 0.5 m s-1 (Mingari et al., 2020). It is therefore likely that these particles

were already in the atmosphere at the moment of collection and that they possibly
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underwent short- to long-term resuspension. Despite the fact that we were not able

to measure friction and settling velocities, the simple sampling strategy developed

here for collecting airborne remobilised material in real-time (Figure 5.3) represents

a suitable technique to separately analyse saltating and suspending particles and

the associated transport features.

Finally, it is not possible to reliably distinguish between primary and remobilised

tephra based on particle morphologies at Sabancaya, and contrarily to other exam-

ples of remobilised deposits analysed some years after primary depositions (e.g.,

eruption of Cordón Caulle, Chile, in 2011-2012; Dominguez et al., 2020a). In fact,

for the case of Cordón Caulle, tephra was deposited in Patagonia mostly in June-July

2011 (about 1 km3; Pistolesi et al., 2015) and subsequently remobilised. Morpho-

logical analysis of primary tephra particles and remobilised ash then allowed the

distinction of the two processes, with remobilised particles significantly rounder and

smoother than the primary material because of abrasion due to secondary transport

over several months and even years (Dominguez et al., 2020a). The situation of the

remobilised ash collected at Sabancaya during sedimentation is different, since parti-

cles had no time to be rounded enough to be distinguished from the primary tephra.

Consequently, we find that shape descriptors are very similar, regardless of the trans-

port mechanism (Figure 5.12), suggesting that the effect of wind transport is not

yet very pronounced on remobilised particles. We nonetheless find subtle variations

indicating that remobilised ash ≤125 µm collected on R0 samples (i.e., probably

transported by saltation) are slightly more circular and smoother than primary ash

(Figure 5.12C). In fact, particles that undergo saltation experience regular collisions

that result in abrasion and rounding of the particle surfaces. Although the differ-

ence in the shape descriptors is more ambiguous at Sabancaya, this is in agreement

with the results of Dominguez et al. (2020a) who evidenced a more rapid abrasion

of remobilised volcanic ash in Patagonia, less than five years after the eruption of

Cordón Caulle. The particles collected on R150 samples with a mode <20 µm are

more likely to be transported by suspension with less collisions and abrasion. Sim-

ilarly, all particles ≥125 µm have very similar morphologies, as they are too heavy

to easily get remobilised by the wind. A final observation is that the distribution
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of all shape descriptors is more dispersed for remobilised particles than for primary

ash. In the context of the persistent explosive activity at Sabancaya, this possibly

reflects the fact that remobilised particles are a mixture of abraded, more circular

remobilised particles with more angular primary ash that is continuously supplied

by regular explosions. This can also be interpreted as the fact that remobilised

particles are a mixture of particles that have been remobilised several times with

others considerably less transported and closer to the morphology of primary ash.

5.6 Conclusions

The activity at Sabancaya is currently characterised by frequent Vulcanian explo-

sions that produced a tephra deposit between November 2016 and August 2018

with a bulk volume of 0.04 ± 0.02 km3 and a DRE volume of 0.02 ± 0.01 km3 (VEI

3). Based on measurements in tephra collectors between April 2018 and Novem-

ber 2019, we additionally estimate a mass of 1.6 ± 0.7 × 109 kg emitted during

this period, which corresponds to a bulk volume of 5.5 ± 2.5 × 10-5 km3 and a

DRE volume of 2.9 ± 1.3 × 10-5 km3 per month. The overall explosive activity

between November 2016 and May 2021 is characterised by significant variations in

the frequency and the regularity of explosions, such that at least 8 phases that can

be identified and correlated with episodes of dome growth and collapse (Coppola

et al., 2022). Simultaneously, intermittent aeolian remobilisation of tephra deposits

is illustrated by high-definition videos, high-speed footages and PM10 concentration

measurements. The aeolian remobilisation results in potentially intense wind erosion

phenomena such as ash storms that can strongly affect the preservation of tephra

deposits and, therefore, have an impact on the stratigraphic record. Hence, in such

volcanic environments, the erupted volumes are better constrained based on multiple

complementary sampling strategies, including tephra collection in dedicated vertical

containers. Our analysis suggests that such nearly real-time sampling is crucial for

the assessment of eruptive parameters at volcanoes that experience cycles of pul-

satory weak explosions over long durations, since the preservation of tephra layers is

likely affected by post-depositional processes. Furthermore, we have used an effec-
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tive sampling method of remobilised particles that involved the separate collection

of particles on adhesive paper at the ground level and above 1.5 m. Results indicate

that particles sampled at the ground level are associated with sizes compatible with

a transport by saltation that minimise the threshold friction velocity, whilst parti-

cles sampled above 1.5 m have sizes more consistent with a transport by suspension.

This sampling strategy can, therefore, be deployed to characterise saltating and

suspending particles separately. However, the morphology of the particles may not

provide a reliable method to distinguish between primary and remobilised particles,

as it could be the case for eruptions for which the morphology of fresh primary par-

ticles had the time to evolve after the cessation of the activity due to remobilisation

effects. As illustrated by the comparison of the shape descriptors of primary and

remobilised particles, although the particles undergoing transport by saltation are

slightly more rounded, the differences are very subtle, resulting in possibly ambigu-

ous recognition of the transport and deposition mechanisms (i.e., primary fallout

and wind remobilisation). Overall, due to favourable meteorological and surface

conditions, our work indicates that Sabancaya is an excellent natural laboratory

for the study of aeolian remobilisation processes. In particular, it emphasises the

complexity of simultaneous primary tephra deposition and wind erosion in a context

where fresh volcanic ash is continuously supplied to the environment.
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5.7 Appendix A5

Appendix A5.1 - Calculation of the threshold friction velocity

u∗t and determination of the preferential transport mechanism

during remobilisation

The threshold friction velocity u∗t is determined from the model of Shao and Lu

(2000) as

u∗t =

√
AN

(
ρpgd

ρa
+

γ

ρad

)
, (A5.1)

with AN = 0.0123 the dimensionless threshold friction velocity for terrestrial surface

conditions, γ = 3 × 10-4 kg s-2 an experimental parameter accounting for the effect

of inter-particle cohesion, g = 9.81 m s-1 the acceleration due to gravity on Earth,

ρp and ρa the particle and air density, respectively, and d the particle diameter. For

this study, we measure the particle skeletal density (i.e., including non-connected

pores) ρp = 2697.4 kg m-3 by Helium pycnometry and we consider that ρa = 1 kg

m-3.

In order to determine the preferential transport mechanism of remobilised parti-

cles, we define an ideal limit between saltating and suspended grains. This transition

occurs for (Scott et al., 1995; Mingari et al., 2020)

Vp = κu∗, (A5.2)

where Vp is the particle settling velocity that depends on the particle size d, κ =

0.4 is the von Karman constant and u∗ is the wind friction velocity. For Vp > κu∗,

grains are more likely to experience saltation when lifted of the surface. On the

contrary, grains are expected to enter in suspension for Vp < κu∗. Here, given that

only particles with diameters < 100 µm (i.e., particle Reynolds number < 0.4 in the

atmosphere) enter in suspension for realistic wind friction velocities < 2 m s-1, we

consider the particle settling velocity to scale as the Stokes velocity (Mingari et al.,

2020)

Vp =
gd2 (ρp − ρa)

18ρaν
, (A5.3)
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with ν = 1.5 m2 s-1, the air kinematic viscosity.

Appendix A5.2 - Calculation of tephra volumes

We calculate the volume of tephra deposits based on the decrease of their thickness

with distance from the vent using three different fitting strategies. The first strategy

involves fitting the deposits thickness T with an exponential trend (Pyle, 1989;

Fierstein and Nathenson, 1992; Bonadonna and Houghton, 2005)

T = T0 exp(−k
√
A), (A5.4)

with T0 the extrapolated maximum tephra thickness, k the slope of the exponential

segment in a semi-log plot and A the area of the isopach contour of thickness T . In

this study, given the low quantity of data, we fit our observations with single expo-

nential segments. The volume V of a single exponential segment can be estimated

as

V =
2T0

k2
. (A5.5)

We also apply power-law and a Weibull fitting strategies that have the advantage of

better describing the decrease of the mass load for poorly exposed deposits. With a

power-law fitting, the thickness of tephra deposits decreases with distance from the

vent as (Bonadonna and Houghton, 2005)

T = Tpl
√
A
−m
, (A5.6)

where Tpl and m are the power-law coefficient and exponent, respectively. Equation

(A5.3) cannot be integrated between zero and infinity. Hence, the proximal and dis-

tal integration limits (respectively B and C) need to be defined in order to estimate

the volume

V =
2Tpl

2−m
(
C2−m −B2−m) . (A5.7)

Here, we select B based on the extrapolation of the exponential fitting as

B =

(
T0

Tpl

)− 1
m

. (A5.8)
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C is determined from the power-law trend, as the value of the square root area for

which the tephra thickness equals to 0.01 and 0.001 cm (i.e., where the thickness be-

comes comparable to the diameter of individual fine particles). Finally, the Weibull

function can fit the decrease of the thickness by (Bonadonna and Costa, 2012)

T = θ

(√
A

λ

)n−2

exp

−(√A
λ

)n−2
 , (A5.9)

with θ, λ and n the Weibull fit parameters. This expression is integrated to obtain

the volume

V =
2θλ2

n
. (A5.10)

For our data, we find T0 = 34.633 cm and k = 0.152 km-1 using exponential fitting

strategy with a single segment. The adjustment coefficient R2 is equal to 0.99. Using

the exponential fitting method, we find a volume of 0.030 km3. For the power-law,

we find Tpl = 86.798 cm, m = 1.151, B = 2.221 km and chose C = 54 and 69 km,

that respectively correspond to the square root area at which the power-law trend

equals to 0.01 and 0.001 cm. The adjustment coefficient is R2 = 0.97 and the power-

law fitting method gives a volume estimate of 0.056 km3 for C = 54 km, and 0.070

km3, for C = 69 km. By averaging these two estimates, we retain a volume of 0.063

± 0.010 km3 for the power-law method. Finally, for the Weibull fitting method, we

find θ = 13.989 cm, λ = 12.739 km and n = 1.629 with R2 = 1. This fitting strategy

yields a volume of 0.028 km3.

Appendix A5.3 - Calculation of tephra masses

For data obtained with tephra collectors, we calculate the cumulative mass of tephra

based on the tephra mass load decrease with distance from the vent. The three

strategies described in Appendix A5.2 are adapted to fit the tephra mass load Y

with exponential, power-law and Weibull trends, respectively

Y = Y0 exp(−k
√
A), (A5.11)

Y = Ypl
√
A
−m
, (A5.12)
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Y = θ

(√
A

λ

)n−2

exp

−(√A
λ

)n−2
 , (A5.13)

with Y0 the extrapolated maximum mass load and Ypl the power-law coefficient.

The fitting parameters k, m, θ, λ and n are described in Appendix A5.2, and A

corresponds to the area of the isomass contour of mass load Y . The mass M of a

single exponential segment can be estimated as

M =
2Y0

k2
. (A5.14)

The mass is estimated from the power-law fitting as

M =
2Ypl

2−m
(
C2−m −B2−m) , (A5.15)

where B is estimated by extrapolating the exponential fitting as

B =

(
Y0

Ypl

)− 1
m

. (A5.16)

Here, we calculate C from the value of the square root area for which the power-law

trend equals to 0.1 and 0.01 kg m-2. Finally, the Weibull function is integrated to

obtain the total mass

M =
2θλ2

n
. (A5.17)

We find Y0 = 20.437 × 106 kg km-2, k = 0.197 km-1 andM = 1.1 × 109 kg using the

exponential fitting strategy with a single segment (R2 = 0.98). For the power-law,

we find Ypl = 111.505 × 106 kg km-2 and m = 1.692 (R2 = 0.99). The integration

limits are B = 2.727 km and C = 63 and 247 km, that respectively correspond to

the square root area at which the power-law trend equals to 0.1 and 0.01 kg m-2.

The power-law fitting method gives a mass estimate of 1.6 × 109 kg, for C = 63

km, and 3 × 109 kg, for C = 247 km. By averaging these two estimates, we retain

a mass of 2.3 ± 0.7 × 109 kg for the power-law method. Finally, for the Weibull

fitting method, we find θ = 4.667 × 106 kg km-2, λ = 12.156 km and n = 1.002 with

R2 = 1. This fitting strategy yields a mass estimate of 1.377 × 109 kg.
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Appendix A5.4 - Statistical analysis of pulsatory volcanic ac-

tivity

For stationary time series of pulsatory volcanic activity, the probability of explosion

as a function of the repose interval can be well-described by log-logistic models

(Dominguez et al., 2016). Log-logistic probability distributions are fitted using the

parameters α that is the median of the repose interval distribution (called scale)

and β that defines the distribution shape. Two parameters are derived from α and

β in order to better describe the frequency and variability of time series

µ = ln(α), (A5.18)

s =
1

β
. (A5.19)

The parameters µ and s are obtained by fitting the probability density function f(t)

and the cumulative distribution function F (t) by log-logistic distributions

f(t) =
exp( ln(t)−µ

s
)

s[1 + exp( ln(t)−µ
s

)]2
, (A5.20)

F (t) =
1

1 + exp( ln(t)−µ
s

)
, (A5.21)

with t the repose interval.

Supplementary Figures
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Figure A5.1: A. Blue bars show the evolution of the monthly total precipitation at Sa-
bancaya from January 2016 to March 2021. The solid black line indicates the changes in
volumetric soil moisture. B. Monthly averaged soil temperature. Surface (10 m) meteo-
rological datasets displayed in B, C and D are from the ECMWF ERA-Interim reanalysis
(Balsamo et al., 2015).
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Figure A5.2: Treatment applied to microscope image prior to analysis. The original
image (A.) is first manually treated (B.) before binarization (C.).
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Figure A5.3: Wind-induced ripples at the surface of tephra deposits at site 42, 3.9 km
from the vent.

Figure A5.4: Snapshots of a High-Speed video of the aeolian remobilisation of particles
on a granular surface at the field site 42. The splash effect of a saltating particle (contoured
in red) hitting the surface is evidenced. In A., the particle contoured in red is moving by
saltation whilst the coarser, green-contoured, and the finer, blue-contoured, particles are
at rest. Upon collision with the ground, the particle moving by saltation triggers the
motion of both the coarser and the finer particles (B.). The coarse particle subsequently
transported by rolling on the surface of the ground, whilst the finer particle lifts off (C.).
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Supplementary Videos

Links to supplementary videos:

• Supplementary Video A5.1: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT10

• Supplementary Video A5.2: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT11

• Supplementary Video A5.3: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT12

• Supplementary Video A5.4: https://archive-ouverte.unige.ch/unige:163115

/ATTACHMENT13

https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT10
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT10
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT11
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT11
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT12
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT12
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT13
https://archive-ouverte.unige.ch/unige:163115/ATTACHMENT13




Chapter 6

Conclusions and future perspectives

In this thesis, experimental and field analysis are combined in order to study the

transport and sedimentation of volcanic ash in the atmosphere. In particular, the

sedimentation of volcanic ash within ash fingers is investigated, as well as the ae-

olian remobilisation of tephra deposits in the specific setting of Sabancaya volcano

(Peru). First, the formation of ash fingers by settling driven gravitational insta-

bilities (SDGIs) is examined using simple scaled experiments (Chapters 2 and 3).

Each of these studies individually contribute to identify key parameters control-

ling the formation and properties of ash fingers. In Chapter 2, the role of particle

concentration on SDGIs and resulting fingers is quantified. Chapter 3 additionally

presents the influence of particle size along with particle concentration. Second,

occurrences of natural ash fingers reported in publications are reviewed, and new vi-

sual observations at Etna (Italy), Sabancaya and Sakurajima (Japan) volcanoes are

analysed (Chapter 4). In this work, the properties of ash fingers are measured, then

interpreted, notably using results from previous Chapters, with implications for the

formation of ash fingers and volcanic ash sedimentation. Finally, the long-lasting

eruption of Sabancaya and associated aeolian remobilisation of volcanic ash are de-

scribed using a wide variety of field techniques (Chapter 5). Tephra deposits are

studied to derive erupted volumes and mass by combining analysis of stratigraphic

sections and continuous sampling of fallout in collectors. Frequent remobilisation of

these deposits by the wind are characterised using various sampling strategies and

particle descriptions.
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6.1 Characterisation of ash fingers

Ash fingers are ash-laden currents driven by density differences that descend from

volcanic ash clouds, entraining fine volcanic ash downward at speeds greater than

their individual terminal fall velocity. As highlighted by the review presented in

Chapter 4, ash fingers have been reported to form during various eruptions, but

often called differently, confusing the observed phenomena (i.e., ash fingers) with

their supposed formation mechanism. In fact, this review also highlights that ash

fingers can result from different formation mechanisms, all implying that ash fingers

are produced by density increases that trigger the detachment of heavy, unstable,

parts at the base of volcanic ash clouds. Despite this similarity, the increase in

density can originate from different processes, with implications for the conditions

associated with the formation of ash fingers and for their physical properties.

The principal formation mechanism investigated in this thesis are SDGIs that

arise when particles sediment across the interface separating an upper particle-laden

fluid layer and a lower, initially denser, layer (Hoyal et al., 1999b). Chapters 2 and

3 reveal how particle settling creates a heavy region containing both particles and

dense fluid below the interface (i.e., PBL). Measurements of the PBL thickness and

of fingers characteristic length scales in Chapter 2 show that the PBL becomes

unstable if sufficiently thick to reach a critical value of the Grashof number Grc =

104. When unstable, the PBL detaches and descends in the form of fingers, whose

velocity and size are found to respectively increase and decrease with increasing

particle concentration. SDGIs can arise at the lower interface between a volcanic

ash cloud and the atmosphere (Carazzo and Jellinek, 2012; Manzella et al., 2015;

Scollo et al., 2017), but the formation of ash fingers can also be modulated by factors

other than pure particle settling (e.g., wind induced overturning motions in volcanic

clouds; Freret-Lorgeril et al., 2020). In this thesis, as a first approximation, the

fundamental dynamics of fingers resulting from SDGIs is considered as relevant for

the study of ash fingers in general, even if produced by different mechanisms.

Conditions for the development of fingers resulting from SDGIs are studied ex-

perimentally. A new intuitive measure L∗ comparing the thickness of cloud and PBL

is derived and tested in Chapter 2. Taken together, these criteria can be used to
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quantify the tendency for SDGI-driven fingers to form below particle suspensions.

For natural ash fingers, L∗ is particularly difficult to constrain, but a first attempt

to apply this criterion to volcanic ash clouds is presented in Chapter 4. The second

criterion studied in Chapter 3 depends on the ratio of the finger velocity over the

velocity of individually settling particles (Hoyal et al., 1999b; Carazzo and Jellinek,

2012; Jacobs et al., 2015). It can be adapted to specifically estimate the particle

sizes and concentrations associated with generation of fingers from SDGIs. As for

any particle-laden current, only particles sufficiently coupled with the flow (Bur-

gisser et al., 2005) can settle within fingers. This is used for interpreting field of

observations in Chapter 4 and calculate maximum diameters expected to potentially

sediment in ash fingers. As reported quantitative descriptions of ash fingers are very

rare, the work presented in this thesis considerably increases the number of available

observations.

6.1.1 Summary of main findings

The main findings regarding the characterisation of ash fingers can be summarised

as follow:

• Natural ash fingers can result from SDGIs, but are modulated by processes

other than pure particle settling, including wind-induced mechanisms.

• SDGIs can arise from very small density differences. This implies that fingers

do not necessarily contain higher particle concentrations than the cloud from

which they originate.

• Combining observations of plumes produced by lava fountains (Etna in 2012 -

2013) and Vulcanian explosions (Sabancaya in 2018 and Sakurajima in 2019),

the mean widthW , spacing λ and downward velocities Vf of natural ash fingers

observed in this work are W = 123 ± 83 m, λ = 304 ± 123 m and Vf = 2.4

± 1.6 m s-1.

• Ash fingers can only transport volcanic ash particles with terminal fall veloc-

ities slower or equal to the downward velocity of the flow. The formation of
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ash fingers is therefore favoured for high particle concentrations and fine grain

sizes. In general, this can be predicted by studying the degree of coupling

between particles and the flow within fingers, as only coupled particles can

settle within fingers. For the specific case of fingers produced by SDGIs, di-

mensionless numbers B2 (ratio of the timescale for individual particle settling

to the timescale for collective settling controlled by inertial drag) and B3 (ratio

of the finger characteristic velocity to the velocity of individual particles) are

found to correctly characterise the conditions associated with the development

of fingers in experiments.

• Based on the principle stated above, the largest particles transportable within

ash fingers have terminal fall velocities equal to the downward velocity of ash

fingers. Results suggests that ash fingers observed in this thesis potentially

carried particles with diameters as large as 613 ± 130 µm. This potentially

extends the role of ash fingers on tephra deposition, as these sizes are found

to be greater than previously estimated (Eliasson et al., 2014; Manzella et al.,

2015; Freret-Lorgeril et al., 2020).

• The length scales characterising ash fingers (PBL thickness δ, W and λ) are

all proportional to each other and decrease as a function of the particle volume

fraction Xp, scaling with a Grashof number of 104 in experiments.

• Although the width of natural ash fingers is measured to be about two orders

of magnitude greater than estimations based on the experimental Grashof

number, similar scaling is found W ∝ X
−1/3
p .

• In experiments, it is found that the potential to form SDGIs at the base of

particle suspensions can be quantified as a function of the thickness of the

particle suspension Hc and of δ through the ratio L∗ = Hc/δ. SDGIs and

associated fingers form preferentially below thick upper layers and for high

particle concentration, at L∗ � 1. This criterion is tested for volcanic ash

clouds, but lack of data does not allow to validate its relevance for predicting

the development of ash fingers.



Chapter 6: Conclusions 251

6.1.2 Main field and experimental limitations

Field measurements: Field results are only based on visual observations from

which maximum transported particle diameters and concentrations are estimated.

There is a crucial need for to validate these results against the characteristics of de-

posited particles and of the eruptions. This would allow to better define conditions

for which ash fingers develop, as it is now limited by the number of observations,

with very few eruptions for which the particle concentration has been estimated

independently of fingers properties. Moreover, ash fingers are 3D objects that are

only described by observations on 2D image planes, greatly reducing the observable

complexity of ash fingers. Another key limitation in this thesis is that observed

ash fingers all formed close to the vent below bent-over plumes. A more complete

characterisation also requires observations at different distances (e.g., Hobbs et al.,

1991), and for strong volcanic plumes.

Experimental studies: The experimental set-up used in this thesis is greatly

simplified. Only monodisperse and relatively narrow grainsize distributions are used,

contrarily to the wide size ranges that characterise natural volcanic eruptions. In

general, although allowing for the basic description of fingers properties and of the

processes by which they originate, important factors affecting the formation and

dynamics of ash fingers are neglected. In particular, experiments are performed in

a quiescent environment, and the effect of the wind on fingers is not studied. More-

over, as for many analogue models, the experiments cannot encompass the exact

dynamical regime expected in nature. For example, volcanic ash clouds and ash fin-

gers are fully turbulent, whereas the flows in experiments are only in a transitional

regime. Similarly than for the field measurements, experimental fingers are illumi-

nated by a planar laser and only imaged in 2D and do not address the dynamics of

fingers in 3D.
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6.2 Tephra deposits and aeolian remobilisation at

Sabancaya volcano

The post-2016 activity of Sabancaya volcano and aeolian remobilisation of associated

deposits are characterised in this thesis based on a combination of field strategies.

Study of the evolution of the repose interval separating explosions reveals that the

pulsatory eruptive dynamics of Sabancaya is unsteady, with changes consistent with

alternating episodes of dome growth and collapse. Although repose intervals vary

with time, Vulcanian explosions are frequent (21 explosions per day during the field

campaign), and primary tephra fallout is sampled in collectors since 2018. Meteo-

rological conditions at Sabancaya are favourable for the remobilisation of deposits

by the wind, and the loose, most superficial, tephra layer is found to be frequently

remobilised by the wind in a highly erodible environment. This is evidenced by a

combination of visual observations, sampling of airborne remobilised particles on

adhesive paper, and PM10 monitoring. Remobilised particles are compared with

primary fallout particles, tephra deposits, and models describing aeolian remobili-

sation.

6.2.1 Summary of main findings

The main findings regarding the field study at Sabancaya can be summarised as

follow:

• The pulsatory dynamics of Sabancaya volcano are Vulcanian in eruptive style.

8 distinct periods corresponding to episodes of dome growth and collapse (Cop-

pola et al., 2022) and variations in the repose interval between explosions can

be distinguished.

• The bulk volume of tephra deposits produced from November 2016 to August

2018 is 0.04 ± 0.02 km3.

• Tephra collectors yield a bulk volume of about 1.1 ± 0.5 × 10-3 km3 between

April 2018 and November 2019, illustrating a significant decrease in the tephra

production rate since 2018.



Chapter 6: Conclusions 253

• Recurrent aeolian remobilisation of volcanic ash deposits is observed, in events

as intense as ash storms. This notably motivates nearly real-time sampling of

tephra fallout to estimate eruptive parameters, since tephra deposits may not

be well-preserved in such erosive environment.

• PM10 concentrations in the surrounding of Sabancaya are found to potentially

exceed health recommendations (0.15 mg m-3 for daily exposures).

• Sampling of remobilised particles is performed at different heights. Compari-

son of the size of remobilised particles with the grainsize distribution of tephra

deposits from which they originate indicates that particles sizes at the level

of the ground are compatible with a transport by saltation, whilst particles

collected above 1.5 m are more consistent with a transport by saltation.

• Primary and remobilised particles cannot be efficiently distinguished at Sa-

bancaya, as their shape descriptors are very similar. In fact, in such a syn-

eruptive context, fresh volcanic ash is repeatedly deposited at the surface then

remobilised. Rounding effects due to the abrasion of particles by secondary

transport are not perceptible yet.

6.2.2 Limitations

The study of stratigraphic sections presented in this thesis is restricted to accessible

areas, mainly in the south of the volcanic edifice. Hence, there is a lack of mea-

surements that would be necessary to constrain erupted volumes more accurately.

Tephra collectors are more widely dispersed, but data are only available since 2018,

and the beginning of the eruption cannot be studied from collectors.

Besides, remobilisation phenomena reported in this thesis are only observed dur-

ing a limited period of time. A more global view of aeolian remobilisation at Sa-

bancaya would necessitate more prolonged observations, notably during different

seasons. Similar limitations are associated with PM10 measurements that are per-

formed for short durations, over which daily means cannot be accurately determined

for evaluating potential hazards to health. Regarding the analysis of remobilisation

mechanisms, the transport of remobilised particles is characterised only through
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grainsize and particle morphology descriptions. These results are compared with a

models predicting the onset of saltation and if particles can stay in suspension, but

not directly observed. Moreover, important parameters, such as the wind friction

velocity, could not be measured in the field and compared with our results.

6.3 Future research perspectives

Even though new observations of ash fingers are presented in this thesis, much more

investigations are required to have an exhaustive description of ash fingers and of

their effect on the sedimentation of volcanic ash. As discussed in Section 6.1.2, the

work presented in this thesis is solely based on visual observations. Future work

need to use a wide variety of techniques in order to reduce the number of unknown

variables. First, tephra deposits need to be characterised at the distance ash fin-

gers reach the vent in order to validate calculations of the maximum particle size

settling within fingers, and identify signature characteristics left by ash fingers on

deposits. Second, multiple techniques should be employed to characterise the parti-

cle concentration and size in clouds associated with ash fingers. This would allow to

compare more accurately ash fingers with experiments, better understand the condi-

tions favouring the development of natural ash fingers, as well as the key parameters

controlling their dynamics. To do so, several techniques should be considered, includ-

ing remote sensing methods (e.g., lidar measurements), direct sampling in volcanic

ash clouds (e.g., soundings using optical particle counters), inversions of primary

fallout and numerical simulations. The description of ash fingers in 3D could also

be targetted, notably by using simultaneous observations from cameras at different

locations, or through 3D simulations reproducing the sedimentation below volcanic

ash clouds. Finally, the variability of ash fingers needs to be addressed, notably by

studying volcanic ash clouds produced by other types of eruptions (e.g., stronger

plumes) and under more atmospheric conditions. Facing this challenge would also

require to characterise ash fingers as a function of distance from the vent.

More complete characterisation of ash fingers also requires new experimental in-

vestigations. First, additional processes affecting the formation and dynamics of
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fingers need to be studied. In particular, it is evident from field observations that

the occurrence of ash fingers is affected by the wind. Experiments on the sedimen-

tation of particles below spreading particle-laden currents are necessary to improve

our understanding of wind-induced effects on ash fingers. Second, experiments per-

formed in this thesis involved homogeneous conditions (i.e., uniform concentrations

in particle suspensions, monodisperse and narrow grainsizes, uniform ambient fluid,

isothermal fluids). However, heterogeneities in natural volcanic ash clouds can have

an effect on ash fingers. This can be investigated by using the simple experimen-

tal set-up presented in this thesis, but by varying initial conditions. For example,

polydisperse particle suspensions with wider grainsize distributions can be studied

to approach wide size ranges observed in natural volcanic ash clouds. Finally, alike

field observations, experimental modelling needs to be complemented by numeri-

cal simulations in order to overcome limitations inherent to analogue models. This

notably includes the study of ash fingers at the scale of volcanic ash clouds, for

dynamical regimes similar to natural phenomena.

In this thesis, only the grainsize distribution and the morphology of particles

were measured to analyse aeolian remobilisation. To advance the characterisation

of aeolian remobilisation, future studies need to quantify more completely atmo-

spheric conditions (e.g., wind friction velocities, surface temperature, air humidity)

and deposit properties (e.g., surface moisture). For quantifying the surficial soil

moisture, new techniques are needed, but atmospheric conditions can be measured

using weather stations to calculate wind friction velocities. Another important as-

pect is to determine controls on the threshold friction velocity through laboratory

and field measurements. For example, the threshold friction velocity can be mea-

sured directly in the field using portable wind tunnels to evaluate its variability as

a function of atmospheric factors and deposit properties.
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