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VOLCANIC DEBRIS AVALANCHE
PROPAGATION AND EMPLACEMENT
MECHANISMS:
SEDIMENTOLOGICAL FIELD EVIDENCE
AND BIDISPERSE GRANULAR FLOW
EXPERIMENTS

Symeon Makris

Volcanic debris avalanches mobilise large volumes and achieve long runouts with high
destructive potential. Although many theories have been proposed regarding the mech-
anisms that enable their long runouts, the processes remain unknown. Theoretical and
numerical models are unable to account for their long runout while being consistent with
deposit observations. Therefore, evaluation of their dynamics in reference to deposit
structure and sedimentology is fundamental for constraining such models.

This thesis explores volcanic debris avalanche propagation dynamics and evaluates poten-
tial factors contributing to their long runouts. A systematic comparison of volcanic debris
avalanches and lahars allows the evaluation of water as a factor in mass flow propaga-
tion. The structure and sedimentology of two deposits from the Canary Islands (Spain)
with different properties, and composed of distinct lithologies, are examined and their
propagation processes evaluated. A novel technique using structure from motion pho-
togrammetry is developed and proposed for the clast size analysis of indurated/lithified
deposits. Finally, analogue granular avalanche experiments are employed to evaluate
grain size bidispersity as a factor for enhanced runout. The potential and limitations of
analogue experiments are evaluated.

Findings suggest that water does not play a major role in the propagation mechanisms
of volcanic debris avalanches and is not a factor contributing to their long runouts. The
two studied deposits constitute endmembers consisting of homogenous competent lava
lithologies in one case, and less competent pyroclastic products in the other. Consequently,
they result in end-member propagation models: (1) brittle fault-accommodated spread-
ing and (2) distributed stress fluidisation respectively. Their comparison suggests that
lithological properties are a principal factor for the structural evolution, dynamics and
kinematics of volcanic debris avalanches.

Although enhanced runouts are achieved in the analogue experiments with bidisperse
grain size distributions, this is the result of scale-dependent processes, dissimilar to real
events, generating a collisional flow regime. Consequently, the importance of dynamic
scaling for the effective simulation of avalanche dynamics is highlighted.
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Chapter 1

Introduction

Volcanic debris avalanches (VDAs) are large mass movement events generated by the
collapse of unstable volcanic edifice flanks (Ui, 1983; Siebert, 1984; Pierson and Costa,
1987; Shea and van Wyk de Vries, 2008; Roverato and Dufresne, 2021) and are a common
occurrence in the history of most stratovolcanoes (Siebert and Roverato, 2021). They
propagate as volcanic landslides (Bernard et al., 2021) immediately after the initial collapse
and usually progressively partially evolve towards flows (Voight et al., 1983; Siebert, 1984;
Glicken, 1991; Scott et al., 2001; Thompson et al., 2009; Hungr et al., 2013). Although
the majority of VDAs occur in active volcanoes (Siebert, 1984; Voight, 2000), they are not
necessarily triggered by volcanic activity, and can also be initiated by rainfall, seismic
activity or other destabilizing factors such as over-steepened slopes, hydrothermal activity
and climate fluctuations among others (Belousov et al., 1999; Capra et al., 2002; Lomoschitz
et al., 2008; Roverato et al., 2021). These events can attain velocities over 300 km /h, with
runout distances up to 100 km (Dufresne et al., 2010b). They mobilise volumes up to tens
of km?3, and less often up to hundreds of km3, while deposits cover hundreds, even up
to thousands of km? for some VDAs (Dufresne, 2009). The high energy generated by
such voluminous and far-reaching mass movements constitutes a hazard to communities
close to volcanoes and infrastructure. Additionally, they can trigger secondary hazards
such as volcanic eruptions, debris flows, and tsunamis on ocean island volcanoes (Siebert,
1984; Leyrit, 2000; van Wyk de Vries and Delcamp, 2015; Di Traglia et al., 2018), making
them one of the most destructive phenomena (Hiirlimann et al., 1999) and a potential
threat at a more global scale. In the past 400 years VDAs are estimated to have caused
20,000 casualties (Siebert et al., 1987, 2006), while the tsunami triggered by the flank failure

of the Anak Krakatau volcano (Indonesia) in December 2018 highlights the potential of



cascading hazards stemming from VDAs (Walter et al., 2019).

The propagation of VDAs achieves much greater horizontal runout component distance
compared to their fall height (Davies, 1982; Hungr, 2002; Legros, 2002), far greater than
predicted by simple frictional models of a coherent sliding mass (Rait and Bowman, 2016).
This is a characteristic VDAs share with their non-volcanic equivalent, rock avalanches
(RAs) in mountainous environments (Scott et al., 2001; Dufresne, 2009; Hungr et al., 2013).
Due to similarities in their physical processes, studies examining RAs are also considered
in this thesis in association with VDAs. Long runout in large mass movements was first
observed in RAs by Heim (1882). The long runout of both VDAs and RAs (hereafter
referred to as VDA /RAs collectively) is commonly expressed by small apparent friction
coefficients (e.g. Shreve, 1968; Erismann, 1979; Hiirlimann and Ledesma, 2003), often
expressed as the H/L ratio, initially introduced by Heim (1932), between height fallen
(H) and horizontal component of the runout in the direction of propagation (L) (fig. 1.1)

(Scheidegger, 1973; Hsii, 1975). Simple frictional models would predict values of ~ 0.5-0.6

= Apparent Friction
~ < _ Angle(9)

Horizontal Runout Component

(L)

Figure 1.1: Schematic representation of the definitions of the fall height (H), horizontal
runout (L) and apparent friction angle ¢; with their equivalents for the centre of mass
(Lcom, Hecom and dcom)- CoM indicates the centre of mass of the destabilised mass and
the deposit (modified after Legros, 2002 and Manzella and Labiouse, 2013).

for VDA /RAs, however, it is typical that they exhibit H/L values of 0.1-0.2, or even lower
(tig. 1.2) (Scheidegger, 1973; Hsii, 1975; Davies, 1982; Ui, 1983; Legros, 2002; Dufresne,
2009). After the observation of Heim (1882), long runout mass flows have been further
studied in diverse settings, even extraterrestrial, by several authors (including but not
limited to: Hsti 1975; Davies 1982; Siebert 1984; Glicken 1991; Corominas 1996; Legros
2002; Hungr and Evans 2004; Davies and McSaveney 2012; Manzella and Labiouse 2013;

van Wyk de Vries and Delcamp 2015). However, it is only after the 1980 Mount St. Helens
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Figure 1.2: Apparent coefficient of friction (H/L) versus volume for continental volcanic
debris avalanches (VDAs), VDAs on volcanic islands, non-volcanic rock avalanches (RAs)
and extraterrestrial RAs (modified after van Wyk de Vries and Delcamp (2015), Hiirlimann
and Ledesma (2003).

lateral collapse (Voight et al., 1983; Siebert, 1992; Glicken, 1996) that scientific interest
towards volcanic slope stability and VDAs increased (Hiirlimann et al., 1999), with more

studies examining their dynamics.

Even though it is useful to associate VDAs and RAs in the study of large mass movements,
it is important to be aware of the differences between them, as their comparison can
be a tool in evaluating their dynamics. VDAs statistically mobilise higher volumes and
are capable of longer runouts and higher mobility of their centre of mass than volume-
equivalent RAs (Siebert, 1984; Ui and Glicken, 1986; Hiirlimann et al., 2000; van Wyk de
Vries and Delcamp, 2015; Dufresne et al., 2021b). The higher runouts of VDA, illustrated
in fig. 1.2, are at least partly, the effect of the higher volumes mobilised. This is in line with
the size effect, first identified and named by Scheidegger (1973) and that suggests that
more voluminous mass flows achieve higher runouts (Ui, 1983; Davies and McSaveney,
2012). Davies (1982) suggested that the observed size effect is the result of the greater
spreading of more voluminous VDA /RAs. However, Campbell et al. (1995), and more
recently Legros (2002), performed a more precise calculation of the effective coefficient
of friction, using the fall height and displacement of the centre of mass (instead of the

distance travelled by the front of a VDA/RA - difference illustrated in fig. 1.1), and



their findings support that the effective coefficient of friction in this case also decreases
monotonically with the volume of the VDA /RAs. Thus, they suggest that friction is
reduced by physical mechanisms and not as a result of spreading and the geometry of
deposits (reviews Legros 2002; Davies and McSaveney 2012). Earlier, Ui (1983) and Voight
et al. (1985), with separate evidence, also reached the conclusion that VDAs are more
mobile than RAs, and that the size effect could not be the only reason. Nonetheless, results
derived from calculations by Smyth (1991) oppose this suggestion and illustrate that VDAs
and RAs have similar mobilities once the volume effect is removed and that their mobility
has the same relationship with volume. However, RAs have a stronger correlation to this
relationship. VDAs and RAs also generally differ in the material involved and in the initial
conditions as mass movements in volcanic settings occur on slopes constructed of rocks
accumulated from eruptions, containing volcanic and hydrothermally altered material
(Siebert, 1984; van Wyk de Vries and Delcamp, 2015) which generally strongly differ from

non-volcanic material in terms of geotechnical and sedimentary properties.

Davies and McSaveney (2009) suggest that the porosity and water content and tephra-
mantled weak substrates surrounding volcanoes act as factors increasing their mobility.
Given the nature of the generation of these volcanic rocks, they are generally more
fractured and granular prior to mobilisation (Roverato et al., 2015; van Wyk de Vries and
Delcamp, 2015). Thus, differences in initial conditions and material properties such as the
amount of unconsolidated material, percentage of finer material, steepness of volcanic
terrain, water content and the presence of hydrothermally altered minerals in volcanic
environments have all been identified as potential factors contributing to a potential
divergence in mobility (Ui, 1983; Hayashi and Self, 1992; Hiirlimann et al., 1999; Robinson
et al., 2015). Hence evaluation of the similarities and differences in material properties and
resultant geometry and structure is important as it enables the assessment of similarities
and divergence in their dynamics. At the same time, constraining the dynamics and
runout of both VDAs and RAs is fundamental for the related hazard assessment and
hence it plays a significant role in limiting economic and life loss caused by such events
(Di Luzio et al., 2004; Iverson et al., 2011; Yang et al., 2011; Fan et al., 2016; Zhou and Sun,
2017; Duan et al., 2020, 2022).

Since the 1960s many theories, hypotheses and models have been proposed regarding the

mechanisms that enable the long runouts of VDA /RAs based on morphology, internal



architecture, sedimentology, theoretical approaches, and numerical and analogue models
(for reviews, see Chapter 2 of this thesis and Davies, 1982; Erismann and Abele, 2001;
Hungr, 2002; Legros, 2002; Collins and Melosh, 2003; Friedmann et al., 2006; Manzella
and Labiouse, 2008; Davies and McSaveney, 2012). Nonetheless, no single proposed
model can account for the runout while being consistent with field observations of the
deposits of all events. VDA deposits (VDADs) exhibit a set of common characteristic
features such as jigsaw-fractured clasts, block and matrix-rich facies, remnant stratigraphy,
textural and sedimentological heterogeneity and hummocky surfaces (e.g. Siebert, 1984;
Glicken, 1991; Roverato et al., 2015; Dufresne et al., 2021b). However, the variability
they exhibit in the proportion and sedimentological composition of each facies, internal
structure and longitudinal evolution is unattainable by a single conceptual, analogue or
numerical model due to the lack of understanding of VDA /RA propagation mechanisms
and the factors dictating their dynamics. For example, conceptual models such as those
proposed by Campbell (1989) and Takarada et al. (1999) which suggest a plug flow over an
agitated basal layer, find support in VDADs such as Iwasegawa (Japan) and Kaida (Japan)
(Takarada et al., 1999) which preserve such a basal layer. However, the observation of
sheared material in the body of VDA /RAs such as the Pungarehu VDAD (New Zealand)
(Roverato et al., 2015) and Tschirgant RA (Austria) (Dufresne and Dunning, 2017) implies
that a hypothesis based entirely on stresses accommodated in a basal layer cannot be the
primary explanation for the runout of all VDA /RAs. Some researchers have argued that
something more than the fractured rock mass itself is required to explain the behaviour
of VDA /RAs and their runout (reviewed and discussed in Erismann and Abele, 2001;
Hungr, 2002; Legros, 2002; Collins and Melosh, 2003; Friedmann et al., 2006; Manzella
and Labiouse, 2008; Davies and McSaveney, 2012; Perinotto et al., 2015). Many of the
mechanisms proposed suggest intergranular mediums such as water (Katayama, 1974),
steam (Goguel, 1978) or dust (Hsti, 1975) to account for the long runouts, however many
of the deposits do not exhibit any such evidence (Hewitt et al., 2008). Others include other
auxiliary mechanisms such as a frictional heat-generated basal frictionite / pseudotachylyte
layer (Erismann, 1979), which are only exhibited by a few specific events, or only locally.
Today, propagating VDA /RAs are considered to behave as dense granular avalanches
where grain interactions are the most important energy dissipation process (Voight et
al., 1983; Campbell, 1990; Schneider and Fisher, 1998; Davies and McSaveney, 1999;

Roverato and Dufresne, 2021). However, the mechanisms enabling long runouts remain



controversial and unresolved (Legros, 2002; Pollet and Schneider, 2004; Banton et al., 2009;
Davies and McSaveney, 2012; Perinotto et al., 2015; Cabrera and Estrada, 2021), demanding

an evaluation of theoretical models in comparison to real events and their deposits.

1.1 Motivation

1.1.1 Field sudies

A major factor for the lack of understanding of VDA /RAs dynamics results from the
difficulty of developing models and theoretical concepts that are able to interpret and
represent field observations of the sedimentology and structure of VDA /RA deposits
(Perinotto et al., 2015; Johnson et al., 2016). Nonetheless, any model representing prop-
agation and emplacement dynamics of these processes needs to be able to replicate not
only their long runouts, but at the same time be consistent with the sedimentological,
internal structure and geomorphological features of deposits (Cruden and Varnes, 1996;
Pudasaini and Hutter, 2007; Shea and van Wyk de Vries, 2008; Dufresne, 2009). There-
fore, a better understanding of VDA /RA deposits and the processes they represent is
required, in order to contribute to the development of models regarding their kinematics
and dynamics. Although VDA /RA deposits are complex (Roverato and Dufresne, 2021),
detailed examination of their morphology, internal architecture, substrate interactions and
sedimentology provides fundamental information regarding their dynamics (Dufresne
and Dunning, 2017) as demonstrated by field studies (including but not limited to Smyth,
1991; Glicken, 1996; Belousov et al., 1999; van Wyk De Vries et al., 2001; Clavero et al.,
2002; Kelfoun and Druitt, 2005; Roverato and Capra, 2013; Roverato et al., 2015; Dufresne
et al., 2016b; Dufresne and Dunning, 2017; Paguican et al., 2021). In accordance, these
studies have highlighted the importance of dedicated field investigations to better iden-
tify structural and sedimentological features such as facies and feature distribution, and
clast-size distribution patterns in evaluating VDA dynamics, energetics and propagation
and emplacement processes. Systematic comparison studies of the sedimentology of
deposits from different types of mass flows, such as saturated lahars and pyroclastic
density currents, are also scarce in the literature (Dufresne et al., 2016a). In the same way
as the comparison between RAs and VDA, such studies have the potential of constraining

the factors that are different in each (e.g. presence of water, difference in temperature,



presence of gas) and how these can contribute to divergence in the dynamics and runout

of different mass movements.

One of the main reasons for the lack of such studies and comparisons is that although
highly variable, the frequency of VDA reoccurrence is on average in the timescale of
thousands to tens of thousands of years on individual volcanoes (Mcguire, 1996; Capra
et al., 2002; Zernack et al., 2012). Owing to the rarity of recent events, there is a lack of
well-preserved deposits. In addition to that, older deposits are commonly indurated,
prohibiting the detailed study of sedimentology, and especially clast-size analysis of

VDA /RA deposits with conventional sedimentological methods (Tost et al., 2014).

1.1.2 Analogue experiments

The scarcity, inaccessibility, induration and complexity of VDADs encourage alternative
study methods such as analogue experiments (e.g. Iverson et al., 2004, Manzella and
Labiouse, 2008; Dufresne, 2012; Yang et al., 2015; Manzella et al., 2016; Hu et al., 2020) and
numerical modelling (e.g. Campbell et al., 1995; Thompson et al., 2009, 2010; Davies et
al., 2010; Cuomo, 2020) to be employed to support or complement field investigations.
Analogue lab experiments can also provide evidence to evaluate theoretical and numerical
propagation models. They do not aim to mimic reality but rather to simplify the conditions
of a mass flow to examine a specific aspect (Manzella, 2008; Manzella and Labiouse, 2010;
Longchamp et al., 2016) and reproduce their major features (Davies and McSaveney, 2009).
In fact, Davies and McSaveney (1999, 2003) state that in small-scale granular flow experi-
ments (<10° m?), the behaviour diverges significantly from the case studies they used for
comparison. They suggest that this is the result of conditions that cannot be imitated in
the lab, like pore pressure, rock fragmentation and saturated strata. However, the reduced
complexity of laboratory experiments allows for the parameterisation of specific factors in
isolation. Such experiments seek to explore propagation and emplacement, sometimes to
validate and calibrate models (e.g. Denlinger and Iverson, 2001) and sometimes to explore
the influence of specific parameters at the scale of the experiments (Davies and McSaveney,
1999; Manzella, 2008; Manzella and Labiouse, 2009). After careful consideration of the
scaling and the constraints given by a laboratory setting, observations can then be verified
through field observations and numerical simulations to evaluate hypotheses. The effect

of individual parameters observed in the lab can also be evaluated with respect to their



importance in real events (Manzella, 2008; Kelfoun, 2011).

Numerical simulations are a powerful tool in the exploration of VDA /RAs and their
dynamics. However, numerical models need to be constrained by field and analogue
observations and evaluated for their effectiveness in reproducing them. Currently, ex-
isting models are not able to fully reflect the complexities of VDA /RA propagation and
emplacement dynamics (Roverato and Dufresne, 2021). In fact, few events have been
modelled in detail (e.g. Heinrich et al., 2001; Le Friant et al., 2003; Sheridan et al., 2003;
Kelfoun and Druitt, 2005; Capra et al., 2008). Nonetheless, numerical simulations and
simplified analytical models can provide valuable information on the physical processes.
More complex models of VDA /RAs need to be developed alongside, and with constraints
from, field observations (Procter et al., 2021; Roverato and Dufresne, 2021) so that they
can effectively simulate both the dynamics of VDAs and the structure and sedimentology.
Although numerical modelling was not carried out for this thesis, such models are dis-
cussed throughout this study in comparison to field or analogue experimental findings

that are fundamental to correctly validate models.

1.2 Aims and objectives

The present thesis examines the mechanisms and dynamics of VDAs during their prop-
agation and emplacement. The aim is to provide evidence for these dynamics in order
to evaluate and provide constraints for the further development of theoretical models of
VDA propagation and emplacement. This overarching aim has been achieved through

different objectives and methods:

1. The identification of the role of water by the systematic and detailed comparison of

different types of volcanic mass flows.

2. The assessment of the influence of the lithological material characteristics in de-
termining the propagation mechanisms by the detailed field characterisation of

VDADs.

3. The development of a method for the sedimentological examination of indurated

VDAD:s.

4. The evaluation of the effect of bidispersity in high mobility of granular flows by
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using analogue granular avalanche experiments.

5. The critical analysis of laboratory experimental conditions, scaling and interpreta-

tion.

This overall content has been distributed in eight chapters, including the present intro-
duction and the conclusions (Chapter 7) and a brief overview of identified future works

(Chapter 8). The remaining chapters are detailed in the following.

Chapter 2 presents and discusses the theories, models and mechanisms that have been

submitted in the literature to explain the long runouts of VDA /RAs.

In Chapter 3 the assessment of the potential role of fluids in the propagation of VDAs is
evaluated, for the first objective, through a systematic comparison of the sedimentological
data of nine VDADs and eight lahar deposits obtained from the literature. The sedimento-
logical differences between the two mass flow types occurring in volcanic environments
illustrate the role of water in their dynamics. These findings have been published as an
original article in the International Journal of Earth Sciences under the title "Grain size distri-
bution and sedimentology in volcanic mass-wasting flows: implications for propagation

and mobility" (Makris et al., 2020).

Chapters 4 and 5 present the second objective of the thesis, to assess the role of the prop-
erties of the material involved in VDAs in determining their propagation dynamics and
also to evaluate how field studies can be used to examine these. Therefore, this thesis
provides an analysis of two deposits with very different lithological properties. These
are the Tenteniguada VDAD (Gran Canaria, Spain) in Chapter 4, and the Abona VDAD
(Tenerife, Spain) in Chapter 5. Field evidence is evaluated with the aim of constraining
their propagation dynamics. This thesis component contributes towards assessing the
mechanisms that enable long runouts and high mobility. Conceptual models regarding
their propagation and emplacement mechanisms and dynamics according to the observa-
tions are presented. Since a large portion of VDADs is indurated, a new tool is developed
for their examination and is proposed in Chapter 5 for the third objective. The novel
technique utilising structure from motion photogrammetry and photographic sampling
was developed for clast-size analysis of the Abona VDAD. The technique employs a novel

combination of methods and sample strategies for clast-size analysis. This would increase
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the capacity for collecting field evidence and to further investigating VDA /RAs and the
hazards these complex and hazardous phenomena pose. The study of the Tenteniguada
VDAD has been published in the Journal of Volcanology and Geothermal Research under the
title "The propagation and emplacement mechanisms of the Tenteniguada volcanic de-
bris avalanche (Gran Canaria): Field evidence for brittle fault-accommodated spreading”
(Makris et al., 2023a). The study of the Abona VDAD has been published in the jour-
nal Frontiers in Earth Science under the title "Distributed stress fluidisation: Insights into
the propagation mechanisms of the Abona debris avalanche (Tenerife) through a novel
method for indurated deposit sedimentological analysis" (Makris et al., 2023b). Chapter
5 also presents conclusions drawn from the comparison of the Abona and Tenteniguada

VDAD:s.

For the fourth objective (Chapter 6) of evaluating the potential of grain-size distribution
bidispersity on VDA dynamics, mechanisms and runout; a series of analogue experiments
have been carried out. VDA /RA deposits are characterised by bidisperse to polydisperse
grain-size distributions (e.g. Scott et al., 1995; Glicken, 1996; Vallance, 2000; Pollet and
Schneider, 2004; Vallance and Iverson, 2015; Bernard et al., 2017). Bidispersity implies the
existence of two dominant sizes or size ranges in the grain-size distribution. Bidispersity
is exhibited in VDAD:s, at least locally (Ui and Glicken, 1986; Siebert et al., 1989; Glicken,
1996; Siebert, 2002; Bernard and van Wyk de Vries, 2017); while in the case of RA deposits,
bidispersity develops especially in zones of concentrated shear stresses (Dufresne and
Dunning, 2017). Recent analogue experimental studies have examined the potential of
a bidisperse grain-size distribution for providing a more energy-efficient shear accom-
modation arrangement reducing frictional losses at the base of VDA /RAs. An evolution
towards bidisperse distributions is also supported by the findings of Chapter 3. Therefore,
Chapter 6 presents analogue bidisperse granular avalanche experiments examining the
potential of grain-size distribution bidispersity in increasing the runout and mobility
of granular avalanches in general, and VDAs in particular. For the fifth objective, this
chapter discusses the potential and limitations of analogue experiments. The scaling
requirements for the effective examination of VDA dynamics in analogue experiments are

also evaluated.

The different sections of this thesis contribute to the understanding of the propagation

mechanisms of VDAs through different approaches, while proposing new and evaluating
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existing methods which are fundamental for the progress of the field.
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Chapter 2

Mobility mechanisms review

Many theories and models have been proposed regarding the mechanisms that enable the
enhanced runouts of volcanic debris avalanches (VDAs)/rock avalanches (RAs). These are
based on morphology, internal architecture, sedimentology, theoretical approaches, and
numerical and analogue models (for reviews, see Davies, 1982; Erismann and Abele, 2001;
Hungr, 2002; Legros, 2002; Collins and Melosh, 2003; Friedmann et al., 2006; Manzella and
Labiouse, 2008; Davies and McSaveney, 2012). A list of the more relevant mechanisms for

the present work is provided in Table 2.1.

Long runout landslides were first recognised by Heim (1932) with the analysis of the Elm
RA event (Switzerland). Long runouts mass flow deposits have since been identified on
various terrestrial settings as well as other planets, moons and asteroids (Howard, 1973;
Lucchitta, 1979; Singer et al., 2012; Schmidt et al., 2017; Beddingfield et al., 2020; Magnarini
et al., 2021). The long runouts and high mobility suggest an apparent reduction of friction
during propagation. The following section is a more comprehensive review of the main
mechanisms proposed for VDA /RAs including critiques that followed their publication.
The proposed models can be categorised into those not requiring a fluid or lubrication,
those implying basal lubrication, those implying fluidisation by a fluid within the body of
the avalanche, and those related to active volcanic processes. The distinction is also made

in table 2.1, which serves as a key for the mechanisms for the rest of the thesis.
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Table 2.1: Mechanisms proposed for the low apparent friction of volcanic debris/rock
avalanches (adapted after Smyth 1991).

Mechanism Proposed Author

the original kinetic energy

Flow behaviour Hsi, 1975
Sliding behaviour Ui, 1983
Fluid-absent
Highly energetic collisions among individual grains maintaining .

Heim, 1932

Acoustic/vibratory fluidisation — high-frequency vibration which
momentarily relieves overburden pressure locally, allowing sliding
to occur in the unloaded regions

Melosh, 1979, 2015

Dry acoustically and seismically fluidised flow

Francis and Wells, 1988

Spreading of a rapid granular mass

Davies, 1982

Dynamic rock fragmentation

Davies and McSaveney,
2002

Plug flow over an agitated basal layer

Campbell, 1989; Takarada
et al., 1999

Bidisperse grain-size distribution accommodating shear stress as
a more efficient shearing arrangement

Linares-Guerrero et al.,
2007; Yang et al., 2015; Lai
etal., 2017; Hu et al., 2021;
Duan et al., 2022

Air lubricated or fluidised

Trapped layer of compressed air beneath the mass, supporting it

Shreve, 1968

Fluidisation by air: dilated upward flow of air within the mass
maintains a low coefficient of friction between particles

Kent, 1966; Wilson, 1984

Lubricated or fluidised by the presence of a fluid

Water-saturated slide

Katayama, 1974

Small amounts of water in the basal layer accommodating shear in
a wet basal zone with reduced friction

Goguel, 1978b; Johnson,
1978; Voight and Sousa,
1994

High-pressure steam generated by frictional heat at the base of
the flow

Goguel, 1978a

explosions

Highly energetic interstitial dust acting as intergranular fluid Hsi, 1975
A layer of molten rock generated at the base by frictional heat Erismann, 1979
Gravitational sliding fractured and mobility enhanced by steam Ui, 1983

Boiling of interstitial fluid by frictional heat - vaporised in the
mass

Habib, 1975; Voight et al.,
1983

Specific to volcanic environments

Volcanic gases injected along the slip plane

Prostka, 1978

Hydrothermal fluids - allowing incomplete fluidisation of weak
rocks

Siebert, 1984

Fluidisation by volcanic gases

Voight et al., 1983

Magmatic Blast

Gorshkov and Dubik, 1970

14




2.1 Fluid-absent

Heim (1932) hypothesised that the motion of the ElIm RA was the result of numerous
highly energetic collisions between the grains maintaining the original kinetic energy
of the fall and driving the propagation. Bagnold (1954) also supported the idea of a
dispersive grain flow with agitated particle-particle collisions supporting the weight of
the matrix of the mass. However, grain-flow type movements were not often connected
to VDAs, possibly because it is hard to envisage a large dry granular flow of this scale as
Smyth (1991) suggests. It is now also believed that VDA /RAs do not propagate under a
collisional regime and therefore this type of energy exchange at the scale inferred by the
authors is unlikely. It is no longer believed that this type of flows is dominated by chaotic
particle collisions and high granular temperatures that would support the weight of the
material in the way implied (e.g. Dunning, 2006; Dufresne et al., 2016a; Paguican et al.,

2021).

Hsii (1975), adding to the theory of Bagnold (1954) proposed that highly energetic intersti-
tial dust could act as an intergranular fluid fluidising a RA. McSaveney (1978) disagreed
with this theory and suggested that an intergranular fluid is not required. They instead
suggested that vibrational energy produced by an earthquake is sufficient to allow flu-
idisation of the Sherman RA (Alaska) which, however, had moved over Sherman glacier,

making it an even more complex case.

Melosh (1979) and Collins and Melosh (2003) proposed acoustic fluidisation (vibratory
fluidisation) as the mechanism fluidising VDA /RAs. According to Melosh (2015), the pass-
ing of high-frequency vibrations creates transient, high-frequency pressure fluctuations
(or acoustic waves), that fluidise the homogenous debris mass through local variations in
contact forces. These pressure fluctuations instantaneously locally relieve the overburden
weight on individual clasts that become free to slip. This process creates an agitated
laminar flow with low mixing between units and is capable of enhancing the mobility
of granular flows (Collins and Melosh, 2003). The numerical modelling of Collins and
Melosh (2003) suggests that under high-frequency pressure vibrations, a granular mass
will develop into a fluid-like flow with uniform viscosity. Numerical modelling by Johnson
et al. (2014) offers support for the theory by suggesting that sliding preferentially occurs in

a granular flow when normal stress is reduced. Francis and Wells (1988) and Francis and
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Self (1987) similarly support that seismic energy can have a similar effect on the motion of
VDA /RAs, especially where intensified and prolonged by the subsurface structure of the

geology by substituting the kinetic decreasing energy (Francis and Self 1987, p78).

Mechanical fluidisation has been proposed by McSaveney (1978) and Davies (1982) as a
process where the high energy in a granular mass generates high impulsive contact pres-
sures between particles, causing the dilation of the mass. In this case, internal resistance
to shear stress is reduced (Bagnold, 1954) and the mass may flow under gravity (Davies,

1982).

Campbell (1989) suggested self-lubrication could occur by an avalanche flowing like a
solid sheet over a dilute layer of highly agitated particles that should form naturally in
high-speed granular flows. They proposed that only a small portion of the mass would be
dissipating energy, and this also complies with the size effect where mass flows of larger

volume are capable of greater mobility.

According to the theory of spreading of a rapid granular flow, Davies (1982) suggested
that the observed size effect was the result of the greater spreading of more voluminous
mass flows. However, Campbell et al (1995) performed a more precise calculation of
the effective coefficient of friction using the fall height and displacement of the centre
of mass and their findings support that the effective coefficient of friction is in this case
also decreases monotonically with the volume of the mass flows, and thus suggest that
friction is reduced by a physical mechanism and not as a result of spreading and the
geometry of deposits as suggested by other authors (Davies 1982; Johnson et al. 2014
and references therein). The calculations of Campbell et al. (1995) suggest that spreading
is not the factor imposing the low apparent coefficient of friction in the geometry of
VDA /RA deposits; and that a physical mechanism is reducing the effective coefficient of
friction. Measurements of the travel distance of the centre of mass rather than the runout
of the deposit have confirmed that spreading is not enough explanation for high mobility

(Legros, 2002).

Dynamic rock fragmentation has more recently been proposed (Davies and McSaveney,
2002; Pollet and Schneider, 2004) as the effect generated by the fracturing of intact rock

under rapid strain and confining pressure and can preserve the dilated state in a granular
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material as supported by studies such as Davies et al. (2010) and Zhang and McSaveney
(2017). Prior to fracturing, particles deform plastically under the shearing motion around
them. When these forces exceed the local strength of a particle, it breaks and generates
fractures. A proportion of the stored elastic energy is then released with the fractures radi-
ating from the centre of mass of the clast. The elastic energy released during disintegration
could contribute to the enhanced mobility of VDAs/RAs by generating pressure which
supports some of the force on the shear layer so that the effective stress in the shear layer
is reduced. Because frictional resistance is proportional to effective stress, this reduces
the overall frictional resistance to shear (Davies and McSaveney, 2009). This theory is
disputed by Rait and Bowman (2016) who observed that the kinetic energy produced in

dedicated shear tests is quickly dissipated in the matrix with no long-lasting impact.

A number of studies (Linares-Guerrero et al., 2007; Yang et al., 2015; Lai et al., 2017; Hu
et al., 2021; Duan et al., 2022) have proposed the grain-size distribution bidispersity
observed locally in VDA /RA deposits as a potential factor enhancing their mobility. These
studies suggest that fine particles migrate to the base, where they act to lubricate the flow.
It has been observed in analogue experiments and numerical models that fine particles
reduce the frictional areas between the coarse particles and the substrate by acting as
‘ball-bearings’ (Roche et al., 2006; Linares-Guerrero et al., 2007), while they simultaneously
act as ‘rollers’ to encourage rolling as opposed to frictional sliding (Phillips et al., 2006;
Hu et al.,, 2021). The studies of Linares-Guerrero et al. (2007), Yang et al. (2015), Lai et
al. (2017), Hu et al. (2021) and Duan et al. (2022) propose that fine particles migrate
and lubricate the base, in a process identical to the described lab experiments. However,
the applicability of this process at the scale of VDA /RAs has not been evaluated, and
graded deposits with fines at the base deposits are not often observed. Analogue (e.g.
Phillips et al. 2006; Moro et al. 2010; Yang et al. 2015) and numerical experiments (e.g
Linares-Guerrero et al. 2007) also support that the bidisperse grain-size distribution that is
observed in shear zones (Dufresne and Dunning, 2017) is more efficient in accommodating
shear and potentially enables longer runouts and greater mobility in granular avalanches.
This controversial aspect of the role of bidispersity in VDA /RA runout and the validity of

experimental observations is discussed in detail in Chapter 6.
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2.2 Basal lubrication by fluid or air

Shreve (1968) proposed that a layer of compressed air, trapped beneath a VDA /RA (air
cushion) could support its weight and thus lubricate its flow. Erismann (1979), however,
disputed this hypothesis by theoretically calculating the unrealistic conditions that would
be required for it to be true. They calculated that a "bouncing height" over 100 metres
would be required to generate the air compression that would allow this cushion to move
over even slightly uneven topography. They also illustrated that the marginal rim that
the original hypothesis suggested would limit the air cushion (Shreve, 1968) would need
to resist a lateral air-jet of 450m/s that the weight of a 62.5 m thick VDA would produce,
and thus would not remain in place. This theory also assumes low leakage rates through
the mass. The required low permeability has been calculated as theoretically possible
for VDA /RA poorly sorted material (Iverson, 1997), however, fluidisation experiments
suggest a dramatic increase in permeability with fluidisation (Wilson, 1984). Similarly,
Prostka (1978) proposed that volcanic gasses injected in the slip plane could lubricate the
flow. The blast surge from the Mt St Helens eruption was indeed gas-rich at temperatures
>100°C (Banks and Hoblitt, 1981). However, Glicken (1996) supports that the uneven
topography of the valley could not have enabled this process. Also, the permeability
arguments (Erismann, 1979) outlined above suggest that the confinement of the fluid to
the base of the flow is unlikely (Smyth, 1991). Additionally, the recognition of long runout
landslides on the Moon, where the is no air, by Guest (1971) and Howard (1973) supported
the argument that hypotheses attributing mobility to the effect of air were less likely to be
responsible, at least for all, long runout mass flows and that therefore there must also be

other mechanisms.

Basal lubrication by a formed or injected fluid has been hypothesised by various studies
(e.g. Marangunic 1972; Ui 1983). These hypotheses can be divided into three types: a.
injection of a lubricant, b. hypotheses that frictional heat at the base of the mass causes a
phase change (melting of rock or ice, evaporation of water to steam), and c. mechanical

lubrication (Smyth, 1991).

Some authors have suggested that small amounts of water located in the basal layer can
lubricate the propagation of VDA /RAs by accommodating shear in a wet basal zone

(e.g. Goguel 1978; Johnson 1978; Voight and Sousa 1994). Similarly, other authors have
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proposed the lubrication being a result of undrained loading of saturated substrates (Abele,

1974; Sassa, 1989; Legros, 2002).

Gliding long distances on the surface of glaciers has also been proposed for some
VDA /RAs; with the smooth surface of the ice and a layer of frictionally melted water-
reducing friction at a basal shear plane. This mode of lubrication has been proposed
by McSaveney (1978) for the Sherman RA (Alaska). However, most of the long-runout
VDA /RAs do not occur on glaciers, therefore this theory does not offer a universal

explanation.

Erismann (1979) suggested that a layer of frictionally generated molten rock (friction-
ite/pseudotachylyte) could lubricate the flow. However, this layer would solidify as glass
which has rarely been found at the base of a VDA /RA and could not occur in carbonate
rocks (Smyth, 1991). Many long runout RAs have been reported in limestone terrains
(e.g. Flims, Switzerland). The combination of this evidence suggests that this process is
unlikely to occur in all but some exceptional slides like the Koefels RA (Austria) (Smyth,
1991) where glass was found at its base. Basal sliding on a dissociated or melted rock has
also been supported as plausible by other authors (Erismann, 1979; Masch et al., 1985;

Legros, 2002; De Blasio and Elverhei, 2008) even though rarely and only locally observed.

The observation of sheared material in the body of VDA /RAs indicates that a hypothesis
based entirely on a low-friction basal layer cannot be the primary explanation for their
mobility (Johnson et al., 2016). Also, the presence of shear zones that accommodate shear
within the body of VDA /RAs (Roverato et al., 2015; Dufresne and Dunning, 2017) suggest
that the mass is not ravelling as a plug on a single basal layer; although it is likely that the
material above these internal shear zones experiences less shear than the shear zones that

concentrate shear.

2.3 Lubricated/fluidised by the presence of fluid or air within the

body of volcanic debris/rock avalanches

The ability of VDA /RAs to travel longer than predicted by simple frictional models has
been attributed by many authors to the action of a fluid significantly reducing solid

friction (e.g. Kent 1966; Shreve 1968; Goguel 1978; Johnson 1978; Voight et al. 1983;
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Voight and Sousa 1994). Modified or lubricated grain flow occurs when the presence of an
interstitial fluid, liquid, or gas, builds up pressure gradients in the gas with collisions. In
this case, particles are affected by the fluid pressure in addition to the momentum and
interaction with other clasts (Smyth, 1991). This leads to the conservation of frictional
energy dissipation. Legros (2002) also explains how an interstitial fluid could reduce the
effective coefficient of solid friction by partly supporting particles, reducing the normal
granular stress (Bagnold, 1954). However, as mentioned above, the importance of fluids in
the mobility of VDA /RAs has been questioned by the discovery of long runout deposits
on the Moon and Mars (Howard, 1973; McEwen, 1989).

Habib (1975) proposed that frictional heat might cause any water vapour to expand to
steam at the base of the flow and support the mass by gaseous pore pressure. Expanding
on this, Goguel (1978) suggested smaller particles within the body of the VDA /RA can
be supported by the steam, while larger would be supported by turbulent suspended
dust. Voight et al. (1981) similarly proposed the boiling of interstitial fluid by frictional
heat steam had the effect of lubricating or fluidising the Mt St Helens VDA. However,
Francis and Wells (1988) concluded that this is not necessary for all VDA /RAs, after
examining the Socompa VDA (Chile), where insufficient water quantities would have
been available at the time of the event for this process. The combination of the required
unrealistic impermeability (Erismann, 1979), the existence of long runout landslides on
the waterless Moon, and disagreement with sedimentological observations at the Rio Pita

VDA (Ecuador), Smyth (1991) suggest that these hypotheses are unlikely.

Kent (1966) proposed fluidisation by air extrusion, that flow of air upwards through
the body of the VDA /RA is capable of maintaining a low coefficient of friction between
particles. This kind of gas fluidisation requires the rapid propulsion of air or magmatic or
hydrothermal gases through the material (Smyth, 1991). Such fluidisation is incomplete
in VDA and occurs where gas bubbles make their way through the mass to the surface

(Wilson, 1984).

2.4 Related to eruptive volcanism

Glicken (1996) express the conviction that the blast explosion from the eruption of Mount

St. Helens may have increased the mobility of the matrix-rich facies, through the reduction
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of intergranular friction as the explosion promoted a dilated flow. However, they did not

believe that complete fluidisation occurred.

Hydrothermal fluids have been proposed by Siebert (1984) to help lubricate the flow and
they have also been suggested to weaken hydrothermally altered volcanic material (e.g.

Vallance and Scott 1997; van Wyk de Vries and Delcamp 2015).

Although many of these explanations appear plausible in some specific case studies many
are unlikely to offer a comprehensive explanation for the mobility of VDA /RAs. If there is
indeed a single universal explanation, it is more likely an explanation that does not require
exotic emplacement mechanisms (such as air-layer lubrication or fluidised substrates)
(Davies and McSaveney, 2012; Dufresne and Dunning, 2017). Models for the mobility
that encompass the features of VDA /RAs deposits but only require simple heterogeneous
fragmentation of an initially intact source rock are both possible and more likely (Dufresne

and Dunning, 2017).
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Chapter 3

Grain size distribution and sedimentology in
volcanic mass-wasting flows: water as a factor

for propagation and mobility

Note, the content of this chapter comparing the deposit sedimentology and propagation mechanisms
of volcanic debris avalanches and lahars has been published in the International Journal of Earth
Sciences under the title "Grain size distribution and sedimentology in volcanic mass-wasting
flows: implications for propagation and mobility” (Makris et al., 2020). A pre-print version of
the publication is included in the supplementary material (as it was not published open access).
Symeon Makris wrote the text, prepared all of the figures and developed the arquments therein.
All authors discussed the science and commented on the manuscript. The format of this chapter is
not the same as the publication, as different sections have been integrated in different parts of this

thesis.

3.1 Introduction

The sedimentological characteristics of mass-wasting flow deposits are important for
assessing the differences between phenomena and their propagation and emplacement
mechanisms. The term volcanic mass-wasting flow, in this study, refers to the propagation
of volcanic material downslope under gravity. The term makes no distinction as to
their water content and sediment concentration. The mass-wasting flows considered

are volcanic debris avalanches (VDAs) and lahars. VDAs (as well as non-volcanic rock
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avalanches) are extremely rapid flows of fragmented rock derived from a slope failure
(Sharpe 1938; Schuster and Crandell 1984; Hungr 2001) or a volcanic flank collapse (Siebert
1984); and may evolve from an initial rockfall or rockslide (Hungr and Evans 2004; Clague
and Stead 2013). Although they may contain water, VDAs are not water-saturated (Iverson
1997; Legros 2002) as the majority of pore spaces are occupied by air so that the mass is
mostly supported by particle-to-particle contacts (Siebert et al. 2006; Vallance and Iverson
2015). Lahars are defined as rapidly flowing, gravity-driven mixtures of rock, debris and
water from a volcano (Vallance and Iverson 2015). Large quantities of unconsolidated
material is required for their initiation (Lavigne and Thouret 2002). In contrast to VDAs,
in lahars, the material is water-saturated with pore spaces filled with water (Iverson
1997; Scott et al. 2001; Legros 2002; Griswold and Iverson 2007). In the literature, lahars
typically include sediment concentrations >60% by volume, whereas hyperconcentrated
flows have sediment concentrations 20-60% (Fisher et al. 1984; Vallance 2000). Lahars can
be closely associated with VDAs as they can evolve from the propagating VDA mass with
the incorporation of water, or originate from the remobilisation of VDA deposits (VDADs)
(Crandell 1971; Glicken 1991). However, even if they have a similar initial composition,
they show fundamental differences in runouts and deposit characteristics (Crandell 1971;
Pierson and Scott 1985; Glicken 1991; Iverson 1997; Scott et al. 2001; Legros 2002; Vallance
and Iverson 2015).

While water can affect VDA propagation as a lubricating or fluidising medium (Bagnold
1954; Voight et al. 1983, 1985; Legros 2002; Roverato et al. 2015); there are fundamental
differences between not fully saturated or even dry VDAs and saturated lahars (Smyth
1991; Iverson 1997; Scott et al. 2001). However, the effect on propagation of both the water
content and material differences are still unclear (Hiirlimann and Ledesma 2000; Legros

2002).

Following the approach used by Dunning (2004), the present study analyses and compares
the grain size distribution (GSD) of VDAs and lahar deposits and offers a comparison to
allow the evaluation of the effect of water and the extent of its contribution to high mobility
in VDAs, as well as revealing similarities or differences in the mode of propagation of the

two mass-wasting flows.
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3.2 Sedimentary and structural characteristics of volcanic debris

avalanche deposits

Material mobilised by VDAs can be heterogeneous in origin and thus size distribution
and strength. However, there have been several studies regarding their sedimentology
(e.g. Siebert, 1984; Ui and Glicken, 1986; Glicken, 1991; Smyth, 1991; Caballero and Capra,
2011; Roverato et al., 2015; Dufresne et al., 2021; Roverato and Dufresne, 2021); reporting a

set of common characteristic features:

1. In the source area, the collapse typically leaves a horseshoe-shaped scar where the

material collapsed (e.g. Roverato and Dufresne, 2021).

2. The most frequently reported feature of VDADs themselves is their jigsaw-fractured
clasts and blocks (fig. 3.1). These are characterised by a fabric of a chaotic fracture
network where fragments experience little relative displacement in the lack of
disaggregation of the rock unit (Ui, 1983; Glicken, 1996; Bernard et al., 2021). Such
jigsaw-fragmented sections of the source edifice are preserved as blocks up to
hundreds of meters in size (Glicken, 1991), that nonetheless remain coherent and
preserve their outline (e.g. Ui and Glicken 1986; Ui 1989; Glicken 1991; Palmer et al.
1991; Tost et al. 2014).

3. The interior of VDADs is composed of fragmented debris produced by the fracturing,
disaggregation and comminution of the original material (Roverato et al., 2015), and
jigsaw-fractured but relatively coherent blocks (Shreve, 1968; Glicken, 1991). Their
component parts are usually angular to very angular (Glicken, 1991; Roverato et al.,

2011).

4. Poor mixing of the incorporated lithologies and sedimentary units often leads to the
preservation of original stratigraphy (remnant stratigraphy) and areas of distinct
lithologies within the deposit (e.g. Shreve, 1968; Siebert, 1984; Ui and Glicken, 1986;
Glicken, 1996; Belousov et al., 1999; Voight et al., 2002; Roverato et al., 2015). Source
stratigraphic sequence is locally retained despite long runout distances (further
discussed in Chapters 4 and 5), and shear bands, faults, and block-in-matrix fabrics

being common features (Siebert, 1984; Glicken, 1991; Davies and McSaveney, 2009).

5. Due to the poor mixing and its uneven distribution, VDADs exhibit a high hetero-
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geneity in terms of lithology, texture, sedimentology and degree of disintegration

even at the small scale of a single block (Glicken, 1996; Bernard et al., 2008).

. The surface of VDADs displays hummocky topography and longitudinal and trans-
verse ridges (Siebert, 1984; Glicken, 1991; Bernard et al., 2008; Paguican et al., 2014).
Levees sometimes form on the sides of the flow, as is the case for the Mount St.
Helens (USA) 1980 VDAD (Voight et al., 1983) and Socompa (Chile) (Francis et
al., 1985). The surface hummocks in the topography of VDAD:s is a characteristic
feature (Ui, 1989). The size of the hummocks tends to decrease away from the axis
of the deposit, however, their density increases towards the margins (Siebert, 1984).
The hummocks often, but not always, contain blocks, and some of them are only

composed of one block (fig. 3.1) (Siebert, 1984; Paguican et al., 2014; Procter et al.,

2021).

surface hummock composed surface hummock com-
/ of mixed facies material posed of jigsaw fractured

Matrix-rich Facies

Figure 3.1: Schematic representation of debris avalanche deposit (modified after Roverato
et al., 2015; Dufresne et al., 2016a; Bernard et al., 2008).

Other than these general features, lithology has a major control on the structure and

sedimentology of the VDADs (and RAs - Dufresne et al., 2017), as further discussed in

this thesis in Chaptre 4 and 5.

Moreover, using a first-order classification, VDADs can be divided into two distinct facies.

A facies is typically characterised by a property that is common among its members,

but unique among other areas of the deposit (Cas and Wright, 1987). The main body of
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VDAD:s is subdivided into the end member block facies (after Ui, 1989; Glicken, 1991)
and the matrix-rich facies (after Roverato et al., 2011; matrix/mixed facies in previous
VDA literature after Glicken, 1991) (Ui, 1983; Ui and Glicken, 1986; Glicken, 1991; Siebert
et al.,, 1995). However, distinction into these facies is not always simple due to the
variable degree of disaggregation and shearing, producing a chaotic architecture that is
difficult to categorise. The block and matrix-rich facies are not horizontally continuous
or homogenously distributed; but rather characterise the location of different lithologies,
blocks, and matrix within the body of a VDAD. Thus they can be present in proximity to

each other (fig. 3.1). The two facies are described below:

3.2.1 Matrix-rich facies

The matrix-rich facies (mixed facies prior to Roverato et al., 2011, matrix facies prior to
Glicken 1991) consists of a very poorly sorted, heterolithic mixture of clasts and a fine
interblock matrix. The matrix is derived from different material of the source volcano as
well as juvenile material and material incorporated during propagation from the path
(Ui, 1989; Glicken, 1991) forming a heterogeneous matrix of sand-silt grain sizes. The
facies also includes some matrix-rich facies blocks (Bernard et al., 2008). A clast refers
to any rock which would not break if passed through a sieve or was immersed in water,
after the definition by Glicken (1991). However, a block in a portion of the original edifice
transported and deposited within the matrix wihtoug becoming disaggregated, even
though it is composed of multiple clasts and potentially matrix. Particle sizes (including
clasts and matrix) range from micrometres to metres in size (Glicken, 1991). The material
in this facies lacks grading and stratification (Ui, 1989). Laminations, stretched clasts
and injections in cataclased blocks in the matrix-rich facies indicate its motion during the

propagation (Bernard et al., 2008).

3.2.2 Block facies

The block facies is composed of monolithological/polylithlogical unconsolidated, or
poorly consolidated, portions of the original edifice (referred to as blocks) that collapse,
propagate within the VDA and become emplaced to their position in the deposit (Glicken,
1991) unmixed with the surrounding material, thus retaining lithological distinctness

(Bernard et al., 2021). Such blocks are composed of better-preserved, more intact material
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(Glicken, 1991, 1996; Bernard et al., 2021) which might preserve original stratification,
intrusive contacts or other features (Ui, 1989; Roverato et al., 2015). The material originates
from the source edifice or is incorporated from the substrate during propagation. Blocks
can be up to hundreds of meters in size (Glicken, 1991) and are often partially deformed
and jigsaw fractured (Ui and Glicken, 1986). For typical metre-sized blocks, few clasts
preserve their original texture (Glicken, 1991). There are few intrablock features such
as incomplete mixture material (Bernard et al., 2008). Blocks greater than one metre in
diameter are common in most VDADs, however, they are lacking in some, such as the
VDADs of Mount St. Helens (USA) (Glicken, 1996) and Chimborazo (Ecuador) (Bernard
et al., 2008).

Other than the relatively well-preserved block component, fracturing, partial disaggre-
gation and mixing of the material within a block can generate an intrablock matrix (e.g.
Roverato et al., 2015; Bernard et al., 2021). Like the interblock matrix of the matrix-rich
facies, the intrablock matrix is composed of heterolithic clasts within a heterolithic matrix.
Although the degree of mixing within the intrablock matrix exhibits some variability it is
always lower than the interblock matrix, which is completely mixed. The lithology of the
clasts and matrix represents the lithologies in the vicinity, within each block, as will be
discussed in Chapters 4 and 5. The intrablock matrix (as well as the intrablock) exhibits

no internal structures or features.

In addition to the two facies, VDADs exhibit shear zones (fig. 3.1) with finer particles but
with the same lithology as neighbouring blocks (Smyth, 1991; Roverato et al., 2015; Roberti
et al., 2017). The easier pulverisation of weak volcanic material like vesicular scoria is
likely to encourage the formation of a sand-rich matrix as Roverato et al. (2015) suggest is
the case for the Pungurehu VDA (New Zealand). This fine matrix allows the formation
of irregular shear zones. These are thought to act as corridors of shear accommodation
around more coherent domains that are less exposed to shear, as illustrated in fig. 3.1, thus
dictating where particle disaggregation is concentrated and any present fluids are focused.
The protected sections are consequently deposited as the observed block facies (fig. 3.1)

(Roverato et al., 2015).

Jigsaw-fractured blocks and source stratigraphy are also retained in rock avalanche (RA)
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deposits despite long runout distances, and shear bands, faults, and block-in-matrix fabrics
are also common features (Davies and McSaveney, 2009; Weidinger et al., 2014; Dufresne
et al., 2016b; Crosta et al., 2017). However, VDADs appear to contain larger proportions of
matrix and areas of mixing, with preservation of source stratigraphy generally restricted
to the large blocks (Dufresne et al., 2021). Clast-size distribution bidispersity has been
reported, at least locally, for VDADs as well as RA deposits (Yarnold, 1993; Dufresne and
Dunning, 2017) as will be discussed in this thesis. RA deposits additionally exhibit a
carapace surface facies not observed in VDADs. The carapace is a top armouring of the
deposit that is composed of large boulders. This layer is relatively thin and often exhibits
inverse grading (Dufresne et al., 2018). Nonetheless, the most notable sedimentological
difference between VDA and RA deposits is their lithological composition. Volcanic slopes
contain large proportions of unconsolidated pyroclastic products and hydrothermally
altered material, which are less competent and more likely to disaggregate towards a
granular mass (Dufresne et al., 2021). This is a theme that will be evaluated in this thesis

in Chapters 4 and 5.

3.3 Sedimentary and structural characteristics of lahars

Lahar deposits are characteristically flat-topped (Crandell 1971; Glicken 1991; Palmer et al.
1991). The marginal edges of the deposit grade into the substrate without forming steep
slopes (Ui 1989). In terms of internal structure, lahar deposits are massive, compact and
consist of very poorly sorted fragments of the original mass (Vallance and Iverson 2015).
More dilute lahar deposits are more similar to fluvial sand and gravel deposits (Crandell
1971). Lahar deposits are very homogenous (Vallance 2000; Vallance and Iverson 2015),
lacking fractures and fault surfaces (Ui 1989). This lack of internal features is a diagnos-
tic characteristic along with an abundance of air spaces in their matrix (Crandell 1971;
Vallance and Iverson 2015). They may contain structurally intact boulders (unfractured
compact single clasts) surrounded by the finer-grained material, but not fractured (or
jigsaw-fractured) blocks (Ui 1989). Lahar deposits can be graded, especially if less dense
material like pumice is present, which are concentrated at the top to form a lower density
carapace (Vallance 2000). Also, larger boulders are concentrated at the top of the deposit,
contributing to the reverse-grading (e.g. Pierson and Scott 1985; Ui 1989; Saucedo et al.

2008). However, normal grading with coarse material at the base and finer at the top has
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also been observed, at least locally, in some lahars (e.g. Crandell 1971; Pierson and Scott

1985b; Vallance and Scott 1997; Saucedo et al. 2008).

3.4 Data sources and method

This study provides a semiquantitative assessment of the GSD of VDA and lahar deposits,
through the examination of nine VDADs and eight lahar deposits through data assembled
from published studies. These volcanic mass-wasting flows were selected because detailed
studies of their sedimentology are available. All the events present long runouts and low
H/L ratios (table 3.1). Other case studies were also considered but could not be included
as the desired statistical descriptors or the raw sedimentological data for their calculation
were not available. For the Cotopaxi VDAD, raw sedimentological data were kindly
provided directly by the authors (Vezzoli et al. 2017). Data included for VDADs are from
both the matrix-rich and the block facies and are labelled appropriately where fitting. The

events, their authors and their properties are listed in table 3.1.

Table 3.1: Events considered in this study. Note that some are related either geographically
(bold, enclosed in thicker border), or both geographically and temporally (same shade

colour).
Type Location Sampling Age Runout | Volume Water content H/L Source
Pungarehu, Taranaki several samples from each locality to cover all 3 incorporated snow, ice and
D, 2 27 X ., 201
A Volcano, NZ lithofacies, 13km length covered Ska >27km >7km substantial groundwater <009 Roverato et al,, 2015
Shiveluch Volcano, samples from block facies, 10km length multiple 3 . Belousov et al., 1999;
PA Kamchatka, RS covered DADs >15km 1.5 km high 0133 Hayashi and Self, 1992
DA Cubilche, EC outcrops few and concentrated >30ka | >20km | >335 | initiallowcontent<10% | 5 | Roveratoetal, 2018;
km increasing during propagation Pierson and Costa, 1987
DA San Marcos, Colima, MX sampled along the deposit >28 ka 22.55km | ~1.3 km? <10%
- - . - Roverato et al., 2011
DA Tonila, Colima, MX sampled along the deposit 15-16 ka 23.01km ~1km? high
Montegrande ravine, N s
Lahar Colima, MX sampled along the deposit 15/09/2012 Vazquez et al., 2014
. very high - some areas
+
pa | Acautla, Sa”ts'v\"a Volcano, sampled along the deposit s7ka | ~50km 15""35 classified as a cohesive debris | >0.05 |  Siebert et al, 2004
flow
DA Rio Pita, Cotopaxi, EC 4ka 21km 2.1km? local partial saturation 0.12 Smyth, 1991
DA Cotopaxi, EC data from different facies in the same area 20km ~2 km?3 not significant Vezzoli et al., 2017
Lahar Chillos Valley, Cotopax.l, EC sampled along northern and southern flow 4.5 ka 326km 3.8km? meltgd icecap saturated the Mothes et al,, 1998
(evolved from Cotopaxi DA) paths material to generate the lahar
one sample location, samples from different multiple, water released from summit
Lahar Cotopaxi, EC P ’ P post-1150 glaciers with different Pistolesi et al., 2013
events .
AD mechanisms
DA Mt St Helens, USA sampled along the deposit, different facies 29km 2.9 km* 0.31km?, 11% 0.106 Glicken, 1996
Toutle River, North Fork, Mt
Lahar | St Helens (evolved from Mt
SthclensIDR) sampled along the deposit Y EHAEED Scott, 1988
Toutle River, South Fork, Mt P J P ’
Lahar | St Helens (evolved from Mt
St Helens DA)
. Eruption of the volcano
Lahar Toutle Rlveru;\jl: St Helens, sampled along the deposit 19/03/1982 83km released a flood of water from | 0.06 Pierson and Scott, 1985
the cater, 4x10°m?
sampled along the deposit 2001 <25%
Lah: P tépetl, MX >15k . C tal., 2003
anar opocatepetl sampled along the deposit 1997 m Xl?éjms apra et a

Sample strategies and analyses vary in these studies since the examination of the evolution
of GSD was not the original aim of the data collection campaigns of the published works,
however, trends can be extracted for each event independently. In particular, events in

Cotopaxi, Colima and Mount St. Helens are significant as, lahars and VDA are available
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representing different types of mass-wasting flows composed of similar material. The
Cotopaxi lahar data are not used for longitudinal evolution analyses because they are all
collected from the same location. In other cases, where a specific statistical descriptor is
used that could not be obtained for some events, these events are not included in that
specific analysis. It should also be noted that in the paper of Glicken (1996) describing the
Mount St. Helens VDAD, the distances of the sampling sites from the source are overes-
timated by a factor of 1.6 throughout the paper (probably due to an error in conversion
from miles to kilometres). This is evident by the location of the sampling sites on the map
in plate 4 of that publication. This is mentioned so that the valuable findings of the study

are correctly interpreted.

The parameters used for the characterisation of the deposits are the statistical descriptors:
median grain size, sand, gravel and silt and clay particle fractions, skewness and sorting.
Grain size fractions are chosen because comparison of their distribution and abundance
can allow the evaluation of the comminution processes and any preferential comminution
of size classes. The sizes of each class are defined according to the Wentworth (1922)
classification. In particular, the sand range coincides with the size of interest for the
fine material commonly used in relevant studies of VDA and lahars deposits (e.g. Scott,
1988; Vallance and Iverson, 2015). Inclusive graphic sorting (o) and skewness (sk;) of
Folk (Folk and Ward 1957; Folk 1968) are used for all events except Shiveluch VDA
(Belousov et al. 1999) and Acajutla VDA (Siebert et al. 2004), where they were not
available. In these two cases, Inman (1952) statistics are used instead, which although
might not be directly comparable, can still reveal trend within the same deposit. The
sorting coefficient (o) describes the range in size required to encompass a given majority of
the population around the mean. A low sorting coefficient thus describes a population with
little spread around the mean. A higher sorting coefficient indicates that the population
is spread over a larger range of sizes. A verbal classification from very well sorted to
extremely poorly sorted was introduced by Folk (1968) and is presented in table 3.4. Folk
skewness (sk1) measures the degree to which the population approaches symmetry, and
(in contrast to Inman) includes a measure of the “tail” (material outside the mode of
the distribution) of the population. Positive skewness describes populations with large
proportions of fine material (fine-skewed) and a tail in the coarser range of sizes; and
negative skewness the opposite (coarse-skewed). A skewness of zero would describe

a symmetrical distribution. Higher values describe progressively more fine-skewed
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Table 3.2: Sorting classification (Folk 1968)
Sorting value (¢) Sorting classification

0.00—-0.35 Very well sorted
0.35—0.50 Well sorted

0.50—0.71 Moderately well sorted
0.71—-1.00 Moderately sorted

1.00 —2.00 Poorly sorted
2.00—4.00 Very poorly sorted
>4.00 Extremely poorly sorted

distributions. A verbal classification of skewness by Folk (1968) suggests sk; values from
+0.1 to -0.1 as nearly symmetrical, -0.1 to -0.3, fine-skewed and -0.3 to -1.0 as strongly

coarse-skewed, and the opposite for fine-skewed populations.

3.5 Results - Grain Size Analysis:

3.5.1 Median grain size

Comparison of both median grain sizes of VDADs and lahar deposits demonstrates that
the average grain size for lahars is consistently lower than VDADs, after the most proximal
(~5-6km) parts of the deposits (fig. 3.2). The median grain size of lahars demonstrates a
rapid decline at these initial stage, and then slowly becomes finer. Although there is some
overlap, lahars are consistently at the finer-grained end of the overall population. In the
Mount St. Helens VDAD and lahars originating from the same event and material, the

GSD of the lahars is always finer.

Analysis of the longitudinal evolution of the median grain size in VDADs shows a constant
grain size with no obvious trend. Lahars, on the other hand, show a fining (previously
identified by Pierson and Scott 1985; Scott 1988) both individually as well as in the

combined population in fig. 3.2.

3.5.2 Silt and clay, sand and gravel particle content

With decrease in median grain size, there is a decrease in the gravel content of the mass,
and an equivalent increase in the sand component, both in lahars and VDAD:s (fig. 3.3a
and b). Conversely, there is only a minor increase of the silt and clay component in both
lahars and VDAD:s (fig. 3.3c). The silt and clay content only reaches percentages greater

than 20% in a few very fine samples.
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Figure 3.2: Evolution of the grain size distribution of volcanic debris avalanches (VDAs)
and lahars with propagation distance. Note that the x-axis is inverted so that size increases
up the axis. (MF: Matrix-rich facies; BF: Block facies)

3.5.3 Sorting

The majority of both VDAD and lahar samples are very poorly sorted (o= 2 to 4). Several
VDAD samples are extremely poorly sorted (0>4), and very few are poorly sorted only
from the Rio Pita VDA (fig. 3.4b). With decreasing grain size the sorting of lahars improves
and thus a decrease of the sorting coefficient is observed (fig. 3.4a). This implies that their
GSD becomes more concentrated around the mean and is less spread in terms of the grain
size range. For lahars, this trend is consistent in all the lahars where data was available.

This trend is not exhibited by the VDADs (fig. 3.4b).

3.5.4 Skewness

Skewness data for VDADs exhibits a consistent decrease of skewness from positive to
negative with decreasing median grain size (fig. 3.5b). This signifies that initially, coarser
material composes the majority of the mass with the finer particles generating a ‘tail” in
the GSD. Progressively, comminution generates more fines that become the majority of
the GSD; however, a significant coarse component is preserved as a tail. This evolution is
common in all VDAD:s (fig. 3.5b). In lahars, an evolution towards negative skewness is not
consistent in all events examined (fig. 3.5a), indicating that a coarse tail is not generated in

the GSD.
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ing median grain size: A gravel, B sand, C silt and clay in volcanic debris avalanche (VDA)
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statistics were used; in all other cases Folk and Ward (Folk and Ward 1957; Folk 1968)

statistics are used.
3.6 Discussion

3.6.1 Volcanic Debris Avalanche Deposits (VDADs)

The GSD data for VDADs show that as the median grain size decreases, the sorting remains
largely unaffected in the very poorly sorted range (fig. 3.4c), skewness decreases and
progressively becomes negative (fig. 3.5b), and there is an exchange between the gravel
and sand component with very little increase in finer particles (fig. 3.3). The VDAD GSD
evolution of the skewness from positive to negative, that has been previously identified by
Dunning (2004), suggests that although progressive comminution reduces the size of the

coarse gravel that is initially the majority of the material, a substantial amount of the coarse
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Figure 3.5: Median grain size versus skewness for: A lahar deposit, and B volcanic debris
avalanche (VDA) deposits (MF: matrix-rich facies, BF: block facies).

particles is preserved. This is confirmed by the GSD histograms of VDADs as presented in
fig. 3.6a that suggests that a coarse mode is preserved as a second mode develops in the
sand size range with fining. This supports that there is preferential comminution of the
finer grains because fragmentation of larger particles requires collision with grains of equal
or larger size, assuming equal strength, as previously proposed by Davies and McSaveney
(2009). The lack of a trend in sorting is also in agreement as sorting which describes the
spread of the data around the mean of the population cannot represent the two modes
generated. This phenomenon is also supported by the experimental findings of Horz et
al. (1984) who observed the evolution of the GSD of a rock sample after repeated impacts
that caused comminution to the original rock mass. The authors observed the evolution
of their particle population from positive to negative skewness with more impacts and

comminution; meaning that more fines were produced with time while coarser particles
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were preserved in the mass, in agreement with the data present study. The analogue
experiments of Caballero et al. (2014) further explore this relationship in granular flows
generally and suggest that while coarse particles develop small fractures, contributing
sharp edges as fine particles to the overall population, medium-sized particles can develop
through-fractures, thus contributing fines and depleting the medium-size range with
their comminution. This results in the observed bimodality, as well as the peak in the
GSD, observed for many of the deposits in correspondence of the sand-size range. The
preference for further fragmentation of medium size particles into finer ones, because
they require less energy, leads to the preservation of the larger particles throughout the
length of DAD, which is also consistent with geomorphic observation (e.g. Glicken, 1996;
Roverato et al., 2015). Roverato et al. (2018) suggest that in the case of the Cubilche
VDA, the matrix was generated by the continuous disintegration of existing fractures into
finer particles whereas coarse ones were preserved. Such facies development was also
documented in non-volcanic RAs by Dufresne et al. (2016a), who identified this evolution
from proximal to distal sample locations including the progressive fining of smaller clasts
and preservation of large ‘survivor clasts’. Also, in experiments of crushing granular
materials, large sizes are always preserved and are never lost despite continued shearing

and crushing (Lade et al. 1996; Einav 2007).

The combined data from the studies illustrate an exchange between the gravel and sand
content of the samples as they become finer (median grain size), while there is only a minor
increase in the silt and clay content (fig. 3.3). Other studies also report high proportions of
particles in this size range in volcaniclastic deposits of intermediate and silicic composition
from different parts of the world (Glicken, 1996 and references therein); as well as the
lack of silt grade material or finer observed in VDADs (Roverato et al. 2018). These offer
support that the preferential fracturing and comminution stop when the particles reach
a sand size (-1¢ to 4¢). This is because in volcanic environments at this size they are
often composed of a single crystals of plagioclase, amphibole, and pyroxene in the -1¢
to 3¢ range (Davies et al. 1978). Particles and fragments produced by comminution just
larger than -1¢ likely consist of more than one crystal and are thus more easily broken
than individual crystals. Therefore, particles classified in the sand-size range are often

preserved.

The GSD data also suggest an evolution towards negative skewness (fig. 3.5b) and a
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bimodality is observed in GSD histograms as also recognised in literature (Ui and Glicken

1986; Siebert 2002)(fig. 3.6a). Glicken (1996) state that the matrix facies of the Mount
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Figure 3.6: Grain size distributions from: A Mount St. Helens 1980 volcanic debris
avalanche (VDA) (Glicken 1996), and B South Fork Toutle River Lahar (Scott 1988). Data
are from different locations indicated by the distance from the source (in km) at the top
left of each plot.

St. Helens VDAD is in most areas characterised by a bimodal distribution with the fine-
grained peak in the histogram between -1¢ and 3¢ (gravel); and the maxima of this
peak typically lying between 0¢ and 2¢ (sand). The Cubilche VDAD was divided into
different lithological units for analysis by Roverato et al. (2018) and bimodal distributions
are generally exhibited in all the units. The less fragmented sections exhibit the coarse

mode between -8¢ and 7¢ (gravel), while the fine mode is between -3¢ and -1¢ (gravel).
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However, when also considering the interclast matrix, the highest percentage of the
samples is gravel (-8¢ to -2¢) and sand (-1¢ and +4¢). The increase of the sand to
generate a mode and bimodality in the GSD of the samples that have experienced more
fragmentation agrees with the hypothesis that the propagating mass will progressively
evolve towards a larger sand-sized component during propagation (Glicken 1996). As
the interclast matrix experiences more shear, and therefore comminution, sand particles
increase disproportionally to finer particles. The simultaneous increase in the sand-size
component and preservation of the coarsest particles generates the bimodality in such
deposits with the finer mode of the distribution in the sand-size range. The coarse mode is
likely to be a function of the source material and lithology as the size of the larger clasts that
will be preserved is likely to be a function of the original lithology. The observed negative
skewness represents this preservation of a significant component of coarse particles as a

tail to the population.

For the VDAD:s the longitudinal evolution of the median grain size appears to not follow
a trend; even though progressive comminution of particles is typically observed and
reported downslope along VDAD:s in the literature (e.g. Perinotto et al. 2015; Roverato et
al. 2015) (tig. 3.2). The record of this process will theoretically be the progressive grain size
reduction, within each facies, with increasing distance from source (Dunning 2004). The
lack of a trend might reflect the heterogeneity of the deposits and the fact that the sampling
strategies were not designed to reveal this fining. Glicken (1996) interprets the lack of
fining to signify the lack of major fracturing of the clasts progressively during transport,
and that fracturing occurs mainly near the source. The author suggests that since the trend
is not visible in the data, clast-to-clast interactions that resulted in fracturing must have
not been a major occurrence during transport. This could also be the impact of a high
water content filling pores, increasing pore pressure and limiting particle interactions.
However, sampling each facies individually is necessary to confirm these hypotheses as
also suggested by Dunning (2004), Dufresne et al. (2016) and Dufresne and Dunning (2017).
Moreover, bulldozing and incorporation of material along the flow path can interfere with
these processes and affect the GSD, especially with samples from basal facies (Bernard et

al. 2008) (although no samples from basal facies are included in this study).
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3.6.2 Lahar deposits

The lahar GSD data from the literature presented show a decrease of the median grain size
with propagation distance and an improvement in the sorting of lahars with decreasing
median grain size (fig. 3.5a), as is also reported by Pierson and Scott (1985) and Scott
(1988). This is perhaps easier for the sampling strategies to expose because of the higher
homogeneity of lahar deposits (Vallance 2000) owing to greater mixing during propagation
compared to VDAs (Pierson and Scott 1985; Glicken 1991; Siebert 2002). GSD histograms
of lahars illustrated in fig. 3.6b and 3.7 show a progressive removal of the coarsest particles;
a process described by Pierson and Scott (1985). The deposition of the coarsest particles
eliminates any initial bimodality in the material if they were previously deposited by
VDAs as illustrated in fig. 3.7 with gradual loss of the bimodality of the Toutle River N.
Fork Lahar (Scott, 1988). This evidence suggests the process of debulking and progressive
deposition of the coarsest particles in the mass (Pierson and Scott 1985). Debulking is the
process where as the lahar becomes progressively more dilute, it becomes less capable to
transport the coarsest particles which are preferentially deposited, resulting in decreasing
sediment concentrations, and median grain size with propagation distance (Fisher et al.
1984; Pierson and Scott 1985; Vallance 2000). The water content increases and sediment
concentration decreases as lahars evolve from debris flow to a more hyperconcentrated
flow. And in the distal phases, they can approach more alluvial-type processes (Vallance
2000). Although there is abundant evidence of cataclasis in lahar deposits, debulking is the
process more likely to be responsible for the fining observed in their depositional phase
when they become more dilute (Pierson and Scott 1985; Vallance 2000). The improvement
of sorting is the result of the narrowing of the distribution of the histogram as the coarsest
particles are removed. The improvement in sorting of the Mount St. Helens North and
South Fork, Toutle River lahars by the narrowing of the range of the GSD can be observed
in fig. 3.6b and fig. 3.7 and described by Pierson and Scott (1985). However, Vallance
and Iverson (2015) and Vallance (2000) report that the bimodality can also be preserved in

some sections of lahars.

The skewness of lahar GSD does not exhibit a trend (fig. 3.5a). However, the content of
gravel and sand show an exchange between them, while there is little increase in finer

particles (fig. 3.3).
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Figure 3.7: Grain size distribution histograms from the North Fork Lahar (Scott 1988).
Data are from different locations indicated by the distance from the vent (in km) at the top
of each plot.
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3.6.3 Comparison

Geomorphologically, lahars and their deposits display considerable differences to VDADs
due to different conditions and propagation processes generated mainly by the higher
water content of lahars (Ui 1989; Smyth 1991; Iverson 1997; Scott et al. 2001; Siebert 2002).
Saturated lahars involve strong turbulence and mixing of the incorporated sediment
(Pierson and Scott 1985; Glicken 1991; Siebert 2002). This results in more homogeneous
deposits where original stratigraphy is not preserved as recognised by Ui (1989) and
Vallance (2000).

As the material becomes finer in VDADs, skewness becomes progressively lower and
shifts from positive to negative, as coarse material is preserved in the mass to generate
a bimodality. In lahars, histograms suggest a progressive preferential removal of the
coarsest range of the GSD histogram, as described by Pierson and Scott (1985) and shown
in fig. 3.6b and fig. 3.7, leading to an improvement in sorting (fig. 3.4a) (Pierson and Scott
1985), but not always generating an effect on skewness (fig. 3.5a) as the data presented by
this study suggest. The observed patterns suggest that the process of debulking (Vallance
2000) is responsible for the fining and reduction of median grain size observed in lahars.
The coarsest particles are progressively preferentially deposited (Pierson and Scott 1985)
and the GSD becomes finer. The debulking of lahars is enabled because pore spaces are

filled with water which acts as the transportation medium for the sediment (Smyth 1991).

Conversely, in VDAs, preferential fracturing of the finer particles means that a coarse
mode is preserved even though the fine mode increases (fig. 3.6a). This leads to the
skewness becoming progressively more negative (fig. 3.6b). The preferential comminution
of particles coarser than sand (and preservation of sand-sized particles) (Davies et al.
1978), is evident by the lack of finer particles as the sand component increases (fig. 3.3).

Therefore, in VDA, fining is a result of progressive comminution.

GSD and bimodality as a factor for mobility might not be as important in lahars be-
cause water has a major role in lubricating the motion (Iverson 1997). Water is nearly
incompressible compared to air and thus when it fills intergranular spaces it reduces the
frequency and intensity of collisions and therefore energy dissipation (Glicken, 1996 and

references therein). Therefore, saturated lahars with intergranular fluid pressure move
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more efficiently than dry flows and are capable of much greater runouts (Iverson 1997;
Denlinger and Iverson 2001). Due to water saturation, both liquid and solid interactions
influence lahar behaviour, which fundamentally differentiates them from VDAs (Vallance

and Iverson 2015).

3.6.4 Implications for the role of water

Some of the lahar deposits and VDADs compared by the present study originated from the
same material (table 3.1); meaning that water content is likely to be the principal difference
between them (Iverson 1997; Scott et al. 2001; Legros 2002; Griswold and Iverson 2007).
These cases exhibit significant divergence in GSD. The findings support that the fining
of lahars is the result of debulking of coarser particles enabled by water saturation of the
propagating mass (Vallance and Iverson 2015). In the case of VDAD:s, fining is due to
the comminution of the material, with progressive fragmentation of finer particles that
require less energy (Davies et al. 1978). This process suggests frequent particle-particle

interactions with no interstitial fluid.

The ability of VDAs to achieve runouts longer than expected by simple frictional models
has led many authors to speculate that a fluid might be the agent reducing the dissipation
of friction in the propagating mass (Kent 1966; Shreve 1968; Voight et al. 1983; Voight
and Sousa 1994; reviewed in Legros 2002). As a fluidising medium, water is much more
effective than air because of its properties making it much more incompressible (Legros
2002). Although it is suggested that VDAs are often not dry, they are likely only partially
saturated (Legros 2002). However, in the case of the Mount St. Helens VDA Voight et
al. (1983) argue that water had an important effect on propagation. The water would
have been available from the ice-capping of the volcano, and the cone which was water-
saturated prior to the event. There was also evidence of the water content in the deposit,
in the form of lahars being generated hours after the deposition (Janda et al. 1981) and
kettle holes from post-depositional melting of ice blocks (Voight et al. 1981). Crandell et
al. (1984) considered that water was also important for the propagation of Mount Shasta
VDAs. Examining the Rio Pita VDA, Cotopaxi, Smyth (1991) suggest that the volcano
would have had an extensive snow cover and was affected by a wet weather system at the
time of the event. They support that the mass was at least partly water-saturated. Also,

VDA such as at Shiveluch volcano (Belousov et al. 1999), Acajutla (Santa Ana volcano)
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(Siebert et al. 2004), Pungarehu (Taranaki Volcano) (Roverato et al. 2015) and others are
suggested to have included, or incorporated during propagation, significant amounts of
water. Siebert (1984) supported that water is vital in weakening volcanic material and
lubricating the flow of VDAs. Interstitial water can potentially locally reduce friction of a
granular mass temporarily by partly supporting a fraction of the weight of the particles
(Bagnold 1954; Legros 2002). The potential increase of pressure gradient in the fluid (even
locally) could lead to support of solid loads and increase fluidity (Legros 2002). Voight et
al. (1983, 1985) suggest that interstitial fluids and steam from heated water can at least
locally contribute to buoyant forces and that enhanced mobility may be enhanced by the

pressurized fluid-particle interactions.

However, in VDAs water is not present in quantities that enable it to become the trans-
porting medium, as in lahars; or for complete fluidisation (Siebert 1984). As suggested
by Smyth (1991) and by findings of the present study, water might have an impact on the
mobility of VDA but is not the principal factor influencing propagation as is the case in
lahars. In addition, present results showing the lack of debulking in VDAs suggest that
water content is not sufficient to enable it and therefore that water does not become the
transportation medium as it is in lahars. This confirms that particle-to-particle interactions

as a leading role in the dynamics of VDAs.

3.7 Conclusions

This chapter carries out a quantitative assessment of the sedimentology of nine VDA and
eight lahar deposits. The sedimentology is not only important for characterising the origi-
nal mass, but the evolution of the sedimentology during propagation and emplacement

can also provide evidence for the mechanisms and factors influencing propagation.

Descriptive statistics considered for the deposits are median grain size, sand, gravel and
finer particle fractions, skewness and sorting. The decrease in median grain size of lahars
is the result of debulking and progressive deposition of the coarsest particles. This is
reflected in improved sorting due to the narrowing of the GSD can also be observed in the
evolution of GSD histograms. Debulking is a process that is enabled because lahars are
water-saturated and water is the transportation medium. In this case, particle-to-particle

interactions are not as important for the evolution of the GSD as they are for VDAs.

44



In fact, data analysed here, suggest that particle-to-particle interactions during propaga-
tion in VDA are responsible for comminution due to fracturing, in agreement also with
the findings of the authors of the considered studies. Results also suggest that preferential
comminution occurs preferentially in finer particles as less energy is required. When
particles reach sand-sized, further comminution stops and particles are preserved because
they are often composed of single crystals (Davies et al. 1978). The combination of these
processes leads to progressively more negative skewness and a bimodality developing in
the GSD, with the finer mode composed of sand-sized particles as supported by geomor-
phic observations (Glicken 1996; Roverato et al. 2018). In addition, data show no evidence

of debulking in VDAs confirming that the propagation mechanisms differ.

Although water content in VDAs might affect their propagation dynamics, present results
on their GSD distribution characteristics confirm that they can be considered as dense
granular masses where the effects of inertial interactions between solid fragments are
more important than fluid effects. This demonstrates that particle-to-particle interactions

are the main factor influencing the mobility of non-saturated mass wasting flows.
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Chapter 4

The propagation and emplacement mecha-
nisms of the Tenteniguada volcanic debris
avalanche (Gran Canaria): Field evidence for

brittle fault-accommodated spreading

Note, a version of this chapter examining the Tenteniguada volcanic debris avalanche and its
propagation dynamics has been published in the Journal of Volcanic and Geothermal Research
(Makris et al., 2023a). The published version is included in the supplementary material. Symeon
Makris wrote the text, prepared all of the figures and developed the arguments therein. Symeon
Makris, Matteo Roverato and Alejandro Lomoschitz carried out the fieldwork. All authors discussed
the science and commented on the manuscript. The format of this chapter is not the same as the
publication. Different sections have been integrated into different parts of this thesis. Furthermore,
additional discussion relating to the topic of the thesis is included in this chapter that was not

strictly relevant to the paper examining the specific deposit.

4.1 Introduction

This chapter examines the deposit of the Tenteniguada volcanic debris avalanche (Ten-
VDA), located on the east of the island of Gran Canaria, Spain (fig. 4.1). This well-
preserved and exposed deposit presents an opportunity to study internal structures

and their distribution and sedimentology. The aim of this study is to evaluate the Ten-
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VDA propagation and emplacement processes and the factors that controlled its material
behaviour, structural evolution, stress accommodation and deformation history. The
deposit is initially described by its structural and sedimentological features and specific
outcrop properties. Their implications for the dynamics of the Ten-VDA are subsequently
discussed, also in association to other volcanic debris avalanche deposits (VDADs) and
theoretical and numerical models. The structural features of the Ten-VDAD and their
evolution offer an insight into the dynamics of volcanic debris avalanches (VDAs) as they
evolve from a slide of the initial edifice portion to a fluidised flow. Findings are relevant to
VDAs composed of competent non-granular material, as well as other mass movements,
such as rockslides, with the potential of further constraining their behaviour in conceptual

models and contributing to the assessment of related hazards.
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Figure 4.1: A Location of the Canary Islands. B The Island of Gran Canaria with the
location of the Tenteniguada basin (red rectangle — also indicates the extent of c). C The
Tenteniguada volcanic debris avalanche deposit exposed on the walls of the San Miguel
Ravine in the Tenteniguada basin.
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4.2 Geological and regional background

4.2.1 Geological background

All volcanic products on the island of Gran Canaria have been formed in the last 15 Ma
(Lomoschitz et al., 2008). According to Funck and Schmincke (1998), this has taken place
in three major magmatic cycles during the evolution of the Roque Nublo volcanic edifice,

a classic stratovolcano formed in the collapsed proto-volcano Tejeda Caldera:

1. Rapid growth of a basaltic shield volcano in the Miocene was followed by the
collapse of its centre to form the Tejeda Caldera. Subsequently, a 500 — 1000 m
thick sequence of ignimbrites, lava flows and intrusive volcanics was formed in an
eruptive phase. Finally, in the Miocene, the volcano experienced a volcanic activity

hiatus of 3-4 Ma.

2. In the Pliocene, the Roque Nublo edifice >1000 m in height was constructed over the
Miocene caldera. This period is represented in deposits of lava, pyroclastic flows,

lahars, VDAs and intrusive phonolite domes.

3. Quaternary volcanism was limited to the northeast half of the island. This period is

characterised by basanite lavas, pyroclastics and volcanic cones.

The Roque Nublo edifice was a classic stratovolcano consisted of alternating lava flows and
pumiceous ignimbrites as well as lahars, conglomerates, and debris flow deposits (Mehl
and Schmincke, 1999). Its cone at the centre of the island reached at least 2500 m tall ~3
Ma ago. However, the steep slopes made the structure unstable and at the time of the Ten-
VDA gravitational collapses produced a horse-shoe amphitheatre open to the south and
reduced the edifice height (Perez-Torrado et al., 1995). The most important collapses were
in the south-southwest sector of the island (Lomoschitz et al., 2008) therefore some slopes

might have been left more prone to collapse in the east, where the Ten-VDA occurred.

The Ten-VDAD overlies Mio-Pliocene rocks, and is overlain by Plio-Quaternary volcanic
and sedimentary lithologies. Therefore, it is related to the second and third stages of the
Roque Nublo development. Although its age is still not well constrained, Lomoschitz et
al. (2008) place it between 276 ka and 1.97 Ma, in the Lower-Middle Pleistocene. From

this phase, several VDAs have distributed material from the central highland towards the
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coastline (Mehl and Schmincke, 1999). The well-preserved hummocky paleotopography
displayed at the upper surface of the Ten-VDA deposit suggests an age close to that of
the overlying basanite lava flows, i.e. ca. 276 ka. The lack of syn-eruptive pyroclastic
deposits suggests that the triggering of the Ten-VDA was not related to a volcanic eruption
according to the findings of Lomoschitz et al. (2008). Instead, Lomoschitz et al. (2008)
suggest that it could have been triggered by a proximal earthquake unrelated to volcanic
activity on Gran Canaria. The basanite lava flows that overly the deposit have contributed

its preservation and protection from erosion.

4.2.2 Paleoclimate

The paleoclimate of the eastern Canary Islands during the Pleistocene has been assessed
through the marine fauna in fossiliferous deposits by Meco et al. (2002, 2003). During the
Miocene the climate was tropical, with low variability. However, ~3 Ma ago the climate
became dominated by alternate humid and arid episodes. In the Quaternary, humid
episodes enabled significant geomorphic disturbance in the area and have potentially had
the effect of incising the paleoravine in which the avalanche propagated, conditioning
the slope for the collapse of the Ten-VDA by raising the water table (Lomoschitz et al.,
2008). One of these humid episodes (potentially ~420 ka ago) is suggested by Lomoschitz
et al. (2008) to have contributed to the destabilisation of the mass, leading to the collapse

of material that evolved to the Ten-VDA.

4.2.3 Edifice and deposit morphology

The Ten-VDAD is exposed along the San Miguel ravine, in the eastern part of the island
of Gran Canaria (fig. 4.1). The VDA was, at least partially, channelized by a paleoravine
at the same location and is exposed along the walls of the modern ravine by fluvial
incision. Initially described by Balcells et al. (1990) as a Pliocene gravitational, non-volcanic
landslide, it was later reported as a Quaternary VDA by Quintana and Lomoschitz (2005)
and described in greater detail by Lomoschitz et al. (2008). The San Miguel Ravine has
an area of 22.5 km? and a semi-circular head scarp crowned by phonolite domes (fig. 4.1)
(Lomoschitz et al., 2008). The current head of the valley has a maximum elevation of 1708

m a.s.l.
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The runout of the Ten-VDA was ~8.5 km, with an average width of 1.5 km and a deposit
length of 7.1 km (Lomoschitz et al., 2008). The slope of the valley floor during the Ten-
VDA was ~22° (Lomoschitz et al., 2008). Although the Ten-VDA was relatively small,
with a deposit volume of 0.35 km?3, it still achieved an H/L ratio of ~0.16 (explained in
Chapter 1, fig. 1.1). This is comparable to other VDAs and is significantly lower than the
0.5-0.6 predicted by simple frictional models (Davies, 1982; Ui, 1983; Legros, 2002). The
thickness of the exposed outcrops of the deposit is variable between <5 m and >50 m,
although the base of the deposit is not exposed, and therefore the true thickness could not
be evaluated. The deposit terminates at a topographic rise (fig. 4.1c), which could have

aided the termination of the propagation of the Ten-VDA (Lomoschitz et al., 2008).

4.3 Composition and internal structure of the Ten-VDAD

The exposed and accessible outcrops of the deposit, which were examined for this study,
are illustrated in fig. 4.1 (and the table describing the outcrops in complementary material
Appendix A). Field observations suggest that the deposit is dominantly composed of
Pliocene phonolite-ignimbrite and basalt to tephrite lavas. These lithologies behave as
the more competent, undisaggregated material in the Ten-VDAD. The basalt-tephrite
is the most competent, often preserved as massive, homogenous VDA blocks (e.g. fig.
4.2). The phonolite-ignimbrite is less competent and more frequently suffers greater
fragmentation generating a higher proportion of matrix (Lomoschitz et al., 2008). All the
above-mentioned lithologies preserve the characteristic jigsaw-fractured pattern of VDA
blocks (e.g. fig. 4.3a) (e.g. Siebert, 1984; Glicken, 1991). Jigsaw-fractured blocks and clasts
exhibit a chaotic fracture network, where syn-propagation-generated fragments experience
little relative displacement resulting in the lack of disaggregation of the fractured rock
unit as illustrated in fig. 4.2c and 4.3a (e.g. Ui, 1983; Glicken, 1996; Bernard et al., 2021).
Fragmented clasts remain coherent without dispersion of their components despite the
fractured structure imposed on them (Pollet and Schneider, 2004). Therefore, a jigsaw-fit
fabric of dense fracturing but no disaggregation and displacement of the component

angular clasts is imposed on the material.

The deposit also contains a small proportion of hydromagmatic, and pyroclastic material

(Lomoschitz et al., 2008). This material is weaker and generates cataclased disaggregated
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Figure 4.2: Location 7 represents a horst and graben structure with the largest exposed
block of the deposit and normal faults on either side. a Schematic representation of the
outcrop. B Proximal-facing normal fault and adjacent block to the west of the central
block. C Central block with jigsaw-fractured undisaggregated fabric. D Distal-facing
normal fault and adjacent block to the east of the central block. Legend 1. Jigsaw-fractured
tephrite lava. 2. Ash and pumice phonolite deposit (1 and 2 are part of the same block,
transported together). 3. Jigsaw-fractured tephrite lava (distinct lithology to 1). 4. Younger
basanite lava flows over the Tenteniguada deposit.

blocks which do not preserve jigsaw fracturing. There is no evidence of hydrothermal
alteration of the material prior to the Ten-VDA. Horizons with a distinctive red colour
mark lithological boundaries within the body of the Ten-VDAD (fig. 4.4). These are baked
margins likely generated by temperature increase of material underlying lava flows in the

stratigraphy of the material composing the volcanic edifice.

Baked margins also consistently mark the top of the Ten-VDAD and its contact with the
overlying basanite lava flow (fig. 4.5), which is exposed in the majority of the outcrops.
These horizons are the result of a younger, overlying basanite lava flow increasing the
temperature of the top of the deposit and generating the colour change of its upper

boundary.

With the base of the deposit not exposed, substrate incorporation is only evident by a
ripped-up block at location 6, which is the only one exhibited. The block is surrounded
by the matrix-rich facies to which it has been incorporated when detached from the
substrate (fig. 4.6a). The sedimentation of sand lenses near the top of the block (fig. 4.6a)
and pumice-rich horizons at its base (fig. 4.6b) are likely to be related with water flow.
Therefore, the material has been interpreted as a secondary deposit, incorporated from the
path of the propagating avalanche. A set of normal faults displace the strata at the base of

the block (fig. 4.6b).
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Figure 4.3: Progressive disaggregation of material from jigsaw-fractured clast (a) to in-
terblock/intrablock matrix (d). The evolution is illustrated through clasts at different
stages of disaggregation. A Jigsaw-fractured clast with component fragments preserving
their original position. B Widening of the gap between clast components has provided
space for the finer particles in the matrix to intrude. The outline of the original clast has
been deformed. C Components of the original clast have diffused and the original outline
of the clast has been eliminated. Incomplete mixing is evident by the concentration of
clasts of identical lithology in a more heterolithic matrix. D A completely mixed, poorly
sorted homogenous assemblage of clasts and matrix where clasts have been incorporated
in and mixed with the matrix and no jigsaw fracturing is preserved.

4.3.1 Facies composition and distribution

The deposit can be subdivided into the characteristic VDA facies: the matrix-rich facies
(after Roverato et al., 2011; matrix/mixed facies in previous VDA literature after Glicken,
1991) and the block facies (after Ui, 1989; Glicken, 1991). The term matrix is used in the
sedimentological sense of finer grains surrounding larger particles (Mehl and Schmincke,

1999), which is scale-dependent rather than assigning a particular size (Vezzoli et al., 2017).
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Figure 4.4: The outcrop in location 4 is composed of a block with components of variable
disaggregation. It exhibits a component of preserved stratigraphy higher up in the outcrop,
and jigsaw-fractured undisaggregated components lower down. The rest of the block is
composed of an intrablock matrix. A Red horizons illustrate stratigraphic preservation
(red shaded area in b). Person for scale. B Annotated image of the same outcrop. The
dashed line marks the top of the deposit. The shaded areas represent distinct lithological
units, illustrating the preserved stratigraphy.

Figure 4.5: The top of the Tenteniguada deposit between locations 8 and 9 is outlined by
the white dashed line. Just below, the red baked horizon marks the top of the volcanic
debris avalanche deposit and the contact with the overlying basanite lava flow deposit.

4.3.1.1 Block Facies

The Ten-VDAD is composed of a large proportion of blocks of the original volcanic edifice
that are undisaggregated as exemplified in fig. 4.2, having suffered little fracturing, and
in some cases preserving original stratigraphic sequence (fig. 4.4, 4.7). The term block
is here used to refer to an unconsolidated, or poorly consolidated, portion of the source
edifice transported and emplaced by the Ten-VDA, remaining unmixed with outside

material (Glicken, 1991; Bernard et al., 2021). Fracturing refers to the fragmentation of
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Figure 4.6: A At location 6 the deposit exhibits matrix-rich facies, block facies, and a block
that has been incorporated from the substrate. The matrix has been injected as a clastic
dike in the block facies. Red rectangle represents the extent of b. B At the base of the
ripped-up block a series of normal faults have been generated, marked by the red lines.

a block resulting in a fabric of individual clasts composing it. Disaggregation implies
the displacement of these components within a block, distorting the original placement,
structure and outline (fig. 4.3). Blocks in the Ten-VDAD consist of relatively coherent
blocks of phonolite, tephrite and to a lesser extent pyroclastic material (Lomoschitz et
al., 2008). Conversely, fine material and matrix represent a very minor proportion of
the deposit. Blocks reach tens of metres in exposure (fig. 4.2). The majority of blocks
that preserve their original stratigraphy exhibit back-tilting compared to their original

orientation as illustrated in fig. 4.4 and 4.7.

Blocks which preserve their original stratigraphy and texture that have not been jigsaw-
fractured or disaggregated are exhibited at locations 2 (fig. 4.7), 4 (fig. 4.4), and 7 (fig. 4.2).
Such blocks do not include any fine matrix. They are exclusively encountered higher up in

the exposures, shallower in the deposit, and not close to the modern ravine floor. Moreover,
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Figure 4.7: Part of the outcrop at location 2. Back-tilted blocks displaced to each other by
normal faults have adopted a brittle shearband boudinage form. The blocks preserve their
original stratigraphy (observable by the continuity of the red baked layers indicated by
the red dashed line). More cataclased blocks of lava lithologies are exposed in the rest of
the outcrop.

blocks with a jigsaw-fractured texture occur from the most proximal location 2 and up to
location 8 (fig. 4.2c, 4.3a, 4.4). Such blocks exhibit a jigsaw-fit fabric composed of angular
clasts. Nonetheless, clasts are not displaced relative to each other, and therefore the blocks
remain fractured but undisaggregated (fig. 4.8a). The majority of such blocks correspond
to basalt and tephrite lava flows which are massive and homogenous (Lomoschitz et al.,
2008). The largest such block observed in the Ten-VDA, in location 7, is >300 m in width
and >50 m high (fig. 4.2c). The block is composed of jigsaw-fractured tephrite lava, which

has not been disaggregated and contains very little fine material and no matrix.

Other blocks are more severely fractured, cataclased and brecciated, nonetheless preserv-
ing their lithological distinctness and external boundaries unmixed (fig. 4.8b-d). Cataclasis
refers to the gradual fracturing, comminution, disaggregation and production of matrix
that generates in such blocks the diamicton fabric illustrated in fig. 4.8d. These cataclased
blocks are most frequently exhibited in the distal areas of the deposit after location 7,
but also lower in the exposures of the more proximal locations 2, 4, 5, 7 and 8. In these
cases, a chaotic mixture of subangular to subrounded clasts is surrounded by a fine matrix
of the same lithology, producing the diamicton texture (fig. 4.8c, d). This intrablock
matrix (terminology after Roverato et al., 2015) exhibits greater mixing and poor sorting
of more comminuted clasts composed of the same material represented in the blocks. In

the Ten-VDAD the intrablock matrix is in most cases silty to sandy in grain size and its
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Figure 4.8: Stages of disaggregation from jigsaw-fractured block to monolithological
diamicton illustrated through blocks at different stages of disaggregation. A Undisag-
gregated jigsaw-fractured block where the components are not displaced (location 2). B
In this block angular clasts composing the jigsaw-fit fabric preserve their original order,
however, small quantity of fine material has been generated between them (location 9). C
The original structure of the component clasts has been eliminated and the block has the
fabric of a monolithologic breccia (location 10). D The block here exhibits the texture of a
matrix-enriched, disaggregated, matrix-supported monolithological diamicton (location
2).

proportion of the total volume is variable in different blocks according to the degree of
cataclasis. The intrablock matrix is composed of one or more lithologies represented in
the block. For example, the exposure at location 10 is composed of a monolithological

disaggregated lava that has been fractured and evolved to a matrix-supported mixture of

poorly sorted subangular clasts in an intrablock matrix of identical lithology (fig. 4.8c).

Diffuse contacts between blocks and the intrablock matrix, as well as blocks and the
matrix-rich facies, have been observed, although not a common feature in the deposit (fig.
4.9). In such block boundaries, the particles composing the undisaggregated component
of a block diffuse outwards mixing with the matrix surrounding them. In the periphery of
the block, gaps are created between the particles which diffuse outwards. These gaps are
intruded by outside material. These features illustrate local gradual mixing. Such contacts
have only been observed in the lower sections of the exposures, closer to the valley floor.

Except for the jigsaw fractures and signs of incomplete mixing in the matrix, there are no

57



other intrablock structures.

1oy

Jigsaw-fractured block

Figure 4.9: Diffuse contacts between the block facies and the matrix-rich facies (a, b) and
between undisaggregated material and intrablock matrix within the matrix-rich facies (c,
d). The red rectangles in a and ¢, represent the extent of b and d respectively. Material
from the margins of undisaggregated blocks is exhibited diffusing and being incorporated
into the matrix.

4.3.1.2 Matrix-rich Facies

The matrix-rich facies is exhibited from the more proximal locations 3, 5 and 6 to the most
distal location 11 composed of a very poorly sorted, matrix-supported mixture of clasts
and a fine interblock matrix (fig. 4.10). However, it only constitutes a small proportion
of the deposit. Particles in the matrix-rich facies vary in size from micrometres, in the
matrix, up to clasts >50 cm (e.g. fig. 4.10). Both components comprise lava flow lithologies
as well as the hydromagmatic and pyroclastic fall layers of phonolitic composition that
are originally less consolidated, with a granular texture. Such material in the initial
collapsed edifice transition into the matrix-rich facies more easily (Lomoschitz et al., 2008).
Clasts are angular to subrounded and are, on average, more rounded than the component
clasts of jigsaw-fractured blocks. The term matrix-rich (Roverato et al., 2011) is used
instead of mixed because the material is not always completely mixed (completely mixed

material illustrated in fig. 4.3d, 4.10c) as defined by Glicken (1991). The facies forms a
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heterolithological, poorly sorted mixture of clasts and matrix. Nonetheless, incomplete
mixing is evident by the components of fractured blocks that have been deposited in the
process of relative displacement and diffusing into the matrix as is illustrated by fig. 4.10a,
b. At block boundaries, where cataclased blocks are being mixed with the matrix, their

boundaries are incorporated into the matrix in diffuse margins (fig. 4.9a, b).

Figure 4.10: Matrix-rich facies. A The poorly sorted heterolithological matrix-rich facies
exposure at location 11. The red rectangle represents the extent of b. B Incomplete gradual
mixing is illustrated by clasts of identical origin preserved while diffusing into the matrix.
C Mixed, poorly sorted mixture of clasts and matrix with no internal features in the
matrix-rich facies in location 3.

4.3.2 Brittle features

Normal faults are exhibited at different scales in the deposit, and they are very common

from the most proximal section of the deposit until location 8 (fig. 4.2, 4.11). The majority
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of the faults are not continuous to the base of the deposit and change directions and
merge lower. This is evidence that they are syn-propagational and not post-emplacement
features. In location 7, illustrated in fig. 4.2, a large tephrite block (fig. 4.2c) is in contact
with more fractured darker tephrite lava blocks on both sides (fig. 4.2b, d) of the exposure
(Lomoschitz et al., 2008). The back-tilting generates a toreva block feature. The contact
represents normal faults on either side of the block, one proximal-facing and one distal-
facing (fig. 4.2a), constituting the large block as a horst feature, which potentially formed

a hummock on the surface of the deposit.

Figure 4.11: Small-scale normal faults. A Red baked horizon illustrates the normal fault at
location 8. B Section from location 7. C Section from b with normal faults annotated.

At a smaller scale, normal faults are exhibited in the block facies displacing components
of blocks (fig. 4.11) accommodated by normal faults. Additionally, blocks composed of
portions of the original edifice of identical preserved stratigraphic sequence are exhibited

displaced in relation to each other and tilted back towards the source of the Ten-VDA,
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without exhibiting a discrete fault plane. Such blocks are exposed, for example, in locations
4 (fig. 4.4) and 2 (fig. 4.7). In location 2, the displacement between blocks has been
accommodated in a brittle-ductile manner by surrounding intrablock matrix, giving the
modules of the original block a brittle shearband (Goscombe et al., 2004) boudinage form
(tig. 4.7). The deformation was accommodated by the intrablock matrix and blocks were
displaced while not deformed. The resulting form is of asymmetric brittle shear/domino
boudins displacing and back-tilting the components of the initial single block. This brittle
behaviour is most abundant higher in the outcrops, although a few examples of brittle
behaviour were encountered close to the modern ravine floor. These features are limited

to the block facies.

4.3.3 Shearing and fluidal features

Shearing is illustrated by components of fractured clasts displaced in parallel, but opposite
directions (fig. 4.12a). Sheared clasts are exhibited in the matrix-rich facies and highly
disaggregated blocks in the block facies. However, they do not occur in the interior of
blocks that are less disaggregated and preserve jigsaw fractures. Sheared material is
exhibited lower in the exposures, and not higher on the ravine walls where stratigraphic

preservation is more frequent.

However, shearing and fluidal behaviour is also observed at the boundaries between
blocks. A shearband boudinage (Goscombe et al., 2004) feature is illustrated in fig. 4.12b
between blocks. A flame injection of a clastic dike is exhibited in the normal fault between
two blocks in location 7, suggesting shear between the blocks when the fault was active
(tig. 4.12c-d, 4.2b). In location 6, illustrated in fig. 4.6, a clastic dyke injection of matrix-rich
facies between blocks offers evidence of fluidal behaviour lower in the deposit. Other than
these limited specific circumstances, in the interior of both the block and the matrix-rich

facies, there is no evidence of mass shearing.

4.3.4 Longitudinal evolution

The deposit can be longitudinally separated into two distinct sections according to the
internal structure and degree of disaggregation of the material: 1. Block facies with

relatively low disaggregation, with blocks that preserve their jigsaw-fractured texture,
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Figure 4.12: Shear features of the Ten-VDAD. A Sheared clasts at the base of the exposure at
location 5. B The outcrop at location 11 illustrates brittle deformation between components
of the block facies. Red lines represent normal fault displacement, whereas green lines
represent reverse fault displacement. Brittle shearband boudinage has been generated,
illustrated by the boudins formed, orientated in the propagation direction. C Normal fault
at block boundary at location 7. C and D represent the same location. D Flame injection
and normal fault illustrate the shear accommodated at this zone. The displacement
between the blocks generates the normal fault at the east of the outcrop illustrated in fig.
42aandb

compose the majority of the volume of the proximal exposures, and up to location 8. 2.
Block facies at the more distal locations 9 and 10 (as well as exposures between them),
do not preserve a jigsaw-fractured texture, except in few cataclased blocks that remain
fractured but undisaggregated within the intrablock matrix. Blocks are more disaggregated
and cataclased with component clasts displaced in relation to each other. In these blocks,
the proportion of intrablock matrix is greater. The degree of cataclasis and disaggregation
generated the fabric of a monolithological diamicton (fig. 4.8c-d). Normal faults and
brittle behaviour as well as shearing features are not observed in this distal section. Clasts
in more disaggregated blocks are subangular to subrounded (e.g. fig. 4.8c-d); more

rounded than the angular to subangular clasts in jigsaw-fractured blocks (e.g. fig. 4.8a-c).

Nonetheless, the unmixed lithological distinctness of blocks is preserved.
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4.4 Discussion

4.4.1 Brittle extensional behaviour

Extensional normal faults, horst formation and boudinage indicate the accommodation of
extension during propagation. Normal fault alignment perpendicular to the propagation
direction offers an indication of the extensional regime (Longchamp et al., 2016; Roberti
et al., 2017). Such normal faults have been also observed in other VDADs (e.g. Siebe
et al., 1992; Glicken, 1996; Siebert et al., 2006; Bernard et al., 2008; Roberti et al., 2017),
with the Socompa VDAD being an illustrative example (Longchamp et al., 2016). Similar
horst and graben structures are also reported in the Delcamp et al. (2017) study of the
Momella VDAD. In the Ten-VDAD blocks of identical stratigraphy have been fractured
and separated into smaller modules, subsequently displaced and back-tilted, as illustrated
in fig. 4.4 and 4.7. Further evidence for the extension is offered by the lack of vertical
stratigraphic repetition in all the faults, supporting the lack of extensive compressional
environments as supported by Shea and van Wyk de Vries (2008). It is also probable that
the lateral confinement of the avalanche by the ravine and frontal by the topographic
rise at its toe generated compressional regimes and features in these areas. However,
representative outcrops are not exposed. The small number of reverse faults, of limited
extent (e.g. fig. 4.4, 4.7), potentially reflect momentum transfer in the material during
propagation, as is later discussed. The abundance of brittle features observed in the
majority of the deposit suggests large-scale brittle-type behaviour as the principal mode
of propagation of the Ten-VDA (Shea and van Wyk de Vries, 2008; van Wyk de Vries
and Delcamp, 2015). Shear was concentrated at the normal faults, as also suggested for
the Momella VDAD by Delcamp et al. (2017). Focusing of shear stress at fault zones
allowed the low degree of disaggregation and fragmentation at the interior of blocks.
This results in the low amount of fine material and matrix generated, low disaggregation
and a high degree of preservation, constituting a deposit that more closely resembles a
non-volcanic blockslide deposit than a typical VDAD, as also observed in the case of the
Jocotitlan VDAD by Dufresne et al. (2010b). The lack of fine, loosely consolidated, weak or
hydrothermally altered material in the original destabilised portion of the edifice is likely

to have contributed to this aspect of the character of the Ten-VDAD.

Blocks greater than 1 m in diameter are abundant in the Ten-VDAD, as exemplified in
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fig. 4.2 and observed in other VDADs such as Augustine VDAD (Siebert et al., 1995) and
the Parinacota VDAD (Clavero et al., 2002). Edifice blocks preserve their original stratig-
raphy and texture in locations 2 (fig. 4.7) and 4 (fig. 4.4). Furthermore, the abundance
of undisaggregated jigsaw-fit clasts suggests high cohesion and low mixing (Ui et al.,
2000). The preserved stratigraphy, jigsaw-fractured blocks, or even cataclased blocks with
preserved outlines, suggest that large-scale turbulence and mixing can be excluded during
the propagation of the Ten-VDA, as supported in other cases by Campbell et al., (1995),
Reubi and Hernandez (2000), Voight et al., (2002) and Shea and van Wyk de Vries, (2008).
Stratigraphic preservation indicates that the majority of the material experienced a fric-
tional regime throughout the propagation (Manzella and Labiouse, 2013). In a collisional
regime, where momentum transfer predominantly occurs through collisions (Iverson and

Denlinger, 2001), the material would have experienced more disaggregation and mixing.

4.4.2 Local granular fluidal behaviour

Fluidal features such as clastic dikes (e.g. fig. 4.6, 4.12d) and sporadic diffuse contacts (e.g.
fig. 4.9) between blocks and at the boundary between matrix-rich and block facies suggest
a local granular fluid phase (van Wyk De Vries et al., 2001; Davies, 2015; van Wyk de Vries
and Delcamp, 2015). Additionally, incomplete mixing offers evidence for agitated granular
fluid behaviour in the matrix-rich facies (fig. 4.10a-b) as suggested by van Wyk De Vries
et al. (2001) in their study of the Socompa VDA. The preservation of blocks with intact
stratigraphy overlying more fragmented material is not unusual in VDA /rock avalanche
deposits (e.g. Erismann and Abele, 2001; Schiliro et al., 2019). Shearing features (fig. 4.12)

are also limited to block boundaries and lower outcrop sections.

Deeper in the Ten-VDAD, closer to the ravine floor, the convergence of normal faults,
illustrated in fig. 4.7, is the reason for the higher disaggregation and poorer preservation
of intact blocks. Convergence of the faults and the consequent higher shear stresses enable
greater degrees of fracturing, thus leaving the mass more granular (as also predicted by
the numerical model of Thompson et al. (2010) discussed in section 4.3). As a result,
component clasts can move independently, become agitated and interact in collisions
after the initial post-collapse decompression and dilation (fig. 4.13). This particle activity
generates a granular temperature in these areas (Ogawa, 1978; Campbell, 1990; Iverson,

1997). The granular material interacts with the rough substrate to maintain a granular
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Figure 4.13: Gradual disaggregation of jigsaw-fractured clasts/blocks due to agitation
and granular temperature. A Jigsaw fractured material initially preserves the location of
component parts and remains undisaggregated. B Vibration due to agitation displaces the
particles relative to each other. C The original structure is progressively eliminated. Clasts
become more rounded due to abrasion in their interactions, which also adds material
to the matrix. The matrix fills the space between them to give the material a diamicton
fabric. Diffuse contacts form where disaggregating clasts/blocks add material to the
intrablock/interblock matrix.
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temperature (Cleary and Campbell, 1993; Iverson, 1997), which has even been suggested
as capable of supporting the weight of the overriding material as a plug (e.g. Linares-
Guerrero et al., 2007; Hu et al., 2021). Due to the granular temperature in the matrix
as well as clasts in fractured block facies, the material behaves as an agitated granular
fluidised mass (van Wyk De Vries et al., 2001; Thompson et al., 2009; Davies, 2015). The
degree of agitation is low, if the flow remains laminar with low mixing, in accordance
with the acoustic fluidisation theory as discussed by Collins and Melosh (2003). Although
agitation was not great enough to generate turbulence, it did lead to relatively higher
disaggregation of the material, and therefore, a reduction in preservation of stratigraphy
and texture. This leads to the elimination of the jigsaw fabric by displacing component
clasts (Campbell et al., 1995; Reubi and Hernandez, 2000; Clavero et al., 2002; Thompson et
al., 2010), as illustrated in fig. 4.3. The agitation vibrates and microdisplaces the material,
resulting in the fine matrix intruding fractures within a block or clast, widening them and
dispersing block/clast components (fig. 4.3b). The material of the matrix-rich facies is
initially injected in the block facies through the jigsaw fractures (fig. 4.3b). Then clasts are
separated and incorporated into the matrix (fig. 4.3c-d) (Bernard et al., 2008; Roverato
et al., 2015, 2018). As this occurs in blocks throughout the mass, this eventually leads to
the mixing of lithologies observed in both the intrablock matrix (fig. 4.8) as well as the
matrix-rich facies (fig. 4.3), and the gradual homogenisation of these domains, according
to the process described by Roverato et al. (2015). Due to this process, the intrablock matrix
is composed of the lithologies represented within a block. At the contacts, this diffusion
process acts to add material from the outline of the block facies to the matrix-rich facies (fig.
4.9a-b) (Bernard et al., 2008). The observation of a tendency for clasts of similar lithology
to occur in groups in the matrix-rich facies of the Ten-VDAD, also made by Lomoschitz
et al. (2008), is evidence of such fluid-like behaviour and gradual homogenisation at an

incomplete stage (fig. 4.10b).

The relatively higher degree of rounding (for example comparing the material in fig. 4.8a,
b with the material in fig. 4.8c,d and 4.6a) of material in the matrix-rich facies and the
intrablock matrix indicates abrasion during the viscous flow as suggested by Schneider
and Fisher (1998). Fragmented particles are smoothed and rounded by frictional abrasion
in the agitated mass in the process schematically illustrated in fig. 4.13(Schneider and

Fisher, 1998; Perinotto et al., 2015; Paguican et al., 2021).
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4.4.3 Shear accommodation, propagation and emplacement model

VDAs result from flank collapses, propagating as slides immediately after the initial
collapse and usually progressively evolve into flows (Voight et al., 1983; Siebert, 1984;
Glicken, 1991; Scott et al., 2001). Coarse fragmentation primarily occurs at the initial
stages of edifice collapse due to decompression and dilation since the whole mass is in an
extensional regime (Alidibirov and Dingwell, 1996; Longchamp et al., 2016) and the impact
at the slope-break (Voight et al., 1983; Glicken, 1991, 1996; Bernard et al., 2008; Thompson
et al., 2010). Subsequently, VDAs propagate further and progressive disaggregation
continues (Roverato et al., 2015). Further fragmentation due to grain-to-grain collisions is
thought to be minimal during propagation, and the generation of matrix is thought to be
the result of disaggregation of already fractured material (e.g. Glicken, 1991; Palmer et al.,
1991; Belousov et al., 1999; Bernard et al., 2008; Shea et al., 2008). Nonetheless, gradual
abrasion of clasts in the more agitated regions can add small quantities of material to the
matrix (Schneider and Fisher, 1998; Perinotto et al., 2015; Paguican et al., 2021). In the
case of the Ten-VDA, the quantity of interblock matrix (fig. 4.14) and degree of gradual

homogenisation are low.

Discrete element method numerical models by Thompson et al. (2010) have examined the
propagation and emplacement of VDAs as granular avalanches where particles initially
have a bond between them which can be broken when their strength is overcome by
local stresses during propagation. Subsequent evolution of the mass, as well as shear
accommodation, are dependent on the distribution of the degree of disaggregation. Due
to their potential to consider the strength of the material, such models are suitable for
evaluating VDAs composed of relatively competent material, as is the case for the Ten-
VDA. The model reproduces features observed in the Ten-VDAD, such as the normal
fault generation and convergence, and allows the evaluation of propagation processes and

dynamics.

The jigsaw-fractured pattern extensively exhibited by the Ten-VDAD (e.g. fig. 4.2, 4.8a),
has been suggested by Glicken (1996) to result from the expansion of a propagating mass
at the initial collapse stage. Its preservation in the texture of the blocks in the interior of
the proximal region of the Ten-VDAD suggests minimal agitation after the fracturing was

generated by an impulsive force (Campbell et al., 1995; Schiliro et al., 2019). In agreement,
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Figure 4.14: Schematic representation of the propagation and emplacement of the Ten-
teniguada debris avalanche. A The initial stage of the collapse and coarse fracturing
of the material. B Propagation stage where fractures are activated as normal faults to
accommodate the spreading of the mass. C The final deposit with the features that have
been observed in the field. Circled numbers represent the study locations as illustrated on
the map in fig. 4.1 and the table in the complementary material Appendix A.
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the model of Thompson et al. (2010) suggests that the early stages of the collapse represent
significant events for the fracturing and disaggregation of the mass. According to the
model, during the initial collapse stress distribution is chaotic, however, the brittle failure
initiating the fracturing of the mass, takes place even before the mass has evacuated the
failure scarp. Analysis of the fractures of lava blocks in the Maronne Valley (Central
Volcano, France) by Reubi and Hernandez (2000) also supports that fractures are primarily
the result of shear stress at the initial stage of sliding. Fragmentation by rapid unloading
is also supported by the pressure experimental findings of Alidibirov and Dingwell (1996).
In the Ten-VDA this stage resulted in the coarse fracturing and large quantities of blocks
observed in the deposit (e.g. fig. 4.14a). Nonetheless, the existence of matrix-rich facies
in proximal exposures (location 3) indicates that it was already generated from this early
collapse stage. Therefore, the degree of mixing and disaggregation is not exclusively
related to the distance from the source as also suggested by Bernard et al. (2008). Instead,
it is also a function of the chaotic local stress distribution according to the instantaneous

arrangement of the self-weight of the mass.

The abundance of normal faults at proximal areas and the interior of the deposit suggests
that subsequent propagation-induced shear stresses were accommodated in fault zones
(tig. 4.14a). This regime allowed the spreading and back-tilting by rotational and sliding
displacement of blocks, decreasing the avalanche thickness as exhibited, for example, at
location 7 (fig. 4.2). The blocks displaced in this way generate toreva features as illustrated
in fig. 4.14. In the Thompson et al. (2010) model, fractures generated during the initial
collapse subsequently accommodate the spreading and resulting extension by activating
as normal faults. The majority of the strain was accommodated in these shear zones and
consequently, blocks were capable of preserving their internal stratigraphy (Thompson et
al., 2010; Paguican, 2012). The model also predicts the observed large-scale toreva blocks
in the medial area of the deposit (fig. 4.14) under the definition of a massive portion
of intact material that slid and back-tilted without being significantly brecciated (also
observed by van Wyk De Vries et al., 2001; Clavero et al., 2002; Shea and van Wyk de Vries,
2008). This is also observed in the proximal region of the Casana VDAD by Bustos et al.
(2022). With progressive propagation, proximal and distal-facing normal faults generated
the horst and graben complexes in the medial area of the Ten-VDAD, such as the one

described in location 7 (fig. 4.2).
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Closer to the ravine floor, and in locations more distal than location 8, poorer preservation
(tig. 4.8c, d), more abundant intrablock matrix (fig. 4.13) and scarcity of brittle features
suggest higher stress accommodation. In the Thompson et al. (2010) model, faults conjoin
at the base of the deposit generating a blockier upper portion; and a base with more matrix-
rich facies and fewer large blocks, which are instead more cataclased. This aspect of the
model is in agreement with the Ten-VDAD observation of more frequent preservation of
blocks shallower in the deposit. Much of the deformation, fracturing and disaggregation
of the mass has been concentrated and magnified deeper in the deposit, as exemplified at

locations 2 and 4 (fig. 4.4 and 4.7 respectively).

The incorporation of a block from the substrate and inclusion as a clastic dyke (fig. 4.6)
occurred due to the shear of the substrate ploughing and detaching a section of the
substrate (Dufresne et al., 2010a) and hosting it between two blocks. The built-up of
pressure in the subsequent propagation forced part of the block into the fracture between
the blocks generating the clastic dike. Gradual mixing enriched the surrounding matrix

with substrate lithologies giving it a whiter colour (fig. 4.6a).

Regarding the disaggregation of the distal areas of the Ten-VDAD, distal portions of
granular flows experience acceleration and propagate for longer than the more proximal
locations due to momentum transfer from material at the back to the front (Heim, 1932;
Van Gassen and Cruden, 1989; Okura et al., 2000; Legros, 2002; Manzella and Labiouse,
2013; Bartali et al., 2015; Fan et al., 2016). Therefore, they are exposed to greater stress
and for a longer time duration. During the emplacement phase, the proximal deposit
decelerates faster, while the front of the VDA is still accelerating (Thompson et al., 2010).
The process of momentum transfer imposes compressive stresses on the material at the
front of the propagating mass (Longchamp et al., 2016; Hu et al., 2020). In the Ten-VDA,
the higher disaggregation of the distal portion of the deposit could be the result of such

amplified stress accommodation.

The fact that distinct normal fault planes are more abundant higher in the deposit, as
illustrated in location 2 (fig. 4.7), indicates the transition between the brittle behaviour to
a relatively more liquefied /fluidised deeper in the Ten-VDA as suggested by Shea and
van Wyk de Vries (2008). Nonetheless, the presence of a basal listric layer of major shear

concentration could not be evaluated due to lack of exposure. Based on these observations,
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it can be assumed that two shear accommodation regimes have been active during the

propagation of the Ten-VDA:

1. In the more shallow domain of the deposit and in the proximal regions at the interior
of the mass, the displacement was accommodated in normal faults between blocks,

where shear was concentrated. Stress was not transmitted to the interior of blocks.

2. Deeper in the deposit, where faults conjoined and stresses were higher, and at
more distal locations, a regime of a relatively agitated granular flow is evident. In
these areas, stress and agitation are distributed throughout the mass, causing the
generation of more mixed and rounded material. Nonetheless, the flow regime
remains laminar. Particles adopted a behaviour between a rapid and quasistatic
granular flow regime, rather than evolving into a pure rapid granular flow with a

collisional regime (Campbell et al., 1995; Johnson et al., 2014).

Faults in the Thompson et al. (2010) model become progressively wider to facilitate
the continuous spreading and extension, while the space is progressively filled by the
increasing matrix-rich facies. The disaggregation allows the propagating mass to evolve
into a fluidised granular flow. Deeper in the mass, in the model, the blocks are more
likely to become disaggregated, and the material is stretched and thinned (Thompson et
al., 2010). This is not observed in the Ten-VDAD, where matrix-rich facies is very scarce
(fig. 4.14c), suggesting that the deposit was emplaced before evolving to this stage of
the rockslide-to-granular flow progression (Voight et al., 1983; Glicken, 1991). A dense
network of blocks makes up the majority of the Ten-VDAD, with the matrix-rich facies
limited to only a few spaces between them (fig. 4.14c). The Ten-VDA did not fully evolve
from a slide to a flow (Voight et al., 1983; Glicken, 1991), and that is the reason it more

closely resembles a non-volcanic blockslide deposit (Dufresne et al., 2010b).

On the contrary, in DEM experiments where the particles have no bond between them,
and therefore represent weaker, easily disaggregated granular material, the results are
significantly different. Such were the experiments of Thompson et al. (2009) and Campbell
et al. (1995), where a granular mass with no bond between the particles was released to
propagate under gravity. In these experiments brittle deformation and preservation of
unfractured blocks is significantly reduced. The mass spreads and evolves to a flow with

agitated particles throughout the mass accommodating shear and imposing a fluid-like
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behaviour. In this case, stretching and disaggregation are greater high in the deposit
compared to closer to the base (Thompson et al. 2009). The comparison of the two
models suggests that the strength of the material in the Ten-DAD (i.e. the abundance of
competent lavas relative to weaker pyroclastic material) and the lack of weaker, loose and
hydrothermally altered material has contributed to the brittle character of the propagation
of the Ten-DAD and its low disaggregation. This comparison will be further discussed in
Chapter 5. Both the types of experiments mentioned assume an inerodible propagation
surface and thus neglect the potential impact of the substrate on the propagating mass,

which is discussed in the following section.

For a VDA to evolve into a flow stresses need to overcome the strength of the propagating
material in order to disaggregate the mass (Thompson et al., 2010). Once the majority
of the mass can behave as a granular flow it is believed to assume the typical VDA flow
behaviour (Voight et al., 1983; Glicken, 1996; Schneider and Fisher, 1998; Thompson et al.,
2009). This has not been achieved by the Ten-VDA primarily because of the competent
nature of the lava lithologies that compose the majority of the material. Other potential
factors for the primarily brittle behaviour are: the low volume relative to other VDAs
(Legros, 2002), the low slope of the path, and potential substrate interactions. Lomoschitz
et al. (2008) suggest that the emplacement of the Ten-VDA might have also been aided by
the topographic high where its toe has been deposited (fig. 4.14).

Nevertheless, considering that the Ten-VDA has achieved an H/L ratio of ~0.16 implies
that it attained much greater horizontal runout distance compared to its initial fall height
(tig. 4.15a). Given the runout and the low degree of disaggregation observed in the deposit

two candidate processes can be proposed for the Ten-VDA propagation:

1. Normal faults and extensional features illustrate extensive spreading and lowering.
Therefore, one explanation for the long runout of the Ten-VDA is the spreading
of the mass. This implies that the material spread, lowering its centre of mass
and pushing the front of the material further. This behaviour in granular material
provides increased runout without increased mobility of the centre of mass (fig. 4.15)
(Legros, 2002; Manzella and Labiouse, 2013). Therefore, no mechanism is required
to explain reduced friction that would result in greater displacement of its centre

of mass. In such a case, the runout is the result of normal fault-accommodated
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Figure 4.15: A Displacement of a mass after propagation, assuming a simple frictional
model of a coherent sliding mass. B Plug-flow on a low friction basal layer: due to
a reduction of friction the mass propagates further resulting in a longer runout and
displacement of the centre of mass (CoM). C Normal fault-accommodated spreading;:
Spreading and extension of the mass results in a longer runout compared to a, while the
displacement of the CoM remains unchanged. Back-tilting of blocks and activation of
normal faults observed in the field is also consistent with this simple model.

spreading. Spreading has been proposed as a theory for the excessive runout of
VDAs/RAs by Davies (1982) and Davies and McSaveney (1999). In fact, this process
highlights the mechanical irrelevance of the H/L as a measure of mobility, since
spreading generates a higher runout which is not necessarily reflected in the mobility
of the centre of mass, and therefore energy dissipation (Davies, 1982; Legros, 2002;

Dufresne et al., 2021a).

2. The lack of major shear accommodation in the body of the Ten-VDA could imply
shear concentration in a basal listric layer. Shear concentration in a low frictional
basal layer can result in reduced frictional losses and increased mobility (fig. 4.15b).

In avalanches composed of weaker material, where disaggregation is more intense, a
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basal shear layer is more likely to develop (Thompson et al., 2009). The convergence
of faults and more fractured material at the base of the Ten-VDA might have allowed
to evolve into a valley-confined plug flow if enough fractured /disaggregated mate-
rial was generated at the base to allow local fluid granular behaviour (Paguican et al.,
2021). In this case, the material at the interior of the flow would have travelled as a
coherent plug over a basal and marginal low friction shear zone acting as a Bingham
fluid (Voight et al., 1983; Takarada et al., 1999; Paguican et al., 2021). Takarada et
al. (1999) suggest that this can be encouraged by greater proportions of weaker or
hydrothermally altered lithologies since a significant amount of matrix is required
to support the overlying material and initiate the plug flow phase (Paguican et
al., 2021). However, large amounts of matrix are not observed in the Ten-VDAD
(fig. 4.14). Consequently, deformation and shear have to be distributed through the
avalanche body. Although the confinement by the paleoravine could encourage this
process, the lack of weaker material that could be easily disaggregated is likely to
have impeded the Ten-VDA from evolving into a plug flow on a low friction basal

zone.

The lack of exposure of the base of the Ten-VDA does not permit a conclusive evaluation
of the two hypotheses. However, the low degree of disaggregation and quantity of matrix
in the exposed sections suggest that extensive basal shear accommodation is unlikely.
It is, therefore, proposed that the mobility of the Ten-VDA was enabled by the normal
fault-accommodated spreading of the mass by the extensional displacement of normal
faults between blocks. This mechanism is also in agreement with the observations of
undisaggregated blocks and brittle features since most of the shear of the displacement
was accommodated in normal faults for the spreading of the mass, resulting in the lack of

strain in the interior of blocks.

4.5 Conclusion

The facies distribution and structural analysis have led to the following model for the

propagation and emplacement of the Ten-VDA:

1. The collapsed portion of the source edifice did not suffer a high degree of alteration

and weakening that would precondition the mass for fracturing. Therefore, in the

74



initial collapse and slide phase, evolution of fractures, and coarse disaggregation
of the mass were initiated but a major component of undisaggregated blocks was

preserved (fig. 4.14a).

. In the subsequent propagation, extension and spreading were accommodated in
normal faulting activated in pre-existing fractures (fig. 4.14b). This led to shearing

in the fault zones and back-tilting of blocks (fig. 4.7, 4.12).

. Extension and lowering of the mass progressed, with disaggregation of blocks and
matrix injected in fractures between blocks. In the matrix-rich facies, there was no
turbulence or shearing and mixing was limited to gradual homogenisation gener-
ated by the agitation due to granular temperature (fig. 4.13). The VDA remained
cohesive, as a dense network of blocks. Blocks were cataclased to various degrees but
preserved their outline and distinct lithological composition. The cataclasis of the
blocks generated a fine intrablock matrix, however, interblock mixing was limited to
a small quantity of diffuse boundaries. Horst and graben structures developed as

the extension proceeded (fig. 4.2, 4.14b).

. Deeper in the deposit, the faults conjoin. There was a higher degree of shearing and
agitation. Disaggregation and intrablock matrix generation were higher, eliminating
jigsaw fracturing and imposing a diamicton fabric to the block facies. There was

also a small amount of substrate incorporation.

. The more distal part of the Ten-VDA exhibits higher disaggregation and gradual
mixing due to agitation. This is the result of the higher stresses accommodated at
the front for a longer duration due to the momentum transfer from the back and

longer runout.

. The poor disaggregation of the mass, large component of block facies and poor
mixing between blocks suggest that the Ten-VDA did not fully evolve to a flow. A
brittle type behaviour was dominant. The resultant deposit is comprised of a dense

network of blocks.

The lack of exposure of the base of the landslide does not allow the assessment of the

degree of shear accommodation at the base and the nature of the interaction with the

substrate. Therefore, the excess mobility of the Ten-VDA could be attributed to two

candidate processes: 1. The mobility could be the result of normal fault-accommodated
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spreading and extension of the mass. In this case, the increased runout would be the
result of the spreading of the material, while the centre of mass would not necessarily
have achieved a high mobility (fig. 4.15c). 2. Alternatively, a low-friction basal layer
might have accommodated the shear of the displacement, supporting the material above,
which would have travelled as a plug-flow on a low-friction basal layer (fig. 4.15b) (sensu
Takarada et al., 1999). The first process appears more likely due to the brittle behaviour of
the material and lack of extensive quantities of matrix-rich facies. Although unlikely, the
second process cannot be definitively rejected due to the lack of exposure of the deposit

base.

The study presented in this chapter demonstrates the importance of detailed field obser-
vations to assess mechanisms affecting the mobility of VDA and puts in evidence how
different processes are possible and should be taken into consideration when assessing

the hazard related to these phenomena.
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Chapter 5

Distributed stress fluidisation: Insights into
the propagation mechanisms of the Abona vol-
canic debris avalanche (Tenerife) through a
novel method for indurated deposit sedimen-

tological analysis

Note, a version of this chapter examining the Tenteniguada volcanic debris avalanche and its
propagation dynamics has been published in the Journal Frontiers in Earth Sciences - Volcanology
(Makris et al., 2023b). The published version is included in the supplementary material. Symeon
Makris wrote the text, prepared all of the figures and developed the arguments therein. Symeon
Makris and Matteo Roverato carried out the fieldwork. All authors discussed the science and
commented on the manuscript. The format of this chapter is not the same as the publication.
Different sections have been integrated into different parts of this thesis. Furthermore, additional
discussion relating to the topic of the thesis is included in this chapter that was not relevant to the

paper examining the specific deposit.

5.1 Introduction

This chapter examines the Abona volcanic debris avalanche (Ab-VDA), located in the

south of the island of Tenerife, Spain (fig. 5.1a). Although the deposit is indurated, field
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Figure 5.1: A Location of the Canary Islands. B The Island of Tenerife with the Cafiadas
caldera (dotted line); the red rectangle indicates the extent of c. C Extent of the Abona
volcanic debris avalanche (Ab-VDA) as inferred by Davila-Harris et al. (2011), with
locations studied for this chapter and the locations where sampling for clast-size analysis
was carried out.

observations combined with a novel clast-size analysis methodology allow its examination.
The aim is to evaluate the dynamics through assessment of the propagation and emplace-
ment processes that generated the deposit. Analysis of the findings and comparison to
other deposits and models aims to ultimately evaluate potential propagation mechanisms
that enable the long runouts of volcanic debris avalanches (VDAs). In order to interpret
the deposits, our field investigations generated outcrop maps of the distribution of facies,
textures, structures and internal sedimentology (Bernard et al., 2017). The deposit is
initially described through its general structure, facies distribution and sedimentological
features. The implications of these features for the dynamics of the Ab-VDA in association
with other deposits and theoretical and numerical models are also discussed. Finally,

this analysis permits the proposal of a new VDA model for the stress accommodation,

propagation processes and the formation of the internal architecture and sedimentology
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which is consistent with the observed structural features and kinematic implications (Shea
and van Wyk de Vries, 2008). The findings offer information regarding VDAs which
evolve into flows, as well as the factors which might enable such behaviour. The processes
suggested offer constraints for conceptual models regarding VDA dynamics and stress

distribution.

Clast-size analysis is a key element of sedimentological studies as it allows the study of
the evolution of the deposit sedimentology and composition through the different phases
of the propagation and the identification of possible mechanisms, including fragmentation
(Dunning, 2004; Crosta et al., 2007; Dufresne and Dunning, 2017). The quantitative
examination of clast-size distribution in the deposits can offer evidence regarding the
distribution of stresses, as exemplified by the study of Dufresne and Dunning (2017),
illustrating the sedimentological signature of zones of magnified shear stress. When a
deposit is indurated or lithified, clast-size analysis is not possible using conventional
sieving or laser diffraction (Merico et al., 2020). The consolidation of the material in
ancient deposits is suggested by Tost et al. (2014) to have prohibited the study of VDA /
rock avalanche (RA) deposits (Merico et al., 2020). The novel methodology presented in
this study allows the clast-size analysis of indurated/lithified deposits. Employment of
the proposed methodology in other indurated deposits would extend sedimentological

information on VDA deposits (VDADs) through the addition of more case studies.

5.2 Geological and regional background

5.2.1 Geological background

Tenerife is the second largest ocean-island volcano on Earth (after Mauna Loa, Hawaii).
The island is composed of 90% by volume of a basaltic shield (Hiirlimann et al., 1999). This
is overlain by the Cafiadas stratovolcano, post-shield volcanic complex. This composition
reflects the dual, simultaneously active basalt and phonolite magmatic system. Basaltic
volcanism began >12 Ma ago and is still active, with the most recent basaltic eruption in

1909 AD (Marti et al., 2010).

The Cafadas edifice is composed of basalt to phonolite lavas and pyroclastic deposits,

generated by several eruptive events in the last 3.0-3.8 Ma (Hiirlimann et al., 1999; Cas et
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al., 2022). The evolution of the edifice was characterised by several constructive phases
while destructive processes have also been important, with vertical and lateral collapses
contributing to the geomorphic evolution of the island (Marti et al., 1997, 2010). Tenerife
has hosted large landslides with volumes of 50-500 km?3 and travel distances of up to
100 km (TEIDE GROUP, 1997; Hiirlimann et al., 2000; Masson et al., 2002). VDAs are the
most common type of landslide mapped on the flanks of the Canary Islands (Lomoschitz
et al., 2008). Large-volume VDAs are responsible for the formation of the major valleys
on the flanks of Tenerife between the Upper Pliocene to Middle Pleistocene (Hiirlimann
et al., 1999; Marti et al., 2010; Davila-Harris et al., 2011; Cas et al., 2022). The central
volcanic complex has hosted major explosive eruptions from the phonolite magma system
also generating the present-day Cafiadas caldera (Marti et al., 2010). Today, the volcano
structure includes the Teide and Pico Viejo stratovolcanoes, and the explosive caldera
Canadas complex (fig. 5.1b) of >1.8 Ma history with various collapse events (Davila-Harris
et al., 2011; Cas et al., 2022). The current phase corresponds to the constructive phase of

the Teide/Pico Viejo complex inside the caldera.

5.2.2 Abona volcanic debris avalanche — edifice and deposit morphology

The Ab-VDAD was initially classified as a debris flow breccia (Bryan et al., 1998), although
later identified as a VDAD by Davila-Harris et al. (2011). It was generated 733 £3 ka
ago by a lateral collapse of the Cafiadas volcano during an ignimbrite-forming explosive
eruption, as supported by petrological evidence and geochronology by Davila-Harris et
al. (2011). The fact that the trigger of the collapse is identified with relative confidence
is not common, as most VDADs are difficult to assess with precise time constraints, and
even then, triggering mechanisms might have left no evidence in the geological record.
The Ab-VDA propagated and was deposited from the Cafiadas volcano and towards the
southeast, in the region of Abona for at least 21.6 km from the failure scarp thought to be
its source (fig. 5.1). It covers 90 km?, and extends further into the ocean (Dévila-Harris et
al., 2011). The widespread exposure suggests that the deposit covered the entire region
of Abona (Déavila-Harris et al., 2011). The Ab-VDA forms part of the Helecho Formation,
which corresponds to the Lower Bandas del Sur Group (D4vila-Harris et al., 2023) and the
Guajara Cycle (Cas et al., 2022).
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5.3 Methodology

5.3.1 Structure and facies mapping

Due to the sedimentological heterogeneity in the Ab-VDAD, detailed facies mapping
was necessary prior to sedimentological sampling. At different outcrops the structure,
stratigraphy, lithology and other features were identified using the methodology described
by Roverato et al. (2015) and Bernard et al. (2017). This allows for targeted sampling along
the deposit in specific facies. Initially, the mapping allowed the generation of a structural
overview (Bernard and van Wyk de Vries, 2017), identifying outcrops to be sampled for
clast-size distribution differences as well as their potential longitudinal evolution along

the deposit.

5.3.2 Clast-size sampling

In this study we have employed a novel combination of techniques and sampling strate-
gies for clast-size analysis of the indurated Ab-VDAD. Size distributions were sampled
exclusively for clasts (not matrix) in the matrix-rich facies (MF) at seven locations along
the deposit (fig. 5.1c) to evaluate potential longitudinal evolution and variability of clast
sizes and proportion of matrix. The method employed was based on manual photographic
grid sampling analysis of clasts from scaled orthophotos generated parallel to the outcrop
surface (e.g. Ibbeken et al., 1998; Blair and McPherson, 1999; Casagli et al., 2003; Attal and
Lavé, 2006; Crosta et al., 2007; Zhang et al., 2015; Ferraro et al., 2018; Harvey et al., 2022).

A frequency-by-area approach methodology was proposed by Chayes (1956) for the min-
eral composition of cross sections and is based on an area-volume relationship supporting
that the ratio of the area occupied by mineral A to the total measurement area is a consis-
tent estimate of the volume percentage of mineral A in the sample (Chayes, 1956, p. 13;
Glicken, 1996). This was adopted by Glicken (1996) exclusively for the sampling of the
coarse component of VDA samples. The results of the described methodology are different
in nature, but theoretically equivalent to the frequency-by-weight output of sieving analy-
sis (Kellerhals and Bray, 1971). Image-based clast-size analysis methods are non-intrusive
and provide a more efficient way to extract size distributions of non-cohesive material

(Detert and Weitbrecht, 2020), and an alternative in cases where sieving is not an option
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due to induration or lithification of the material. Additionally, while sieving methods
produce grouped data, photographic analysis produces continuous data which allows

more accurate statistical analysis (Buscombe, 2008).

The methodology proposed here utilises photogrammetry, using the commercially avail-
able software Agisoft Phtoscan, to combine data from multiple photographs in a single
orthophoto sample. Measurements were made on samples at two scales: at the outcrop
scale to ensure representation of the coarsest particles from the >1 m scale up to 5 mm,
and smaller sample windows for finer particles up to 2 mm. Large-scale samples represent
areas up to <32 m? and better represent larger clasts, without compromising the resolu-
tion of the sample. Conversely, in smaller-scale sample windows (up to ~10m?), smaller
particles are better represented due to the smaller area represented in every pixel. The
resolution achieved by these smaller samples was <0.21 mm/pixel, allowing the sampling
of particles up to >0.28 mm. Although the small sample windows had no upper size
boundary, due to their small area, they were not suitable for representing larger clasts.
Nonetheless, the area represented was up to ~10m? to ensure a sufficient sample size. The
results from the two scales were combined to generate the clast-size distribution of the

whole size range.

Glicken (1996), as well as other researchers (e.g. Crosta et al., 2007; Shugar and Clague,
2011), have used photographic methods to measure the area occupied by each and every
particle over a threshold size in a single photograph to predict the area cover of a particular
size range as a proxy for the volume percentage (instead of grid-counting), in accordance
with the photo-sieving methodology proposed by Ibbeken and Schleyer (1986). Instead, in
the methodology proposed here, the clast-size distribution is determined by grid-sampling
individual clasts in an extensive orthophoto sample and calculating the area occupied
by each size range. In the environment of the Image] software, the desired grid can be
generated and geometric properties of clasts can be automatically calculated (Spychala et
al., 2021) when their boundaries have been manually drawn (Berends and Eggenhuisen,
2018). Only the particles intersected by grid nodes were measured. The minimum Feret’s
diameter, defined as the smallest possible distance between two parallel tangents of an
object, was used as the size measurement as it can be considered equivalent to the property
by which particles are classified when sieved. Where a node was located over matrix, this

was noted in the measurements to allow calculation of the percentage of matrix relative to
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clasts following the methodology described by Blair (1987).

Although this methodology allows the clast-size analysis of the indurated deposit, it is
restricted by the limitations of photographic analysis. Therefore, the full size range cannot
be sampled because particles smaller than 2 mm could not be accurately and consistently
measured. This was especially true of similar-colour particles in the matrix. Additionally,
the sedimentological term matrix is an assemblage of smaller particles surrounding coarser
particles (Bates and Jackson, 1984), and is therefore, scale-dependent rather than assigning
a particular size (Vezzoli et al., 2017). Therefore, a lower boundary had to be established
to maintain consistency when comparing matrix-proportion between the samples. For
the purposes of this quantitative analysis matrix was considered to be composed of any

particle of sand size or finer (<2 mm).

While the area of the large-scale sample orthophotos was generated to cover the largest
possible area permitted by the outcrop exposure, and thus include the maximum hetero-
geneity, the clast sample size, for both the small- and large-scale samples, was chosen
according to the guidelines of Bunte and Abt (2001) to ensure a <5% error around the
mean with confidence of >95%. The calculation of the sample size requirement takes into
consideration the median and sorting of the population generated by a pilot sample. One
limitation of this methodology is that it does not allow lithological component analysis
since lithologies cannot be reliably identified in small particles in the photographic sam-
ples. A full evaluation of the methodology, its uncertainties and limitations is included in

the supplementary material (Appendix B).

5.4 Composition, structure and sedimentology of the Ab-VDA

The deposit is exposed across ~10 km from the first outcrop, 11.5 km from the current
inferred scarp (location 1) to the coast (location 13) ~22 km from the inferred scarp (fig.
5.1c). The deposit does not outcrop more proximally than 11.5 km. The thickness of
the deposit varies from 2-3 m in some locations up to a maximum thickness of 62 m (at
location 4). The Ab-VDAD is predominantly composed of less competent scoria, clasts of
ignimbrite lithologies and pumice fall material and substrate-incorporated pumice while
it only contains a minor component of lava lithologies (Davila-Harris et al., 2011). In

marginal locations which represent the material deposited near the external boundaries
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of the avalanche, the deposit thins and disappears on the slopes, illustrating that the
avalanche was locally constrained and channelised by ravines in the paleotopography as
illustrated in fig. 5.2. Therefore, at least in some sections, the flow was subdivided into
different streams. Six exposed and accessible outcrops have been sampled and studied
in terms of clast-size distribution. These locations are illustrated in fig. 5.1c, with further

details in the supplementary material Appendix C.

Figure 5.2: Section of the outcrop at location 3. The red dashed line represents the
boundaries of the deposit thinning against the slope of the paleotopography.

5.4.1 Facies composition and distribution

The deposit is a very poorly sorted, heterolithic breccia which exhibits characteristic VDA
block and MF (Davila-Harris et al., 2011). In this chapter the term edifice block facies
(EBF) (equivalent to the block facies of Glicken, 1991) is used instead of block facies.
The term was introduced by Bernard et al. (2021) and is here used because only blocks
from the original collapsed edifice are observed and no blocks considered to have been
incorporated from the propagation path substrate. Otherwise, the term is equivalent to
the block facies used in the rest of the thesis. The EBF is composed of undisaggregated
or poorly disaggregated portions of the original edifice, and the MF is composed of a
heterolithic poorly sorted mixture of clasts and matrix. The facies distribution is chaotic
and unsystematic, while outcrops exhibit both facies in proximity. The term matrix
refers to finer grains surrounding larger particles (Mehl and Schmincke, 1999), which is

scale-dependent rather than assigning a particular size (Vezzoli et al., 2017).
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5.4.1.1 Edifice block facies (EBF)

The Ab-VDAD EBF is composed of unconsolidated, or poorly consolidated, portions
of the original edifice (referred to as blocks) emplaced in the deposit unmixed with the
surrounding material, retaining lithological distinctness (Bernard et al., 2021). Blocks are
universally microfractured and to some degree disaggregated as clasts in their interior are
displaced relative to each other. Disaggregation implies the displacement of these compo-
nents, altering their original relative placement in the structure and fabric of the rock mass.
Fracturing refers to the break-up of a block resulting in a fabric of individual component
clasts. Lithologies composing blocks include the more competent hydrothermally altered
and fresh lavas; the less competent and resistant scoria, ignimbrite and pumice fall litholo-
gies clasts and substrate-incorporated material (Davila-Harris et al., 2011). However,
the proportion of the competent lavas compared to the less competent material is minor
throughout the EBF. This is evident at location 2 where the main characteristics of EBF
are illustrated in fig 5.3. The shape of blocks is distorted and elongated to lenticular
shapes, as exemplified by the pumice and scoria units in fig 5.3c and d. Nonetheless,
blocks retain lithological homogeneity and distinctness compared to surrounding material.
Despite the fracturing and distortion, lithological units are preserved in the interior of
blocks (fig 5.3). Sections of remnant stratigraphic sequence are preserved where these
units maintain their original order as illustrated by the sequence of lithological units in
tig 5.3c. These lithologies are interbedded and stretched to assume fluidal mixing forms
(fig 5.3b, c). Each unit is composed of a poorly sorted diamicton of monolithological
cataclased material. Cataclasis refers to the fracturing, comminution, disaggregation by
the displacement of component parts and production of matrix that generates a granular
diamicton fabric. Uninterrupted EBF domains extend for more than 100 m; however,
undisaggregated portions of remnant stratigraphy are only observed in sections <12 m in
length. The EBF with elongated remnant stratigraphic sequence and variable degrees of
preservation forms pockets of less disaggregated material in a chaotic deposit where the
degree of disaggregation is not systematically distributed. Such remnant stratigraphy is
only preserved in pockets within the deposit at locations 5, 12 and 13, as exemplified in fig.
5.4c illustrating a pocket of EBF and preserved stratigraphy surrounded by MFE. The area

between undisaggregated blocks is filled by the intrablock matrix as illustrated in fig. 5.4.

Within the EBF, the intrablock matrix is composed of poorly sorted mixture of heterolithic

85



Figure 5.3: Several features from EBF of location 2: A Overview of a characteristic sec-
tion from this location. Preservation of stretched lithological units as monolithological
diamictons. The blue and red rectangles correspond to the extent of d and b respectively.
B Fluidal form intrusion of one unit into another with no mixing. C The lithological units
are here coloured to highlight their fluid-like behaviour, and preservation of stratigraphic
sequence. IM: intrablock matrix; L1: lava unit 1; L2: Lava unit 2; L3: Lava unit 3; L4: Lava
unit 4; DS: Dark scoria unit; RS: Red scoria unit. D Lava units and weaker scoria units
exhibit different degrees of cataclasis even though they are found in adjacent positions.
The lava unit at the left of the image is less comminuted with larger clasts compared to the
dark scoria and red scoria units at the centre of the image. E The lithological units observed
in c are here observed at a different area of the same location in a similar stratigraphic
sequence.
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Figure 5.4: The internal structure of the Abona deposit at location 12. A The outcrop
presents both the matrix-rich facies (MF) as well as the edifice block facies (EBF), and
both interblock and intrablock matrix. The area of the red rectangle represents the extent
of B and C. B The bold white dashed line encompasses the EBF which is surrounded
by the MF. The contact between the two facies is diffusive. The finer white dashed line
encompasses preserved stratigraphic sequence. The boundary between the matrix and the
distinct lithological units is also diffusive. C Same extent as b. The section of preserved
stratigraphy is composed of different lithological units of scoria: S1, S2, S3, S4; and pumice:
P. Different units have been coloured to highlight their stratigraphic sequence and fluidal
mixing. Dashed circles highlight rounded clasts.

clasts within a heterolithic matrix. A clast refers to any rock which would not break if

passed through a sieve, or was immersed in water, after the definition by Glicken (1991).
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The lithology of the clasts and matrix represents the lithologies present in the vicinity,
within each block. This is evident locally around monolithologic blocks where the nearby
matrix is enriched in that lithology. Pumice deposits make this particularly evident, as
the nearby matrix has a visibly different composition enriched in the white pumice as
illustrated in fig. 5.5. Here, the intrablock matrix adjacent to a pumice unit is visibly

enriched by the diffusing pumice material (fig. 5.5).

Figure 5.5: A Edifice block facies (EBF) from location 3 containing a unit of pumice. B
The intrablock matrix proximal to this unit is enriched in pumice due to the progressive
diffusion of material to the matrix.

The degree of mixing within the intrablock matrix exhibits some variability but is always
lower than the interblock matrix, which is completely mixed and heterogeneous in the
Ab-VDAD. The intrablock matrix (as well as the intrablock) exhibits no internal structures

or features.

5.4.1.2 Matrix-rich facies (MF)

The MF is exposed in all the locations studied, from the most proximal to the most

distal. Its abundance suggests it constitutes the dominant facies component of the deposit
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although the proportion could not be quantified due to the interrupted exposure. The MF
is similar to the equivalent facies reported in other VDAD:s (e.g. Glicken 1991; Bernard et
al. 2021) and is notably uniform throughout the deposit. The MF consists of a well-mixed,
heterolithic, very poorly sorted mixture of subangular-to-subrounded clasts and interblock

matrix composed of material from the source edifice (fig. 5.4, 5.6a), pumice incorporated

Figure 5.6: A Matrix-rich facies (MF) in location 2 including a lenticular block with its
outline indicated by the dashed white line. This is an orthophoto generated using structure
from motion photogrammetry. B and C illustrate features from location 4. B A portion of
the MF composed of poorly sorted clasts, interblock matrix as well as a monolithological
microfractured block. C The annotated MF clast is the largest encountered in the deposit
and has a maximum diameter of 6m.

from the substrate during propagation (fig. 5.7), and a small amount of juvenile phonolite
clasts. The juvenile clasts have chilled margins and were likely incorporated from a dome

collapse (D4vila-Harris et al., 2011). Particles in the MF range from micrometres up to

clasts of <6 m, as shown in fig. 5.6. Its composition represents the lithologies that also
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Substrate material

Figure 5.7: Basal contact between the deposit (Ab-VDAD) and the substrate at location 12.
The red rectangle represents the extent of the insert at the bottom left of the figure. The
insert highlights the incorporation and diffusion of substrate material (dark grey) into the
matrix-rich facies (MF) (light grey) due to abrasion.

occur in the EBF. However, a greater degree of mixing and homogenisation produces a
distinctive heterolithic matrix which differs from the cataclased but unmixed diamicton of
the EBFE as well as the less heterolithic and less mixed intrablock matrix. The difference
is illustrated by the comparison of fig. 5.4b with fig. 5.6a. The intrablock matrix of fig.
5.4 is much less poorly sorted, less polylithological and includes a greater proportion of
clasts relative to matrix. The percentage of the matrix relative to clasts is highly variable.
Although well mixed, the MF also contains a minor quantity of microfractured MF blocks
with lenticular shapes (fig. 5.6a, b). These represent portions of the original edifice that
although included in the MF have not been completely disaggregated. However, the MF

lacks any stratification, grading or internal features.

5.4.2 Internal structure and sedimentology
5.4.2.1 Fracturing and cataclasis

At the metre and down to the finer than centimetre scale, the material in the EBF is
universally fractured and cataclased. The cataclasis of the material generates lithological
units composed of larger clasts in a finer matrix assuming the fabric of a diamicton while
remaining unmixed and preserving their lithological distinctness as exhibited by different
lithological units in fig. 5.8. Blocks suit the term of fragmental rock clasts used by Alloway
et al. (2005) as fractured, deformed blocks in some cases preserving stratigraphic sequence

(fig 5.3, 5.4). The products generated by the fracturing and comminution are the particles
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Figure 5.8: Monolithological diamictons. A Location 6. Cataclased diamicton in contact
with the matrix-rich facies (MF), with diffusive boundaries and lenticular shape. B
Location 5. Lava unit exposed in three dimensions due to the preferential erosion of the
weaker lithologies around it. The cataclasis generated larger clasts and less matrix in
comparison to the other lithologies. C Block of scoriaceous material at the most distal
location 13.

constituting the intrablock matrix and the ME. Clasts range in roundness from subangular
to subrounded and even rounded (e.g. fig. 5.4, roundness highlighted in fig. 5.4c).
Other than the mentioned microfracturing, and the scarce shear displacement of some
larger fractured clasts, no larger-scale brittle deformation, fracturing or faulting has been
observed in the Ab-VDAD. In these clast components, displacement is caused by the shear

stress parallel to the flow direction generated by differential rates of propagation. Such

examples are illustrated in fig. 5.9a-b.

The degree of fracturing in blocks is not exclusively associated with the distance travelled
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Figure 5.9: Brittle features of the Abona volcanic debris avalanche deposit. A Fractured
clast with components displaced parallel to the propagation direction (location 4). B
The relative displacement between clasts originating from the same particle illustrates
the shear in the material (location 5). C Fractured block with components preserving
their relative position in a jigsaw fabric. This was observed in location 4 but was a rare
occurrence for the deposit.

by the Ab-VDA, as also suggested for other deposits (e.g. Reubi and Hernandez, 2000).
The EBF exhibits a variable degree of cataclasis and disaggregation, especially between
different lithological components, even at the same outcrop. Qualitative assessment of the
Ab-VDAD suggests that less competent lithologies, such as scoria, exhibit more cataclasis
than the more competent lavas, as also suggested by Dévila-Harris et al. (2011). The
degree of cataclasis varies from pulverized dust to coarse breccias. The differential degree
is most obvious where strata composed of competent lava lithologies are in proximity to

strata of more cataclased scorias as demonstrated in fig 5.3b and d, where parts of the
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same block, with different lithology exhibit dissimilar degrees of cataclasis and resultant
clast sizes. Scoriaceous material, which is weak and porous, is the most strongly cataclased
lithology producing a microfractured diamicton composed of clasts in a fine interblock
matrix of sand-sized and finer particles, shown in fig. 5.8c. This style of cataclasis in
weaker lithologies has been encountered throughout the Ab-DAD (fig 5.3, 4b). In contrast,
the more competent lava lithologies, clasts produced are larger and the proportion of

matrix is smaller (fig 5.3d, 5.8b).

5.4.2.2 Fluidal behaviour and features

At the larger outcrop scale, no brittle fracturing or faulting is exhibited. In the EBF,
lithological units preserve their distinctness and outline despite assuming distorted thin,
elongated, lenticular forms. Where lithologies are interbedded and stretched, they assume
fluidal mixing forms where portions of one lithology intrude another unit (fig 5.3, 5.4),
preserving their local homogeneity and giving the deposit a form similar to the mixing of

viscous fluids as shown in fig 5.3c.

Lithological units within the EBF have diffuse boundaries where adjacent to the MF (fig.
5.10a), or intrablock matrix (fig. 5.10b). The material from the periphery of a specific
unit appears to diffuse outwards from its boundary into the matrix, while gaps created
between the diffusing particles are intruded by matrix material. This is illustrated in fig.
5.10a and b by the lighter-coloured matrix mixing with the darker undisaggregated block

material at the boundaries.

Location 12, illustrated in fig. 5.4a serves as a good example of the internal structure of
the Ab-VDAD. This outcrop is composed of MF, which surrounds fractured and partially
disaggregated EBF blocks. The contacts between the two facies are diffuse with material
from the EBF diffusing into the interblock matrix (fig. 5.4b). The blocks are composed of
elongated lenticular monolithological units with preserved stratigraphic sequence and
intrablock matrix (fig. 5.4c). The mixing of the stratigraphic units illustrates the fluidal
behaviour (fig. 5.4c). Contacts between different units within the block and between the
intrablock matrix are also diffusive. The intrablock matrix is composed of the lithologies
within the block. Similarly, at location 5 (fig 5.3) monolithological units with fluidal

features are preserved surrounded by a pumice-rich interblock matrix. Some contacts are
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Figure 5.10: Diffusive contact A between the edifice block facies (EBF) and the matrix-rich
facies (MF); and B between EBF preserved unmixed lithological unit and intrablock matrix.
Both from location 11.

not diffusive, but instead, take the form of fluid-like injection of one unit into another, and

in the intrablock matrix (fig 5.3b).

5.4.3 Clast-size analysis

Fig. 5.11 illustrates that clasts greater than -9.5¢ are only encountered in locations more
proximal than 13.05 km (loc. 2). However, other than this observation there is a lack of
similarity or evolution with distance in the form of the histograms representing the clast-
size distributions of fig. 5.11. The cumulative plots illustrated in fig. 5.12a also suggest a
lack of systematic clast size variation. Fig. 5.12b illustrates the evolution of the different
clast-size percentiles along the deposit. P10, P25 and P50 show very little variability.
P90 and P75 exhibit a reduction until 17.8 km; however, this trend is subsequently not

consistent. Median clast sizes vary between 19 mm and 61.5 mm (table 5.1). The clast-
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Figure 5.11: Clast-size distributions for clasts in the matrix-rich facies at different locations
along the Abona volcanic debris avalanche deposit from proximal to distal.

size distributions illustrated in fig. 5.11 and fig. 5.12a, as well as the statistical percentile
analysis presented in fig. 5.12b, illustrate no consistent systematic variation or longitudinal
evolution correlated to the distance from the source along the 10 km that the deposit is

exposed.

The analysis reveals a variable proportion of matrix between 36% and 65% at different
locations of the MF (table 5.1). The proportion of matrix is also variable within the same
outcrop as illustrated in table 5.1 by the two samples carried out for different positions

within location 4 (15.67 km from source). This was the tallest outcrop (62 m), presenting

\©

5



100

80 2 ]
S
= 601 o
P i Loc. 1-11.5km
= L —Loc. 2-13.1Tkm
=
5 40 I —Loc. 4(lower) - 15.7km ||
v I Loc. 4(upper) - 15.7km I
& 70 —Loc.6-17.8km
[ —Loc. 11 -20.0km
—Loc. 12-21.5km
0 1 L
10" 102 103
Clast size (mm)
500 T T T ;
@ P90 AP75 P50 TP25 OP10|
X,
400 l
= - . .
£300 x .
(O]
N
W 200
s
©
“~ 100
S S T S S
Og B e B ‘e
Loc. 1/ Loc. 2/ Loc. 4%/ Loc. 6/ Loc. 11/ Loc.12/
11.5 km 13.1 km 15.7 km 17.8 km 20.0km 21.5km

Study location / Distance from source

Figure 5.12: Clast size analysis results A Cumulative plots of the sampled clast populations
from all the samples. The legend includes the distance of each location from the source.
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are considered together for b).

Table 5.1: Clast-size analysis at different locations along the Abon deposit. Location 4 is
represented by 2 samples, one is from deeper closer to the base and one from shallower in
the deposit, illustrated in supplementary material Appendix D.

. 90th 75 th 50th 25 th 10th .
Loc./ Distance from . . . . . Matrix
sample source (km) percentile percentile percentile percentile percentile proportion (%)
(mm) (mm) (mm) (mm) (mm)
1 11.5 394.0 167.0 39.0 12.0 5.0 524
2 13.0 293.0 123.5 45.0 15.0 6.0 59.1
4 upper 15.7 321.0 167.0 61.5 16.0 6.0 54.7
4 lower 15.7 129.8 62.8 19.0 8.0 4.0 35.6
6 17.7 231.2 117.0 39.0 11.0 5.0 52.6
11 20.0 427.0 148.5 46.0 11.0 5.6 64.9
12 21.5 276.1 83.0 23.0 7.0 4.0 50.8

high vertical variability in the MF. Sampling was carried out for the matrix at the upper
and lower sections of the outcrop (Appendix D). Closer to the base the deposit contains a
higher block component, being blockier, compared to the shallower part of the deposit.
The lower sample contains a matrix proportion of 35.6%, while the lower contains 54.7%
matrix. The difference is also reflected in a greater mean and median clast size in the lower

section compared to the upper (table 5.1).
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5.4.4 Substrate interactions

The substrate over which the Ab-VDA propagated is a pumice fall deposit (Moradas
Fm. - 738 +4 ka) in locations more proximal and up to location 10 (fig. 5.1). In the
more distal locations, after location 10, the substrate is the pumice-rich ignimbrite of the
Helecho Formation (Cobén Member - 733 43 ka) (Déavila-Harris et al., 2011). Between the
Moradas formation and the deposit, a thin layer of soil is preserved. The soil represents
the brief hiatus in eruptive activity that preceded the Ab-VDA (733 £3 ka) (D4vila-Harris
et al., 2011). Substrate deformation features observed in the deposit at different locations
include bulldozing (where deformed but not incorporated) (fig. 5.13a), ploughing (where
incorporated) (fig. 5.13b), flame injections (fig. 5.13c), faulting (fig. 5.13d) and sharp
abrasive erosional contacts (fig. 5.7). Bulldozing is the pushing and compressing of
substrate material into mounds due to the frictional shear of propagating VDA material.
Ploughing, on the other hand, is the process whereby the pushed material is detached from
the substrate and incorporated en masse (Dufresne et al., 2010a). Substrate incorporation
is directly observed at locations that expose the basal contact of the Ab-VDA (e.g. fig. 5.7),
as well as from the existence of pumice from the substrate higher up in the body of the
deposit. At the basal contact portions of the substrate have been preserved in the process

of being detached as illustrated in fig. 5.13b-d).

The perturbation of the substrate is highly variable and unsystematic throughout the
deposit, even at the metre scale, and there is no systematic variation with distance from
the source. Penetration of the substrate occurs by both blocks and matrix. The pumiceous
soil layer between the pyroclastic deposits and the deposit is in places preserved (fig.

5.13e, ), while in others in the same outcrop missing or disturbed (fig. 5.13f).

5.5 Discussion

5.5.1 Internal morphology and sedimentology

5.5.1.1 Brittle fracturing

All the material in the Abona EBF is microfractured and cataclased, with monolithological

units assuming the fabric of a diamicton, while highly mixed domains constitute the
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Figure 5.13: Interactions between the Abona deposit and the substrate. A Substrate
bulldozing (location 10); B ploughing (location 7); C small-scale flame injection (location
12); D monolithological block in contact with the substrate, and faulting in the substrate
due to the weight of the VDA (location 12); E the soil layer in the substrate is uneroded
and almost unaffected by the passage of the VDA at this segment (location 12); F the soil
layer is locally preserved while eroded in adjacent segments of the contact (location 3).

interblock and intrablock matrix. Undisaggregated material with original textures is
almost non-existent in the deposit, despite unfractured and undisaggregated jigsaw blocks
being a typical feature of other VDADs (Siebert, 1984; van Wyk De Vries et al., 2001;
Chapter 4 of this thesis). Jigsaw-fractured clasts, like the one illustrated in fig. 5.9¢, are few
and restricted to specific locations within the deposit. In general, a VDA mass suffers rapid
fragmentation and coarse disaggregation at the initial edifice collapse stage (Voight et al.,
1983; Glicken, 1991; Longchamp et al., 2016). Nonetheless, in the Ab-VDA, the cataclasis
exhibited throughout the deposit (except a minor number of large clasts) suggests syn-

propagation progressive fragmentation (Ddvila-Harris et al., 2011; Perinotto et al., 2015;
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Roverato et al., 2015; Paguican et al., 2021) rather than an impulse of fragmentation
due to the initial collapse. Syn-propagation fragmentation due to grain-to-grain contact
is thought to be generally minimal in VDAs. However, depending on lithology and
strength, fragmentation of intact rock can also occur through grain interactions. This has
indeed been suggested by Davila-Harris et al. (2011) for the Ab-VDAD and is supported
by studies on other VDADs proposing fragmentation as a continuous process, such as
Socompa VDA (Chile) (van Wyk De Vries et al., 2001), Parinacota (Chile) (Clavero et
al., 2002), Taranaki (New Zealand) (Roverato et al., 2015) and the study of VDAs of La
Réunion Island by Perinotto et al. (2015). Continuous progressive fragmentation and
cataclasis have also been proposed by Davies et al. (1999) and McSaveney and Davies
(2007) in their dynamic fragmentation proposed model, according to which particles store
energy elastically, releasing it when fractured and contributing to the mobility of the
mass. However, in their model Davies et al. (1999) suggested that fragmentation mainly
occurs at the base. Nonetheless, in the Ab-VDA, signs of fragmentation, comminution and

cataclasis are uniformly exhibited across the whole deposit.

Fragmented particles that do not experience further crushing, but are smoothed and
rounded by frictional abrasion in the agitated mass to undergo further size reduction
(Schneider and Fisher, 1998; Perinotto et al., 2015; Paguican et al., 2021). In the Ab-VDAD
clasts composed of weaker lithologies are locally subrounded-rounded, as illustrated in
the examples in fig. 5.4b, c. Rounded clasts are not a typical feature of VDA /RA deposits.
In fact, in RA deposits, composed of more competent material, all clasts are angular due
to brittle fractures. Less competent lithologies do rarely exhibit scratching or snubbing of
corners in those cases (Hewitt et al., 2008). This feature potentially indicates the weakness

of the material composing the Ab-VDAD.

In the Ab-VDAD, the rate of comminution of particles with distance is likely to be a
function of lithology and rock strength, as also observed in other studies (e.g. van Wyk De
Vries et al., 2001; Clavero et al., 2002; Roverato et al., 2015). This process is particularly
relevant to volcanic flank collapses as it is potentially intensified by the lower competence
and hydrothermal alteration of material prior to failure (Thompson et al., 2009; van Wyk
de Vries and Delcamp, 2015). This property constitutes the material easier to comminute
and pulverise as suggested by Roverato et al. (2015) for the case of the Pungarehu VDA

(New Zealand). Scoriaceous material appears to be the least competent encountered in
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the Ab-VDAD. Its cataclasis produces a diamicton composed of clasts in a fine interblock
matrix, also described by Roverato et al. (2015). However, a similar cataclasis pattern is

observed for all the lithologies in the Ab-VDAD to different degrees.

5.5.1.2 Fluidisation, spreading and stretching

At the outcrop scale, the most obvious feature of the deposit is the general stretching and
thinning of lithological units in the EBF, which nonetheless preserve their lithological
distinctness and stratigraphic sequence as illustrated in fig 5.3 and 5.4. The outline of
the Ab-VDA blocks and their constituent lithological components becomes distorted by
stretching as also described by Campbell et al. (1995) and Roberti et al. (2017), however,
components maintain their relative position as they form bands in an arrangement of
remnant stratigraphic sequence as described by Heim (1932), Shreve (1968), and Hewitt et
al. (2008). Stretching and extension have been observed in other VDA /RA deposits (e.g.
Siebert, 1984; Siebert et al., 1995; Schneider and Fisher, 1998; Clavero et al., 2002; Bernard
et al., 2008; Shea et al., 2008; Roberti et al., 2017) after first described by Heim (1932) in
the Elm RA (Switzerland). Stratigraphic sequence preservation has been observed for the
Blackhawk RA (USA) (Shreve, 1968; Johnson, 1978) as well as VDADs (Ui and Glicken
1986; Ui 1989; Bernard et al. 2021) such as the Mount St. Helens (USA) (Glicken, 1991), and
even for analogue (e.g. Hsti, 1975; Manzella and Labiouse, 2013) and numerical models

(e.g. Campbell et al., 1995; Thompson et al., 2009).

Stretching of the EBF is interpreted to be a result of the laminar spreading of the mass
during propagation. In a laminar flow regime, the spreading of granular material occurs
parallel to the flow direction resulting in the stretching and thinning of units. Since par-
ticles are almost exclusively displaced parallel to the flow direction, lithological units
preserve stratigraphic sequence. Sequence preservation suggests a spatially and tempo-
rally universal lack of large-scale turbulence and mixing in the Ab-VDA, as suggested
by other studies (Campbell et al., 1995; Reubi and Hernandez, 2000; Voight et al., 2002;
Shea and van Wyk de Vries, 2008; Magnarini et al., 2021). Turbulence leads to chaotic
distributions of flow direction and velocity within a fluid. The laminar fluidal behaviour
is suggested to be the result of mechanical fluidisation of the material (Davies, 1982), as
is also supported by the fluidal mixing of lithological units exhibited in fig 5.3c and 5.4c.

Also, the diffuse contacts suggest the fluid-like behaviour of clasts similar to agitated units
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in a fluid and gradual displacement and mixing due to agitation in a fluidised granular
flow (van Wyk De Vries et al., 2001). The absence of fluid-escape or other interstitial
fluid-related structures, sorting or laminated layers suggests a negligible initial and incor-
porated fluid content. Such features would have likely been at least partially preserved
given the lack of turbulence and preservation continuity of stratigraphic sequences even at
the most distal locations. Nonetheless, models of dry granular flows also generate fluidal
contacts (Campbell et al., 1995; Thompson et al., 2009) like those observed in the Ab-VDAD
and other deposits (e.g. Davies, 2015; van Wyk de Vries and Delcamp, 2015). However,
the occurrence of stretched blocks throughout the height of the deposit is dissimilar to
their occurrence only deeper near the base in other deposits such as the Chimborazo
VDAD (Ecuador) examined by Bernard et al. (2008). This observation suggests that stress,
agitation and fluidisation of the mass were periodically distributed throughout the deposit

and were not restricted to the base of the Ab-VDA.

5.5.2 Sedimentology and clast-size analysis

In VDAs/RAs, progressive fragmentation and comminution processes have been illus-
trated to produce a signal of gradual clast-size reduction with distance from the source
(Bianchi Fasani, 2004; Crosta et al., 2007; Bustos et al., 2022) and gravel proportion decreas-
ing as the proportion of sand-sized particles increases (Roverato et al., 2015; Chapter 3
of this thesis). Perinotto et al. (2015) also propose that the generation of finer material
due to progressive comminution was responsible for the increased matrix with distance
from the source that they observed. Therefore, an increase in the proportion of matrix
compared to blocks with distance from the source would be expected in the Ab-VDAD. It
would also be expected that the average clast size would be progressively reduced due to
the gradual abrasion and fracturing of clasts in the agitated matrix (Schneider and Fisher,

1998; Perinotto et al., 2015; Paguican et al., 2021).

Nonetheless, in the Ab-VDAD the proportion of matrix is highly variable in different loca-
tions both in the interblock and intrablock matrix and there is no systematic longitudinal
evolution in the proportion of matrix and size of clasts composing the MF (table 5.1). High
variability has been observed within other VDA /RA deposits, but also between them
(Hewitt et al., 2008). Likewise, the clast size percentiles in the MF of the Ab-VDAD do

not exhibit a systematic longitudinal evolution (fig. 5.11 and table 5.1). Although a size
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reduction in the first 17.8 km can be inferred from the P90 and P75 percentiles evolution
(fig. 5.12b), no consistent systematic correlation to the distance travelled is observed in
data for the whole of the 10 km along which the deposit is exposed. A number of reasons

are potentially responsible for the ambiguity of this signal:

1. The addition of material from the EBF to the MF interferes with the progressive
fining of the clasts in the MF, which are the subject of the sampling. This addition
of material is also not uniform, occurring at variable rates in the deposit. Although
progressive cataclasis is likely to contribute to the content of fines in the MF with
distance travelled, the distribution of the fining likely depends on the distribution of
the stresses agitating the mass encouraging mixing and adding material from the

EBF to the MFE.

2. Since parts of the same block, with a different lithology exhibit different degrees of
cataclasis (fig 5.3d), the rate of comminution in blocks is not exclusively associated
with the distance travelled. Instead, the degree of comminution is also a function
of the lithology and the local stresses according to its location in the Ab-VDA.
The lithological heterogeneity of the deposit results in an uneven distribution of
comminution rate due to lithologies with different strength comminuting at different
rates. Examining the Pungarehu (New Zealand) and Cubilche (Ecuador) VDADs,
Roverato et al. (2015 and 2018 respectively) observed that weaker lithologies, such
as scoria, are more rapidly comminuted. This is in agreement with the observation
of higher degrees of cataclasis in scoria compared to lavas in the Ab-VDAD (fig
5.3d, 5.8). Scoriaceous material becomes cataclased to produce fine clasts in a fine
intrablock matrix (fig. 5.8c). In contrast, lava lithologies produce coarser, more
angular clasts and lower quantities of matrix (fig. 5.8b). This results in unsystematic
interference in the relationship between comminution and the distance from the

source.

3. Stress is not distributed uniformly in the deposit. This is the result of the un-
even chaotic distribution of stress in ephemeral shear networks according to the
instantaneous arrangement of the weight of the mass (as discussed in section 5.5.4).
Therefore, this enforces an unsystematic distribution of stress, and consequently

comminution rate.
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5.5.3 Substrate implications

The nature of the substrate deformation and erosion caused by a mass movement can offer
information regarding its propagation dynamics (Dufresne et al., 2010b). Substrate folding,
faulting and detachment features similar to those exhibited by the Ab-VDAD have been
studied in various VDA /RA deposits (e.g. Schneider and Fisher, 1998; Belousov et al., 1999;
van Wyk De Vries et al., 2001; Clavero et al., 2004; Bernard et al., 2008; Hewitt et al., 2008;
Shea and van Wyk de Vries, 2008; Dufresne et al., 2010a, b), allowing evaluation through
comparison of the propagation dynamics they represent. The pumice and pumice-rich
ignimbrite substrate were mechanically weak, deformable and easy to erode during the
propagation of the Ab-VDA. Detachment of the substrate into flame injections, substrate
inclusions and the absence of the thin soil layer, as for example in fig. 5.13, suggests an
erosional base locally. Penetration of the substratum by both blocks and matrix, is also the
case in the Chimborazo VDAD (Ecuador) (Bernard et al., 2008). The substrate is mostly
eroded by basal abrasion and ploughing. Basal abrasion is the process in which particles at
the base slide parallel to particles in the substrate and mobilising them resulting in sharp
erosional contacts (Gauer and Issler, 2004) like the one illustrated in fig. 5.7, in contrast to
ploughing where the flow intrudes the substrate and pushes material out (fig. 5.13a, b).
Impact erosion (e.g. Bernard et al. 2008; Dufresne 2012) has potentially had a minor effect
in the Ab-VDA, as illustrated by fig. 5.13c where the impact of a clast on the pumiceous

topsoil layer is likely to have forced a flame injection.

Bulldozed, faulted, and ploughed substrate is evidence of local shear stresses between the
Ab-VDA and the substrate. Below the Ab-VDAD this effect does not propagate deeper
than 0.3-0.5 m (fig. 5.13a, b, d). This implies that due to the low coherence of the material,
shear could not be effectively transmitted from the flow to the substrate. Compressional
features, such as bulldozing and faulting, have been documented in other VDA /RA
deposits with erodible substrate (e.g. Evans et al., 1994; Shea and van Wyk de Vries, 2008;
Wang et al., 2019) as well as recreated in analogue experiments (Dufresne, 2012). The
analogue experiments of Dufresne (2012) explore the relationship between a granular flow
and different erodible substrate conditions using different granular materials to simulate
diverse substrate properties. The findings support that low-friction material, like the
pumice that constituted the substrate of the Ab-VDA, were readily mobilised and coupled

with the granular mass. It is therefore likely that particles from the substrate under the
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Ab-VDA were easily detached through abrasion due to low cohesion, as demonstrated
in fig. 5.7, which illustrates the incorporation of individual clasts from the substrate to
the propagating mass. Small-scale flame injections similar to what is illustrated in the
Ab-VDAD (fig. 5.13c) were also formed in the experiments where low friction material was
briefly sheared between the avalanche and the substrate forming small clastic dikes before
being incorporated (Dufresne, 2012). Therefore, the small scale of these features in the
deposit also suggests a limited-strength substrate. The lack of large injections and scarcity
blocks of the substrate in the Ab-VDAD reflects the low cohesion of the material that
cannot be incorporated in one intact piece (Bernard et al., 2008). Incorporated components
were quickly disaggregated as described by Hewitt et al. (2008) unlike other VDA /RA
deposits where substrate blocks are preserved unmixed, like for example the Tschirgant
RA (Austria) (Dufresne et al. 2016b), the Nevado de Toluca VDAD (Mexico) (Caballero
and Capra, 2011) and Cubilche VDAD (Ecuador) (Roverato et al., 2018).

The substrate was locally bulldozed and eroded while in other areas remained undis-
turbed (e.g. fig. 5.13f). This unsystematic erosional pattern suggests a spatially variable
accommodation of shear stress at the Ab-VDA base. In locations where high shear stress
was accommodated at the base during the propagation, shear stress was transferred to the
substrate, eroding or deforming it. However, where shear was accommodated in the body,
the substrate remains intact. The lack of shear concentration at the base inhibited the de-
gree of substrate perturbation. The uneven distribution of substrate perturbation suggests
that the Ab-VDA was not principally travelling as a plug with shear stress concentrated at
the base, but as a fluidised granular mass where shear was distributed across the whole

body of the flow.

The substrate resistance to motion influences the energetics of a granular flow, and there-
fore its mobility (Dufresne, 2012) since the majority of frictional resistance in granular flows
is transmitted from the base to the rest of the material through force chains (Campbell,
2005). The presence of an erodible substrate distinctly changes the behaviour of granular
avalanches (Dufresne, 2012). Numerical modelling by Mangeney et al. (2007) suggests
that the presence of granular material at the surface of propagation of a granular flow can
increase its mobility. With increasing thickness of the granular substrate, the dynamics of
the propagating mass change from a decelerating avalanche to a travelling wave resulting

in increased mobility (Mangeney et al., 2007, 2010). However, for the substrate to increase
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the mobility of a granular flow, enough shear must be accommodated in the basal layer by
lower basal friction (Dufresne et al., 2010a). Conversely, the analogue modelling of Shea
and van Wyk de Vries (2008) finds a slowing of the mass and a decrease in spreading due
to the energy expended in bulldozing the substrate. This is also supported by Dufresne
(2012) who suggest that thick yielding substrates can consume momentum and inhibit
mobility. In any case, such experiments support that substrate interaction can poten-
tially have an impact on the mobility of granular flows thatis necessary to examine and
incorporate in conceptual models and numerical modelling of these events (Mangeney
et al., 2010). Nonetheless, the runout-enhancing substrate behaviour is not universally
encountered and is therefore not a universal explanation for long runout of VDAs/RAs
(Dufresne et al., 2010a). They are instead likely to add variation and complexities to the
runout observations of different events, in a similar manner to topographic variability

(Nicoletti and Sorriso-Valvo, 1991; Dufresne et al., 2010a).

5.5.4 Shear accommodation, propagation and emplacement model

VDA result from flank collapses, propagating as slides immediately after the initial
collapse and progressively evolving into granular flows (Voight et al., 1983; Siebert, 1984;
Glicken, 1991; Scott et al., 2001). The behaviour of dry VDAs/RAs as dense granular
flows with a partially collisional regime, where momentum transfer predominantly occurs
through collisions, has been reinforced by several studies (e.g. Pierson and Costa, 1987;
Iverson, 1997; Iverson and Denlinger, 2001; Dufresne and Davies, 2009; Roverato et al.,
2015; Chapter 3 of this thesis). Therefore, discrete element method (DEM) modelling of
individual interacting particles is suitable for investigating the dynamics of such granular
flows, as supported by studies such as Cleary and Campbell (1993) and Crosta et al.
(2001). The DEM simulations of Campbell et al. (1995) and Thompson et al. (2009) are of
simplified granular flows with no bond between particles in the mass since their initiation.
Particles are free to interact and are only affected by their collisions” momentum transfer,
friction and potential energy transformed to kinetic. With these initial conditions, and
no other external mechanisms, the collapsed masses evolve into granular flows. These
simulations are successful in reproducing VDAD field observations of fluidal contacts
(e.g. fig. 5.14), disperse boundaries and pockets of preserved stratigraphic sequence,
like the ones observed in the Ab-VDAD. Characteristics of the simulated avalanches are

also consistent with the laminar spreading and thinning of lithological units. Therefore,

105



Figure 5.14: Interpretation of the DEM experimental results presented by Thompson et al.
(2009), reproduced from figures published by the authors. A Particle arrangement before
the propagation; B A portion of the final deposit exhibits unmixed spreading, elongation
and fluidal mixing features in preserved stratigraphic sequence analogous to what has
been observed in the field and is illustrated in figures 5.4 and 5.5. C Illustrates the location
of b in the final deposit. Note the scale difference between a, b and c. Modified after
Thompson et al. (2009).

these models are suitable for the evaluation of propagation dynamics and processes of
VDAs, which are characterised by a disaggregated and fragmented mass comparable to a
granular flow as in the Ab-VDA. For this reason, their results are discussed in comparison

with field observations in proposing a propagation model for the Ab-VDA.

The initial collapse of the Ab-VDA is likely to have been critical for the coarse fragmen-
tation and disaggregation of the original mass (fig. 5.15a, b) due to the existence of an
extensional regime (Longchamp et al., 2016), rapid unloading of lithostatic pressure (Be-
lousov et al., 2007), and impact stresses (Voight et al., 1983; Glicken, 1991, 1996; Bernard et
al., 2008; Thompson et al., 2010). Areas that suffer the greatest strain and disaggregation at
this stage are predisposed to evolve to the MF due to subsequent gradual homogenisation
during propagation (fig. 5.15b) (Thompson et al., 2009; Roverato et al., 2015; Chapter 4
of this thesis). According to Campbell et al. (1995), the preservation of jigsaw-fractured
blocks reflects local minimal agitation during propagation. The scarcity of jigsaw-fractured
blocks in the Ab-VDAD supports that the disaggregation was not a process that occurred

by the impulsive stress of the initial collapse, or during a violent termination of the
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Figure 5.15: Schematic representation of the propagation and emplacement processes
of the Abona volcanic debris avalanche. A Original stratigraphy prior to flank collapse.
B Fracturing and disaggregation. The coarse fracturing leads to blocks with preserved
stratigraphic sequences in the edifice block facies (EBF), whereas more intensely fractured
areas evolve into the matrix-rich facies (MF). C Once the flank has disaggregated into a
granular mass, ephemeral shear stress accommodation networks fluidise the material both
in the MF and the EBF. Pockets of preserved stratigraphic sequence are preserved within
the EBF where low degrees of stress and agitation have been accommodated (insert).
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propagation. In lack of agitation except in specific impulses fractures would have been
preserved in undisaggregared material (Campbell et al., 1995; Reubi and Hernandez, 2000;
Clavero et al., 2002; Thompson et al., 2010). Instead, the diamicton texture of the Ab-VDA
EBF suggests that the entirety of the mass periodically experienced strain and agitation

during propagation (fig. 5.15c).

Further fragmentation and disaggregation transform the material into a granular mass
where independent particles could engage in collisions (Ogawa, 1978; Campbell, 1990;
Iverson, 1997; Roche et al., 2006). The elimination of particles greater than -9.5¢ and
reduction of the P90 and P75 percentile clast sizes in the first 17.6 km of the Ab-VDA (fig.
5.11 and 5.12) are likely to be a signal of the fracturing and comminution. Once the mass
fractures, disaggregates and becomes granular a VDA can behave as a granular flow and
assume fluidal behaviour at least locally (fig. 5.15c) (Voight et al., 1983; Glicken, 1996;
Schneider and Fisher, 1998; Hewitt et al., 2008; Chapter 3 of this thesis). Fluidal contacts
between lithological units (fig 5.3a, ¢, 5.4b, c) and diffuse boundaries (fig. 5.10) suggest
that the material constituted a granular fluidised mass enabled by the agitation/vibration
and collisions of independently interacting particles generating a granular temperature
(Ogawa, 1978; Campbell, 1990; Iverson, 1997; Armanini et al., 2005; Roche et al., 2006).
The process was likely enhanced in the Ab-VDA by the abundance of less competent
lithologies like scoria and pumice, which require little energy to fracture and evolve into
a granular material. Granular temperature measures the random vibration of particles
and the agitation in the mass (Brilliantov and P6schel, 2010). The concept of granular
temperature is vital for understanding the behaviour of rapid granular flows as high-
lighted by Campbell (1990). As the agitation in a granular material increases and particle
collisions are more frequent, relative to frictional contacts, the material dilates and behaves
similarly to a fluid (Campbell, 1990; Brilliantov and Poschel, 2010; Johnson et al., 2016).
This behaviour is achieved by the transition from a quasistatic frictional regime, with
predominantly persistent frictional contacts, to a rapid granular flow collisional regime
(Drake, 1991; Campbell, 2005). In a collisional regime, particles are frequently engaged in
collisions, to the extent that the mass approaches the behaviour of a molecular gas or fluid
(Johnson et al., 2016). The transition to the fluidised behaviour, illustrated in fig. 5.15c,
results in the reduction of effective friction due to the propagation achieved by particles
when they are momentarily relieved of the static burden of the overlying weight after

a collision, in the time they are not involved in frictional contacts (Melosh, 1979). The
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mixing which resulted in the homogenous MF and the incompletely mixed intrablock
matrix in Ab-VDA is not the result of turbulence, but rather gradual homogenisation
due to the agitation and diffusion of granular particles (Perinotto et al., 2015; Roverato
et al., 2015) as visualised in fig. 5.10, and explained in Chapter 4 of this thesis. Gradual
homogenisation is the result of agitated particles vibrating and gradually displacing and
chaotically mixing. Diffuse boundaries due to the agitation, vibration and displacement of
the particles lead to the diffusion of units away from the boundary, and particles from the
matrix filling the gaps. This behaviour is best demonstrated by the diffuse boundaries
in fig. 5.10. The mixing eventually results in a homogenous unit such as the intrablock

matrix illustrated in fig 5.3c, and from the interblock matrix in fig. 5.6a.

The lack of faults and brittle deformation in the deposit supports a fluidised Ab-VDA
with no sections that sustained adequate coherence for brittle behaviour. Similarly, the
universal microfracturing and fluidal features in the Ab-VDAD support that stresses
were distributed throughout the mass (Pollet and Schneider, 2004; Friedmann et al.,
2006; Dufresne et al., 2016a; Wang et al., 2019), and were not concentrated in long-lived
shear zones either at the base or in the body of the flow (fig. 5.15). Nonetheless, the
observation of preserved stratigraphic sequences and stretched continuous lithological
units demonstrate that the emplacement remained laminar, without turbulence as also
suggested in the DEM simulations of Thompson et al. (2010). The fluid-like behaviour
combined with the laminar spreading produced the lenticular stretched shape and fluidal
features in the EBF (e.g. fig 5.3). However, it is unlikely that VDAs are pure rapid granular
flows with an exclusively collisional regime (Campbell et al., 1995; Johnson et al., 2016). It
is more probable that particles in the Ab-VDA were engaged in frictional contacts for the
majority of the propagation, thus adopting a behaviour between a rapid and quasistatic
granular flow regime. Shear was accommodated in chaotically distributed, ephemeral
energy chains, as distributed in fig. 5.15c, constituting temporary shear networks as
described by Davies and McSaveney (2009), Thompson et al. (2009) and Dufresne et al.
(2016a). Such shear zones are not necessarily continuously or constantly active during
propagation. These energy chains form according to the instantaneous distribution of
the self-weight of the material and are dissimilar to the uniform distribution in liquids or
homogenous solids (De Blasio, 2011). Therefore, intergranular stresses are temporarily
concentrated in these short-lived, interlinked assemblages aligned to the shear direction

(Sammis et al., 1987; Anthony and Marone, 2005; Mair and Hazzard, 2007; Sammis and
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King, 2007; Furbish et al., 2008). In such a deforming granular medium, grain bridges are
continuously forming and breaking, producing highly heterogeneous deposits (Hooke
and Iverson, 1995), as observed in the Ab-VDAD. Consequently, stress accommodation
and granular behaviour were likely temporally and spatially variable in different sections
of the Ab-VDA. Stress distribution heterogeneity within the propagating material is also
suggested by Magnarini et al. (2021) through their study of the El Magnifico RA deposit
(Atacama, Chile). This heterogeneity is also evident in the quantitative clast-size analysis,
which reveals an unsystematic clast-size distribution variation with propagation distance.
Moreover, the ephemeral and unsystematic distribution of the shear accommodation is
evident from the spatially variable substrate perturbation, discussed in section 5.5.3. The
ephemeral nature means that shear leaves no detectable trace in the sedimentological
record as short-lived shear networks rearrange to different configurations through the
deposit (Davies and McSaveney, 2009). Indeed, in the Ab-VDAD no zones of concentrated
shear with distinct sedimentology are exhibited in the deposit, either at the base or within
its body. Ephemeral shear accommodation in slip microsurfaces distributed throughout
the mass and the base result in the cataclasis, disaggregation of the mass and the creation of
the interblock and intrablock matrix. Internal shear accommodation (as opposed to basal)
is more common in VDAs than it is in RAs (Dunning, 2004; Crosta et al., 2007; Davies and
McSaveney, 2009). Roverato et al. (2015) suggest that the easier pulverisation of weak
volcanic material, like scorias, is likely to encourage the formation of a fine matrix capable
of accommodating shear. It is therefore likely that the source of the Ab-VDAD was a flank
composed of weak material which was potentially already fractured or hydrothermally
altered or weathered (Glicken, 1991; Palmer et al., 1991; Belousov et al., 1999; Bernard
et al., 2008; Shea et al., 2008; Roverato et al., 2015). Therefore, the Ab-VDA has suffered
more widespread disaggregation compared to VDAs/RAs composed of more competent
material, such as the Tenteniguada VDAD (Chapter 4 of this thesis). In the Thompson
et al. (2009) model the unsystematic distribution of stresses leads to pockets of material
remaining less disaggregated, where less stress has been accommodated. Pockets of EBF
preserved stratigraphic sequence in the Ab-VDAD, as illustrated in fig. 5.4, represent
areas that happened not to experience high stresses during propagation. The properties
exhibited by the Ab-VDAD offer field evidence to support these processes, which have so

far only been proposed theoretically.

The DEM simulations, reproduce field observations despite the initial mass composed of
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a homogenous granular material, and therefore due to the dynamic coevolution of the
shear distribution and local stress conditions. The success of the models in recreating
features observed in the field, from a mass composed of homogenous material supports
that the domain emplacement hypothesis suggested by Clavero et al. (2002) for the
Parinacota VDA (Chile) is not applicable in this case. The hypothesis proposes that
the deposit morphology is a function of pre-failure structural and internal distribution
material properties. However, their generation in the models from a purely gravity-driven
collapse of a homogenous material, in combination with the field observations disputes

this (Thompson et al., 2010).

The DEM simulations mentioned reproduce a process in which a purely gravity-driven
homogenous avalanche can evolve into a flow due to increasing momentum and kinetic
energy from its initial potential energy (Thompson et al., 2009). The sedimentological
features of the AB-VDA are in agreement with the process of collective motion, distributed
stresses and spreading in a laminar manner that the granular flow produces in Thomson
et al. (2009). The findings support that the Ab-VDA was purely gravitational with no
additional auxiliary friction-reducing mechanisms. The initial coherent sliding mass
evolved into a flow with distributed shear stress generating in-situ fragmentation, as
described in the VDADs examined by Reubi and Hernandez (2000). The syn-propagation
fracturing and disaggregation of the mass were driven by the kinetic energy from the initial
acceleration resulting in interparticle collisions as in the process described by Perinotto
et al. (2015). Findings from the DEM studies suggest that the material in granular
VDAs similar to Ab-VDA are completely shearing with no significant portion of the mass
travelling as a plug and no shear concentration at the base of the flow (Campbell et al.,
1995). This is illustrated by velocity profiles that confirm the vertically distributed shearing
and dispute block/plug transport and basal shear layer theories (Campbell et al., 1995).
Instead, these findings, add to the body of recent evidence that the shear is distributed
randomly in ephemeral networks throughout the body as well as the base (Davies and
McSaveney, 2009; Dufresne et al., 2016a) rather than being exclusively accommodated in a

low friction basal layer (Campbell et al., 1995; Johnson et al., 2016).
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5.5.5 Implications for volcanic debris avalanche long runout and mobility

mechanisms

5.5.5.1 Propagation mechanisms

Paguican et al. (2021) propose three potential flow regime models for the runout dynamics
of VDAs. (1) The plug flow model involves a coherent, poorly disaggregated mass
transported over a highly deformed low friction shear layer at the base (Voight et al.,
1983; Takarada et al., 1999). (2) In the transitional slide model spreading of the mass is
accommodated in listric normal faults merging in a basal sliding plane (van Wyk De Vries
et al., 2001; Paguican, 2012). The observations presented here suggest that the Ab-VDA
is not compatible with the models of plug flow and translational slide due to the lack
of a basal shear layer, and listric faults respectively. The presented findings add to the
evidence that a low frictional basal layer is not the universal explanation for the mobility
of long runout VDAs/RAs (Johnson et al., 2016). The third, (3) multiple shear zone
model (Paguican et al., 2021) proposes the existence of zones of shear accommodation
hosted by a matrix created by weaker lithologies within the body of an avalanche. These
zones form a network around harder, difficult-to-fracture lithologies, effectively sheltering
them from shear stress (Roverato et al., 2015). This is not observed in this deposit either,
potentially due to the lack of a significant amount of competent material that would allow
a significant EBF component. Therefore, a new alternative shear accommodation variation
of the third model is here proposed for the Ab-VDA, where shear is distributed throughout
the fractured granular mass, as also suggested by Campbell et al. (1995) for loose granular
material. The proposed model is of a partially fluidised granular flow with distributed

shear in temporary shear networks.

This model of propagation also offers an explanation for the volumetric effect of the
mobility of long runout VDAs/RAs (Chapter 1). This is the observation of longer runouts
and lower friction coefficient by more voluminous RAs/VDAs. According to the DEM
simulations of Campbell et al. (1995), the apparent friction coefficient is an increasing
function of shear rate. Shearing and fracturing of rock increase with the volume of ma-
terial being added to the initial failure (Shreve, 1968). In the DEM simulations, different
size avalanches travelled with the same average velocity; however, the thicker, larger

avalanches experienced proportionally smaller shear rates and therefore frictional resis-
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tance (Campbell et al., 1995; Johnson et al., 2016). With shear rate being the rate at which
fluid laminae move past each other, a lower shear rate means lower energy dissipation,

and consequently higher mobility.

Since the 1960s hypotheses and models have been proposed regarding the enhanced mobil-
ity of VDAs/RAs based on morphology, internal architecture, sedimentology, theoretical
approaches, and numerical and analogue models as discussed in Chapter 2 (reviewed in
Davies, 1982; Erismann and Abele, 2001; Hungr, 2002; Legros, 2002; Collins and Melosh,
2003; Friedmann et al., 2006; Manzella and Labiouse, 2008; Davies and McSaveney, 2012).
Among those, for the Ab-VDA Davila-Harris et al. (2011) suggest that the progressive
fragmentation of the mass is most consistent with the acoustic fluidisation mechanism
proposed by Melosh (1979), with shock waves propagating through the solid moving
mass. According to Melosh (2015), vibrations create transient, high-frequency pressure
fluctuations (or acoustic waves) in the propagating mass, that fluidise the homogenous
debris through local variations in contact forces. These pressure fluctuations instanta-
neously relieve the overburden weight on individual clasts that become free to slip. This
process creates an agitated laminar flow with low mixing between units and is capable
of enhancing the mobility of granular flows (Collins and Melosh, 2003). The numerical
modelling of Collins and Melosh (2003) suggests that under high-frequency pressure
vibrations, a granular mass will develop into a fluid-like flow with uniform viscosity. The
observations from the Ab-VDAD are in agreement with the velocity profiles reproduced by
the DEM simulations of Campbell et al. (1995) and Johnson et al. (2014) and the processes
and sedimentology generated are compatible with the acoustic fluidisation hypothesis
(Johnson et al., 2016). Acoustic fluidisation could be the source of the distributed shear
in an agitated mass with collisional contacts between particles generating a fluid-like
behaviour in a flow that remains laminar. The simulations of Campbell et al. (1995) even
reproduce the stratigraphic preservation, despite the bulk fluidisation of the flow, as also
observed in the Ab-VDAD. This is the result of the uneven distribution of stress implied

by the acoustic fluidisation mechanism (Melosh, 1979; Magnarini et al., 2021).

On the other hand, dynamic fragmentation is another process potentially active during
the propagation of the Ab-VDA. Dynamic fragmentation is the effect generated by the
fracturing of intact rock under rapid strain and confining pressure and can preserve the

dilated state in a granular material as supported by studies such as Davies et al. (2010) and
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Zhang and McSaveney (2017). Prior to fracturing, particles deform plastically under the
shearing motion around them. When these forces exceed the local strength of a particle, it
breaks and generates fractures. A proportion of the stored elastic energy is then released
with the fractures radiating from the centre of mass of the clast. The elastic energy released
during disintegration could contribute to the enhanced mobility of VDAs/RAs. This
theory is disputed by Rait and Bowman (2016) with shear tests suggesting that kinetic
energy produced in this manner is quickly dissipated in the matrix with no long-lasting
impact. Nonetheless, Paguican et al. (2021) suggest that elastic energy in combination
with acoustic fluidisation waves might be responsible for fracturing and dilatancy of a
granular mass. Whether elastic energy or acoustic waves enhanced the mobility of the
material cannot be confirmed by the findings of this study, but both these theories are
consistent with the field observations of the Ab-VDA. Both mechanisms do not require
the presence of exotic processes, which confirms the ability of VDA to show high mobility

by internally generated mechanisms.

5.5.5.2 Explosive eruptions and long runouts

Although the majority of VDAs occur on active volcanoes (Siebert, 1984; Voight, 2000),
they are not necessarily triggered by volcanic activity, and can also be initiated by seismic
activity or slope destabilisation due to precipitation or weakening of slopes composed
of volcanic material (Belousov et al., 1999; Capra et al., 2002; Lomoschitz et al., 2008;
Roverato et al., 2021). Phreatic explosive eruptions are often inferred as the trigger of
slope failures in volcanic environments, even though precise timing is not constrained
with certainty, and explosions may instead be triggered by the failure relieving confining
pressure from the magmatic/hydrothermal system (Siebert, 2002). The Ab-VDA occurred
during an explosive eruption as suggested by the petrological evidence and geochronology
presented by Davila-Harris et al. (2011). The fact that the association to the collapse is
identified with relative confidence is not common, as most VDADs are difficult to assess
with precise time constraints, and even then, volcanic activity and triggering mechanisms
might have left little or no evidence in the geological record. Independent of the series
of events, it has been suggested that explosive eruption accompanying VDAs have the
potential of increasing their mobility (e.g. Sousa and Voight, 1991; Clement et al., 1993).
Glicken (1996) propose that the coeval explosion from the eruption of the Mount St. Helens

volcano during the 1980 VDA possibly enhanced the mobility of its MF due to promoting
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dilation and grain flow and therefore reducing intergranular friction. However, VDAs that
are undoubtedly not related to eruptions or even active hydrothermal systems also display
enhanced mobility (Siebert, 2002), suggesting that even if the explosion can enhance
mobility, other processes must be responsible for the long runouts. This is an important
observation regarding the discussion on the factors for the long runout of VDAs/RAs.
The presence of poorly consolidated fragmental pyroclastic and hydrothermally altered
materials composing volcanic flanks might be a more important factor affecting the

processes enabling enhanced mobility (Belousov, 1995; Siebert, 2002; Vezzoli et al., 2017).

5.6 Comparison between the Abona and Tenteniguada debris

avalanches

The Tenteniguada volcanic debris avalanche (Ten-VDA) (Chapter 4) and the Ab-VDA have
produced very different deposits owing to the difference in the material that constituted
each. The Ten-VDA was principally composed of competent lava lithologies resulting
in low disaggregation, preservation of original structures and shear localisation in block
boundaries. In contrast, the Ab-VDA was composed of weak pyroclastic products which
quickly disaggregated into a granular mass with particles free to interact and become
agitated periodically (section 5.5.4). Analogously, numerical simulations have been able
to recreate a range of realistic structural features and distributions observed in the field
by simulating the propagation of avalanches composed of uniform homogenous material
(Thompson et al., 2009, 2010). However, the propagation dynamics and deposits generated

in these models are distinct under different material properties.

For example, in the Thompson et al. (2009) model, which represents an avalanche as
an unbonded granular mass, the weak material generates fluidal contacts and mixing,
laminar spreading and preserved stratigraphic sequence (fig. 5.14). The model suggests
the evolution of the mass from a collapse to an organised, laminar flow (Thompson et al.,

2009) with distributed stress dynamics comparable to the Ab-VDA (fig.5.16).

In contrast, the Thompson et al. (2010) model implements an initial bond between the
particles that can be broken during propagation if its strength is surpassed, to simulate

strength in the material. In these simulations, there is shear concentration in early-formed
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Figure 5.16: Conceptual models for the propagation dynamics of the volcanic debris
avalanches examined by this thesis. The topography and morphology of the deposits
is schematic, it does not realistically reflect the features of the deposits but merely aims
to highlight their differences as end members. A Distributed Stress fluidisation - Abona
volcanic debris avalanche. Particles in the granular mass are free to become agitated and
accommodate stress. B Normal-fault accommodated spreading - Tenteniguada volcanic

debris avalanche. Stress is accommodated as shear in block boundary fractures created by
the early fragmentation of the mass.

fractures (as discussed in Chapter 4) which shields undisaggregated and undistorted
blocks from stress and agitation resulting in their preservation. This behaviour is consistent
with what is observed in the Ten-VDA, under fault-accommodated spreading (fig. 5.16b).
Various authors have supported that the initial coarse disaggregation that breaks up the
mass into blocks might be more important for the fracturing of the mass with only minor
subsequent fragmentation during transport (Ui, 1983; Voight et al., 1983; Belousov et al.,
1999; Reubi and Hernandez, 2000), and this is likely to have been the case for the Ten-VDA
where the initial fragmentation appears to have generated the coarse breakup of the mass
with no substantial further fragmentation. Subsequent stress accommodation is limited to

the areas that developed into matrix, interblock and intrablock and block boundaries with
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large proportions of the mass not accommodating stress and strain during transport and

preserved as blocks with original structure.

The success of these uniform material models in recreating deposit features (Thompson
et al., 2010) combined with the comparison of the material and resultant deposits of the
Ab-VDA and the Ten-VDA suggests that the spatial variation in material properties may
not be as important in determining propagation dynamics. Instead, material properties of
the original mass such as rock strength, presence of hydrothermal alteration weakening
and other lithology-dependent properties might play a more important role. If VDA
movement begins as a slide and progressively evolves into a flow during propagation (e.g.
Voight et al., 1983; Glicken, 1991), the strength and structure of the material involved must
play a vital role in the rate of the advancement of this process. This is in contrast to the
suggestion of Clavero et al. (2002) proposing that pre-failure structure and distribution of

discontinuities in a mass define the morphology and internal structure of a deposit.

The lithological, and resultant material property, differences between the Ab-VDA and
the Ten-VDA deposits are likely to be responsible for their distinct characteristics and
the propagation dynamics they hold evidence for. The VDAs have propagated with
different rheology and produced different deposits. Their material properties constitute
them end-members with the Ten-VDA propagating under normal-fault accommodated
spreading and the Ab-VDA generating distributed stress fluidisation. This divergence
highlights the importance of lithological properties in VDA dynamics and its importance

for the structural evolution of the mass.

5.7 Conclusion

The distribution of facies and structures and sedimentological analysis, in comparison
with conceptual and numerical models and other VDA /RA deposits, have led to the

following conceptual model for the propagation dynamics of the Ab-VDA:

1. The source mass was composed mainly of pyroclastic material and a small proportion
of lavas (fig. 5.15a). Due to the high cataclasis of the material it is assumed possible
that the material could have been hydrothermally altered or weathered, weakened

and preconditioned for fracturing. The destabilisation and collapse of the mass
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occurred during an explosive eruption.

. The initial slide phase led to a coarse disaggregation of the mass and generated
fractures, splitting the mass into blocks that preserved their internal sedimentary
sequence. Areas that sustained more strain were more intensely fractured and later

disaggregated and evolved into the MF through gradual homogenisation (fig. 5.15b).

. Once the mass moved out of the failure scarp it evolved into a flow and experi-
enced laminar spreading. This is likely because the front of the flow was travelling
faster than the proximal part, leading to the extension and elongation of the mass,
including embedded blocks. This was enabled by the high degree of microfracturing
of the material constituting the mass granular, with particles capable of moving
independently and engaging in collisions (fig. 5.15¢). Collisional/vibrational con-
tacts between particles in the mass gradually led to the microfractured diamicton
texture of the block facies through both disaggregation of existing fractures and
comminution due to grain interactions. The agitation gave the mass a granular
temperature causing it to behave as a fluidised granular mass. This led to the fluidal
features and diffuse contacts observed in the deposit. Mixing within the blocks was
minimal, caused by gradual homogenisation. This behaviour was enabled due to
the weakness of the material and the resultant disaggregation that allowed spatially

distributed shear instead of concentrated shear at the base or in shear zones.

. The shear stress of this movement was distributed unsystematically in ephemeral
networks throughout the body and the base of the mass. The spatially and tempo-
rally variable nature of the shear accommodation is also reflected in the inconsistent
influence of the flow on the substrate. Areas where shear was high exhibit bulldoz-
ing and substrate incorporation while in areas of low shear the substrate remains
unaffected. The low coherence of the substrate is evident by the disaggregation of
incorporated material and the shallow deformation beneath the flow that did not

allow shear to be transmitted deep underneath the Ab-VDA.

. The unsystematic distribution of stresses and therefore mixing and comminution in
the mass is responsible for the lack of a longitudinal evolution in the clast size and
the proportion of matrix illustrated in the deposit through the quantitative clast-size

and matrix-content analysis of the MF.
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6. The result of these processes is the emplacement of a microfractured deposit with

pockets of EBF and preserved stratigraphy surrounded by the MF (fig. 5.15c).

The present findings add to the evidence that challenges the view that all long runout
VDAs/RAs propagate as a plug on a low frictional basal layer accommodating the shear of
the propagating mass (Campbell et al., 1995; Johnson et al., 2016). They add to the body of
recent evidence that the shear is distributed randomly in ephemeral networks throughout
the avalanche as well as the base (Davies and McSaveney, 2009; Dufresne et al., 2016a).
The observations are also compatible with both the theories of acoustic fluidisation and

dynamic fragmentation that could have been active during the propagation of the mass.

This study highlights the importance of field studies for understanding VDA propagation
dynamics. The novel methodology for the sedimentological examination of indurated
deposits presented here provides a new tool to study deposits that were not considered
before, increasing the capacity for collecting field evidence and to further understand

VDA /RAs and the hazard they pose.
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Chapter 6

Bidispersity as a factor for the long runout
of large mass flows: scale effects in granular

avalanche experiments

6.1 Introduction

Propagating volcanic debris/rock avalanches (subsequently VDA /RAs) are believed to
behave as dense granular flows where grain interactions are the most important energy
dissipation process (Voight et al., 1983; Campbell, 1990; Schneider and Fisher, 1998; Davies
and McSaveney, 1999; Reubi and Hernandez, 2000; Chapter 3 of this thesis). Recent work
supports that VDA /RAs behave as ideal granular avalanches where fluid effects are negli-
gible (e.g. Legros, 2002; Chapter 3 of this thesis). The flow is characterised by a distributed
shear motion where individual particles interact with each other and the flow boundaries
(Pierson and Costa, 1987; Iverson, 1997; Dufresne and Davies, 2009). Flow dynamics are
controlled by particle interactions (collisions and longer-lasting frictional contacts), their
internal and basal friction coefficients, and interactions with flow boundaries and path
geometry (Denlinger and Iverson, 2001; Roche et al., 2021). The energy exchange, referred
to as the granular effect, is driven by particle interactions, resulting in momentum transfer
and dissipation (Hu et al., 2020). The magnitude of the energy exchange is measured as
the granular temperature (Campbell, 1990; Iverson, 1997; Sanvitale and Bowman, 2016).
The granular effect is a function of the particles’ friction, shape, density, size, hardness
and roughness (Bartali et al., 2015) and the processes controlling their interactions. There-
fore, grain-size distribution properties can potentially affect propagation dynamics. The

energy dissipated through the granular effect and the mechanisms involved are crucial
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for understanding the propagation dynamics and energetics of granular flows (Hu et al.,

2020).

Natural granular flows including VDA /RAs, as well as block-and-ash pyroclastic flows,
debris flows and turbidity currents; along with granular flows in industrial processes
(such as solid conveying), contain a wide range of particle sizes (Phillips et al., 2006; Hungr
et al., 2013; Yang et al., 2015) . VDA /RA deposits are composed of angular/subangular
clasts spanning a size range from fine particles smaller than 1 um up to tens of metres
(e.g. Voight, 1978; McSaveney and Davies, 2002; Roche et al., 2006). Even in cases where
the source material is homogeneous in terms of particle size, heterogeneity can arise
from fragmentation and comminution during propagation (McSaveney and Davies, 2002;
Crosta et al., 2007; Davies and McSaveney, 2012; De Blasio and Crosta, 2014; Dufresne and
Dunning, 2017) due to heterogeneous fracturing of the original rock mass (Knapp and
Krautblatter, 2020). Furthermore, VDA /RA deposits are characterised by bidisperse to
polydisperse grain-size distributions (e.g. Scott et al., 1995; Glicken, 1996; Vallance, 2000;
Pollet and Schneider, 2004; Vallance and Iverson, 2015; Bernard et al., 2017). Bidispersity
implies the existence of two dominant particle sizes or size ranges in the grain-size
distribution. Bidispersity is exhibited in volcanic debris avalanche deposits, at least locally
(Ui and Glicken, 1986; Siebert et al., 1989; Glicken, 1996; Siebert, 2002; Bernard and van
Wyk de Vries, 2017); while in the case of rock avalanche deposits, bidispersity develops
especially in zones of concentrated shear stresses (Dufresne and Dunning, 2017). This is
supported by analogue experiments suggesting that bidisperse distributions are generated
with increased shear stresses or confining pressures (Iverson et al., 1996; Caballero et
al., 2014). Since in idealised granular flows grain interactions are the principal process
responsible for energy dissipation, grain-size distribution properties potentially play an
important role in VDA /RA dynamics. Accordingly, recent studies have supported that a
bidisperse grain-size distribution is capable of providing a more energy-efficient shear
accommodation arrangement reducing frictional losses at the base of VDA /RAs. Studies
including Linares-Guerrero et al. (2007), Yang et al. (2015), and more recently Bartali et al.
(2020), Hu et al. (2021) and Duan et al. (2022) propose bidispersity as a contributing factor

to the long runouts observed in VDA /RAs.

Many scaled analogue models have reproduced certain VDA /RA features, dynamics and

behaviours (Davies and McSaveney, 1999; Denlinger and Iverson, 2001; Iverson et al., 2004;
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Yang et al., 2011; Dufresne, 2012). The scarcity, inaccessibility and complexity of deposits
encourage analogue and numerical modelling studies. However, the theoretical descrip-
tion and mathematical measurement and modelling of granular avalanche dynamics is a
challenging task from the geophysics and granular physics perspective (Delannay et al.,
2017), as well as the geomorphological and sedimentological. This extends to lab experi-
ments where there are complicated scaling issues. Nonetheless, laboratory experiments
can provide important information on the propagation processes of granular avalanches
despite idealised experimental conditions (Davies and McSaveney, 1999; Manzella and
Labiouse, 2008, 2009, 2013; Shea and van Wyk de Vries, 2008; Dufresne, 2012; Longchamp
et al., 2016). In recent years, column collapse and granular avalanche experiments (e.g.
Phillips et al., 2006; Goujon et al., 2007; Moro et al., 2010; Degaetano et al., 2013; Yang et al.,
2015; Hu et al., 2020; Li et al., 2021), as well as numerical models (e.g. Linares-Guerrero
et al., 2007; Cabrera and Estrada, 2021; Hu et al., 2021), have been employed to study
the behaviour of granular mixtures composed of more than one particle sizes. Analogue
experiments such as those of Goujon et al. (2007), Yang et al. (2015), Bartali et al. (2020),
Hu et al. (2020) and Duan et al. (2022) evaluate the behaviour of granular avalanches (i.e.
not column collapse) composed of combinations of two size species of particles (binary
and bidisperse) at various proportions. Yang et al. (2015) and Félix and Thomas (2004)
also consider the effect of the addition of a third size species to examine polydispersity.
Such studies have observed that the addition of a small proportion of finer particles to
a granular mixture generates enhanced runouts under particular conditions (e.g. Roche
et al., 2006; Moro et al., 2010; Yang et al., 2015; Duan et al., 2022). Although empirical
relationships between single parameters under bidispersity have been established, limited
attention has been given to the particle interaction mechanisms affecting energy dissi-
pation and mobility (Li et al., 2021). Even less consideration has been taken regarding
the applicability of the relevant granular effects to natural, large-scale geophysical flows,

which has not been directly addressed so far.

The current study evaluates the impact of bidisperse grain-size distributions on the
propagation processes and energy dissipation in small-scale analogue granular flow
experiments. This is achieved by combining different binary particle size mixtures. The
combined effect with volume, inclination, and size ratio between particles is also evaluated.
Moreover, the impact of a slope-break between the inclined plane and the horizontal

emplacement surface is considered. The propagation of the centre of mass and frontal
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velocity are also examined in order to evaluate the mechanisms responsible for the runout
and dynamics of granular avalanches. By examining the dynamics of the modelled
avalanches this study aims to constrain the processes under which bidispersity enhances
granular avalanche mobility. Subsequently, the potential of these processes as a factor for

the enhanced mobility of VDA /RAs and other natural geophysical flows is evaluated.

6.2 Bidispersity and mobility - Background

Lab-scale analogue experiments suggest that granular avalanches containing more than
one particle size (i.e. bidisperse or polydisperse) diverge in their macroscale properties
from avalanches with monodisperse grain-size distributions (e.g. Reubi et al., 2005;
Phillips et al., 2006; Roche et al., 2006; Goujon et al., 2007; Yang et al., 2015). One of the
main differences is the effect of the addition of a second size species on their runout. It
is commonly observed that the addition of a small fraction of fine particles to a mass
composed of coarser generates a lubrication effect resulting in increased velocity and
runout of the centre of mass and the front of avalanches (e.g. Phillips et al., 2006; Roche et
al., 2006; Degaetano et al., 2013; Yang et al., 2015). The proportion of fine particles to the
total mass is denoted as 1. Analogue experiments suggest that maximum frontal runout
is achieved at a critical \ value (Y cr¢) (e.g. Phillips et al., 2006; Moro et al., 2010; Kokelaar
et al., 2014; Bartali et al., 2020; Hu et al., 2020). The \crs has been suggested under the
bidisperse experimental conditions of Phillips et al. (2006), Roche et al. (2006), and Hu et
al. (2020) to be equal to P cr¢=0.30. In the experiments of Moro et al. (2010), P crs was
equal to 0.25; for Degaetano et al. (2013) {cr¢=0.50, and Duan et al. (2022) {cr¢=0.05.
The P crf was found to be variable according to the granular size composition and other
experimental conditions, such as slope inclination of the flow path (Goujon et al., 2007;
Yang et al., 2015). It should be noted that the value of \)crf enabling maximum frontal
runout is not always equal to the 1 value which enables maximum displacement of the
centre of mass (Wcrcom)- A list of the abbreviations used in this chapter is provided at

the end of the chapter (section 6.7).

The investigation of the mechanisms facilitating the increased runout effect by Phillips et
al. (2006) reveals that in small-scale avalanches fine particles migrate rapidly to the base.

Once at the base, fine particles reduce the frictional areas between the coarse particles and
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the substrate by occupying the area between them and acting as ‘ball-bearings” (Roche et
al., 2006; Linares-Guerrero et al., 2007). They simultaneously act as ‘rollers’ to encourage
rolling as opposed to frictional sliding (Phillips et al., 2006; Hu et al., 2021). Rolling reduces
the friction coefficient at the base of the flow as it is less expensive in terms of energy
dissipation, and increases the efficiency of kinetic energy transfer (Phillips et al., 2006;
Hu et al., 2020, 2021). This process finds support in numerical modelling of granular
avalanches composed of binary size distributions, from which findings suggests that
rotational motion is enhanced at the base of bidisperse granular avalanches (Linares-
Guerrero et al., 2007; Hu et al., 2021). In effect, a basal layer of fine particles lubricates the
contact between the granular body and the propagation surface (Lai et al., 2017), inhibiting
frictional energy losses. Since energy dissipation in granular avalanches occurs through the
transformation of the total potential energy to thermal, acoustic and inelastic deformation
energy, as well as mechanical work and kinetic energy (Nicoletti and Sorriso-Valvo, 1991),
a process that reduces frictional losses makes more energy available for kinetic according
to the law of conservation of energy (Fan et al., 2016; Knapp and Krautblatter, 2020).
Bidisperse granular avalanche and column collapse analogue experiment findings and
numerical modelling have therefore offered support for bidispersity as more energy-
efficient at accommodating shear stress (e.g. Phillips et al., 2006; Linares-Guerrero et al.,

2007; Yang et al., 2015; Hu et al., 2021).

However, this idealised behaviour has to be linked to the scale and processes of natural
events. One hypothesis connecting bidispersity and the mobility of VDA /RAs has been
supported by the studies of Linares-Guerrero et al. (2007), Yang et al. (2015), Lai et al.
(2017), Hu et al. (2021) and Duan et al. (2022) and suggests that fine particles migrate and
lubricate the base, in a process identical to the described lab experiments. Fine particles
enable rolling instead of sliding, locally accommodating shear stress with the rest of the
mass carried, sliding on the basal layer, without experiencing agitation or shear stress
(Hu et al., 2021). An alternative hypothesis involves the sedimentology of shear zones
observed in the field. Bidispersity is observed in VDA /RAs, especially in shear zones
of magnified shear stresses (Glicken, 1996; Dufresne and Dunning, 2017). The concen-
trated accommodation of shear principally in shear zones with the efficient bidisperse
arrangement can potentially be a contributing mechanism for long runouts. Shear zones
are found primarily in the basal domains, but also within the body of VDA /RAs (van Wyk
De Vries et al., 2001; Hewitt, 2002; Weidinger et al., 2014; Roverato et al., 2015; Dufresne
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and Dunning, 2017). They are suggested to focus shear and act as corridors of shear accom-
modation around more coherent domains that are sheltered from shear stress (Crosta et al.,
2007; Roverato et al., 2015; Paguican et al., 2021). Areas protected from shear maintain a
quasistatic behaviour with low particle interactions and energy dissipation. Li et al. (2021
- pp 1793) propose that the bidisperse arrangement of shear zones potentially efficiently
accommodates shear limiting frictional losses within them. This shear concentration limits
overall frictional losses in the system potentially contributing to long runout and low
apparent friction angles. However, further evaluation of both suggested hypotheses is
required to understand their potential and the mechanisms by which bidispersity could
enhance mobility in granular avalanches in laboratory experiments and natural granular

flows.

6.3 Methodology

This study employs small-scale analogue granular avalanches to investigate the effect of
bidispersity of the grain-size distribution on their propagation and emplacement. Different
binary granular mixtures are considered by changing the factor \. Furthermore, the
combined effect of bidispersity with other parameters, namely the total material volume,

slope inclination and size difference between coarse and fine particles are examined.

6.3.1 Experimental setup and measuring systems

The setup is comprised of a 1.5 m long inclined plane and a 2.0 m horizontal depositional
surface (fig. 6.1a). The material is laterally confined throughout the propagation by
transparent plastic walls, limiting its width to 0.3 m but allowing observation of the
avalanche and the deposit. The smoothness of the walls and the fact that the ratio
between the mean particle diameter (of even the largest size species) and the flow width
is <1/20 ensure that there is no boundary effect (Valentino et al., 2008; Jiang and Zhao,
2015; Ahmadipur et al., 2019; Schiliro et al., 2019). Even though confined avalanches
do not exhibit the flow and depositional morphologies of unconfined, the purpose was
the detailed examination of the effect of individual parameters and processes and not
the recreation of deposit geometry. The confinement did not permit lateral spreading,
however, it is assumed that there is no significant effect on the flow dynamics in the flow

direction (Thompson et al., 2009 - pp246). The inclination of the inclined plane was varied
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Figure 6.1: A Experimental setup. B Measurements and descriptors of the deposit and
propagation. H: fall height from the highest point of the material in the box to the
horizontal plane; Hconm: fall height of the centre of mass (CoM). R: avalanche front runout
from the release position; Rcom: centre of mass runout from the release position. Ry:
avalanche front runout on the horizontal plane; Rncom: centre of mass runout on the
horizontal plane. The energy line links the position of the centre of mass before release
and in the final deposit (adapted from Manzella and Labiouse, 2009).
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between 35°, 40° and 45° as required. The geometry of the slope-break between the

incline and horizontal surfaces is dictated by this inclination.

Prior to release, the material was held in a release box with a sluice gate removable by
sliding upwards. The rapid removal of the gate initiates the flow of the material on the
inclined plane under gravity. After propagating down the incline, the material interacts
with the slope-break and subsequently propagates on the horizontal surface. The final
deposit is formed when all material is immobilised. In this study, propagation is defined
as the flow of the material after the release in the incline and horizontal planes. The final

deceleration and deposition of the material is defined as the emplacement stage.

Measurements of the geometry of the material prior to release were made manually and
photographs were taken so that the location of the pre-release centre of mass could be
calculated. Manual measurements were taken for the frontal runout (R¢), the length of
the deposit (L) and the maximum height of the final deposit (fig. 6.1). Ry is defined as
the distance travelled by the most distal position on the horizontal plane from the slope-
break, where particles are still in contact with the main body of the deposit. However,
for confirmation and higher accuracy measurements, an oblique photogrammetry survey
was conducted, as in the experiments of Li et al. (2021). Photographs of the final deposit
were processed in the commercially available software Agisoft Metashape generating a 3D
model for each. For each deposit, at least 90 pictures were taken with a DSLR camera at a
resolution of 4000x6000 pixels to build the rendering (fig. 6.2a). The generated models
achieve high accuracy (0.25mm x 0.25mm/pixel) (fig. 6.2b). A digital elevation model (fig.
6.2¢) allowed calculating the average deposit thickness, the location of the centre of mass

of the deposit, the length of the deposit L, and the frontal runout Rg.

Two high-definition cameras recorded the avalanches, one frontal and one lateral as
illustrated in fig. 6.3. The lateral camera view (25 fps, HDV 1440 x 1080) was used to
observe the interaction of the avalanche with the slope-break and allow observation of
the thickness of the avalanche at different times. The frontal velocity (Vf) was obtained
through the analysis of 50 fps (FHD 1920 x 1088) videos recorded for each experiment. The
location of the front of the flow at each frame was manually located, and the displacement
between frame intervals was calculated. A moving average is used in the presented time

series, with a period of three frames to smooth out short-term fluctuations and highlight
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Figure 6.2: AStructure for motion photogrammetry. a Photographs used to produce a
rendering of the deposit. B 3-D model represented in an orthophoto. C Digital elevation
model of the final deposit.
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Figure 6.3: Camera setup during the experiments. A Frontal camera placement. B Frontal
camera frame view. C Lateral camera placement. D Lateral camera frame view.

longer-lasting trends. Only one of the runs is illustrated in fig. 6.8 and 6.11, for clarity of
illustration. The repeatability of the experiments was ensured by confirming each of the

minimum of three runs.

H/R (also H/L in the literature) is the ratio between the fall height from the highest
point of the material in the box to the horizontal plane (H) and the horizontal runout of
the front of the avalanche from the front of the material pre-release (R) (fig. 6.1). This
ratio is used as a measure of avalanche mobility in landslide literature (initially by Heim,
1932). Although it is often calculated as the distance between the furthest location of the
scarp and the toe of the deposit, in this study it is also calculated for the height fallen
(Hcom) and horizontal displacement (Rcom) of the centre of mass, as Hcom /Reom (also
referred to as the gradient of the energy line in literature) (Legros, 2002). Hcom /Rcom

is not usually used in field studies because it is very difficult to determine in natural
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deposits (Bowman et al., 2012). However, the displacement of the centre of mass is a better
measure when considering the energy dissipation of granular flows, as it excludes the
effect of spreading of the mass on R (Davies, 1982). Following studies such as Goujon et al.
(2007), Yang et al. (2015) and Hu et al., (2020) the proportion of material was assigned by
weight (rather than volume). Therefore, also due to the differences in mass configuration
(i.e., pore spaces between the coarse particles are sometimes void and sometimes filled
by the finer particles), the volume of the material was not identical in all experiments
(fig. 6.4). Normalised runout (R;,) is used to illustrate and compare findings. The R,, is
represented by the equations R,=R¢/h* and the normalised propagation of the centre
of mass by Rn.com=Rcom /h* where the Rf and the RCoM are normalised by the cubic
root of the volume of the material (h* = V1/3). Davies and McSaveney (1999) suggest
that such normalised quantities can be compared to real events. Total spreading (Sn)
is measured as the normalised L of the final deposit, S,=L/h* (Manzella and Labiouse,
2013). The normalised distance between Rf and the propagation of the centre of mass on
the horizontal plane (Ry,com) was also used ((S¢=R¢-Rhcom)/ h*) as a measure of the

spreading at the front of the deposit (S¢) which is not affected by material left behind

during the emplacement stage or pile on the slope.

Figure 6.4: Schematic representation of the pre-release arrangement of material in the
release box. Note the difference in volume at different size combinations (although weight
is equal), as well as the pore spaces between coarse particles at low fractions of fine
particles (1).

6.3.2 Scaling

Scaling is critical in designing experiments and correlating the findings of small-scale
granular avalanches to geophysical mass flows (Iverson et al., 2004; Iverson, 2015). The
similarity between analogue models and real events must be addressed by introducing

some geometric and dynamic dimensionless parameters to satisfy the continuum hypoth-
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Table 6.1: Properties of the material used in the granular avalanche experiments.

GRAVEL 9.5-16mm | GRAVEL 16-22.4mm | SAND 0.355-0.50mm | SAND 0.5-1mm

Basal friction angle 25.2° 22.3° 30.3° 29.8°
Critical angle of repose 32.2° 29.1° 27.4° 29.3°

esis (Iverson, 1997, 2015; Shea and van Wyk de Vries, 2008; Manzella and Labiouse, 2013).
Geometric parameters refer to the size and morphology of the particles and the system of
the avalanche. Dynamic parameters refer to the ratio between forces within the body of
the avalanche, which are later discussed. The presented experiments follow the scaling

considerations of the mentioned previous studies.

Firstly, particle size is large enough to reduce the impact of electrostatic effects to neg-
ligible levels (Drake, 1991; Davies and McSaveney, 1999; Iverson and Denlinger, 2001;
Manzella and Labiouse, 2009). Additionally, it is assumed there is a similarity to large-scale
avalanches regarding the geometric shape, air and grain densities and drag coefficient
between grains and air (Davies and McSaveney, 1999). Moreover, Drake (1991) suggests
that the avalanche depth needs to be at least ten times larger than the mean particle
diameter, which is also fulfilled. If these conditions are met, it is believed that the findings
can contribute to the understanding of natural geophysical granular avalanches (Manzella
and Labiouse, 2013). These are the scaling guidelines most consistently followed by
granular avalanche experiments and the present study. Geometric and dynamic scaling
parameters and their scaling effects are further addressed in Section 6.5.7, also regarding

their implications for the current experiments and specific studies from the literature.

6.3.3 Material and experimental conditions

The material used in this study consists of four different granular sizes composed of
subrounded gravels and subangular corundum sand (fig. 6.5). In granular avalanche
experiments angular-subangular natural rock material has been used in most cases in
an attempt to maintain a close approximation to the modelled phenomena (Davies and
McSaveney, 1999; Shea and van Wyk de Vries, 2008; Cagnoli and Romano, 2010; Li et al.,
2021). The properties of the material used in the current experiments are illustrated in table
6.1. Basal friction angles were measured by tilting plane tests (Pudasaini and Hutter, 2007;
Mancarella and Hungr, 2010; Jiang and Towhata, 2013). This involves placing a sample of

the material on the variable inclination plane and steadily increasing the inclination until
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Figure 6.5: The material used in different proportions in the granular avalanches. These are
four different granular sizes composed of subrounded gravels and subangular corundum
sand.

motion is initiated. The inclination angle was then measured. The critical angle of repose
was measured by gently releasing a pile of material from a 5 litre bucket onto a horizontal
surface into a conical pile and measuring the steepest slope angle in a digital elevation
model from a photogrammetric rendering of the pile. In all experiments, the angle of the

inclined plane was greater than the basal and internal angle of the material.

For the bidisperse experiments, a proportion (by mass) of finer granular material was
added to the granular mass composed of coarser particles. For each set of experiments,
this proportion 1 of fine material mass was varied between =0 (all coarse) and =1 (all
fine). Prior to the initiation of the avalanche, coarse and finer particles were placed in the
release box so that the fine particles filled the pore spaces between the largest particles
from the bottom up (figure 4). In cases where low quantities of fine material was used,
void pore spaces remained at the top of the material (fig. 6.4). Conversely, when the
volume of the fine material was greater than the pore space between the coarse, excess

fines were positioned above the coarse material.

For each ratio of fine material, other factors were changed in order to additionally examine
the effect of bidispersity combined with different parameters (volume, inclination and
different grain sizes). The experiments are divided into five series according to the condi-
tions and parameters under examination. All the experimental conditions are illustrated
in table 6.2. Each experiment was repeated a minimum of three times to generate data to

be averaged and to ensure their reproducibility.
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Table 6.2: The five experimental series examining different parameters.

Experiment series | GRAVEL 9.5-16mm | GRAVEL 16-22.4mm | SAND 0.355-0.50mm | SAND 0.5-1mm | Mass (kg) | Inclination (°)

A - - 20 40
B 40 40
C 20 35
D 20 45
E 20 40

6.4 Results

6.4.1 Morphology

Under all the conditions of bidisperse granular avalanches, the following common mor-
phological features are observed. At low \{ values (1<0.5-0.15 depending on experimental
conditions) the addition of fines causes the final deposits to initially became longer (nor-
malised length=L/h*) and lower in height (normalised average height=average height/h*)
compared to avalanches composed solely of coarse particles (e.g. fig. 6.6). They also
achieve greater runouts (fig. 6.7: 0.00 — 0.15). At a critical value of 1 cr¢, maximum Rf
is achieved (fig. 6.7: 0.15). However, further increase of 1\, progressively results in a
decreased Rf (fig. 6.7> 0.15). With progressively higher 1} ({p>~0.8) a stage is reached
where L is smaller and deposit thickness is higher than the monodisperse flow composed

entirely of coarse particles. At low 1 values, coarse particles travel with the fine forming
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Figure 6.6: Normalised length and height of the experimental avalanches of series A.

a continuous cover over the deposit surface (fig. 6.7: 0.00 — 0.30). At higher \{ they

are emplaced at the rear of the deposit near the slope-break (fig. 6.7: 0.50-0.70). An

134



exception arises when coarse particles that separate from the avalanche early and travel

independently, deposited in front of it.

Fine particle mass fraction ()
0.00 0.15 0.30 0.50

1.00 m

Figure 6.7: Orthophotos of the deposits of experimental avalanches in series A illustrating
their runout and morphology. The flow direction is downwards.

6.4.2 Frontal velocities

According to Rait and Bowman (2016), in rock avalanches, the main phases are: the
acceleration under gravity phase, and the phase of deceleration of the avalanche after
its impact with the near-horizontal valley floor. For the purposes of the analysis of

propagation dynamics and energy dissipation, these phases are here considered separately,
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and the second phase is further subdivided to address the effect of the slope-break. The Vf
of the avalanches is therefore divided temporally into three parts from the release of the
material through propagation and up to their emplacement. These phases are exhibited,

with variation according to the experimental conditions, in all the experiments (fig. 6.8):
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Figure 6.8: The frontal velocity of the fine particle content of 1p=0.15 avalanche of experi-
mental series B with the velocity phases annotated. Vy: frontal velocity at the slope-break;
Vmin: lowest frontal velocity of phase 2; Vpmax: velocity the front accelerates to at the
end of phase 2

PHASE 1 - ACCELERATION ON THE INCLINED SLOPE: This is the stage of accelera-
tion following the release of the material. This phase ends when the material at the front
of the avalanche interacts with the slope-break to begin their transition to the horizontal

plane.

PHASE 2 - INTERACTION WITH THE SLOPE-BREAK: This phase begins when the
avalanche front first interacts with the geometric irregularity of the slope-break and suffers
a deceleration. This deceleration is followed by a rapid acceleration as the material behind
the front (greater in mass) transfers momentum to the front. This can be observed the
video frames of the avalanches illustrated in fig. 6.9. The degree and duration of both the
deceleration and acceleration of this phase are a function of a number of variables like the
angle of the slope-break, the size of the granular material and 1. Once the acceleration
reaches peak velocity (Vpmax) in phase 2, and starts decelerating again, phase 2 ends.
This is when the material at the front stops receiving energy directly from the momentum

of material interacting with the slope-break. The peak velocity Vapax in phase 2 is not
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reached again by the flow.

Momentum
transfer,
propulsion

0 Initial impact,
disorganisation
deceleration

Phase 2
Acceleration 9

Gradual
deceleration

Phase 2

Figure 6.9: Frames from the interaction of the front of the avalanche (1p=0.15, series B)
with the slope-break.

Phase 2 deceleration is calculated here as the rate of velocity change between the interaction
of the front with the slope-break (V) and the recording of the minimum velocity of phase

2 (Vmin), as in the equation:

Vo-VMmin 6.1)

Phase 2 percentage deceleration =
VMiIn

where Vj is the frontal velocity at the slope-break, and Va1 is the lowest frontal velocity
of phase 2 (fig. 6.8). Phase 2 acceleration is calculated as the rate of velocity change
between the lowest velocity of phase 2 and the velocity the front accelerates to at the end

of phase 2 (Vmax):

Vmax - VMmN 62)

Phase 2 percentage acceleration =
VMmIN

where VA x is the velocity the front accelerates to at the end of phase 2 (fig. 6.8).

PHASE 3 - DECELERATION AND EMPLACEMENT: After the interaction with the
slope-break stops disturbing the front of the flow, a deceleration phase eventually leads
to the emplacement of the material. This phase is characterised by pulses of deceleration
of the frontal material and subsequent acceleration (fig. 6.8). The Vf is lower for each
subsequent pulse. The amplitude of these waves appears to be a function of the volume of
the granular mass as later discussed. Phase 3 ends when the material comes to a halt after

losing momentum and energy and each particle settles in its position in the final deposit.
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Phase 3 deceleration is calculated here as the average rate of velocity change between the

initiation of phase 3 and the final deposition (fig. 6.8) using the following equation:

Vmax

Phase 3 deceleration =
ase Javerage decelerallon = Time duration of phase 3

(6.3)

6.4.3 Fine particle content (1)

Experiment series A (table 6.1) has the primary aim of examining the impact of \p on the
runout and the mobility of the centre of mass of the granular avalanches. It is also the
reference case for the rest of the experiments. Fig. 6.10a illustrates that changes in 1 result
in variation of both the R, and R;,com propagation metrics. The initial addition of fines for
P=0.10 leads to an increase of R, and R,,com. The maximum Rn exhibited at \{crs=0.15
represents an increase of 87% from the all-coarse avalanche. In the case of the centre of
mass, at P creom=0.10 the equivalent increase is ~100%. There is, therefore, a divergence
in 1 value for the maximum R, in comparison to the maximum Ry, com. Further increases
in, past Pcrs and Pcreom, result in reduced Ry, and Ry com (fig. 6.10a). Greatest Ry,
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Figure 6.10: Results from experimental series A. A Frontal runout (R,) and propagation
of the centre of mass (Ry,) at different proportions of fines (\p). BH/R and Hcom /Rcom
at different proportions of fines 1. C Total spreading (S,) and frontal spreading (S¢) at
different proportions of fines 1.
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and Ry conm variability is observed at 1\ between 0.10 and 0.35. However, Ry, and Rn,com
remain above the all-coarse avalanche up to {=0.80. The sensitivity of R,, and Rncom
to \ decreases after all the pore spaces between the coarse particles are filled by fines
at =0.35 (fig. 6.10a). These observations are confirmed by fig. 6.10b. The H/R and
Hcom /Rcom measure propagation including the location of the mass before their release
and confirm that the relationships are not an effect of the initial position of the centre
of mass. fig. 6.10c illustrates that spreading Sn and Sf are greater at \=0.15, despite the
1 divergence between P crs and Pcreom- The value of 1 appears to greatly affect the
degree of spreading when there are pore spaces between the coarse particles ({)<0.35).
Once the pore spaces are completely filled up with fine particles, 1 variation has less
impact on spreading (fig. 6.10c). Particularly the S¢ remains almost constant after pore

spaces are filled.
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Figure 6.11: Velocity results from experimental series A. A Velocity normalised by the
maximum velocity achieved for 4 avalanches. Dashed horizontal line represents the
location of the slope-break. B Velocity change during the acceleration and deceleration of
phase 2. C Phase 3 average deceleration.

Vf observations suggest that 1 affects phase 2 (interaction with the slope-break) and phase
3 (deceleration and emplacement). There does not appear to be a systematic impact on
phase 1 (acceleration on inclined slope, fig. 6.11a ). In phase 2, the deceleration after the
slope-break is consistently increased with increasing \ (fig. 6.11b). Phase 2 acceleration

increases with \{ between 0.10 and 0.35. In this range increases in 1 result in lower
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acceleration (fig. 6.11b). The average deceleration of the material in phase 3 (fig. 6.11c) is
not significantly reduced at low 1 between 0.10 and 0.35 (pore spaces not fully filled). At

higher 1), the average deceleration increases throughout the range of \ values.

6.4.4 Volume

Experiment series B (table 6.1) examines the combined effect of bidispersity and volume.
Bidispersity has the impact observed in series A also at the higher volume, increasing
mobility (runout and centre of mass displacement) at low { and progressively diminishing
(fig. 6.12a). However, fig. 6.12a illustrates that with higher volume, R, values are greater.
Nonetheless, Ry,com is not increased. This trend is confirmed by fig. 6.12b, illustrating
H/R and Hcom/Reom. Fig. 6.12¢ suggests that spreading is greater for the higher

volume avalanches.
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Figure 6.12: Results from experimental series B. A Frontal runout (R, ) and propagation
of the centre of mass (R;,) at different proportions of fines (\p). BH/R and Hcom /Rcom
at different proportions of fines . C Total spreading (Sn) and frontal spreading (S¢) at
different proportions of fines 1.

Volume does not systematically affect Vf in phase 1 in comparison to series A. In phase 2,
at the slope-break series B avalanches (lower volume) experienced similar deceleration
on impact with the slope-break series A. However, the acceleration of phase 2 achieves

higher velocities and lasts longer in higher volume avalanches (fig. 6.13).
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Figure 6.13: Frontal velocity comparison between the avalanches of series A (20kg) and B
(30kg).

In phase 3, pulses of acceleration and deceleration show a higher Vf amplitude in the
higher volume avalanches. The Vpax achieved in these pulses are greater at greater
volumes. They are then decelerated and accelerated again to high velocities throughout

phase 3 compared to the less voluminous series A (fig. 6.13).

6.4.5 Slope inclination

For experiment series C and D (table 6.1) the slope inclination was 35° and 45° respectively,
also altering the angle of the slope-break. In a simplified conceptual model, VDA /RAs
can be separated into two phases: (1) An acceleration phase initiated directly after the
detachment/release of the material from the source, and (2) a decelerating runout phase
terminating with emplacement (Rait and Bowman, 2016). In some cases, there is a transi-
tion in the geometry of the path between the two phases when the material descends a
slope and is deposited on a flat surface at the base of it, on a valley floor. The impact of this
transition is examined here, represented by the slope-break formed between the inclined
plane and the horizontal depositional surface (fig. 6.1). By changing the inclination of
the slope on which the material was released the H, horizontal runout distance on the
slope and height of the centre of mass prior to release are altered. For this reason, we
use their H/R and Hcom /Rcom for comparison for series C and D (instead of Ry, and

Rcom). fig. 6.14a presents findings that suggest that between 35° and 45°, increased slope
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inclination generates less mobile avalanches, both in terms of their centre of mass as well
as frontal runout. Although the maximum mobility of the centre of mass is achieved for
all inclinations at P crcom=0.10, in the case of the maximum R, a divergence is observed.
The maximum is at \cr¢=0.15 for 40° and 45°, whereas it is at \p cr¢=0.10 for 35°. Spread-
ing also diverges as illustrated in fig. 6.14b. The effect of bidispersity on the degree of
spreading is more intense at low 1\, before all pore spaces are filled. The 35° experiments

achieve the lowest spreading, which is progressively increased at higher inclinations.
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Figure 6.14: Results from experimental series C and D. A H/R and Hcom /Rcom at
different proportions of fines 1. B Total spreading (S.) and frontal spreading (S¢) at
different proportions of fines 1.

6.4.6 Size-ratio between particle species (A)

In experimental series E (table 6.1) the granular mixtures were composed of finer fine
particles and coarser coarse particles, thus increasing the size ratio (A) between the two
species (A= coarse particles mean diameter/ fine particles mean diameter). Previous
experimental series have a size ratio A=~17, whereas series E had a size ratio A=~45.
Fig. 6.15a illustrates that increased A results in greater R, and Ry com at low . Fig.
6.15b, which also considers the difference in the centre of mass prior to release due to the
difference in their sizes, confirms that at low =0.05 and 1{=0.10 the granular mixture
with greater A is more mobile in terms of Rn and Rncom. At Y values greater than
>0.10, series E avalanches with greater A are less mobile. The peak in Rn and R com
for experiment series E comes at P cr¢= P creom=0.05, compared to P creom =0.10 and
P cre=0.15 for series A. In series E, spreading is greater for all 1\ values when only the
front of the deposit is considered (S¢) (fig. 6.15c). When the whole length of the deposit is
considered (Sy), the spreading of flows from series A and E is very similar after the pore

spaces between the coarse particles are filled by fine particles.
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Figure 6.15: Results from experimental series E. A Frontal runout (R, ) and propagation
of the centre of mass (R;,) at different proportions of fines (\p). BH/R and Hcom /Rcom
at different proportions of fines . C Total spreading (S ) and frontal spreading (S¢) at
different proportions of fines 1.

6.5 Discussion

6.5.1 Deposit morphology observations

VDA /RAs on flat valley floors generate horizontal runouts much greater than the initial
fall height (McSaveney et al., 2000; Hungr, 2002; Legros, 2002). This feature was recreated
in the presented experiments with H/R values as low as 0.35. Although long-runout
avalanches are difficult to recreate at the lab scale (Friedmann et al., 2006; Manzella and
Labiouse, 2013), R;, values >6.5 have been achieved with bidisperse mixtures, compared to
R;1=3.2-3.3 that is the maximum achieved by most monodisperse end member avalanches.
These values are in line with values exhibited by some natural VDA /RAs like the Elm
(Switzerland)(R,,=5.1) and Frank (Canada) (R,,=5.6) RAs. However, the appropriateness

of such comparisons is discussed in section 6.5.7.

Segregation of the size species is observed in the deposit in the vertical and longitudinal
direction of the deposit for different values of { (fig. 6.7). This observation confirms
that the effective composition of the flow is variable in time at different flow locations in

the experimental conditions, while grading of the material and migration of fines to the
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base take place. When 1 increases, coarse particles are unable to travel independently, in
agreement with what is observed by Phillips et al. (2006), as they are trapped in the mass
of fine particles generating a sand-trap absorbing their kinetic energy (Bartali et al., 2020).
Thus, coarse particles are observed deposited on top of the fine particles close to the break

of slope (fig. 6.7).

6.5.2 Frontal velocities during propagation

6.5.2.1 Phasel

Phase 1 represents the propagation of the material under gravity. Vf is greater at greater
slope inclinations because friction is reduced, and rolling is encouraged, as discussed in
section 6.5.5. Changes in 1), volume and A do not have a systematic impact on Vf in this

phase.

6.5.2.2 Phase?2

Velocity measurement and video observations from this study support that the interaction
of the avalanche with the slope-break causes loss of momentum (also observed by Crosta
et al. 2017) and disorganisation in the particle position in the mass (fig. 6.9) (also observed
by Manzella and Labiouse 2009). The deceleration on initial contact with the horizontal
plane is the result of increased friction due to the higher overburden stress at the change of
direction of movement (Manzella and Labiouse, 2009; Yang et al., 2011). The deceleration is
followed by acceleration as momentum is transferred by the rear of the flowing avalanche
to the front, which decelerates earlier. As the material at the front decelerates and transi-
tions to a compressive regime, material still on the slope interacts with them before they
decelerate, pushing them forward, transferring energy and momentum (Longchamp et al.,
2016; Hu et al., 2020). This process was also observed in the monodisperse experiments of
Manzella and Labiouse (2009), and described by Heim (1932), Van Gassen and Cruden
(1989), Okura et al. (2000), Legros (2002), Bartali et al. (2015) and Fan et al. (2016).

6.5.2.3 Phase 3

Pulses of acceleration and deceleration of the front observed during propagation on the

horizontal depositional surface (e.g. fig. 6.8, 6.11a, 6.13) have also been described by Van
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Gassen and Cruden (1989) and Bartali et al. (2015). Bartali et al. (2015) describe them as
density waves travelling through the propagating mass generating stick-slip motion. Van
Gassen and Cruden (1989) suggest that as the leading material decelerates due to friction,
the approaching material from further back has not yet experienced equal retardation. It
is therefore approaching at higher velocities than the material ahead. This leads to an
interaction of momentum transfer between the particles at the avalanche front and the
following material (Hu et al., 2021). The leading particles are propelled forward while
the following material is decelerated to lower velocities or deposition. This process is
referred to as energy transmission through impact by Van Gassen and Cruden (1989) and
has also been reported through close videos examination of the experiments of Manzella
and Labiouse (2009 - monodisperse) and Yang et al. (2011 — bidisperse/polydisperse).
This can be observed by careful examination of the videos of the experiments presented in
this chapter. The cyclic recurrence of this process continues throughout the propagation
and is evident through Vf oscillation pulses (fig. 6.8). Each subsequent pulse achieves
lower velocities as the energy in the system decreases until the momentum and energy
are depleted and the material is emplaced (Van Gassen and Cruden, 1989). By using
energy equations to describe the momentum transfer occurring in these processes, Van
Gassen and Cruden (1989) produced a model that suggests that a granular mass changing
and interacting in the manner described above results in significantly longer runouts
(>1.5 times longer) than predicted by simple sliding block models with no momentum
transfer. The transfer of momentum from the rear to the front causes the mass to spread
and the front of the flow to travel farther (Legros, 2002; Manzella and Labiouse, 2009). The

importance of spreading is addressed throughout the discussion.

6.5.3 Fine particle content (1)

The findings are in agreement with previous studies reporting increased runout in granular
avalanches composed of bidisperse mixtures compared to monodisperse (e.g. Phillips
et al. 2006; Roche et al. 2006; Moro et al. 2010; Degaetano et al. 2013; Yang et al. 2015;
Bartali et al. 2020). Maximum runouts are recorded at different proportions of 1 in
different experiments as a function of parameters such as A and slope inclination. In
experiment series A, R;, increases between 1 values of 0.0 and 0.15 (where maximum Ry
occurs), and Ry com increases until 1p=0.10. The effect of {» on mobility is consistent with

previous bimodal granular avalanche and column collapse experiments (e.g. Phillips et
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al., 2006; Roche et al., 2006; Moro et al., 2010; Degaetano et al., 2013; Yang et al., 2015). It is
observed that at low 1 fine particles segregate and position themselves at the bottom of
the avalanche through kinetic sieving even if they are not initially positioned there, as also
observed by Phillips et al. (2006). Observations confirm the propositions of Goujon et al.
(2007) that segregation is a very fast process in bidisperse mixtures at the scale of these
experiments. Once at the base, the fine particles reduce frictional contact areas, acting as
ball-bearers (e.g. Roche et al., 2006; Linares-Guerrero et al., 2007), and encourage rolling
as opposed to frictional sliding (Phillips et al., 2006). This process reduces the friction
coefficient at the base of the flow and inhibits frictional energy losses (Phillips et al., 2006;
Hu et al., 2020, 2021). Consequently, the R, and R,,com are increased. In series A, this
process is most efficient at 1p=0.10 where maximum Ry, com occurs (fig. 6.10a). This is
because when considering the energetics, the propagation of the centre of mass has to be
considered, which does not take into account the spreading of the mass. At lower 1 values
(<0.10), there are not enough fine particles to optimally lubricate all frictional contact
surfaces at the base of the flow because not all coarse particles are supported by fines
(tig. 6.16a) (Moro et al., 2010). The numerical modelling of Linares-Guerrero et al. (2007)
suggests that the most efficient arrangement is one with a single grain size thickness layer
continuous sheet of fines at the base of an avalanche. In such a case, the basal contacts are
lubricated; but no particles are present within the avalanche body (fig. 6.16b) (Moro et al.,
2010).

Frictional contacts Contacts that encourage rolling and reduce frictional sliding

Figure 6.16: Types of contacts between the fine (yellow) and the coarse (gray) particles at
different mixture proportions.

As 1 increases (>0.10), fines cover the base and start filling pore spaces between the coarse

particles within the avalanche. Interparticle frictional contact surfaces increase as the pore
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spaces between the coarse particles are filled (fig. 6.16c). This progressively inhibits Ry,
and R;,com further with subsequent 1 increases as illustrated by fig. 6.10a, supporting
the trend reported in other studies (Phillips et al., 2006; Moro et al., 2010; Yang et al., 2011;
Bartali et al., 2020; Hu et al., 2020, 2021). The increased frictional losses in the interparticle
contacts begin to offset the energy conserved at the base, as it becomes a major energy
sink (Moro et al., 2010; Hu et al., 2020). However, it is important to note that even after all
the pore spaces between coarse particles are filled (0.35>1<0.80 for series A), bidispersity
enables mobilities greater than the monodisperse avalanches with all-coarse or all-fine
particles (fig. 6.10a). Therefore the frictional energy loss conserved at the base is not offset
by friction in the body of the avalanche. This non-monotonic relationship between Ry,
and Ry com and  is reported in similar bidisperse experiments (e.g. Phillips et al., 2006;

Goujon et al., 2007; Moro et al., 2010; Yang et al., 2015).

The P cr has been suggested by various experimental studies to be between 0.25 and
0.50 (table 6.3) (Roche et al., 2006; Moro et al., 2010; Degaetano et al., 2013; Yang et al.,
2015; Hu et al., 2020). Phillips et al. (2006), Roche et al. (2006), and Hu et al. (2020)
found P cr¢ to be equal to P cr¢=0.30. In the experiments of Moro et al. (2010), P crs was
equal to 0.25; for Degaetano et al. (2013) \cr=0.50, and Duan et al. (2022) \ cr¢=0.05.In
the current experiments, it is 1 cr¢=0.15 in the majority of cases; however, it changes to
P cr=0.10 for the 35° slope inclination (exp. series C) and 1\ cr¢=0.05 for the experiments
with greater A (exp. series E). Therefore, the findings suggest that 1)crr is not constant
under all conditions but is a function of the geometry of the flow path and A, according to

the parameters here examined.

Table 6.3: Comparison of experimental conditions in relevant studies

. . Volumne System-to-grain size
Particle diameters (mm) [—— Mass (kg)  Wers A ratio®
Goujon etal. (2007)| 0.132, 0.225, 0.275, 0.325 * 0.176 | variable | 2.5 ok Fhk
Moro et al. (2010) 0.15, 0.20, 1.00 * 10 0.25 6.7 ** ok
Yang etal. (2015) |0.1-0.3, 0.42-2.00, 4.75-9.503 1.15x10° 3 variable | 35.6 3.3x10* wEE
Bartali et al. (2020) 3.0,1.5,0.375 * 4 <0.07 | 4.0-21.3 x Bk
1.0-4.0, 4.0-8.0, 8.0-12.0, 12.0
Hu et al. (2020) 16.0 * 10 0.3 5.6 ** ok
Li etal. (2021) 0.175, 1.5 2.00x10’-8.00x 10" * * 8.6 4.8x107-1.9x10° | 1.0x10°-1.0x10™
Duan (2022) <0.075, 0.075-0.5 1.80x10° * 0.05 7.7 4.4x108-3.0x10° Ak
0.355-0.500, 0.5-1.0, 9.5-16.0,
This study 16.0-22.4 1.33x107-20.00x107 | 20-30 |0.05-0.15|17.0-44.9| 5.0x10°- 6.9x10" |1.5x10°-1.7x10™

* not reported, ** could not be calculated - volume not reported, *** not calculated - required data
was not available, O at p=0.5,  for experimental series A

The 1 affects the propagation of the centre of mass by basal lubrication. However, the
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spreading of the mass is affected in a process that appears to be independent as they do
not follow the same trend (fig. 6.10, 6.12, 6.14, 6.15). Greater runout does not necessarily
imply greater propagation of the centre of mass. Therefore, 1 cr¢ does not always coincide
with Pcreom- The difference between R and Rcom has been long identified by Hsii
(1975). Investigating Rcom reflects the energy dissipation of the flow and is therefore
more appropriate for investigating the energetics of granular flows (Legros, 2002). In fact,
H/R is mechanically irrelevant as a measure of mobility, since spreading can produce
higher runouts irrespective of the centre of mass, and therefore kinetic energy dissipation
(Davies, 1982; Legros, 2002; Dufresne et al., 2021a). Thus, as initially suggested by Hsii
(1975), the interpretation of the H/R (or Fahrboschung) as the friction angle is incorrect
when considering the energetics of avalanches, and should instead be measured as the
inclination of the line connecting the centre of gravity of the material pre-release and
post-deposition (Hcom /rcom OF energy line gradient) (fig. 6.1). In turn, Hcom /Reom
is not capable of considering the contribution of spreading to the runout (Davies, 1982;
Davies and McSaveney, 1999). Therefore, a comparison of the two metrics, along with
quantification of spreading, is needed to assess the impact and variability of spreading.
Assessment of the spreading is important as it contributes to the runout. In terms of

hazard assessment this is vital in affecting the potential areas affected by mass flows.

Vf observations suggest that \{ affects the interaction of the avalanche with the slope-
break (phase 2) and the subsequent propagation on the horizontal plane (phase 3). This
is in agreement with the findings of the granular flow experiments of Fan et al. (2016)
suggesting that material with different grain-size distributions produce different Vf during
propagation. The findings of the current study suggest that small \ values drastically
lower phase 2 deceleration and the average deceleration rate of phase 3 compared to
monodisperse endmembers (fig. 6.11b, c). Fan et al. (2016) observed more pronounced
decelerations in phase 2 in lower grain sizes. In accordance, the deceleration of the fine
particles in phase 2 of the current experiments leads to accumulation of material at the toe
of the slope. This is the result of the greater size ratio between particles and the slope-break
discontinuity (Manzella and Labiouse, 2013). Furthermore, momentum transfer from
the rear was not efficient at high \{ values as the accumulated fines acted as a sand-trap,
absorbing the kinetic energy of coarser particles (Fan et al., 2016; Bartali et al., 2020).
Nonetheless, the lower deceleration rate observed in phase 3 at <0.7 (fig. 6.11c) supports

that the addition of fine particles imposes a more efficient flow arrangement. The reduced
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fricitonal energy dissipation they enable at the base makes more energy available as kinetic

and reduces the deceleration of the material, generating longer runouts.

6.5.4 Volume

Examination of the H/R of natural events suggests that more voluminous VDA /RAs
produce longer runouts (Shea and van Wyk de Vries, 2008). In the current experiments
increased total volume (exp. series B) results in increased Rn (fig. 6.12a). However,
in agreement with the monodisperse granular avalanche experiments in Manzella and
Labiouse (2009), the increased R¢ does not correspond to increased Rcon. An examination
of the spreading of the flows at different volumes in fig. 6.12c suggests that the greater
Rn at higher volumes results from greater spreading instead increased mobility of Rcom.
This results in a more spread, longer deposit even though the propagation of the centre of
mass is similar (fig. 6.12). Spreading contributes the additional Rn, as also reported by
Li et al. (2021) and Yang et al. (2011). Davies (1982) and Davies and McSaveney (1999)
support that the long runouts of VDA/RAs is the result of spreading rather than the
mobility of the centre of mass exceeding what is predicted by simple frictional models.
However, it has to be highlighted that both the mobility of the centre of mass and the
spreading of the mass contribute to the overall runouts to a different extent under different
conditions in the current experiments. In fact, VDA /RA events have been suggested
to have lower Hcom /Rcom, as well as H/R, to what is predicted by simple frictional
models (Legros, 2002). While spreading contributes mass flow propagation it is not the

only factor responsible for the high mobility of these phenomena.

The change in volume does not affect Vf during the propagation on the inclined plane
and the deceleration part of phase 2, as also observed by Manzella and Labiouse (2009).
The divergence in Vf occurs with the initiation of momentum transfer from the rear to the
front, in the acceleration stage of phase 2. At this stage, greater volumes generate greater
momentum transfer resulting in greater acceleration for a longer time as also reported
by Manzella and Labiouse (2008). The greater Vf amplitude in phase 3 is due to greater
pulses of momentum transfer between the avalanche front and the material behind it.
This is the result of the greater potential energy with higher volume, which is also more
concentrated as a thicker flow with a lower proportion of the material in contact with the

substrate. With greater volumes, and thus particle numbers, collisional opportunities also
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increase in constrained flows (Okura et al., 2000; Yang et al., 2011). Numerical modelling
by Okura et al. (2000) supports that increased frequency of collisions could be a factor for
longer runouts due to enhanced momentum transfer. This is proposed as the reason for
the higher amplitude of the acceleration-deceleration pulses observed by Yang et al. (2011).
These pulses propel the material at the front, in phases 2 and 3, enhanced spreading, and

consequently Ry,.

6.5.5 Slope inclination

Within the range of inclinations in these experiments (35° —45°), higher inclinations lead
to greater spreading (fig. 6.14b), but lower Hcom /Rcom and H/R (fig. 6.14a). This is
primarily due to the interaction of the avalanches with the slope-break. The impact of
path irregularities on granular avalanche propagation has been previously highlighted by

researchers such as Heim (1932), Pudasaini et al. (2005) and Manzella et al. (2013).

At higher inclinations, the S¢ is greater at low { (1p=0.1 — 0.3) (fig. 6.14c). The energy
conserved due to the lubrication of the base by the fines is transferred as momentum to the
front of the flow resulting in increased spreading. However, there is also loss of momentum
between the particles and the propagation surface, and energy is lost outside the avalanche
system. The slope-break causes an increase in shear and loss of momentum at the time
of the impact and interaction (Crosta et al., 2017). The effect of a geometric irregularity
in the path of an avalanche on its mobility is a function of the size ratio between the
irregularity itself and the size of particles in the granular mass (Heim, 1932; Friedmann et
al., 2006; Manzella et al., 2013). Increased slope angles generate a greater irregularity in the
path resulting in greater energy dissipation (Manzella et al., 2013). The collision with the
slope-break causes disorganisation in the particle arrangement and momentum transfer,
shifting the avalanche towards a more collisional regime (Manzella and Labiouse, 2013),
as observed in close examination of the lateral videos of the experiments here described.
However, the transfer of momentum decelerates the material at the back limiting the
overall kinetic energy acting in the propagation direction. Therefore, the mobility of the
centre of mass is reduced at higher inclinations with a steeper slope-break. This leads
to higher H/R and Hcom /Rcom for greater inclinations (fig. 6.14a). The increase in
spreading is offset by the lower Rcom, and consequently runouts are lower. At lower

inclinations, there is less disorganisation of the mass, fewer collisions and less energy
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exchange. As earlier discussed, fig. 6.14b illustrates the contribution of spreading to
runout is a function of the slope and the geometry of the path combined with the effect
of bidispersity. At lower angles (less extreme path discontinuity), the flow regime is less
collisional, and less momentum is transferred between the particles to cause the spreading.
Consequently, spreading is less, and its contribution to the overall runout is less important,

compared to the lubricating effect of bidispersity.

6.5.6 Size ratio between particles (A)

In experimental series E, where two granular materials with greater A are used, fines are
more effective at lubricating the avalanche at lower . At crs avalanches with higher
A achieve greater R, (fig. 6.15a). However, at greater \ values (>0.25) the R,,com is
lower in the experiments with higher A. This is the result of the smaller fine particles
losing more energy at the slope-break, suffering greater deceleration in phase 2 due to the
greater size ratio between the grains and the slope-break (Fan et al., 2016). Fine particles
in sufficient quantities (1p>0.25) can absorb the momentum of coarser particles making the
kinetic energy transfer in phase 2 less efficient. It is likely that finer particles in mixtures
with greater A are more efficient at limiting energy dissipation by reducing frictional
surfaces at the base or more effectively encouraging rolling. However, in higher quantities,
they inhibit mobility by acting as a sand-trap. Previous studies have proposed that the
mobility-enhancing effect of bidispersity is intensified with increased A (Roche et al., 2006;
Bartali et al., 2020; Hu et al., 2020). In the bidisperse experiments of Goujon et al. (2007)
avalanches with higher A resulted in more spread deposits with lower thickness compared
to equivalent single-size end-members. In the bidisperse experiments of Hu et al. (2020)
greatest R and deposit lengths are exhibited by experiments with greater A. The value
of Pcr is different in avalanches with different A in the current experiments. Duan et
al. (2022) propose the existence of a correlation between the size of the particles in the
avalanche and P cr. However, a more systematic study is required to determine this

relationship and the effect of A, as the results from the different studies are not consistent.

6.5.7 Scaling, granular flow regimes and kinetic sieving

Assessment of experimental scaling is essential in designing and evaluating the findings

of granular avalanche experiments regarding their geomorphological and mechanical
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relevance to the dynamics of VDA /RAs (Iverson, 2015). Other than geometric scaling
parameters, mentioned in the methodology, dynamic scaling parameters refer to the
ratio between forces within the body of a granular avalanche and describe the evolving
dynamics of the system (Iverson, 2015). Dynamic scaling parameters are crucial to ensure
the similarity in conditions between experiments and real events. However, this scaling
aspect of experimental design is very frequently overlooked (Iverson, 2015). Nonetheless,
since the perfect correspondence between physical experiments and real events is not
possible, some distorted scale effects are inevitably introduced (Heller, 2011). The potential
scale-dependence of the simulated conditions must be assessed and is thus discussed in

the subsequent sections.

6.5.7.1 Scaling of analogue experiments

At the scale of these experiments, rolling motion at the base of the avalanche generates
agitation and collisions between particles, leading to a collisional regime, as also described
by Hu et al. (2021). The flow regime was initially qualitatively assessed in the current
experiments through observation and the videos. The collisional and frictional regimes,
introduced by Drake (1990, 1991), describe a difference in the behaviour of propagating
granular avalanches. In a frictional regime, the majority of the propagation particles
are engaged in persistent frictional contacts, which are responsible for the majority of
momentum transfer. An avalanche under this regime is characterised by the majority of the
material propagating as a coherent plug over a basal agitated zone. Plug behaviour implies
material in a coherent state, lacking agitation and propagating experiencing insignificant
shear stresses. In contrast, in the collisional regime, the majority of momentum transfer is
due to frequent particle collisions in an agitated mass with a high granular temperature.
Different regimes and resultant granular behaviour (i.e. particle interaction frequency,
duration etc.) alter the energy dissipated by avalanches and their mobility (Cagnoli and

Piersanti, 2015).

The Savage number (Ns) is the ratio between particle collision stress and the load on the
bed due to the weight of particles and can be approximated as (Iverson, 1997; Iverson et

al., 2004):
u252

where u is the maximum speed (ms™!), § is the typical grain diameter (m), g is the
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gravitational acceleration (ms—2) and T is the avalanche thickness. The typical grain
diameter is characterised as the mean particle diameter Dy3 (Gu et al., 2016; Breard et al.,

2020), calculated as the volume average mean diameter:

where ng is the mass fraction of a particle class q with diameter d4. The Ngq is a non-
dimensional characterisation of the flow regime, differentiating between the frictional and
collisional regime by quantifying the relative importance of inertial stresses over the total
stresses in steady, gravity-driven flows with free upper surfaces (Savage, 1984; Hsu et al.,
2014). When the N is larger than 0.1, the regime is collisional with significant collisional
stresses (Iverson and Vallance, 2001; Hsu et al., 2014; Iverson, 2015). Greater Ng, values
imply increasing particle collisions. Conversely, when N is smaller than 0.1, the regime
is frictional and friction-dominated (Savage and Hutter, 1989; Iverson and Vallance, 2001).

The N5, quantifies this ratio independent of the scale of the avalanche (Iverson, 1997).

Two important factors for the Ns are the typical grain diameter 0 and avalanche thickness
T (equation 6.4). The flume tests of Cagnoli and Romano (2012) and Cagnoli and Piersanti
(2015) suggest that changes in the mobility of small-scale granular avalanches triggered
by grain size and volume changes are, in fact, due to the resultant variation of granular
agitation and the Ns. The agitation and nature of particle interactions is a principal factor
for energy dissipation and should be considered when interpreting such avalanches (Li et
al., 2021). Indeed, avalanches in this study with different \{ (table 6.4) have variable 6 and
T, according to the proportion of each particle size species. For experimental series A, the
Nsq was calculated for their propagation on the horizontal plane after the slope-break.
For the majority of the experiments, the Ns is above 0.1 (fig. 6.17a), confirming that the
material propagated under a collisional regime which is not representative of VDA /RAs
(table 6.4). For experimental series A, only experiments with 1>0.80 result in Ns, values

in the frictional regime (fig. 6.17a).

The T component of the Ns, equation is directly correlated to the number of particles
in an avalanche (assuming equal 8). The system-to-grain size ratio proposed by Cabrera
and Estrada (2021) is essentially a proxy for the number of particles in a granular system.

The system-to-grain size ratio is here defined as the ratio of the volume occupied in the
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Table 6.4: Experimental series A — Savage number, system-to-grain size ratio and informa-
tion required for their calculation.

Characteristic diameter (8) Flow thickness (T) | System-to-grain size ratio

0.00 1.3E-02 1.7E-02 6.0E-02 1.1E+04 7.7E-01
0.10 1.2E-02 1.6E-02 5.7E-02 1.4E+04 7.4E-01
0.15 1.1E-02 1.5E-02 5.4E-02 1.6E+04 7.8E-01
0.20 1.0E-02 1.5E-02 5.5E-02 1.9E+04 6.6E-01
0.25 9.8E-03 1.5E-02 5.1E-02 2.2E+04 7.4E-01
0.30 9.2E-03 1.4E-02 5.5E-02 2.6E+04 5.2E-01
0.35 8.6E-03 1.3E-02 5.1E-02 2.9E+04 5.7E-01
0.40 8.0E-03 1.2E-02 4.8E-02 3.2E+04 5.8E-01
0.50 6.8E-03 1.1E-02 4.5E-02 5.0E+04 5.1E-01
0.60 5.6E-03 1.2E-02 5.1E-02 1.0E+05 2.4E-01
0.70 4.4E-03 1.4E-02 5.1E-02 2.4E+05 1.5E-01
0.80 3.2E-03 1.4E-02 6.3E-02 6.4E+05 4.1E-02
0.90 2.0E-03 1.3E-02 6.5E-02 2.5E+06 1.5E-02
1.00 7.5E-04 1.3E-02 3.0E-02 4.5E+07 2.1E-02
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Figure 6.17: Scaling evaluation of experimental series A Ns, as a function of \p. B Nsq
as a function of the system-to-grain size ratio. C R;, as a function of Ns4. A Rncom asa
function of Ngg.

mass by a single particle of mean diameter when assuming spherical particles arranged in

simple cubic packing to the total volume of material:

system — to — grain size ratio = (6.6)

5\3
42 (3)
The system-to-grain size ratio of the presented experiments is similar to the experiments
previously mentioned (table 6.3). Li et al. (2021) support that larger grain sizes/smaller
volumes (i.e., smaller system-to-grain size ratio) increase collisions, the granular tem-
perature and the Ns,. The findings of this study also support a negative correlation

between the system-to-grain size ratio and the N5 in experimental series A (fig. 6.17b).
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Li et al. (2021) find that increasing the volume and decreasing 6 have the same effect
since they both affect the system-to-grain size ratio. The findings of Cabrera and Estrada
(2021) support that with sufficiently large system-to-grain-size ratios (expected in natural
avalanches) the mobility and shear strength of granular column collapses is independent
of grain-size distribution variations. As granular systems become larger, grain size effects
weaken (Cabrera and Estrada, 2021). Consequently, small system behaviour can be biased
by small system-to-grain size ratios and flow height, resulting in high Ns, values and
energy exchange dominated by collisions. Such conditions are unrepresentative of natural
processes (Cabrera and Estrada, 2021; Li et al., 2021). With small numbers of particles,
agitation is greater per unit of flow mass since agitation is able to propagate up from the
base and agitate a higher proportion of the avalanche (Cagnoli and Romano, 2010, 2012).
Li et al. (2021) observe that a reduction of & or increase in volume leads to localisation and
magnification of shear stress at the base of the avalanche, leaving the overriding material
to travel as a plug with no agitation. This is also observed in numerical simulations of
granular avalanches (e.g. Walton, 1993; Silbert et al., 2001). The Nsq of the plug is zero,

resulting in extremely low overall Ns, values for such avalanches (Li et al., 2021).

Small system-to-grain size ratios can lead to behaviours unrepresentative of large-scale
events due to the small number of particles involved in the experimental systems (grain
size effect), rather than the grain-size composition and distribution (Cabrera and Estrada,
2019, 2021; Li et al., 2021). The increase in the Ry, and Rcom observed in avalanches from
this study exhibit a correlation with the N, (fig. 6.17c, d). The correlation suggests that
the difference might be correlated to the alteration of the Ns, and the collisional regime,

instead of 1\ being the exclusive factor.

Therefore, to achieve geomorphological and mechanical relevance experiments of
VDA /RAs require scales which are large enough (number of particles/avalanche thick-
ness) to permit a frictional regime behaviour (Iverson, 2015). High Ns, values and the
observation of collisional behaviour is very frequent in the reporting of lab-scale granular
avalanche experiments. Li et al. (2021) calculate and report that Ns, values of their
experiments reflect a frictional regime for the majority of their experimental conditions.
However, in the experiments of Cagnoli and Romano (2012), N is reported to have been
larger than the threshold of 0.1. Lai et al. (2017), Bartali et al. (2020) and Duan et al. (2022)

report their qualitative observation of collisional behaviour without further examining or
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commenting on the implications of this behaviour to the comparison with natural events.

The estimated Ns, values of natural VDA /RAs are typically much lower than 0.1 (data
collected and presented in Appendix Table table 6.2 of Li et al. 2021). The granular
temperature in VDA /RAs is much lower than hypothesised in the past. A uniform
collisional regime does not occur in natural events and thus values of shear stresses
are affected by the experimental scale, producing processes dissimilar to small-scale
avalanches (Iverson et al, 2004). When N5, is high, grain collision stresses have a higher
importance in the flow of the avalanche (Savage and Hutter, 1989). As highlighted by Duan
et al. (2022), in a collisional regime the energy-transferring collisions and the expansion
of the mass are enhanced. Therefore, the current experiments, as well as a large part
of lab-scale granular avalanche experiments, occur in the collisional regime with shear
stresses being principally generated by particle collisions rather than frictional contacts.
As explained above, VDA /RAs are unlikely to adopt a collisional regime. Therefore, the

flow regime, dynamics and shear stresses observed are scale-dependent.

6.5.7.2 Granular avalanche propagation processes comparison at different scales

As observed in the current experiments, in small free-surface avalanches composed of
binary mixtures the finer particles percolate to the bottom through the coarse particles
to generate size segregation. Increased mobility requires fine particles at the base of the
flow, between coarse particles and the substrate. The segregation process is essential
to permit bidispersity to enhance mobility. Dispersive pressure has been proposed as a
mechanism potentially enabling size segregation in natural granular avalanches (Bagnold,
1954; Cruden and Hungr, 1986). However, this would require a density difference between
different sizes which is not consistent with natural material (Legros, 2002). In the current
experiments, the process that generates the segregation is kinetic sieving. This is the
process where the granular mass dilates during the agitated motion with voids opening
between the coarse particles for the finer ones to percolate through to the base due to
gravity (Savage and Lun, 1988). Hu et al. (2021) propose that this process takes place
throughout the body of a granular avalanche, leading to inverse grading with smaller
particles located nearer to the base. They argue that similarly to bidisperse mixtures in
lab experiments, kinetic sieving allows fine particles to migrate to the base and lubricate

VDA /RAs. This is based on the idea, that was prevalent in the past, where VDA /RAs were
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envisaged as rapid granular flows with their dynamics dominated by chaotic and energetic
particle collisions (e.g. De Blasio, 2011). Accordingly, some researchers have suggested
that VDA /RAs are efficient at sorting particles by size due to kinetic sieving (e.g. Savage
and Lun 1988). This would lead to inverse grading observed across deposits (Middleton,
1976; Cruden and Hungr, 1986; Hungr and Evans, 2004; Dufresne, 2009). Although some
studies do report grading at the deposit scale (e.g. Hewitt, 1998; Crosta et al., 2007), others
observe the lack of it (e.g. Shreve, 1966; McSaveney, 1978; Schiliro et al., 2019). More recent
work supports that grading is a bias introduced by the presence of a coarse carapace at
the top of RA deposits and does not persist lower in their body (Dunning, 2006; Dunning
and Armitage, 2011; Dufresne and Dunning, 2017). In contrast to the experiments, in
natural VDA /RAs, the entirety of a granular mass is not as well-mixed or homogeneous.
Grading is not generally observed in deposits and it is no longer believed that flows are
dominated by chaotic particle collisions and high granular temperatures (e.g. Dunning,

2006; dufresne et al., 2016a; Paguican et al., 2021; Chapter 3, 4 and 5 of this thesis).

Schiliro et al. (2019) propose the existence of dimensional limits for kinetic sieving. They
propose a threshold in flow velocity and particle number/flow thickness over which
agitation at the base and body of the flow are not attainable. Above the critical thickness
value and below a critical velocity a flow develops an agitated basal layer with the areas
above travelling as a plug (frictional regime). Agitation throughout the material is essential
for kinetic sieving, and in the lack of it, segregation is not possible. The hypothesis of
bidispersity increasing mobility by acting to increase rotation and decreasing frictional
areas at the base necessitates inverse grading. However, the low threshold velocity and
high particle numbers required to allow the agitation and segregation are unrealistic
and very far from the values for the velocities and the thickness at the scale of natural
VDA /RAs as explained by Schiliro et al (2019). Therefore, sedimentological observations
are in agreement with the lack of grading observed and offer support for the existence of
the dimensional limit for agitation and kinetic sieving. This is an important observation in
light of the presented experiments. Bidispersity is observed in the grain-size distribution
of VDA /RAs, however, kinetic sieving is not capable of imposing segregation, which
as the experiments suggest is vital for enhancing mobility. Additionally, an agitated
basal layer composed of the fine particles would not be capable of supporting a rocky
slab plug at the scale of VDA /RAs for realistic values of the coefficient of restitution

and propagation angles of real events according to the force balance calculations of De
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Blasio and Elverhei (2008). This bidispersity mechanism can therefore be excluded as a

friction-reducing mechanism at the scale of VDA /RAs.

Nonetheless, basal agitation and grading have been reported by authors in other granular
flows including debris flows (Iverson, 2005; Conway et al., 2010), lahars (Major and Voight,
1986; Scott, 1988; Vallance, 2000; Saucedo et al., 2008), wet snow avalanches (Bartelt
and McArdell, 2009), rockslides (Bertran, 2003) and pyroclastic flows (Calder et al., 2000;
Iverson and Vallance, 2001). It is more likely that the enhanced mobility due to bidispersity
is more applicable to these other specific types of geophysical events such as smaller-scale
landslides and block-and-ash pyroclastic flows rather than VDA /RAs (Phillips et al., 2006;
Schiliro et al., 2019).

6.5.7.3 Implications for volcanic debris/rock avalanches

Small-scale experiments are not capable of reproducing some of the processes enabled at
the scale of natural geophysical flows (Iverson et al., 2004). Naturally, laboratory experi-
ments cannot simulate fragmentation processes due to the low energies in the system as
an example (Bowman et al., 2012; De Blasio and Crosta, 2014). Nonetheless, the numerical
modelling of Rait and Bowman (2016) supports that kinetic energy contributed to the
flow through dynamic fragmentation is likely to be quickly dissipated and unlikely to be
solely responsible for the enhanced mobility exhibited by geophysical flows. Likewise, the
seismicity of the event cannot be simulated (Davies and McSaveney, 1999). Even so, if fluid
effects are negligible, major features of VDA /RAs can still be reproduced by analogue
experiments with appropriate scaling since their dynamics are principally controlled by
the internal and basal friction coefficients and the interaction of the avalanche with its path
(Davies and McSaveney, 1999; Iverson and Denlinger, 2001; Iverson et al., 2004; Yang et
al., 2011; Dufresne, 2012). However, scepticism regarding the effectiveness of small-scale
experiments centres around their being too brief, idealised and restricted by initial condi-
tions and artificial boundaries to represent the vast complexities of natural geophysical
processes (e.g. Baker, 1996). Iverson (2015) caution that the geomorphological relevance of
small-scale granular flow experiments carried out in the past decades (e.g. Iverson et al.,
2004; Pudasaini and Hutter, 2007; Mangeney et al., 2010) should be critically evaluated, in
terms of scaling and interpretation of the experimental processes in comparison to natural

processes, before being extended to direct comparison with natural phenomena. Direct
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comparison can lead to long-established misperceptions in landslide science (Iverson,

2015).

To highlight the distorted scale effects, the “Scheidegger’ plot (H/R plotted against vol-
ume) of all the experimental avalanches is compared to a VDA /RA inventory (fig. 6.18)
(Hirlimann and Ledesma, 2003; van Wyk de Vries and Delcamp, 2015). The relationship
between the H/R and volume can be reasonably described by a power law (Scheidegger,
1973). Regression illustrates a relationship; albeit with wide dispersion increasing the
degree of uncertainty (0.36< R? <0.63, Shea and van Wyk de Vries 2008). Data dispersion,
partially mitigated by the log scale, constitutes the comparison of such trends inherently
problematic. Nonetheless, the findings from the current experiments plotted in the same
area in fig. 6.18 suggest that the avalanches do not follow the same relationship. They
produce H/R values equivalent to some events, but with considerably smaller volumes,

suggesting that the processes involved are scale-dependent and non-equivalent.
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Figure 6.18: Apparent coefficient of friction (H/R) versus volume for volcanic debris
avalanches, rock avalanches and extraterrestrial rock avalanches (modified from van Wyk
de Vries and Delcamp (2015) and Hiirlimann and Ledesma (2003) in comparison to the
experimental avalanches of the current study.

The findings of this study suggest that the presence of collisional regime and kinetic
sieving in the experiments are fundamental to create the necessary conditions for the
hypothesis that bidispersity can lead to higher runout by facilitating the creation of an
agitated basal layer of fine material supporting an overriding plug of inertial material.

However, the collisional regime and the kinetic sieving are not observed in VDA /RAs
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since deposits are not graded (see section 5.4 as an example) making this hypothesis not
plausible for real events. This highlights that analogue experiments have the potential
to contribute to the understanding of natural granular avalanches for example allowing
the identification of processes that are scale dependent. However, caution and a rigorous
approach are crucial in their design and the interpretation of their results (Iverson, 2015).
Geomorphological and mechanical relevance should not be assumed on the basis of super-
ficial or morphometric similarity, as it does not necessarily imply similarity in processes as
exemplified here (Iverson, 2015). Dynamic scaling analysis must become a standard proce-
dure in designing and interpreting analogue granular avalanche experiments to ensure

the effectiveness of the experiments in examining the desired processes and dynamics.

The hypothesis of a basal low friction zone, with a bidisperse grain-size distribution
supporting the weight of a plug above it, is also disputed by the observation of shear
zones throughout the body of VDA /RA deposits at various depths (e.g. Roverato et al.,
2015; Dufresne et al., 2016a; Dufresne and Dunning, 2017; Wang et al., 2019; Hughes et
al., 2020; Chapter 4 of this thesis). The shear zones confirm that shear is not exclusively
accommodated at the base (Dufresne and Dunning, 2017). Such shear zones are also
characterised by bidisperse distributions according to the observations of Dufresne and
Dunning (2017). Therefore, their bidisperse grain-size distribution could potentially
constitute a more efficient network for the accommodation of shear stress. According to
the multislide plug flow model (Roverato et al., 2015; Paguican et al., 2021), shear zones
with bidisperse grain sizes can efficiently accommodate shear within the body of the
avalanche. Indeed, frictionites have been reported within shear zones in the body of the
deposit at Kofels rockslide supporting that they represent areas of shear concentration
(Dufresne and Dunning, 2017). Therefore, it is plausible that at the scale of VDA /RAs
with large volumes, the multi-slide plug flow could potentially accommodate multiple
levels of plugs supported above shear zones. In this case, agitation and a segregation
mechanism are not required as bidispersity can be generated in situ. These shear zones
are similar to the distributed stress fluidisation model presented in Chapter 5 - section
5.5.4, however they are more stable and continuously active during the propagation. Both
these models are compatible with the shear zone observations. Experimental findings
suggest that bidisperse distributions are generated with increased shear or confining
pressures (Iverson et al., 1996; Caballero et al., 2014) either by fine particles generated

through shearing or the preservation of larger survivor clasts through the preferential
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comminution of smaller particles around them (Dufresne and Dunning, 2017; Chapter
3 of this thesis). Shear zones potentially focus shear stresses and act as corridors that
localise shear accommodation around more coherent domains that are less exposed to
shear and thus lacking agitation dissipate less energy in particle interactions (Crosta et al.,
2007; Roverato et al., 2015; Li et al., 2021; Paguican et al., 2021). Therefore, only a small
proportion of the propagating mass is engaged in high energy dissipation motion (Li et
al., 2021). The analogue experiments of Li et al. (2021) and numerical simulations of Lai et
al. (2017) support the assumption that the material above such areas of shear localisation
can be transported as a plug accommodating lower shear. If the bidisperse grain-size
distribution can inhibit frictional energy losses, more energy would be available for kinetic
energy and the propagation of the mass, effectively reducing the apparent friction angle.
Most importantly, this theory is consistent with the geomorphic and sedimentological
features of deposits. The network of shear zones required for the multislide plug flow
model is also a feature observed in the field (Roverato et al., 2015; Paguican et al., 2021).
The suggested bidispersity of the shear zones is identified in the field (Dufresne and
Dunning, 2017); while areas of preserved stratigraphy between the shear zones are a
diagnostic feature of VDA /RA deposits (Shreve, 1968; Siebert, 1984; Glicken, 1996; Voight
et al., 2002; Dufresne et al., 2021b; Chapter 4 of this thesis). However, the experiments
presented here only examine the reduction of frictional losses and enhanced mobility
under specific conditions. The multiple plug flow hypothesis aided by bidisperse grain-

size distribution requires a more detailed and systematic evaluation.

6.6 Conclusions

Analogue granular flow experiments were carried out in a scaled setup to investigate
the effects of bidispersity on granular avalanche propagation processes and dynamics.

Analysis of the findings leads to the following conclusions:

* Bidispersity has the potential to affect energy dissipation in granular avalanches
and increase their runout, at the scale and under the considered experimental
conditions. It was found that low 1 values between 1{=0.05 and {=0.15 (depending
on experimental conditions) are most efficient at enhancing mobility. Mobility refers
to the frontal runout and the propagation of the centre of mass. At higher 1\ values,

up to P=0.80, the mobility is still greater than 1=0.00. The mobility is more sensitive
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to 1» when not all pore spaces in the mass are filled by fine particles.

The effect of bidispersity is altered according to the inclination of the slope before
the horizontal depositional surface. However, it is not affected by the volume of
the material. Spreading is also affected by the inclination of the slope before the
horizontal depositional surface and the angle of the slope-break. Increases in runout
with increased volumes are the result of enhanced spreading. Runout is affected by

both the displacement of the centre of mass as well as the spreading of the mass.

A slope-break generates disorganisation of the mass, loss of momentum, and in-
crease of collisions that transfer momentum from the back of the avalanche to the
front. Greater slope angles generate a more effective slope-break that causes more
disorganisation and therefore encourages momentum transfer and spreading in the

mass.

At low 1, increased A is more effective at increasing mobility, resulting in longer
runouts. However, the finer particles lose more energy at the slope-break due to the
greater size ratio between them and the path irregularity. When present at higher
quantities their earlier deposition acts as a sand-trap for the coarser particles and

reduces runout.

The increase in mobility due to bidispersity is the effect of fines at the base of the flow,
between coarse particles and the propagation surface, limiting frictional surfaces
and encouraging rolling. Due to the observation of this process in small-scale
experiments, several studies have proposed this as a mechanism for the enhanced
mobility of VDA /RAs. Examination of the runout-enhancing mechanisms in this
study suggests that this process requires size segregation by kinetic sieving. The
occurrence of this process in small-scale experiments is scale-dependent and does not
occur at the scale of natural VDA /RAs. This is evident by the lack of grading in their
deposits. Therefore, bidispersity is unlikely to enhance the mobility of VDA /RAs by
providing a more efficient shearing arrangement at their base. This effect is caused
by scale-dependent processes due to the collisional regime of small-scale avalanches

in the lab, which is different from the largely frictional regime of VDA /RAs.

This study highlights that dynamic scaling analysis must become a standard pro-
cedure in designing and interpreting analogue granular avalanche experiments to

ensure the effectiveness of the experiments in examining the desired processes and
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dynamics in studies with the aim of constraining the mechanisms behind the long

runout of VDA /RAs and assess the hazard they pose.

6.7 List of abbreviations

Abbreviation Definition
R horizontal runout of the front of the avalanche from the front

of the material pre-release

Rhcom propagation of the centre of mass on the horizontal plane
Rcom horizontal propagation distance of the centre of mass
R¢ frontal runout on the horizontal plane
Rn normalised frontal runout on the horizontal plane
Rncom normalised propagation of the centre of mass on the horizontal
plane
P proportion of fine particles
VR critical proportion of fine particles for maximum frontal runout
VcReom critical proportion of fines for maximum propagation of the

centre of mass

\%: frontal velocity
H maximum fall height
Hcom vertical difference between the location of the centre of mass in

the box and in the final deposit

\% volume
h* —y1/3
Sn total spreading
S¢ frontal spreading
deposit length
A size ratio between coarse and fine particles
Vo frontal velocity at the slope-break
VMIN minimum frontal velocity in phase 2
VMAX maximum frontal velocity in phase 2
Nsa Savage number
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Abbreviation Definition
5 typical grain diameter (m)
g gravitational acceleration (ms—2)

avalanche thickness
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Chapter 7

Conclusion

Volcanic debris avalanches (VDAs) are large mass movements entraining large volumes of
material and attaining long runouts. The hazard they pose to communities proximal to
volcanoes requires a better understanding of their propagation processes. Theoretical and
numerical models are currently unable to account for their runout while being consistent
with field observations of the deposits of all events. The mechanisms enabling long runouts
remain controversial and unresolved, demanding an evaluation of theoretical models
in comparison to real events and their deposits. This thesis examines the factors that
enable VDA long runouts, linking field observations with the findings of experimental
and numerical studies and theories to provide a more robust understanding of their

dynamics. The main methods and results of the thesis are summarised in fig. 7.1a.

More specifically, the first objective towards this aim, addressed in Chapter 3, was to assess
the role of water as a factor for long runouts. A sedimentological comparison of VDAs and
lahars, using data compiled from previous studies published in the literature or provided
by the authors of the original studies, evaluates water as a potential fluidising medium.
A systematic comparison was carried out using statistical descriptor metrics for the two
mass flow types. The differences in the original material involved in each, and their
evolution during propagation, are explored. Previous studies have carried out statistical
analysis to characterise individual deposits, and the sedimentological differences between
the two mass flows have been addressed. However, this is the first systematic comparison
study including multiple events with the aim of assessing the potential role of water in
the propagation dynamics of VDAs, by evaluating the propagation mechanisms of both
VDAs and lahars.
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Subsequently, the influence of lithological properties on the propagation mechanism and
stress distribution in VDAs is explored. The method of examining the internal structure
and sedimentology of VDA /RA deposits to obtain information regarding their propaga-
tion dynamics and stress accommodation is an established technique and a valuable tool
which has been applied to individual deposits and has contributed to the understanding
of these events. However, Chapters 4 and 5 examine lithological properties as a factor
for VDA dynamics of two specific deposits with distinct lithologies, providing evidence
which allows the generation of conceptual models for their propagation (fig. 7.1b). Their
comparison has provided new evidence for lithological properties as a factor for the
propagation dynamics and stress distribution in mass flows. The Abona VDA deposit
(VDAD) offers field evidence for distributed stress fluidisation, while a new mode of
propagation and stress accommodation is described for the fault-accommodated spread-
ing of the Tenteniguada VDA. The induration of the deposits has hindered the study of
VDA /rock avalanche (RA) sedimentology in the past. A photogrammetry sampling anal-
ysis technique is proposed in Chapter 5, which allows the examination of such indurated

deposits.

Finally, bidispersity is evaluated as a factor for long runouts through granular flow
experiments, and their scaling is evaluated. Through these experiments, the potential
of analogue lab experiments as a method for the study of VDAs is also examined in
Chapter 6. Lab-scale granular flow experiments are often used for the examination of
VDA /RA dynamics. However, the scaling of the forces (dynamic scaling) involved in
these events is often overlooked and not addressed in the design or interpretation of
these experiments. The dynamic scaling requirements for analogue granular avalanche
experiments are evaluated here. The criteria for the dynamic scaling are outlined here
so that it is possible to assess experimental granular flow conditions in comparison to

geophysical processes in the field.

The findings are summarised below, corresponding to the outlined objectives :

1. The systematic comparison presented here allows the evaluation of water as a factor
in mass flow propagation. The findings support that a decrease in the median
grain size of lahars is the result of debulking and progressive deposition of the

coarsest particles enabled by the role of water as a transporting medium. In contrast,
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particle to particle interactions are the principal momentum exchange mechanism
in VDAs. During such particle interactions, fracturing favours the comminution of
finer particles due to a lower energy requirement. This drives an evolution towards
a bidisperse grain-size distribution. This bidispersity is linked to, and further
evaluated as a potential mobility-enhancing property in Chapter 6. The findings
suggest that VDAs can be considered dense granular masses where the effects of
inertial interactions of solid fragments are more important than fluid effects. Even
though it is well established that VDAs are clearly differentiated in their dynamics
from saturated flows, the potential role of small quantities of water evaluated here is
important for subsequent work and to better understand the dynamics of these flows.
The evaluation of the fluidising medium suggests that such a mechanism is not likely
to be an important factor in VDA propagation. Therefore, in the subsequent chapters,
VDAs are considered as idealised granular flows where grain interactions are the
principal process responsible for energy dissipation, with negligible fluid effects (fig.

7.1).

. The study of two VDADs with different lithological characteristics examines VDA
dynamics, kinematics and stress distribution and how they reflect in VDADs. The
tield studies presented in Chapters 4 and 5 allowed the evaluation of the lithological
properties of the material involved in VDAs as a factor for their dynamics and prop-
agation processes. The Tenteniguada VDAD is principally composed of competent
lava lithologies. Disaggregation is low, with widespread preservation of the original
structure, although displaced by brittle deformation. The Tenteniguada VDAD
has provided evidence for a new mode of propagation for undisaggregated mass
flows composed of competent material. This process is described in Chapter 4 and
referred to as brittle fault-accommodated spreading. In contrast, the majority of
Abona is composed of weak pyroclastic products. It exhibits high disaggregation
and fracturing, constituting the mass granular and enabling fluidised spreading with
distributed shear. Both propagation mechanisms are illustrated and summarised
in fig. 7.1 b. The study of the Abona VDAD provides field evidence for mass flow
propagation under distributed stress in ephemeral, rearranging shear networks,
which had previously only been proposed theoretically. The material properties
of the two VDAs constitute them end-members that highlight the importance of

lithological properties in VDA dynamics. They propagated with distinct rheology
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and dynamics and produced different deposits, owing to material properties. The
conceptual models of their propagation suggest that VDA mobility does not require
auxiliary friction-reducing mechanisms. It is suggested that purely gravity-driven
avalanches can evolve into flows due to increasing momentum and kinetic energy
from their initial potential energy. However, other mechanisms can also enable long
runouts, as exemplified by the runout of the Tenteniguada VDA, which achieved a
long runout without evolving into a flow. These findings demonstrate the potential
of field studies for providing evidence for mass flow kinematics and stress accom-
modation through the examination of the sedimentology and internal structure of
their deposits. The findings support that lithological properties are a factor for VDA
dynamics and propagation processes which is reflected in their internal structure

and sedimentology.

. A methodology is proposed in Chapter 5 for the clast-size analysis of VDADs and
other indurated deposits. This methodology proposes a novel combination of exist-
ing techniques and sample strategies. By utilising structure-from-motion photogram-
metry at the outcrop scale, the coarsest particles with diameters on the scale of >1
m are included in the sample. Photogrammetry merges information from multiple
photographs generating large-area samples at a high resolution. Grain-size analysis
on samples of this scale is a novel proposal addressing the under-representation
of the coarse component of the grain-size distribution in VDA /RA deposit sedi-
mentological analysis, a known weakness of conventional sieving methodologies.
Previous photographic techniques utilise single photographs, which cannot include
large areas while preserving a high-resolution representation of all particles. To
cover the finer component of the grain-size distribution, smaller sample windows
were sampled at a greater resolution in the proposed methodology, allowing better
representation of up to sub-millimetre particles. To achieve statistical validity despite
the heterogeneity of VDADs, smaller sample windows are carried out in multiple
locations in the same outcrop where necessary. Combining these two scales is also a
novel component of the methodology proposed here. Although photographic grain-
size analysis is indeed an established technique, it has previously been applied at
specific scales separately, e.g. at the thin section scale or at the fluvial gravel deposit
scale. Additionally, statistical error and uncertainty margin calculation are included

in this technique. This tool has allowed the study of the Abona VDA, which would
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not have been possible with conventional sieving methodologies, and therefore,
offers the potential of broadening the number of events that can be studied. This
could increase the capacity for collecting field evidence and to further understand

VDA /RAs and the hazards these complex and hazardous phenomena pose.

4. In Chapter 6, a series of analogue granular avalanche experiments explore the
potential of bimodality as a factor for the long runout of VDA /RAs. The bidispersity
observed in VDAD/RA deposits has been proposed as a potential factor for the long
runout of these mass flows and supported with small-scale analogue experiments in
previous studies. The process responsible for the long runouts in lab experiments is
described as the percolation of fine particles to the base of the avalanche, through
kinetic sieving, where they reduce frictional contact areas between the avalanche
and the substrate, while also encouraging rolling (over frictional sliding) which is a
more energy efficient mode of propagation. This is a process that has been described
in previous work. Nonetheless, the flow regime and dynamics required to enable
these processes (i.e. kinetic sieving, agitated flow regime) and their applicability in
the scale of VDA /RAs are here specifically addressed. The findings suggest that the
processes generating increased runout in small-scale avalanches are scale-dependent
and not representative of VDA /RAs granular behaviour and propagation dynamics.
Therefore, bidispersity is unlikely to enhance the mobility of VDA /RAs employing

the same mechanisms of basal lubrication that are enabled at the lab scale.

5. The examination of Chapter 6 proposes geometric and dynamic scaling requirements
for designing and interpreting analogue granular avalanche experiments to ensure
the effectiveness of the experiments in examining the desired processes and dynam-
ics. Although vital for the effectiveness of analogue experiments, dynamic scaling
is often overlooked in experimental studies. In fact, it was not directly assessed in
many of the studies proposing bimodality as a runout-enhancing factor. The scaling
assessment guidelines given here represent an important contribution to studies of
analogue granular flows as they provide an assessment framework for the scaling of
analogue experiments relative to field dynamics and processes and will constitute a

reference for future granular flow studies examining mass flow dynamics.

In summary, this work provides constraints for the development of theoretical, numerical

and analogue models through the description of VDA dynamics as they are reflected in
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their internal structure and sedimentology and from analogue granular flow experiments.
The findings provide valuable observations for future theoretical and numerical models
to be evaluated against and calibrated with. In conclusion, this thesis brings several
important contributions to the field. It reviews and compares data from the literature, field
and laboratory studies, it critically analyses limitations and constraints of currently used
methods to study VDAs and RAs and develops innovative methods and frameworks for
the analysis of field and laboratory data that address and overcome those limitations. This
allows the acquisition of new and reliable data that could set the ground for a renewed

and in-depth understanding of these complex hazardous phenomena.
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Chapter 8

Outlook for future work

Understanding the dynamics of volcanic debris avalanches (VDAs) is fundamental for the
assessment of the hazard they pose to communities close to volcanoes. The same applies
to rock avalanches (RAs) in tectonically active mountainous regions. This work of this
thesis illustrates the effectiveness of coupling field examinations and physical experiments
in understanding such dynamics and highlights the importance of numerical modelling
in the future advancement of our understanding of the physical processes involved and
hazard assessment capabilities. Based on the findings of this thesis dry granular avalanche
dynamics have to be studied with consideration for the particular properties of VDAs
such as their large volume, material heterogeneity internally, but also between different
events, and the properties of the material such as the weakness of pyroclastic products
and hydrothermally altered material within a collapsed flank. Deposit interpretations
regarding the dynamics, kinematics and stress distribution during propagation need to
guide, constrain, and validate numerical and analogue modelling and the development of

conceptual models and theories for the dynamics of VDAs/RAs.

Numerical simulations are a potent tool for understanding the mechanisms and dynamics
of VDA /RAs as well as assessing the hazard in areas at risk. Different models such as dis-
crete element method modelling, or continuum mechanics models can be most appropriate
depending on the application and process under study. However, none of the models
currently encompass the vast complexity of VDAs from their initiation to their deposition,
and only a few events have been modelled in detail with numerical methods (Procter et
al., 2021; Roverato and Dufresne, 2021). The majority of numerical modelling attempts

currently focus on understanding individual processes such as granular avalanche particle
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interactions models (e.g. Okura et al., 2000; Linares-Guerrero et al., 2007; Cabrera and
Estrada, 2021; Hu et al., 2021), granular mass movement dynamics (e.g. Thompson et al.,
2009, 2010; Rait and Bowman, 2016; Lai et al., 2017) or avalanche-substrate interactions
(e.g. Crosta et al., 2009, 2017). Exploring individual processes and the factors affecting
them is a crucial prerequirement for the simulation of complex VDA /RA events. However,
the aim is to increase the overall complexity of numerical models by parameterising and
incorporating individual physical properties (Procter et al., 2021). The process examination
presented in this thesis contributes towards more comprehensive models in the future,

able to incorporate more aspects of VDADs for more holistic simulations.

Analogue experimental studies are also valuable for studying specific mechanisms and
calibrating numerical models of physical processes. For example, the granular temperature
attained by granular avalanches under different conditions, such as pressure from an
overlying mass, would be instrumental in understanding the behaviour of granular masses
at the scale of real events. However, as the findings of this research suggest, the evaluation
of experimental planning in terms of geometric and dynamic scaling is essential for the
correct interpretation of experimental findings in terms of their relation and applicability

to large-scale events.

Analogue and numerical models need to be informed, constrained and validated by field
observations and their interpretation, such as the vertical and longitudinal distribution of
sedimentological and structural features, and the dynamics that they imply. Therefore, it
is necessary that more events are studied to generate well-constrained lithological and
propagation properties. The methodology here proposed for the examination of indurated
deposits could be applied to more case studies in order to examine their distinct dynamics,
evaluate the factors that dictated them and improve the understanding of VDA/RA
propagation. This methodology would be even more effective if it is further developed
to include smaller particle sizes and cover the entire size distribution. With the current
limitations, the methodology cannot consider the clay content or processes that involve
particles smaller than sand. An addition of samples from thin sections (e.g. Bernard
and van Wyk de Vries 2017) or polished slabs (e.g. Ferraro et al., 2018) could allow the
analysis of smaller particles. However, the challenge, in this case, would be the statistical
validity of these samples as they would represent very small areas of deposits which is

very heterogeneous. Nonetheless, strategic sampling and a large sample number might
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reduce the uncertainties to acceptable levels.

A systematic comparison of the properties and the deposits of VDAs and RAs might also
allow new insight into material properties as a factor for the dynamics of large avalanches.
This is highlighted in the current thesis by the comparison of the lithologies involved in
the Tenteniguada and Abona VDAs and the divergence in their dynamics and distribution
of stress accommodation. Thus, differences in initial conditions and material properties
such as the amount of unconsolidated material, percentage of finer material, steepness
of volcanic terrain, water content and the presence of hydrothermally altered minerals
in volcanic environments have all been identified as potential factors contributing to
a potential divergence in mobility (Ui, 1983; Hayashi and Self, 1992; Hiirlimann et al.,
1999; Robinson et al., 2015). These factors should be systematically compared to assess
their weight as a factor for the behaviour of VDA /RAs. The Campo di Giove RA (Italy)
(Di Luzio et al., 2004; Fasani et al., 2011), for example, presents a valuable case study
opportunity which has not been taken yet. The RA is a Quaternary catastrophic rock
slope failure related to the intense uplift of the central Apennines (Di Luzio et al., 2004;
Fasani et al., 2011) emplacing an L-shaped deposit due to channelisation (Di Luzio et al.,
2004). Its evaluation would allow the assessment of the material and the behaviour of the
avalanche, as well as a better assessment of the hazard to communities in tectonically active
mountainous regions, such as the Himalayas today. Geotechnical characterisation (e.g. del
Potro and Hiirlimann, 2008) of material in different deposits evaluated in association with
their runout and dynamics might also be beneficial in examining the impact of material

properties, but also as a potential quantitative input in propagation models.

Ultimately, being able to add to the hazard assessment of potential volcanic sector collapses
with models with more constraints regarding the propagation mechanisms and runout
of VDAs would be an important contribution. Although the complexity of these events
makes the modelling of entire events challenging, providing accurate hazard assessment
scenarios is essential (Procter et al., 2021). For example, the potential for VDAs from the
flanks of Taranaki volcano (New Zealand) has been considered as it is a stratovolcano with
a history of VDAs (Zernack et al., 2012; Cronin et al., 2021; Mead et al., 2022). Being able to
assess the hazard of future events as accurately as possible would contribute in mitigating
potential economic and life losses in the region. A flank instability has been identified

also on the flanks of Pacaya volcano (Guatemala) (Gonzalez-Santana and Wauthier, 2021).
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Assessing the hazard from a potential sector collapse VDA could be more accurate if
the properties of the material were quantified, enabling the propagation mechanisms
they would initiate to be part of a propagation model and simulation. Similarly, in
tectonically active mountainous regions, such as the Himalayas better constrained models
of RA propagation would allow more effective hazard assessment. Targeted studies
with structure, material properties and potential propagation mechanisms and stress
accommodation taken into consideration to assess the potential runout and hazard is
currently not attainable, but further study of VDA /RAs with different approaches could

allow that in the future.
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Tenteniguada volcanic debris avalanche study

locations
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UTM coord.

Location (Zone 28) Distance from scarp (km) lllustrated in fig. Facies and description

1 449414N 35 -
3096967N ]

2 449647E 3.8 6 7a. d Block facies with preserved stratigraphic sequence, jigsaw-fractured
3096571N T components and intrablock matrix

3 450030E 4.2 9c Matrix-rich facies — mixed, heterolithic, poorly sorted
3096321N

4 450368E 4.5 Block facies with preserved stratigraphic sequence, jigsaw-fractured
3096272N 4 components and intrablock matrix

5 450775E 4.9 11a Disaggregated block facies with intrablock matrix. Sheared clasts.
3096174N

6 451571E 5.7 5 Matrix-rich facies with clastic dike injection in the block facies,
3096119N substrate-incorporated block

7 451726E 5.9 Block facies with preserved stratigraphic sequence, jigsaw-fractured
3096245N 2,10b, c, 11c, d components and intrablock matrix. Normal faults. Large-scale horst

and graben.

8 451919E 6.1 10a 11b Brittle normal faults in block facies
3096101N ’

9 452526E 6.7 7b Cataclased block facies
3096096N

10 453516E 7.7 Cataclased block facies
3096118N 7c

11 454076E 8.2 Matrix-rich facies — mixed, heterolithic, poorly sorted. Incompletely
3096909N 9a, b, 3e mixed calsts.




Appendix B

Clast-size analysis in indurated deposits

Extended methodology

Volcanic debris avalanche (VDA), and the non-volcanic equivalent rock avalanche (RA)
deposits are poorly sorted with heterogeneous grain-size distributions due to variability
in the source rock and heterogeneities in shear stress, fragmentation and comminution
distribution during propagation (Tost et al., 2014; Dufresne et al., 2021) depending on
factors such as local forces and lithology (Mehl and Schmincke, 1999; Roverato et al.,
2015; Dufresne and Dunning, 2017). Deposits commonly contain boulder-sized clasts
several meters in diameter as well as clay-sized particles in the matrix (e.g. Glicken, 1996;
Tost et al., 2014). VDA deposits (VDADs) are characterised by bimodal to polymodal
distributions (Bernard et al., 2017). In order to interpret the deposits, and the mechanisms
responsible for their propagation, field investigations need to generate outcrop maps
of the distribution of facies, textures, structures and internal sedimentology (Bernard
et al., 2017). In addition, for the quantitative examination of the clast-size distribution
sampling is required. Determining the clast-size distribution of any indurated sedimentary
deposits, as is the case in the Abona VDAD (Ab-VDAD), is a difficult challenge. In
fact, the consolidation of the matrix has been suggested to have prohibited the detailed
study of the sedimentology of VDA /RA deposits by Tost et al. (2014). To analyse the
clast-size distribution of the Ab-VDAD, measurements were carried out using manual
photographic grid counting methods on orthophotos generated using photogrammetry
with photographs taken in the field. The methodology, its limitation and uncertainties are

discussed below.
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Structure and facies mapping

Due to the sedimentological heterogeneity in the deposits, it was necessary that detailed
facies mapping preceded sedimentological sampling. At different outcrops the structure,
stratigraphy, lithology and other features were identified similar to the methodology
described by Roverato et al. (2015) and Bernard et al. (2017). Observations were made
at different scales regarding the internal architecture and sedimentology. This allows for
targeted sampling along the deposit in specific facies. Initially, the mapping allowed the
generation of a structural overview (Bernard and van Wyk de Vries, 2017), identifying
outcrops to be sampled to offer evidence on clast-size distribution differences as well as

their potential longitudinal evolution along the deposit.

Clast-size analysis

Methodology

The large range of clast sizes in VDA /RA deposits means that no single technique can
cover the whole range and combinations of techniques have to be used (Casagli et al., 2003;
Crosta et al., 2007; Zhang and McSaveney, 2017; Harvey et al., 2022). In cases of weakly
cohesive deposits, the disaggregation of material enables sieving and laser diffraction
to be employed for the finer spectrum of the size range. However, in indurated cases,
such as the Ab-VDAD, samples cannot be disaggregated successfully without producing
broken grains. Therefore, analysis by sieving or laser diffraction is not possible (Merico
et al., 2020). Clast-size distributions were measured with manual photographic grid
sampling exclusively for clasts in the matrix-rich facies at 7 locations to evaluate potential
longitudinal evolution and variability of clast sizes and proportion of matrix relative to
clasts. Measurements were made at two scales, where permitted by the size of the outcrop,

exposures to ensure representation of the coarsest and finest particles.

For VDADs, Glicken (1996) adopted a methodology that was developed for the exami-
nation of size distributions in thin sections and adapted it for use at the larger scale of 1
m? windows. The original methodology was proposed by Chayes (1956) for the mineral

composition of cross sections and is based on an area-volume relationship supporting that:
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the ratio of the area occupied by mineral A to the total measurement area is a consistent
estimate of the volume percentage of mineral A in the sample (Chayes, 1956, p. 13; Glicken,
1996). Therefore, the relative proportions of measured areas are equivalent to the propor-
tions of volumes for a unit without significant imbrication of ellipsoidal particles (Chayes,
1956). Imbrication of clasts in VDADs is extremely rare (Glicken, 1996). The described
photographic method produces frequency-by-area distributions which are different in
nature, but theoretically equivalent to the frequency-by-weight output of sieving analysis

(Kellerhals and Bray, 1971).

The method used was manual photographic clast-sampling from images of the deposit.
This requires sampling the clast-size distribution of an area from scaled photographs
or 3D models/orthophotos generated parallel to the surface of an outcrop, or part of it
(equivalent methodologies described and employed by Johnson, 1994; Ibbeken et al., 1998;
Blair and McPherson, 1999; Casagli et al., 2003; Attal and Lavé, 2006; Crosta et al., 2007;
Zhang et al., 2015; Ferraro et al., 2018; Harvey et al., 2022). Image-based clast-size analysis
methods are non-intrusive and provide a more efficient way to extract size distributions
of non-cohesive material (Detert and Weitbrecht, 2020) and an alternative in cases where
sieving is not an option. Additionally, the sieving method produces mass frequency data
which are grouped; instead of continuous, in contrast to photographic analysis (Buscombe,
2008). The sieving method also only considers the short or intermediate dimension of the
particles, whereas more parameters can be simultaneously measured during photographic
analysis (Merico et al., 2020). Manual photographic analysis has been used in the clast-size
analysis of VDAs/RAs mainly to incorporate the coarser components (e.g. Siebert et al.,
1989; Glicken, 1996; Blair and McPherson, 1999). Additionally, image-based clast-size
analysis has been performed for the whole spectrum range of clast sizes encountered in
deposits in diverse settings, even of Martian photographs (Detert and Weitbrecht, 2020)
and landslide deposits (e.g. Attal and Lavé, 2006).

The sample images were created using photogrammetry to include data from multiple
photographs. Where permitted by outcrop scale, photographs were taken at two scales,
the first covering the largest possible area (e.g. fig. B.1). These larger scale samples were
targeted at sampling the largest of the particles, and therefore cover a large area (<32
m?). The second scale was of a smaller sample window where smaller particles would be

better represented due to the smaller area represented in every pixel of photographs (fig.
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Figure B.1: Orthophoto generated from 3D model for the large scale of the outcrop at
locality 2. The 3D model was generated with 245 photographs taken in the field and covers
an area of 21 m2, with a resolution of 0.21 mm/ pixel.

B.2). These samples achieved resolutions <0.21 mm/pixel and allowed the measurement

of particles >0.28 mm (table B.1). Analysis of particles smaller than 0.28 mm was not

Table B.1: Grain size analysis results and properties of the samples used. The final column
(total area / largest clast) is a comparison of the area of the sample compared to the area
occupied in it by the largest clast.)

Loc./sample  Distance from Mean clast Median clast Matrix Resolution Min. clast Clast No. measured  total area / largest clast
source (km) size (mm) size (mm) proportion measured (mm) (clasts/total grid
(%) nodes)
10 11.5 162 39 52.4 0.154mm/pixel 0.41 489/1028 95
1 13 102 45 59.1 0.21mm/pixel 0.42 409/999 76
11 upper 15.67 46 19 54.7 0.14mm/pixel 0.28 371/819 92
11 lower 15.67 114 61.5 35.6 0.179mm/pixel 0.64 596/926 50
4 17.71 801 39 52.6 0.176mm/pixel 0.35 418/881 93
9 19.98 118 46 64.9 0.198mm/pixel 0.59 381/1085 462
12 21.46 71 23 50.8 0.14mm/pixel 0.28 466/947 34

possible due to the limitations associated with distinguishing particles in photographs.
The original photographs were taken with a DSLR camera at a resolution of 4000x6000
pixels. According to the photographic methodology proposed by Glicken (1996) where
necessary the area was cleaned and made as planar as possible, then sprayed with water
to enhance the contrast between textures. The locations of the sampling windows were
chosen at the interior of the deposit and the middle of each facies to avoid marginal mixing

and contamination (Dufresne and Dunning, 2017).

Each sample was generated using photogrammetry, in the commercially available software
Agisoft Phtoscan, to combine the information contained in all the photographs into an
orthophoto covering the whole area (fig. B.1 and B.2). The orthophotos were scaled using
known distances in the sample. However, Glicken (1996), as well as other researchers
(e.g. Crosta et al. 2007; Shugar and Clague 2011), have measured all the particles over
a threshold size in their samples to predict the area cover of a particular size range as

a proxy for the volume percentage (instead of grid-counting), in accordance with the
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Figure B.2: TOP: Orthophoto generated from 3D model for the large scale of sample
window at locality 4 (upper). The 3D model was generated with 262 photographs taken in
the field and covers an area of 7.5 m2, with a resolution of 0.14 mm/ pixel, allowing clasts
> 0.28 mm to be distinguished. BOTTOM: The grid has been applied to the orthophoto
and particles intersecting its nodes have been outlined for their geometrical parameters to
be calculated.

photo-sieving methodology proposed by Ibbeken and Schleyer (1986). In the methodology
here described this was impossible due to the large size of the samples. The clast-size
distribution was determined by grid-sampling individual clasts and calculating the area
occupied by each size range. In the environment of the image analysis software Image] the

desired grid can be generated and properties of the sampled particles can be automatically

calculated (Spychala et al., 2021) when the boundaries of the clasts that intersect the grid
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are manually drawn (Berends and Eggenhuisen, 2018). Only the particles intersected
by grid nodes were measured. Clasts not entirely included in the photographs were
not considered in the sampling, and VDA blocks included in the matrix-rich facies were
also excluded. The minimum Feret’s diameter, defined as the smallest possible distance
between two parallel tangents of an object, was used as the size measurement as it can
be considered equivalent to the property by which particles are classified when sieved.
However, the data produced are not frequency-by-number as in the case of Blair and
McPherson (1999) and Casagli et al. (2003). This is because particles intersected by more
than one nodes are counted as many times as they are intersected to account for their
higher area occupation in the surface area of the sample. This was done in order to produce
a sample strategy that produces frequency-by-area data. Where a node was located over
matrix, this was noted in the measurements to allow calculation of the percentage of matrix
relative to clasts following the methodology described by Blair (1987). Although particles
up to a size of >0.28 mm could generally be measured, for the purposes of this analysis
matrix was considered to be composed of all particles of sand size or finer (<2mm). This
is for consistency, as the sedimentological term of matrix is scale-dependent rather than
assigning a particular size (Vezzoli et al., 2017). Matrix could be composed of different
sizes on different occasions within the same deposit as it is defined as an assemblage of
smaller particles surrounding coarser particles (Bates et al., 1984). It is also a necessity
due to the limitations of the photographic clast-size analysis that has a lower limit. When
sampling was carried out on samples from two scales for the same location, results were
combined to get the clast-size analysis of the whole size range. The finer clasts were
measured in the smaller windows, and the proportion of the coarser clasts was added
from the bigger samples. Combining measurements from two samples to incorporate
different size ranges and then combining them is typical in clast-size analysis, even with
different methodologies (e.g. Casagli et al., 2003; Attal and Lavé, 2006). At the size ranges
where there was an overlap there was an approximate agreement between the proportions

of the particles and therefore merging the samples was relatively simple.

Sample size and uncertainty

Previous studies have recommended sample sizes for different methods based on coarse
fluvial deposits (e.g. Kellerhals and Bray, 1971; Graham et al., 2010; Eaton et al., 2019;

Purinton and Bookhagen, 2019). Older literature regarding clast-size analysis (mainly
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focused on fluvial gravel) often has empirical recommendations regarding the sample size
required (e.g. grid size greater than the largest particle to avoid duplicate measurements -
Stoltman 1989), but these methods do not assign a certain level of precision on the findings
(Bunte and Abt, 2001). One such recommendation is that the weight of the largest particle
should constitute less than <5% of the total weight of the sample (Church et al., 1987). Here,
the area equivalent was always fulfilled in terms of the area of the largest particle on the
sample. In other literature, it is recommended that the area of the sample is 100-200 times
greater than the largest particle in the sample to achieve error margins of <10% (Graham
et al., 2010; Storz-Peretz and Laronne, 2013; Eaton et al., 2019; Purinton and Bookhagen,
2019). This was not always achieved here due to the scale of the outcrop exposures (table
B.1). In some cases, clasts were so large that the sampling of the whole outcrop was not
enough to satisfy this guideline. However, the more quantitative guidelines described

below have ensured the reliability of the analysis.

According to the study of Bunte and Abt (2001), the following equations can determine
the desired sample size for a clast population for clast counting methodologies after an
initial pilot study has been carried out to determine the standard deviation and mean of
the population. It should be highlighted that this methodology was initially designed for
measuring the size of loose fluvial gravel. In the case that the measurements are made in

phi units the equation is:

L ( tx Sy )2
e%(bmxd)m

where n is the sample size, t is the student’s t (a statistical numerical value), S; is the
Inman sorting coefficient, ey, the tolerable percentage error around the mean (in phi),

and ¢, is the median of the population. If the measurements are in mm:

2
n= ( t X Sq: >
log (14 eypm) 21

ey,Dm is the tolerable percentage error around the mean (in phi) and Sg;s 4 is the sorting
expressed as the logarithmic geometric standard deviation. These equations assume that

the population represents a normal distribution. This was only true in phi units and not
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in mm, but both these equations are satisfied in the current study so that the sample size

is great enough to produce a <5% error around the mean with confidence of >95%.

Limitations

Photographic grain-size analysis implicates several limitations such as photo extent,
imbrication, overlap and inconsistency in the axis which is measured (Kellerhals and
Bray, 1971; Casagli et al., 2003; Attal and Lavé, 2006; Harvey et al., 2022). All these
limitations lead to the underestimation of the coarse component as explained by Harvey
et al. (2022). Because of the difficulty in sampling the coarsest of the particles with
photographic methods, there are large uncertainties related to their higher percentiles,
such as D95 and D99 (Harvey et al., 2022). For example, the methodology proposed by
Glicken (1996) uses a 1m? sample window, and therefore, underrepresents coarser clasts
(Siebert et al., 2004). This uncertainty can only be increased by increasing the sample size,
to include as much of the coarser grains as possible (Guerit et al., 2018; Eaton et al., 2019;
Purinton and Bookhagen, 2019; Harvey et al., 2022). However, increasing sample size
subsequently results in increased sampling time per site as well as reduced resolution of
the sample (Harvey et al., 2022). Generating orthophotos containing information from
a large number of photos of the sampled area allowed an increase of the sample size
without degradation of the resolution of the sample image to improve this aspect of
photographic analysis, solving both problems. An inherent problem of photographic
and section analysis is that the image of the clasts is a 2D projection/section through
the actual 3D shape of a particle (Glicken, 1996). The standard deviation and sorting of
populations of particles obtained from photographic analysis will always be greater than
when particles are physically measured, and all their dimensions are available rather than
a cross-section of their shape. According to the examination of this effect by Johnson
(1994), the difference is greatest when all the particles in a population are of the same
size. The effect diminishes linearly as the sorting becomes poorer (Johnson, 1994), and
VDAD:s are characterised by very poor sorting, limiting the effect of this limitation. The
clast-size distributions of VDA /RA deposits are wide and multimodal and single clast-size
metrics like the median are incapable of meaningfully characterising them (Casagli et
al., 2003). A full grain-size range distribution analysis would be required to evaluate
processes like comminution and kinetic sieving (Dufresne and Dunning, 2017; Makris

et al., 2020; Harvey et al., 2022). However, non-sieving methods, like the one proposed
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here, exclude <20% of the finest grains and are thus unable to consider processes where
sand and silt-sized particles are affected (Harvey et al., 2022). Manual photo counting also
overestimates the D16 value when intended for the whole size range due to the inability
of counting the finest particles (Casagli et al., 2003; Harvey et al., 2022). This was limited
by enforcing a lower limit to the clasts that were measured, and considering any clast
<2mm as part of the matrix. Another limitation of this methodology is that it does not
allow lithological component analyis since lithologies cannot be reliably identified in small
particles in the photogrphic samples. From this methodology, two additional sources
of error can arise. The orientation error depends on the direction that the plane of the
exposure (outcrop/polished slab surface direction/thin-section direction) dissects the
deposit. This was limited by sampling perpendicular to the sample surface in all cases.
The second error is related to the judgement of the operator deciding on the dimensions
and the boundaries of the particles whose size will be measured (Spychala et al., 2021).
The user bias can lead to low reproducibility for this method (Berends and Eggenhuisen,
2018). The difference in the grain-size distribution characteristics of different samples need
to exceed the uncertainties introduced by these errors to indicate significant differences
and observations (Spychala et al., 2021). This was not as major as in thin section analysis,
in this case, due to the clearly distinctive difference between the clasts and the matrix and
the high resolution of the samples allowing observation from different scales. Automated
granulometry was considered but the complexity of textures in the samples and the range
spanning orders of magnitude made the methodology inapplicable (limitations of this

methodology are discussed by Harvey et al. 2022).

Conclusion

Using orthophotos combining data from multiple photographs has allowed enlarging
the sample size compared to the methodology originally proposed by Glicken (1996).
However, with the increase in sample size, it was not possible to measure the area occupied
by every single particle in the frame. Grid counting was therefore employed to sample
the area covered by different clast sizes, which is representative of the volume they
occupy (Chayes, 1956). Grid-counting methodologies generally aim to avoid repetitive
measurements of the same particle, to produce frequency-by-number measurements (Blair

and McPherson, 1999; Casagli et al., 2003), which are still theoretically equivalent to
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frequency-by-volume (Kellerhals and Bray, 1971). In the current methodology, a denser
grid which in some cases had multiple nodes on the same particle allowed for the sampling
of the areal coverage of the sample. This produced a frequency-by-area sampling of the

area in terms of particle sizes.
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Appendix C

Abona volcanic debris avalanche study loca-

tions
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Sample

(prox. to dist.)

coord.
(Zone 28)

Distance from
scarp (km)

Basal Contact

Marginal
areas

Facies

Description
(*Bold text indicates characteristic, repeating features)

1% 347086E 115 Abrasive contact with pumice ME HMSHMM_M”_\M.QﬂNn__NMQ._,\ sorted
3115449N . dispersing in Ab-DA P
Clasts larger compared to other outcrops
346815E Heterolithic, very poorly sorted
2% 13.1 MF Cataclased lave blocks preserved in the MF. Lenticular in shape
3113205N . . .
with diffuse boundaries.
Variable contact. In areas Tapered Top section exposed in contact with the overlying pumice
348401E . . .
3 13.4 sharp, abrasive. In areas soil deposit MF
3114369N )
layer preserved under deposit. edges
349017E MF Higher section free of blocks. Only matrix and clasts.
4* 15.7 Sharp, abrasive contact EBF blocks and larger clasts closer to the base and decrease
3111677N EBF . . L
higher up the deposit. Lower section rich in cataclased lava blocks.
Elongated, thinned remnant stratigraphy (multiple scorias, lavas)
with fluidal features and diffuse boundaries
Intrablock matrix
5 349877E 17.3 EBF | Differential cataclasis of lithologies — e.g. scoria more than lava.
3110219N ) Nonetheless, they both form monolithological diamictons.
Shear features — sheared components of jigsaw clasts
Rounded clasts of the softer lithologies
Sharp, abrasive contact MF Outside of the EBF facies. Lower section of the exposure.
Tapered MF Included cataclased blocks with fluidal features.
. 351627E : - . - -
6 17.7 deposit Cataclased blocks and more mixed regions of monolithological
3111577N EBF .
edges diamictons.
7 351993E 18.0 Bulldozing, ploughing, but also ME Heterolithic, very poorly sorted
3111334N ) undisturbed substrate Majority of clasts of lava lithologies
Elongated, thinned remnant stratigraphy (multiple scorias, lavas)
352491F with fluidal *mmﬁ.:-.mm and diffuse boundaries
8 18.4 EBF | Intrablock matrix
3111052N . . . . . .
Differential cataclasis of lithologies — e.g. scoria more than lava.
Nonetheless, they both form monolithological diamictons.




Rounded clasts of the softer lithologies

352572E
18.
2 3111100N 8.6

Tapered
deposit
edges

MF

Not examined from close up

10 352633E 19.5
3111044N . . .
in undisturbed sections

Shallow bulldozing, abrasive
sharp sections, soil preserved

MF

Cataclased blocks and monolithological diamictons
Majority of clasts of lava lithologies

11+ 353202E 50.0
3109578N

MF

Diffuse boundaries, incomplete mixing of lenticular blocks (lava)
There are areas of the matrix enriched in pumice
Heterolithic, very poorly sorted

Abrasive contact, flame

and also undisturbed
353468E substrate
12* 21.5
3108116N

injections, penetration of the
substrate by MF, bulldozing

EBF

Elongated, thinned remnant stratigraphy (multiple scorias, lavas)
with fluidal features and diffuse boundaries

Intrablock matrix

Differential cataclasis of lithologies — e.g. scoria more than lava.
Nonetheless, they both form monolithological diamictons.
Rounded clasts of the softer lithologies

MF

Heterolithic, very poorly sorted

Clast majority of lava lithology

Cataclased lenticular blocks and monolithological diamictons
One jigsaw fractured clast

13 353911E 216
3108334N

EBF

Elongated, thinned remnant stratigraphy (multiple scorias, lavas)
with fluidal features and diffuse boundaries

Intrablock matrix

Differential cataclasis of lithologies — e.g. scoria more than lava
Nonetheless, they both form monolithological diamictons.
Rounded clasts of the softer lithologies

MF

Heterolithic, very poorly sorted. Majority of clasts of lava
lithologies.
Cataclased lave blocks preserved

* Locations where clast-size sampling and analysis was carried out




Appendix D

Abona volcanic debris avalancje deposit - Lo-

cation 4 outcrop and sample locations

Upper sample location 4 ;...

Lower sample location 4

Figure D.1: At location 4 a deep ravine exposes the highest outcrop of the Abona volcanic
debris avalanche. Two samples were taken here for clast-size analysis, one at the upper
part and one at the lower. Their specific location is indicated.
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