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1. Introduction 

 

1.1 Foreword 

Pyroclastic density currents (PDCs) are complex and dangerous phenomena associated with 

explosive volcanism (Brosch et al., 2021; Lube et al., 2020; Sulpizio et al., 2014). PDCs sweep 

across the volcanic landscape as highly turbulent, fast-propagating (tens to hundreds of 

meters per second), long-reaching (up to several hundreds of kilometers), ground-hugging 

mixtures of hot pyroclastic material (up to eruptive temperatures c. 600-1000°C) and gasses 

that overcome anything in their path (Cronin et al., 2013; Jenkins et al., 2013; Lube et al., 

2014; Lube et al., 2020). Their capacity to inflict significant damage to life, environment and 

infrastructure is the consequence of their flow hazards which are generated through internal 

dynamic pressures (up to 100s of kPa), high temperatures (up to 600-1000°C can inflict 

significant burns), and asphyxiating effects of ash (Clarke & Voight, 2000; Gardner et al., 2018; 

Valentine, 1998). Over 100 million people worldwide may be exposed to hazards posed by 

PDCs, and understanding their behavior is essential to reducing the risks they pose to society 

(Brosch et al., 2021; Small & Naumann, 2001). 

With their high mobility, velocities, and dynamic pressures, PDCs have been responsible for 

over 90,000 volcanic fatalities globally since 1600 CE (Auker et al., 2013). The earliest scientific 

study, coming from the notable 1902 eruption of Mount Pelée on Martinique which resulted 

in the loss of 28,000 lives, underlined the difficulty to elucidate the inner workings of PDCs 

(Bourdier et al., 1989; Lacroix, 1904). Sparse observation of the exterior ash cloud with no 

internal measurements led to many speculations about the inner working of these volcanic 

flow phenomena (Dufek, 2016). Despite the loss of thousands of lives, advancements in the 

understanding of PDC dynamics and flow evolution during propagation stagnated until the 

events of the 1980 eruption of Mount St. Helens (Hoblitt, 1986; Lipman & Mullineaux, 1981). 

The enormous quantity of observations made on the eruption of Mount St. Helens allowed 

for a detailed understanding of the eruptive sequence, and stratigraphy of the blast deposits 

(Belousov et al., 2007). Since then, the continual 21st century population growth and 

development near volcanoes has led to the drastic increase of exposure of people and 

infrastructure to PDCs (Auker et al., 2013). In the past decade alone, PDC forming eruptions 
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in Mt. Merapi (2010, Indonesia), Mt. Ontake (2014, Japan), Mt. Sinabung (2014 & 2016, 

Indonesia), Volcán de Fuego (2018, Guatemala), Mt. Stromboli (2019, Italy) and most recently 

White Island (2019, New Zealand) has resulted in the loss of 650 lives (Lube et al., 2020).  

1.2 Current understandings in PDC research 

PDCs are a type of particle-laden gravity current which cover a wide range of flow types, 

ranging from high concentration/density granular flows to less concentrated/more dilute, 

turbulent flows (Dufek, 2016). The dilute endmember of PDCs, also known as pyroclastic 

surges, represent the low particle concentration field of the PDC spectrum. Dilute PDCs are 

characterized with a bulk flow particle concentration of less than 1 vol.% (Wohletz, 2001). 

Dilute PDCs are characterized by high degrees of turbulence, velocity, temperatures, dynamic 

pressures and mobility. Despite their low flow solids concentrations, these density stratified 

flows can cause vast-ranging devastation (Brosch et al., 2021; Valentine, 1998). The current 

understanding of internal PDC mechanisms have stemmed from estimates formed from 

broad flow approximations mostly through indirect observations. Bulk flow properties have 

been inferred from deposit and sedimentary characteristics whilst borrowing concepts from 

turbulent boundary layer theory and hydraulic sediment transport (Brosch et al., 2021). These 

techniques were developed to utilize deposit information, such as particle size, shape and 

density, as proxies to infer local bulk PDC flow properties such as velocity, density, and 

thickness (Dellino et al., 2008; Dioguardi & Mele, 2018). Bulk flow data derived from 

sedimentary and depositional features (Branney & Kokelaar, 2002; Sparks, 1976), have been 

complemented by occasional rare direct measurements from geophysical sensors (Scharff et 

al., 2019), and from analogue and theoretical numerical modelling (Dufek, 2016; Smith et al., 

2020; Sulpizio et al., 2014; Valentine, 1987). 

Sedimentary structures in a deposit have been classically used to interpret and understand 

the internal behavior of the flow that led to their emplacement (Best & Bridge, 1992; Bouma 

et al., 1962; Middleton, 1965). Pioneering work on dilute PDC deposits was conducted by 

comparing deposits to those generated by turbulent debris-laden nuclear base surges during 

nuclear weapon tests (Fisher & Waters, 1969; Valentine, 1998). The various sedimentary 

features, characteristic for dilute PDCs, such as cross-stratification, progressive and regressive 

dunes, chute and pool structures, and ripple bedforms are interpreted to have been emplaced 

by tractional processes known from sedimentology (Douillet et al., 2013; Schmincke et al., 
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1973). Moreover, applying concepts from hydrodynamics, dilute PDC deposits are interpreted 

to be deposited under supercritical flow conditions (Crowe & Fisher, 1973; Fisher & Waters, 

1969). Unlike their dilute counterpart, the denser and more granular-type PDCs are 

characterized to be more voluminous (dilute PDCs are typically < 1km3) , and lack any 

sedimentary structures, i.e. deposits are massive in appearance (Branney & Kokelaar, 2002; 

Sparks, 1976).  

The characterization and interpretation of PDC deposits has played a key role in distinguishing 

past eruption styles and PDC dynamics, which resulted in an increase in hazard forecasting 

aiding decision making. However, these studies have fallen short of satisfactorily 

characterizing the intricacies of such flow mechanisms presented by a PDC. This is due to the 

heavy reliance on interpreting sedimentological and depositional mechanisms of dilute PDCs 

from those observed in sub-aqueous, fluvial and aeolian environments (Brosch & Lube, 2020; 

Lube et al., 2020). Drawing interpretations on PDC dynamics from these analogue systems are 

arguably too assumptive, and unlike these very well observed, measured, and quantified 

analogues (Best & Bridge, 1992; Bouma et al., 1962; Hjulstrom, 1935; Livingstone et al., 2007; 

Middleton, 1965), in situ dilute PDC sedimentation processes have never been properly 

measured, characterized, and observed. Despite the large amount of progress in studying PDC 

deposits over the past several decades (Dellino & La Volpe, 2000; Dellino et al., 2008; 

Dioguardi & Mele, 2018), there are still several shortcomings that must be addressed. 

Methods used in interpreting time-integrated velocity, temperature and density properties 

of dilute PDCs from deposits still cannot describe the complex temporal changes of the 

propagating flow. Consequently, knowledge regarding the spatiotemporally evolving internal 

flow structure and mechanisms remain sparse. For example, dilute PDCs tend to temporally 

be non-depositional, which limits the use of the techniques outlined above for hazard 

assessment (Lube et al., 2020).  

In an effort to further improve hazard forecasting, and consequently better decision making, 

the relationship between deposit characteristics and PDC flow behaviors must be better 

understood. As natural PDCs are too dangerous to be directly measured and observed, several 

analogous laboratory experiments have been developed in the past two decades. Classically, 

parallels has often been drawn between the inner mechanisms of the dilute PDC system and 

to those observed in aqueous gravity currents (i.e. Huppert & Simpson, 1980; Simpson, 1999), 
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1.3 Objectives of the study 

This master's study is motivated by the limitations described in section 1.2, and the need to 

improve current understanding of PDCs to ultimately effectively predict the hazards posed by 

these flows. Through synthesizing a series of dilute PDCs, the goals of the study are to: i) 

characterize the intricate spatiotemporal evolution of deposition and erosion processes in 

PDCs; and ii) interrogate the potential relationships between the evolving flow and deposit 

characteristics. 

The study is based on the research hypothesis that, with well-defined input and boundary 

conditions that act as analogues to natural boundary conditions, the natural transport and 

sedimentation processes of dilute PDCs can be synthesized and characterized in a large-scale 

experiment environment. The experimental series conducted in this study differs from 

previous studies by: i) running two sets of experiments with the same initial input conditions, 

but with different substrate roughness to investigate the influence of variant substrates have 

on sedimentation/erosion processes; and ii) utilizing four observation locations along the PDC 

runout path, as opposed to one observer location presented in Brosch and Lube (2020).  

In order to further understanding of depositional processes associated with dilute PDCs, this 

research was guided by the following research objectives: 

Objective 1: In experimental dilute PDCs, measure the spatiotemporal deposition and 

compare the sequence of experimental deposits with that of natural deposits documented in 

the literature. 

Objective 2: By comparing the spatiotemporal deposition of experimental dilute PDCs over 

hydraulically smooth and rough surfaces, investigate possible effects of the bottom roughness 

on deposition. 
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2. Methodology 

 

2.1 Large scale experimental setup 

On volcanic flanks, it is deemed too large of a risk to directly observe and measure inside 

naturally occurring PDCs, and the undertaking to peer into the inner mechanics of PDC is 

immediately hazardous to life. Therefore, there is a lack of internal measurements and real-

world observations from past PDC events. At the Pyroclastic flow Eruption Large-scale 

Experiment, or PELE for short, however, large-scale, high-temperature and high energy 

experimental PDCs are readily synthesisable under safe, controlled conditions. PELE is 

designed and built with the aim of i) characterising transport and deposition mechanisms of 

PDCs: ii) understanding gas-particle coupling processes inside PDCs; iii) demonstrating how 

changing boundary conditions (e.g., initial flow conditions, material properties, temperature, 

bed roughness, discharge height) may influence flow behaviours; and iv) deriving a 

benchmark dataset to build and validate numerical PDC models (Lube et al., 2015). The 

experimental laboratory was installed in 2013 in a large indoor 16m tall, 25m long x 18m wide, 

old Boiler house building located at Massey University, Manawatu, New Zealand. 

PELE is the second of two facilities capable of synthesising large-scale PDC analogues using 

natural volcanic materials, with the other being an older setup located in Italy. The Italian 

setup generates relatively dilute PDCs through asymmetric column collapse of volcanic 

material from source (Dellino et al., 2007). However, PELE can produce more energetic, higher 

volume and particle density PDCs under longer material discharge conditions in a channelised 

setting through vertical gravitational free-fall of the experimental mixture. PELE can produce 

PDCs with up to 4 t of natural volcanic material, and the capability of heating the material up 

to 400 °C, producing flows with velocities up to 30m s-1, with flow thicknesses ranging from 2 

m up to 4.5 m, and a total runout distance of 35m before hitting a natural barrier. 

Figure 1-1 highlights the current setup of PELE which is divided into five main structural 

components: 1) The tower; 2) The hopper; 3) The shrouding; 4) The channel; and 5) The 

runout. These elements are outlined below.
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Figure 2-1 : Current setup of PELE. The 13 m tall steel tower supports a custom designed hopper capable of holding volumes up to 0.7m3 and heating materials up to 400 °C. 
The discharge height (distance from the base of the hopper to the base of the slope) is 7m. The instrumented channel measures 11.7 m in length, 0.5m in width, and is 
inclined at an angle of 6°. The channel changes to a flat runout at 11.7m and remains confined until 14.6m, from where the flow propagates under unconfined until stopped 
by a natural cliff-face at 33.3m. Piezoelectric pressure sensors (green) are mounted on specially designed wing shaped profiles that sit in the mid-point of the channel. Time-
resolved flow samplers (red rectangles) are installed on the window channel side, while time integrated sediment samplers (blue rectangles) and high-speed thermocouples 
(yellow dots) are installed on the channel steel back wal
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Table 2-4: Thermocouple profile locations and distribution. 

Profile 1 2 3 4 5 Unconfined 
1 

Unconfined 
2 

Runout 
distance (m) 1.8 3.4 5.4 7 9.6 16 20 

Sensor Count 8 8 8 8 8 4 1 

Sensor Heights 
(m) 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 

1.45, 1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 

1.45, 1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 

1.45, 1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 

1.45, 1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 

1.45, 1.8 

0.08, 0.25, 
0.45, 1.1 0.45 

 

(v) Hopper Load cells 

The hopper sits on four Zemic H8C-C3-1.5T-4B, which measure the mass of material in the 

hopper and during discharge. 

2.3.B Flow and deposit samplers 

Different types of sediment samplers are utilized in the experiments. The time-resolved 

samplers allow for time-resolved grainsize distribution measurements (and resulting particle 

solids concentration) of the flow, while the time-integrated samplers allow for obtaining bulk 

mass and grain size distribution of the flow and deposit.  

Table 2-5: Flow deposit samplers and their amount used in the experiments. 

Sampler Type Specifications Amount Measurements 

Time-resolved 
samplers 

Square glass (borosillicate) 
tubes, 5 -15 cm length, square 

inner diameter of 1.3cm 
34 

Time-resolved 
volumetric, mass, 

grainsize filling rate. 
Sediment concentration 

and flow density 

Time-integrated 
flow sampler 

2.4x15.0 cm glass 
(borosillicate) test tubes 48 

Bulk sediment transport 
information (mass and 

grainsize) 
Time-integrated 
deposit sampler Aluminium trays with 0.165m2 15 Final deposit grain size 

and mass distributions 
(i) Time-resolved samplers 

In order to obtain time-variant volume of the flow material, a total of 34 specially designed 

rectangular glass tubes are glued on to the channel glass wall in vertical arrays and filmed by 

fast speed, high resolution cameras. The rectangular glass tubes are 5-15 cm long, with a 

cross-sectional opening area of 1.96 cm2. These tubes are opened on the upstream side to 
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allow flow material to enter, and the downstream side is closed with two-layers of fine mesh 

(15 µm) that prevent the passage of particles but allows for air to exit. When a layer of 

sediment builds up on the fine back mesh, back-pressure effects are minimised through the 

large dimension of the upstream opening, which enables the passage of the gas phase back 

through the sampler. The deposited material within each tube can be temporally resolved, 

sampled, and analysed to acquire grainsize data.  

(ii) Time-integrated samplers 

Round glass tubes with an upstream opening are installed as vertical arrays on the steel wall 

of the channel (the tube opening sits 5cm into the flow from the channel wall). Suspended 

flow material passing the sampler point will be accumulated and generates a time integrated 

mass and grainsize information. The samplers have a cross sectional opening area of 3.5cm2 

and measure 15 cm in length.  

(iii) Time-integrated deposit samplers 

Aluminium trays (surface area of 0.165 m2) are used to collect flow material that is deposited 

at the base of the channel and along the unconfined runout area. A total of 15 deposit 

samplers are used throughout the flow runout area at regularly spaced intervals following the 

flow centreline. Accumulated material is used to quantify deposit mass per area and grainsize 

evolution over runout distance.  

2.4 Data Processing and Analysis  

2.4.A Flow Geometry & internal flow parameters 

After each experiment, there are large amounts of video data that require analysis in order 

to extract important flow parameters. Flow parameters such as flow front positions, flow 

geometry, velocity, density, temperature and solid concentration are extracted with methods 

described in the subsequent section.  

(i) Flow front position and flow geometry 

Flow front positions are obtained by converting video sequences to image sequences in 

VirtualDub2. Image sequences of the flow are then analysed using ImageJ, where flow front 

is tracked, mapped and exported as time-distance data set. Flow front mapping is achieved 

with a temporal resolution of 16 ms (60fps).  
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(ii) Particle image velocimetry  

Velocity extraction workflow closely resembles the methods described by Brosch (2020) with 

slight changes (different PIVlab version, and improved photoshop pre-processing step). Image 

sequences are exported from high-speed (500fps, 2ms time resolution) video footages using 

VirtualDub2. Footage sequences ranging up to 4- 5.5 seconds (2000- 2750 frames) are 

analysed as part of the study. As part of the workflow (Figure 2-5), the images are pre-

prepared using Adobe Photoshop(Figure 2-5, ii) before velocities are measured using particle 

image velocimetry (PIV) in MATLAB using PIVlab version 2.56 (Thielicke & Stamhuis, 2014).  

In PIVlab, a region of interest (ROI) is defined, and further image pre-processing takes place. 

Contrast limited adaptive histogram equalization (CLAHE, PIVlab values of 50-100) and 

Wiener filter (PIVlab values of 3-4) setting are applied during PIVlab pre-processing to 

increase the readability of the image data (Figure 2-5, iii). The algorithm used for PIV is FFT 

(Fast-Fourier-Transform). This algorithm is a direct Fourier transform correlation which has 

multiple passes and deforming windows (important for real flows, where particle patterns 

can be sheared and rotated). The data will be analysed though multiple passes using FFT, 

starting with a relatively large interrogation area to initially calculate the displacement of the 

image data consistently (large interrogation areas will, however, result in a very low vector 

resolution), which is followed by smaller interrogation areas for subsequent passes (which 

produce a higher vector resolution, and noise). The many passes required by FFT also more 

computationally demanding. For the experiments, the interrogation windows are set to four 

passes following 256, 128, 64, 32 px in size, with the aim of producing a vector resolution of 

c. 1cm/vector. As for the newly added correlation robustness settings (Thielicke & Sonntag, 

2021), the standard settings are used, as increasing the settings to high or extreme 

significantly increase computing resources. 

The PIV algorithm analyses takes c. 5 hours to complete. Once completed, the resulting vector 

field is produced (Figure 2-5, iv). Vector information (px/frame) is converted to real world 

values (m/s) by calibrating the images to known distance (mm) and time (ms). Furthermore, 

velocity limits are applied to eliminate inaccurate values, that can occur from image noise, or 

algorithm errors. Resulting velocity data can be exported from PIVlab as .mat files of u and v 

velocity matrices, or as .txt of separated u and v velocity matrices of a defined vertical profile. 
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3. Results 

 

3.1 Overall flow characteristics 

In this research, two experimental PDCs were generated under similar starting conditions, but 

propagating over hydraulically smooth and rough surfaces. Section 3.1 provides an overview 

of the general flow and deposit characteristics created in these two experimental situations.  

At the onset of each experiment, the hot (c. 120 °C) 125kg volcanic material discharged from 

the elevated hopper and accelerated vertically from a position of rest due to gravity. For both 

the rough substrate and the hydraulically smooth substrate experiments, the mixture 

impacted onto the channel c. 1.8s after trap door opening. Instantly after impact, the confined 

mixture laterally expanded into the channel and propagated downstream where it entrained 

ambient air and underwent significant dilution. At c. 0.3 s after impact, a distinctive gravity 

current structure (Figure 3-1 a) with a bulk density of c. 3.15 kg m-3 developed, comprised of 

leading 1.5-2.5 m thick flow head structure. This was characterized by an elevated frontal 

edge, or the nose and a c. 1-1.5m thick flow body and tail, topped by the flow wake. The wake 

formed due the shedding of vortexes produced in the rear of the head. During its runout to c. 

24 m in around 12 seconds, the density of the experimental PDCs decreases to c. 0.01 vol.% 

due a combination of entrainment of ambient air and particle deposition. The highly diluted 

flow rose buoyantly and formed a buoyant ash cloud that sedimented fine ash particles above 

the deposit surface over the duration of several minutes after the cessation of the main flow 

propagation. 
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Figure 3-1 : Lateral views and schematic sketches of the synthesised dilute PDC at different flow times after 
channel impact. Top panels- Lateral camera views of the flow (flow body is outlined in dashed lines) at different 
locations during channel-confined (a-b) and unconfined (c) propagation. Bottom panels - Schematic sketches of 
the flow highlighting the body and head, body-wake boundary (wide dashed lines), and wall-jet region boundary 
(dashed white line, region where the velocity is at a maximum and shear is minimum). Red rectangles mark the 
locations of static observer profiles (1-4) and sensor/sampler location 

The position and velocity of the flow front as a function of time are shown for both 

experiments in Figure 3-2 show general decelerating behaviour. The initial flow front 

velocities of the two experiments differ only slightly where, immediately after impact, the 

smooth experiment and rough experiment flows acquired velocities of c. 6.1 and 5.5 m s-1, 

respectively. The smooth experiment flow followed an overall constantly decreasing flow 

front velocity trend as the flow propagated down the channel (red dashed line, Figure 3-2 a), 

while the rough experiment flow displayed a period of acceleration starting at 3.2 s until c. 7 

s after impact (blue solid line, Figure 3-2 a). Conversely, the smooth experiment flow 

remained in a phase of constant deceleration. Although the rough experiment flow was 

initially slower than the smooth experiment flow, for both experimental flows the flow front 

positions eventually converged towards the final runout distances.  

Throughout the runout, both the rough and smooth experiments flows experienced 

significant deceleration, with velocities of c. 1.87 and 1.64 m s-1 at half the runout time (6 s), 

further decreasing to only several decimetres per second slightly before 11 s of runout time. 

At c.11 s of runout time, both flows, at the same runout distance (c. 24 m) achieves buoyancy 

reversal and lifts-off the flow surface (Figure 3-2 b). 
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Figure 3-2 : Flow-front position and velocity as a function of time after impact. a) Flow front velocities of the 
rough experiment (blue solid line) and smooth experiment (red dashed line) flows. b) Flow front position for the 
rough experiment (blue solid line) and smooth experiment (red dashed line) flows. In general, both flows 
gradually decrease in flow front propagation velocity as a function of distance and time from impact and display 
a comparable trend. The smooth experiment flow exhibits a slightly faster initial flow front velocity of c. 6.1 m 
s-1, but decelerates gradually during runout. The rough experiment flow displays a slightly slower initial velocity 
of 5.5 m s-1, followed by a gradual decrease until c. 3.2s from where the flow mantains a slightly higher velocity 
than the smooth experiment flow for c. 4 s. In distal reaches, both flows lost momentum due to flow expansion 
from entraining ambient gas and ongoing sedimentation processes, which led to flow stalling and buoyant lift-
off (shaded red). 

The deposit emplacement by the rough and smooth experiments flows was concluded after 

c. 12 s. After the flows ceased to propagate, particles suspended in the buoyant ash cloud 

required several tens of seconds to slowly settle out of suspension onto the deposit surface. 

Both the rough and smooth experiment flows produced comparable deposit thickness 

distributions (Figure 3-3 a-b) up to 25 m runout distance, which is the region where the flows 

stopped propagating and buoyant lift-off commenced. Most of the deposit mass (80%) was 

emplaced within the first 2.5 m runout distance. The thickest deposit occurred at c. 1 m from 

impact location, with a maximum thickness of c. 0.2m. This is the region where a regressive 

dune structure has been emplaced.  
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Deposit thickness decreases exponentially (Figure 3-3 a-b) in both experiments. Both 

experiment flows emplaced a similarly thick deposit. The thickness decays in the two 

experiments slightly deviate from each other from c. 12 m runout distance onwards. This 

coincides with the location of a break in slope (transition from inclined to flat runout) 

occurring at 11.7 m and the decrease in height of the channel walls from 1.2m to 0.6m. 

Furthermore, the change from confined to unconfined runout (at 15.7 m, vertical black line, 

Figure 3-3 a-b) is visible as a decrease in the deposit thickness of both experimental runs, with 

overall higher deposit thicknesses and deposited mass for the smooth experiment. 

 

Figure 3-3: Proximal and distal deposit characteristics from the rough and smooth experiments flows. Rough 
experiment (solid black line) and smooth experiment (red dashed line) deposit thickness distributions up to 25 
m runout distance. In both cases, most of the deposited mass is concentrated within the first 2.5 m runout 
distance. After that, deposit thicknesses and mass per area distributions are very comparable until c. 9 m, from 
where the smooth experiment flow (red dashed line) produced a slightly thicker deposit (less than one order of 
magnitude) compared to the rough experiment flow. This shift coincides which a change from inclined to flat 
runout (dash-dotted line) at c. 11.5 m distance from impact. To note is also a change in both the rough and 
smooth experiments flow deposit thickness after the change from confined to unconfined runout, where the 
flow can laterally expand during the final stage of propagation. 

Figure 3-4 illustrates the shapes of the evolving experimental PDCs and the shapes of the 

aggrading deposit at three different times. Over time, the current deposited outwards and 

upwards progressively. At 0.5 s after impact with the channel, where the flow had reached 

approximately 3 m runout distance, the current had already deposited 12.6% of the final 

deposit volume regardless of the substrate roughness. At 4 s, where both flows reached a 

comparable runout distance of c. 17 m, the flow had deposited close to 95% of their final 

deposit volume. Just before partial buoyancy, the flow at 8 s had deposited 99.6% of their 

final deposit volume.  
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Figure 3-4: Two-dimensional flow geometry (including wake and buoyant ash cloud) evolution and deposit 
extent of the two synthesised dilute PDC at selected time (t) after impact. Growth in flow volume is attributed 
to constant entrainment of ambient air. Deposit thickness (h) is plotted in a log scale for better visualisation. At 
each time step the ratio between currently deposit volume (d) and final deposit volume (d(total)) is reported. 
Flows synthesised on different substrate roughness do not display major differences in deposition rate. At 4s 
after impact, both flows deposited c. 95% of their final deposit volume. At 8s after impact, the smooth 
experiment flow started to partially lift off at a runout length of 23 m.  
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Similar to real world PDCs, the experimental PDCs are characterised by a strong vertical 

density stratification. This density stratification is associated with a marked gradation of the 

size of particles suspended in the flow. Figure 3-5 depicts height-distance contour plots of the 

median grainsize diameter (d50) of the two experimental currents at three different times.  

The evolution of the vertical flow grainsize gradation is relatively similar in both experiments. 

However, in Figure 3-5 at the same times and elevations the rough experiment flow carries 

slightly coarser particles than the gravity current propagating over the hydraulically smooth 

surface. 

In general, the median diameter strongly decreases as a function of height and distance 

during flow propagation, as visualised by isolines of constant median grain size diameter. 

Furthermore, the isolines of the median grain size diameter are not always orientated slope 

parallel but are also orientated both in a downstream and or upward direction downslope. 

Additionally, isolines were identified to terminate at the flow base as a function of distance.  
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Figure 3-5: Height-distance contour plots of median grain size (d50) at three different times after impact for both 
the rough (a) and smooth (b) experiments flows. Vertical distributions of median grainsize are a proxy for vertical 
stratification, where median grainsizes decrease as a function of height. Median grainsizes are calculated 
following Inman (1952). The black lines are isolines of constant median grainsize diameter.   
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3.2 Spatio-temporal depositional processes 

This section (3.2.A) introduces the non-genetic lithofacies identified from the final deposits of 

the two experimental flows at four observer locations. Moreover, this section (3.2.B) will also 

introduce the sediment transport mechanisms observed to occur at the lower flow regions of 

the experimental flow. 

3.2.A Types of depositional facies emplaced by the experimental dilute PDCs 

Deposits by both the rough and smooth experiments flows display a wide range of 

sedimentary structures and features. To better understand the dynamics and lateral 

evolution of sediment deposition and erosion within these dilute PDCs, non-genetic 

lithofacies were identified and assigned to unit packages (Figure 3-6). Descriptions of these 

lithofacies were based on classifications by Branney and Kokelaar (2002).  

The identified lithofacies in both the rough and smooth experiments deposits can be 

categorized based on the structure of the units and fall into two main categories massive and 

stratified lithofacies. Lithofacies can be further subdivided according to the present dominant 

grainsize into lapilli ash (LT) or ash(T) massive lithofacies: mLT and mT, respectively. 

Lithofacies identified in this study is outlined in the table below (Table 3-1). A non-structured 

lapilli lithofacies was also observed (Figure 3-6 c). 
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Figure 3-6: Close-up images of the rough experiment experimental deposits and assigned nongenetic lithofacies, 
following definitions by (Branney & Kokelaar, 2002). a) Left panel - Closeup image of the deposit taken at 1.6 m 
(profile 1 location) from impact. Right panel- Annotated image outlining unit boundaries and their assigned 
nongenetic lithofacies. b) Closeup image (left) and annotated image (right) of the deposit from the rough 
experiment deposit at 3.7m (profile 2 location) runout distance. C) Top-down picture taken of the deposit 
surface at c. 7m show the individual lapilli clasts found across the deposit surface until c.20m runout distance. 
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Table 3-1: Summarized descriptions of lithofacies observed in the deposits of the experimental flows. 

Structure Grainsize Lithofacies Description Additional 
features 

M
as

si
ve

 

Lapilli -
Ash 

mLT 

Massive and poorly sorted. Grainsizes range 
from fine ash to medium lapilli. The mLT 

units are characteristically thick, with 
thickness ranging from c. 0.2-1.5 cm. Bottom 

contact is characteristically sharp. 

May be 
normally graded 
(mLT(n)) and 
contain faint 

internal 
stratifications. 

fpoormLT 
Massive and poorly sorted. Clast-supported. 
Grainsizes range from fine ash to medium 

lapilli.    

mpLT 
Massive and poorly sorted. Pumice rich and 

slightly reverse graded. Grainsizes range 
from fine ash to medium lapilli.  

Usually found at 
the top half of 

the depositional 
sequence 

Ash 

mT 

Massive and poorly sorted. Grainsizes range 
from fine to very coarse ash. The mT units 

thickness ranges from c. 0.06-0.1 cm. 
Bottom contact are characteristically sharp.   

fpoormT 
Massive and poorly sorted. Clast-supported. 

Grainsizes range from fine to very coarse 
ash.    

mpT 
Massive and poorly sorted. Pumice rich and 

slightly reverse graded. Grainsizes range 
from fine to very coarse ash.  

Usually found at 
the top half of 

the depositional 
sequence 

S
tra

tif
ie

d 

Lapilli -
Ash sLT 

Stratified beds comprising fine ash to fine 
lapilli grainsizes. Beds alternate between fine 

and coarser beds. Horizontally stratified 
beds, with bedding slightly dipping in the 
downstream direction. Thickness ranges 

from c. 0.1 to c. 0.5 cm. Bottom contact is. 
characteristically erosive and unconformable   

Ash 

sT 

Stratified beds comprising very fine to coarse 
ash grainsizes. Beds alternate between fine 

and coarser beds. Horizontally stratified 
beds, with bedding slightly dipping in the 

downstream direction. The thickness ranges 
from c. 0.02 to c. 0.1 cm. Bottom contact is 

characteristically erosive and unconformable   

//sT 

Stratified beds comprising very fine to 
medium ash grainsizes. Alternating sequence 

of fine and coarser beds. Horizontally 
stratified beds, with bedding slightly dipping 

in the downstream direction.  

Normally 
graded variant 
(//sT(n)) is 
characterised by 
very fine to fine 
grainsizes and a 
graded bottom 
contact. 

N/A Lapilli  Lapilli  Individual lapilli clasts that sit by themselves 
on top of the deposit surface   
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3.2.B Gas-particle transport in the lower wall and bedload region 

The lower flow region of the experimental dilute PDCs is subdivided (from deposit surface 

upwards) into: a) a bedload region characterised by strong changes in sediment transport 

mechanisms, low degrees of turbulence and particle concentrations in the range from 0.5 to 

several vol%; b) a transient region, characterised by impacting mesoscale clusters from the 

fully turbulent flow above, presence of saltating lapilli, and overall particle concentrations in 

the range from 0.1 to 1.5 vol.%; c) the fully turbulent flow above, where, within the lower 

most third of the flow (lower jet region and wall region) mesoscale clusters form and impact 

into the transient region below (Brosch and Lube, 2020). 

Particle transport mechanisms within the lower most flow regions are dynamic and constantly 

evolving throughout flow propagation. Following Brosch and Lube (2020), sediment transport 

mechanisms in the bedload region are distinguished and summarized in the table below 

(Table 3-2).  

Table 3-2: Summarized sediment transport mechanisms observed in the lower flow region of the experimental 
flow. The occurrences of the sediment transport mechanisms at which profiles (1 (1.6m), 2 (3.7m), 3 (5.6m), 4 
(9.3m)) are also reported.  

Sediment transport 
mechanism Description Occurrences 

(profiles) 

Rolling and saltating Coarse ash and lapilli sized particles transported through 
saltation and rolling. 1, 2, 3, 4 

Shifting sandwaves Short-lived mobile granular flows in the bedload region. 1 

Tractional Bedload 
and rolling and 

saltating 

Concentrated bedload region, associated with the 
formation of fast settling mesoscale cluster. Particles are 

observed to occasionally be ejected into the transient 
region due to particle-particle and particle-substrate 

collisions. 

1, 2, 3, 4 

Rolling and low 
traction aggradation 

At low flow velocities (c. 2 m s-1), bedload region is 
transported through low velocity tractional transport. 
Concurrently, the occurrence of a transient region and 

formation of mesoscale clusters ceases. 

1, 2, 3, 4 

Falling out of 
suspension 

Finer grained particles settling out of suspension as flow 
velocities fall under c. 2 m s-1.  1, 2, 3, 4 
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Figure 3-7 shows the observed sedimentation transport mechanism that occurs along the 

bedload (dashed black lines, Figure 3-7) of the rough experiment flow at the runout distance 

of 1.6m. As the flow passes the proximal observer location, the complete range of 

sedimentation transport mechanism described in Table 3-2 can be observed. Initially, at 0.23s 

(t=0.23s, Figure 3-7) after flow arrival, the flow displays rolling and saltating sediment 

transport mechanism. As the rear of the head passes at c. 1.12s (t=1.12 Figure 3-7), shifting 

sandwave transportation can be observed to occur concurrently with the formation of 

mesoscale clusters (red arrows, Figure 3-7). The passage of the body at 1.45s (t=1.45s, Figure 

3-7) after flow arrival is characterised by the tractional bedload transportation mechanism 

along with further formation of mesoscale clusters. The settling of the mesoscale cluster 

during shifting sandwave and tractional bedload transportation in the lower flow regions is 

characterised by the formation of the transient region (dotted black lines, Figure 3-7). The 

passage of the distal body at 3.1s (t=3.1s, Figure 3-7) after flow arrival is characterised by 

rolling and low tractional sediment transport mechanism in the lower flow region. At the 

distal body, the cessation of mesoscale cluster formation coincides with the disappearance of 

the transient region. The passage of the tail at 3.53s (t=3.53s, Figure 3-7) after flow arrival is 

characterised by low flow velocities (average of <2 m s-1) and sediment transport mechanism 

of slow settling out of suspension. 
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Figure 3-7: Sediment transport and deposition of the rough experiment flow at the proximal most profile 1 (1.6 
m). High-speed video still images and corresponding illustrations of the lower 0.2m of the experimental dilute 
PDC at 5 separate times (t= seconds) are displayed. Above the deposit surface (still image: outlined by solid black 
line; annotated sketch: dark black colour), the lower flow region can be divided into the bedload region (still 
image: outlined by dashed black line; annotated sketch: dark grey shade) and transient region (still image: 
outlined by the dotted black line). The bedload region is characterised by strong changes in sediment transport 
mechanisms (rolling and saltating, shifting sandwaves, tractional bedload, low traction aggradation), while the 
transient region is marked by the accumulation of fast settling mesoscale clusters. Changes in horizontal velocity 
profiles (blue) reflect the dynamic nature of the bedload, transient and fully turbulent flow regions above the 
deposit during flow propagation. 
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sandwaves at 1.32s, the dominant sediment transport mechanism within the lower flow 

region shifts back to tractional bedload.  

The deposition of a subsequent stratified lapilli ash unit V (sLT lithofacies) by tractional 

bedload mechanism is initiated at 1.32 s after flow arrival. After c. 0.5s of tractional bedload 

deposition, the 0.18 cm thick unit V is interrupted by the arrival of sediment influx in the form 

of a highly mobile granular shifting sandwave. The third and final set of shifting sandwaves 

starts depositing at 1.72s after flow arrival. The deposited unit VI (mLT lithofacies) features 

an internal structure equivalent to the underlying units deposited by prior shifting sandwave 

events. However, the thickness of unit VI (0.7 cm) is less than the previous mLT units (0.89 

and 1.1 cm, respectively). Sediment transport mechanism in the lower flow region reverts to 

tractional bedload deposition at 2.26 s after flow arrival. Tractional bedload deposition 

persists up to c. 2.74 s after flow arrival, slowly aggrading the c. 0.5 cm thick unit VII (sLT 

lithofacies), marked by an erosive contact with the underlying unit VI. Unit VII consists of 

alternating finer (fine to coarse ash) and coarser (moderate to fine lapilli) beds. The cessation 

of the deposition of unit VII occurs at 2.74 s after flow arrival. 

Deposition of unit VIII occurs at 2.74 s after flow arrival. This massive, poorly sorted, pumice-

rich, fine ash to moderate lapilli unit (mpLT, Figure 3-8) is deposited through low traction 

aggradation. Unit VIII is characterised by a sharp, slightly graded contact to the lower unit VII. 

Immediately after the deposition of unit VIII at 3.54s after flow arrival, dusting by individual 

lapilli clasts sparsely cover the deposit surface. Simultaneously, slow settling of very fine to 

fine ash over the course of seconds to several tens of seconds after flow passage, generates 

a final ASH unit that mantles the entire deposit surface. This ash cover bed (//sT(n) lithofacies, 

Figure 3-8) is normally graded and laminated and marks the termination of the depositional 

sequence at this profile. 
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Figure 3-8: Stratigraphical column of the deposit of the rough experiment flow at the most proximal static 
observer profile 1 (1.6m runout distance). Thicknesses and units belonging to the 4.48cm thick deposit are drawn 
to scale, except for the final ASH unit. The time stamp of each unit boundary is after flow arrival (Tai). Non-genetic 
stratigraphical lithofacies, sediment transport mechanisms and the relevant flow structure are reported for each 
emplaced unit. 
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Figure 3-9: Stratigraphical column of the deposit of the rough experiment flow at the static observer profile 2 
(3.7m runout distance). Thicknesses and units belonging to the 0.221 cm thick deposit are drawn to scale. The 
time stamp of each unit boundary is after flow arrival (Tai). Unconformable boundaries (red unit boundaries) 
represent periods of n.n.d during flow passage. Non-genetic stratigraphical lithofacies, sediment transport 
mechanisms and the relevant flow structure are reported for each emplaced unit. 
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(iii) Profile 3 

At the observer profile 3 (located at runout distance of 5.6 m) deposition starts after an initial 

period of non-deposition. The emplacement of a 0.056 cm thick unit I occurs at 0.24 s after 

flow arrival where the bulk of unit I is rapidly deposited during the first c. 0.2 s of unit 

aggradation (Figure 3-10). Unit I is massive, fines-depleted, composed of coarse to very coarse 

ash (fpoormT lithofacies). Unit I emplacement terminates at c. 0.7s after flow arrival, when 

sediment transport in the lower flow region becomes predominantly erosive. This erosive 

period lasts from c. 0.7 to 1.16s after flow arrival and leads to the generation of an erosive 

unconformity in the depositional record (unconformity marked in red, Figure 3-10). 

After this period of erosion, net deposit formation resumes at c. 1.16s after flow arrival. The 

flow emplaces a 0.078 cm thick, very fine to fine ash, laminated unit II (//sT lithofacies, Figure 

3-10), gently dipping in the downstream direction. The passage of the flow at unit II deposition 

is marked by the formation of fast settling mesoscale clusters which merge into the transient 

region, feeding the tractional bedload. Unit II sits on an unconformable erosive bottom 

contact with unit I. Cessation of unit II is associated with the deposition of a massive, 0.064cm 

thick, poorly sorted coarse to very coarse ash unit III (mT, Figure 3-10) at 2.6 s after flow 

arrival. During unit III emplacement, sediment transport mechanisms shift to low traction 

aggradation, and simultaneous occurrence of rolling individual medium to fine lapilli clasts.  

The emplacement of unit III terminates at 3.34 s after flow. Over the course of several tens of 

seconds, the very fine to fine ash particles slowly settle out of suspension, leading to the 

generation of a final fine ash unit (//sT(n) lithofacies, Figure 3-10). This ash unit is normally 

graded and displays fine internal laminations and marks the termination of the depositional 

sequence at this profile. 
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Figure 3-10: Stratigraphical column of the deposit of the rough experiment flow at the static observer profile 3 
(5.6 m runout distance). Thicknesses and units belonging to the 0.216 cm thick deposit are drawn to scale. The 
time stamp of each unit boundary is after flow arrival (Tai). Unconformable boundaries (red unit boundaries) 
represent periods of n.n.d during flow passage. Non-genetic stratigraphical lithofacies, sediment transport 
mechanisms and the relevant flow structure are reported for each emplaced unit.  
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the deposition of unit VI at 3.52s after flow arrival occurs concurrently with dusting of 

individual lapilli clasts across the deposit surface. Simultaneously, settling of very fine to fine 

ash from the buoyant ash cloud takes place for several tens of seconds, which generates a 

laminated ash unit (//sT(n), Figure 3-11) that mantles the entire deposit surface. The 

deposition of this final ash unit marks the termination of the depositional sequence at this 

observer profile 1. 
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Figure 3-11: Stratigraphical column of the deposit of the smooth experiment flow at the most proximal static 
observer profile 1 (1.6m runout distance). Thicknesses and units belonging to the 5.57 cm thick deposit are 
drawn to scale. The time stamp of each unit boundary is after flow arrival (Tai). Non-genetic stratigraphical 
lithofacies, sediment transport mechanisms and the relevant flow structure are reported for each emplaced 
unit. 
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(ii) Profile 2 

At observer profile 2 (at 3.7 m runout distance), deposit emplacement initiates at 0.2 s after 

flow arrival. The development of a tractional bedload in the lower flow region at 0.2 s after 

flow arrival leads to the aggradation of a 0.075 cm thick, massive, fines-depleted, coarse to 

very coarse ash unit I (fpoormT lithofacies, Figure 3-12). The full thickness of unit I is emplaced 

in c. 0.4 s, where most of the unit is rapidly deposited in the first c. 0.2 s of unit aggradation. 

Following the deposition of this first unit, a non-depositional phase starts at 0.62s after flow 

arrival. This non depositional phase (unconformity marked in red, Figure 3-12) lasts until 1.08s 

after flow arrival.  

The emplacement of the second unit II occurs after the cessation of the non-deposition phase 

at 1.08 s after flow arrival. Tractional bedload at 1.08 to 2.32s after flow arrival aggrades the 

0.0957 cm thick unit II. Unit II is a stratified unit composed of alternating coarse and fine ash 

beds (sT lithofacies, Figure 3-12). Stratified beds within unit II display sharp contacts, and 

gently dip in a downstream direction. Termination of emplacement of unit II at 2.32 s after 

flow arrival coincides with a shift into a short-lived period of no net deposition. The period of 

no net deposition lasts from 2.32 to 2.48s after flow arrival (unconformity marked in red, 

Figure 3-12). The period of no net deposition leads to an unconformable and erosive 

boundary between unit II and the subsequent unit III. 

At 2.48 s after flow arrival, sediment transport mechanism in the lower flow region changes. 

Sediment transport mechanism in the lower flow region shifts to low tractional deposition 

with rolling clasts. This leads to the deposition of unit III, which is a massive, poorly sorted, 

coarse to very coarse ash unit (mT lithofacies, Figure 3-12). The cessation of unit III deposition 

at 2.76 s after flow arrival coincides with the rapid settling of fine to medium ash particles 

locally. This leads to the generation of unit IV, which is a 0.073cm thick, fine to medium ash, 

finely laminated unit (//sT lithofacies, Figure 3-12), marked by a conformable sharp boundary 

with the underlying unit III. Concurrent with the deposition of unit IV is the appearance of 

individual lapilli clasts which are observed to scatter across the deposit surface. After the 

deposition unit IV, sustained deposition of fine ash sized particles falling out of suspension 

produce the final ash cover unit. This normally graded, very fine to fine, laminated ash unit 

mantles the entire deposit surface(//sT(n) lithofacies, Figure 3-12), marked by a gradational 
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contact to the underlying unit IV. Deposition of this top ash unit marks the termination of the 

depositional sequence at this profile location 

 

Figure 3-12: Stratigraphical column of the deposit of the smooth experiment flow at the static observer profile 
2 (3.7m runout distance). Thicknesses and units belonging to the 0.351 cm thick deposit are drawn to scale. The 
time stamp of each unit boundary is after flow arrival (Tai). Unconformable boundaries (red unit boundaries) 
represent periods of n.n.d during flow passage. Non-genetic stratigraphical lithofacies, sediment transport 
mechanisms and the relevant flow structure are reported for each emplaced unit. 
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(iii) Profile 3 

Deposition by the smooth experiment flow at observer location profile 3 (at runout distance 

of 5.6 m) occurs after an initial period of non-deposition. The development of a weak 

tractional bedload at 0.48s after flow arrival subsequently deposits a 0.069 cm thick, massive, 

fines-depleted, coarse to very coarse ash unit (fpoormT lithofacies, Figure 3-13). This unit I is 

emplaced from c. 0.48 to 1.21 s after flow arrival, by the flow head, where the bulk of the unit 

is deposited within the first c. 0.2 of aggradation (Figure 3-13). Deposition of unit I terminates 

at 1.21 s after flow arrival. 

From 1.21 to 1.68 s after flow arrival, the flow is characterized by a period of no net 

deposition. The period of no net deposition is characterized by the unconformable contact 

between unit I and II. The period of no net deposition is followed by deposition from tractional 

bedload, which emplaces a 0.09 cm thick unit II, characterized by very fine to fine ash 

laminations (//sT lithofacies, Figure 3-13), dipping in a downstream direction. During 

deposition of unit II, the lower turbulent flow region of the flow body displays formation of 

fast settling mesoscale clusters which feed the tractional bedload below. Deposition of unit II 

lasts until 3.28 s after flow arrival. 

At 3.28s after flow arrival dusting of individual lapilli clasts occurs. Individual lapilli clasts are 

observed to scatter across the deposit surface. Simultaneously, over a course of several tens 

of seconds, very fine to fine ash particles slowly settle out of suspension. The final ash cover 

bed deposit is normally graded and displays fine internal laminations (//sT(n) lithofacies, Figure 

3-13). These cover the entirety of the deposit surface and mark the termination of the 

depositional sequence at this observer profile location 3. 
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Figure 3-13: Stratigraphical column of the deposit of the smooth experiment flow at the static observer profile 
3 (5.6 m runout distance). Thicknesses and units belonging to the 0.206 cm thick deposit are drawn to scale. The 
time stamp of each unit boundary is after flow arrival (Tai). Unconformable boundaries (red unit boundaries) 
represent periods of n.n.d during flow passage. Non-genetic stratigraphical lithofacies, sediment transport 
mechanisms and the relevant flow structure are reported for each emplaced unit 
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(iv) Profile 4 

Deposition at the static observer profile 4 (located at 9.3 m runout distance) occurs after a 

brief period of non-deposition. The deposition of unit I occurs after 0.22s of flow arrival. This 

coincides with the development of a tractional bedload which deposits the 0.085 cm thick, 

massive, fines-depleted, coarse to very coarse ash unit I (fpoormT lithofacies, Figure 3-14). 

The bulk of unit I is rapidly deposited within the first c. 0.2 s of unit aggradation (Figure 3-14; 

profile 4), and its emplacement ceases at c. 1.03s after flow arrival. The termination of 

deposition of unit I coincides with the start of a non-depositional phase that lasts until 1.7 s 

after flow arrival. This erosive unconformable contact between unit I and II reflects the period 

of no net deposition. 

With the cessation of the period of non-deposition, tractional bedload at the flow base begins 

depositing the 0.07cm thick, very fine to fine ash, laminated unit II (//sT lithofacies, Figure 

3-14) gently dipping in downstream direction. Deposition of unit II is also associated with the 

formation of fast settling mesoscale clusters impacting into the transient region which feeding 

the tractional bedload. The deposition of unit II terminates at c. 2.64 s after flow arrival. 

At 2.64s after flow arrival, individual lapilli clasts are observed to scatter across the deposit 

surface. A final fine ash unit is deposited simultaneously. Over the course of several tens of 

seconds, very fine to fine ash particles slowly settle out of suspension. This resulting ash cover 

bed deposit, which covers the entire deposit surface, is normally graded, and displays fine 

internal laminations (//sT(n) lithofacies, Figure 3-14). This final ash unit marks the termination 

of the depositional sequence at this observer profile location 4. 
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Figure 3-14: Stratigraphical column of the deposit of the rough experiment flow at the static observer profile 4 
(9.3 m runout distance). Thicknesses and units belonging to the 0.201 cm thick deposit are drawn to scale. The 
time stamp of each unit boundary is after flow arrival (Tai). Unconformable boundaries (red unit boundaries) 
represent periods of n.n.d during flow passage. Non-genetic stratigraphical lithofacies, sediment transport 
mechanisms and the relevant flow structure are reported for each emplaced unit. 
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3.2.D Flow structure deposit correlation 

The presented depositional sequences described at the several static observer profiles for 

both the rough and smooth experiments flows lend themselves to establish a correlation 

based on bypassing flow structure. Figure 3-15 and Figure 3-16 summarises the stratigraphic 

sequence of the deposits emplaced by both the rough and smooth experiments flow and 

present a link between depositional units and the bypassing flow structure. 

The emplacement of a fpoormLT/T lithofacies (Figure 3-15 and Figure 3-16) is characteristic 

for the first depositional unit generated by the passage of the flow head throughout the entire 

runout.  

At the 1.6m location, both the rough and smooth experiments flows are characterised by the 

local occurrence highly mobile granular shifting sandwaves during deposit formation. These 

shifting sandwaves are associated with the deposition of mLT lithofacies. Deposition of mLT 

lithofacies begin at the rear of the head, and throughout the propagation of the flow body. 

Noteworthy is the localised occurrence of these shifting sandwaves which do not occur at 

static observer profiles located further downstream. In both experimental runs, the 

deposition of these mLT lithofacies by shifting sandwaves occurs at regular intervals of c. 0.4-

0.5 s. However, i) the number of shifting sandwave pulses differs for both the rough and 

smooth experiments flows, where three distinct pulses are identified for the rough 

experiment flow, compared to only two for the smooth experiment flow, and ii) the emplaced 

mLT units by the shifting sandwaves are thinner in the depositional record for the rough 

experiment flow, compared to those found in the smooth experiment flow. At all other times 

of the flow body at profile 1, when shifting sandwaves do not occur, the main deposition 

mechanism in the lower flow boundary is associated with tractional bedload deposition.  

At static observers located further than 1.6m runout distance, the back of the head is 

associated with a period of non-deposition/erosion. As a function of distance, the duration of 

non-deposition at the rear of the head stretches into the proximal flow body. The period of 

non-deposition occurring at the rear of the head is always marked by a near planar, erosive, 

unconformable contact at all observer locations. Noteworthy, this characteristic deposition 

pattern by the flow head is consistent between both the rough and smooth experiments 

experimental flows. 
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The presence of a laterally correlatable stratified lithofacies across the runout is characteristic 

with the deposit emplacement by the flow body and is the case for both the rough and 

smooth experiments flows (Figure 3-15 and Figure 3-16).  

At observer profiles 1, the deposition of units by shifting sandwaves interrupts the deposition 

of the sLT lithofacies (Figure 3-15 and Figure 3-16) during the flow body passage. This 

concurrent deposition of sLT beds and mLT beds (through shifting sandwaves) results either 

in the production of multiple sets of sLT separated by mLT beds, or the deposition of an mLT 

bed overprinted by characteristics of the sLT bed (e.g., smooth experiment flow see profile 1, 

unit III; Figure 3-16).  

In both experiments, stratified lithofacies emplaced by the flow body at profile 2 location 

(3.7m) are bounded by top and bottom erosive unconformities. The non-depositional nature 

of the distal flow body is exclusive to observer location profile 2 for both experimental flows. 

As the flow transitions from the body to the tail, deposition of mpLT/mpT/mT lithofacies 

(Figure 3-15 and Figure 3-16) occurs through a low traction aggradation mechanism. At the 

most proximal profile location (1.6m), units emplaced during the body-tail passage are 

enriched in pumice components (mpLT). At profiles located further, mT bed lithofacies is 

deposited instead. Noteworthy is that these mT units occur up to observer profile 3 (at 5.6 m 

runout distance, Figure 3-15) for the rough experiment flow, and up to profile 2 (3.7 runout 

distance, Figure 3-16) for the smooth experiment flow. After 3.7 m, for the case of the smooth 

experiment flow, instead of depositing a massive unit at the body-tail boundary, the distal 

locations at 5.6 and 9.3m are characterized by deposition of //sT(n) lithofacies (Figure 3-16). 

Deposition in the tail of both the rough and smooth experiments flows is characterized by the 

emplacement of the //sT(n) lithofacies ( Figure 3-15 and Figure 3-16). The buoyant ash cloud 

deposition of the //sT(n) lithofacies characterizes the final deposition from the experimental 

currents.  
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Figure 3-15: Stratigraphy of the rough experiment dilute PDC deposit highlighting depositional units and their 
correlation downstream. Profile 2 and 3 are not drawn to scale. Correlations in grey refer to flow regions 
responsible for emplacing specific depositional units. Overall, the deposits display exponential thinning over 
distance. The changes from profile 1 (1.6 m) to profile 2 (3.7m) highlight the very dynamic proximal deposit 
formation phase. Units emplaced at profile 2 (3.7m) and profile 3 (5.6m) are highly similar in their depositional 
architecture. 
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Figure 3-16: Stratigraphy of the rough experiment dilute PDC deposit highlighting depositional units and their 
correlation downstream. Profile 2, 3 and 4 are not drawn to scale. Correlations in grey refer to flow regions 
responsible for emplacing specific depositional units. Overall, the deposits display exponential thinning over 
distance. The changes from profile 1 (1.6 m) to profile 2 (3.7m) highlight the very dynamic proximal deposit 
formation phase. Units emplaced at profile 2 (3.7m), profile 3 (5.6m) and profile 4 (9.3 m) are highly similar in 
their depositional architecture. 

At Figure 3-17, deposit isochrones of both experiments flow are displayed along with the flow 

structure responsible for the depositing respective regions. The final deposit have been 

delineated by colours to represent the flow structures (low head, body (proximal, medial, and 

distal body regions), tail, and buoyant ash cloud).  

Proximal (<3m) vertical deposition profile represents a complete depositional sequence from 

flow head to tail. At 0.5s, deposition over c. 2 m runout distance solely occurs from the head. 

Deposition from the proximal and medial body initiates between times 0.5 to 2s. Distal body 

commences deposition after the 4s of flow propagation when deposit reaches c. 16 m runout 

distance. Shortly after, tail deposition initiates between 2-4s of deposition. After 4 s of flow 

propagation, the buoyant ash cloud begins emplacing a very thin cover bed. The buoyant ash 

cloud begins to deposit after 4s. 
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The complete depositional sequence from flow head to tail propagates outwards and 

decreases in thickness with time. Deposit reaches runout distances of c. 2, 9, 16, and 22m at 

flow propagation times 0.5, 2, 4, 8s. Final deposition from the buoyant ash cloud (yellow beds, 

Figure 3-17) at 24 m runout distance finishes at c. 20-30s.  

The rough and smooth experiments flows display very similar overall deposit architecture 

(Figure 3-17). Up to 24m of runout distance both flows display a vertical sequence that 

represents a sequence of deposition from flow head-tail and a final cover bed emplaced by 

the ash cloud. 

 

Figure 3-17: Height-distance plot of deposit and deposition isochrones (dashed lines displays relevant times of 
deposit emplacement in seconds) from both experiments. Outlined portions of deposit emplaced by specific 
flow structures are displayed (relevant colours are defined in the legend). Heights (meters) are plotted in a 
logarithmic scale for better visualization. Spatiotemporal deposit aggradation supports the interpretation that 
deposition from a dilute PDC occurs as a longitudinally diachronous sequence characterizing the deposition from 
a flow with a: head, body, and tail. 
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3.2.E Spatio-temporal sedimentation rates 

The following sections explains the different sedimentation rate trends observed at a number 

of static observer location along the flow runout for both the rough and smooth experiments 

experimental flows. The here described profile locations for both flows are characterized by 

deposit thicknesses of c. 4-6 cm at the 1.6 m observer location (Profile 1, Figure 3-18 and 

Figure 3-19), thinning down to c. 0.2 cm at the 9.3 m observer location (Profile 4, Figure 3-19).  

At all observer locations during flow passage, the front of the head is characterized by a non-

depositional period (n.n.d, Figure 3-18 and Figure 3-19). The earliest period of deposition 

recorded by the head of both the rough and smooth experiments flows occur at c. 0.2 s and 

0.16 s after flow arrival, respectively. Compared to all other locations downstream, profile 1 

(at 1.6 m) is the only location that is marked by a constantly depositing flow during its passage. 

Sedimentation rates for the rough experiment flow at profile 1 are characterized by a marked 

regular periodicity of c. 1 s (Figure 3-18 a). The first peak in sedimentation rate occurs at c. 1 

s after flow arrival with sedimentation rates of c. 4 cm s-1. Subsequent sedimentation rate 

peaks occur at c. 2 s (passage of the flow body) and 3.25 s after flow arrival (transition from 

the distal body to the tail), and feature sedimentation rates up to c. 2 cm s-1. Cyclic troughs 

are associated with periods of low sedimentation rates (Figure 3-18 a). Conversely, the 

smooth experiment flow passage at profile 1 displays a less pronounced periodicity in the 

sedimentation rate but features a period of elevated sedimentation rate at around c. 1 s after 

flow arrival with values up to c. 7 cm s-1. After this period of elevated sedimentation, 

sedimentation rates drop and maintain values around c. 1 cm s-1. Similar to the rough 

experiment flow, the smooth experiment flow displays elevated sedimentation rates of c. 3 

m s-1 at around 3.1 s after flow arrival during the late-stage flow propagation. Final deposit is 

characterized by thicknesses of c. 4.5 and 5.6 cm for the rough and smooth experiments flows, 

respectively. 

At medial to distal reaches, periodicity in sedimentation rates decreases both in amplitude 

and duration. Cyclic troughs, or periods of low to negative sedimentation rate, are associated 

with no net deposition, while periods of increased sedimentation rate are associated with 

deposit aggradation. At the observer profile 2, located at 3.7 m distance from impact, 

sedimentation and deposit emplacement in both the rough and smooth experiments flows 

are characterized by the largest occurrence of periods of no net deposition (Figure 3-18 b and 
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Figure 3-19 b). Together with the period of non-deposition in the flow front, non-depositional 

periods occur at the transition from the back of the head to the proximal body, and within 

the distal body. The duration of these periods of no net deposition are however different 

between both experimental flow where the rough experiment flow exhibits longer periods of 

non-deposition than the smooth experiment flow. As such, average sedimentation rates 

during the passage of the smooth experiment flow at the static profile 2 location are higher 

than for the rough experiment flow, with values of 0.067 cm s-1 and 0.055 cm s-1, respectively.  

At profile 2, between these periods of no net deposition, three distinct periods of deposition 

can be identified. For both the rough and smooth experiments flow, the first period of 

deposition occurs just after the non-depositional front and is marked by higher sedimentation 

rates (up to 0.4 cm s-1 for the rough and smooth experiments flow, respectively; Figure 3-18 

b and Figure 3-19 b), compared to the successive second period of deposition occurring within 

the body, with sedimentation rates of c. < 0.1 cm s-1 for the rough and smooth experiments 

flow, respectively. Noteworthy, is a period of high sedimentation during the late-stage flow 

passage of the flow tail, with rates of up to 0.4 cm s-1 for the rough experiment and 0.3 cm s-

1 for the smooth experiment flows, which concomitantly mark the end of the deposit 

emplacement. 

At observer locations profile 3 and 4, located at 5.6 m and 9,3 m runout distance, respectively, 

only two periods of non-deposition occur. For both the rough and smooth experiments flow, 

these are located at the front of the head and in the rear of the head to the body transition 

(Figure 3-18c and Figure 3-19 c). Overall, sedimentation rates are lower within the flow body 

passage, compared to the late-stage passage of the flow tail at profile 3 for the rough 

experiment flow. The latter are characterized by sedimentation rates up to 0.3 cm s-1. 

However, elevated sedimentation rate at the late-stage passage of the tail compared to the 

body is not observed at profile 3 and 4 of the smooth experiment flow. 

Rhythmic cycles in depositional rates are still present at these medial to distal runout 

locations. At profile 3 for both the rough and smooth experiments flow, cyclic periods of 

elevated deposition rate occur at intervals of c. 1 s. This periodicity in the sedimentation rate 

can also be observed in the most distal observer profile 4, marked by oscillations approx. 

every 0.45s. 
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Figure 3-18: Time variant deposit thickness and sedimentation rate (dr) plotted against time for the bypassing 
rough experiment flow at (a) 1.6, (b) 3.7, (c) 5.6m static observer profiles. Depositional record of profile 4 (9.3 
m location) is not displayed due to measurement limitations. Flow is subdivided into head, body, and tail. 
Sedimentation rate is characterised by periods of no net deposition (n.n.d), resulting in unconformities in the 
deposit. Sedimentation rates are marked by alternating times of high and low rates, together with erosional 
periods throughout the duration of the flow passage.  
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Figure 3-19: Time variant deposit thickness and sedimentation rate (dr) plotted against time for the bypassing 
smooth experiment flow at (a) 1.6, (b) 3.7, (c) 5.6, and (d) 9.3 m static observer profiles. Flow is subdivided into 
head, body, and tail. Sedimentation rate is characterised by periods of no net deposition (n.n.d), resulting in 
unconformities in the deposit. Sedimentation rates are marked by alternating times of high and low rates, 
together with erosional periods throughout the duration of the flow passage. 
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3.3 Vertical flow velocity and density structure 

In order to investigate potential relationships between the Spatio-temporal evolution of the 

deposits and the evolving internal flow structure, this research characterised the vertical flow 

velocity and density structure as a function of time at four different observer locations.  

Figure 3-20 and Figure 3-21 display height-time contour plots of flow velocity magnitudes at 

four different observer locations (1.6, 3.7, 5.6, and 9.3 m from impact location). 

In both experimental runs, the time-integrated velocity magnitude shows wall shear with the 

solid substrate produced the inner wall region, where velocities increased up into the vertical 

flow structure until the height of the velocity maximum, which is characterised by zero shear. 

The height of the velocity maximum marked the boundary between the wall and the above 

located outer jet region. The outer jet region was generated due to free shear with the upper 

flow boundary. The jet-region was furthermore characterised by the body-wake boundary, 

located at an average height of c. 1.2 m, above which the highly diluted flow wake region 

occurred. 

For both the rough and smooth experiments runs, the leading frontal head structure was 

characterised by relative moderate to high velocities in the range of 4- 6.5 m s-1 up to the 

flow head boundary to the atmosphere. The frontal nose structure at the flow base sat slightly 

above the ground surface due to wall shear with the solid ground substrate. The centre of the 

head displayed moderate to high velocity magnitude (> 4 m s-1) that persisted in the upper 

flow regions. In the rear of the head, a low velocity zone formed in a region above the body-

wake boundary (above c. 1.2 m). Here, the shedding of rotating vortices (Helmholtz 

instabilities) from the expanding flow head constantly fed the flow wake above the flow body. 

Flow velocity magnitudes fade over distance (Figure 3-20 and Figure 3-21). At 1.6 m runout 

distance mean velocity magnitude over 4s of flow propagation is c. 5.7 and 5 m s-1, for the 

rough and smooth experiments flows, respectively. At 9.3 m runout distance, the mean 

velocity magnitude over 4s of flow is c. 3.5 and 3.3 m s-1, for the rough and smooth 

experiments flows, respectively. The velocity magnitude structures are more intense, yet for 

a shorter duration in the smooth experiment flow. 
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Figure 3-20: Experimental rough experiment flow velocity magnitude contour plot distributions at static 
observer locations 1.6, 3.7, 5.6, and 9.3 m from impact location. Mean (over 4s) velocity magnitude (m s-1) profile 
is displayed on the right. The head of the flow is characterised by moderate-high magnitudes (c. >4 m s-1, red 
shades) that extends into the upper flow regions (> 0.5m of flow height). The body is characterised by the 
moderate-high magnitudes (c. >4 m s-1, red shades) that exists into the body-wake boundary (flow height of c. 
0.75-1.0 m). The wake sits above the body and is characterised by the low magnitudes (c. <4m s-1, blue shades). 
The tail of the flow is characterised by the deceleration of the velocity magnitudes in the body occurring at 2.5-
3.5s after flow arrival. Over runout distance, the maximum mean (over 4s of flow passage) velocity magnitudes 
decreases from c. 5.7 m s-1 at runout distance of 1.6m, to c. 3.5 m s-1 at runout distance of 9.3m. Compared to 
the smooth experiment flow, the rough experiment flow velocity magnitudes display an overall longer flow 
structure (on average medium-high flow velocity magnitudes (c. >4 m s-1, red shades) exists for c. 3.5s after flow 
arrival). 
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Figure 3-21: Experimental smooth experiment flow velocity magnitude contour plot distributions at static 
observer locations 1.6, 3.7, 5.6, and 9.3 m from impact location. Mean (over 4s) velocity magnitude (m s-1) profile 
is displayed on the right. The head of the flow is characterised by moderate-high magnitudes (c. >4 m s-1, red 
shades) that extends into the upper flow regions (> 0.5m of flow height). The body is characterised by the 
moderate-high magnitudes (c. >4 m s-1, red shades) that exists into the body-wake boundary (flow height of c. 
0.75-1.0 m). The wake sits above the body and is characterised by the low magnitudes (c. <4m s-1, blue shades). 
The tail of the flow is characterised by the deceleration of the velocity magnitudes in the body occurring at 2.5-
3s after flow arrival. Over runout distance, the maximum mean (over 4s of flow passage) velocity magnitudes 
decreases from c. 5 m s-1 at runout distance of 1.6m, to c. 3.3 m s-1 at runout distance of 9.3m. Compared to the 
rough experiment flow, the smooth experiment flow velocity magnitudes display an overall shorter flow 
structure (on average medium-high flow velocity magnitudes (c. >4 m s-1, red shades) exists for c. 3.2s after flow 
arrival). 
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passage at the observer locations. In contrast, the smooth experiment flow featured around 

three distinct pulses observed at the first profile location of 1.6 m runout distance. With 

distance from impact, the number of detectable density discontinuities decreased at each 

static observer location. Overall, internal density pulses in the rough experiment flow were 

characterised by a constant period, while density pulses appeared to shorten and converge 

in the smooth experiment flow. At the distal most observer location (9.3m) for both the rough 

and smooth experiments flows, the density pulses were restricted to the head and the tail of 

the flow. The longer flow duration of the rough experiment flow resulted in the presence of 

more internal discontinuities, compared to the shorter duration of the smooth experiment 

flow.  
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4. Discussion 

 

4.1 Lateral correlation of experimental PDC deposit 

Identified depositional lithofacies are interpreted and laterally correlated in the following 

section. Proximally, the experimental flows deposit is characterised by the presence of a large 

c 0.2m regressive dune structure that equates to c. 80 % of the final deposit volume. Medial-

distal deposits are characterised by the laterally correlatable diachronous deposition of 

structurally comparable lithofacies. 

Proximal deposits (up to 3 m in runout distance) are thickest and display the most variety in 

deposited lithofacies (Figure 4-1 rough experiment; Figure 4-2 smooth experiment). The 

presence of a large regressive dune structure characterizes deposition in the first c. 3m after 

impact.  

At proximal regions, the front of the flow head is characterised by a strong non-depositional 

phase. The deposition of a fines depleted, massive, lapilli-ash (fpoormLT) lithofacies at 0.2s 

after flow arrival represents the first deposition at 1.6 m runout distance. Deposition of the 

fpoormLT lithofacies occurs through a c. 9.5 kg m-3 bedload region.  

At 0.45 s after flow arrival, the middle of the head starts depositing a stratified, lapilli-ash (sLT) 

lithofacies. The deposition of the sLT lithofacies is characterised by deposition from an on 

average c. 11 kg m-3 dense tractional bedload. Deposition of the sLT lithofacies at the flow 

head in the proximal runout distance is interrupted by the deposition of a mLT lithofacies at 

the rear of the head. 

The thickest lithofacies found in the proximal region are the massive, lapilli-ash (mLT) 

lithofacies (pink shaded units in the column located at 1.6m of Figure 4-1 rough experiment; 

Figure 4-2 smooth experiment). The mLT lithofacies are related to deposition through a 10 to 

20 kg m-3 granular shifting sandwave in the bedload. In both substrate experiments, the mLT 

lithofacies are deposited by the highly granular shifting sandwaves and are restricted to the 

initial regressive dune structure found at <3 m of runout (pink shaded units in the column 

located at 1.6m of Figure 4-1 rough experiment; Figure 4-2 smooth experiment).  

Shifting sandwaves in the proximal region are interpreted to have originated from the 

expanding flow of the laterally projected mixture at impact, wherein rapid settling of heavy 
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uncoupled particles coinciding with the development of fast settling mesoscale clusters forms 

a granular fluid like basal underflow. Shifting sandwave sedimentation occurs from the back 

of the flow head and throughout the entire length of the flow body in the flow at proximal 

regions.  

The c. 3 m long regressive dune structure observed in the proximal regions are interpreted to 

be the result of aggradation of successive thick units deposited by the granular shifting 

sandwave. It is interpreted that the lithofacies associated with the granular shifting sandwave 

pinch-out along with the termination of the dune (absence of pink shaded units after runout 

distance of 3 m, Figure 4-1 rough experiment; Figure 4-2 smooth experiment). 

During periods at which shifting sandwave sedimentation is absent, deposition in the body of 

the flow at the proximal region shifts to tractional bedload aggradation. Tractional bedload 

aggradation at proximal regions, characterised by a 5-10 kg m-3 tractional bedload region, are 

associated with the aggradation of the sLT lithofacies (blue shaded units in the column located 

at 1.6m of Figure 4-1 rough experiment; Figure 4-2 smooth experiment). 

Late-stage proximal massive, pumice-rich, lapilli-ash (mpLT) lithofacies reflects the shift from 

the flow distal body to tail. The late-stage flow characterised by flow dilution and deceleration 

results in the loss of flow competence in transporting particles. Deposition of the mpLT 

lithofacies characterises rapid deposition from a dense 8-15 kg m-3 bedload through rolling 

clasts and low tractional bedload aggradation. Deposition of the mpLT lithofacies through low 

traction aggradation occurs concurrently with the loss of lower flow stratification, and 

termination of the formation of fast settling mesoscale clusters. 

The passage of the flow tail in proximal regions is characterised by the further deceleration 

of flow velocities (c. < 2 m s-1). Individual lapilli clasts are observed to roll across and scour the 

deposit surface to form a discontinuous individual lapilli cover. Concurrently, over the course 

of seconds to tens of seconds very fine to fine ash particles slowly settle out of suspension 

from the buoyant ash cloud as the flow ceases lateral motion, forming the laminated, 

normally graded, ash (//sT(n)) lithofacies (green shaded units in the column located at 1.6m of 

Figure 4-1 rough experiment; Figure 4-2 smooth experiment).  

The range of densities displayed by the bedload whilst depositing various proximal lithofacies 

imply that the processes observed in the experimental lower flow region will also occur in 
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natural flows. Observations of the laterally limited deposition of the mLT lithofacies 

associated with a highly mobile granular shifting sandwave in the proximal regions of the 

experiments give insights not only to the length scales at which equivalent natural lithofacies 

occur, but also the bedload processes responsible for depositing them. However, it is 

important to note that with the given results, the lateral extent of the associated proximal 

lithofacies on a field scale cannot be quantitatively predicted yet. Nonetheless, natural 

proximal massive lithofacies will also be in the scale of at least metres but could also 

potentially be further. Stratified lithofacies, on the other hand, are envisioned to laterally 

correlate downstream to medial and distal reaches (blue shaded units, Figure 4-1 rough 

experiment; Figure 4-2 smooth experiment). 

At medial runout distances (c. 3-10m runout distance), absence of highly mobile shifting 

sandwaves is associated with the diachronous deposition of a laterally correlatable vertical 

sequence of lithofacies under an evolving flow structure.  

The front of the flow at medial runout distances still displays a non-depositional front. Initial 

deposition at the head occurs at the middle-anterior portion of the head. The deposition of 

the fines depleted, massive, ash (fpoormT) lithofacies is characterised by the rapid 

aggradation from a 7-11 kg m-3 bedload region. The deposition of the bottommost fpoormT 

lithofacies at runout distance of 3.7 is interpreted to laterally correlate with the initial 2 

depositional units in the proximal regions at both flows (blue shaded units, Figure 4-1 rough 

experiment; Figure 4-2 smooth experiment).  

Over distance, the fpoormT lithofacies deposited by the head becomes thinner and finer, and 

at runout distances > 10 m, the internal structure evolves from being massive to being 

stratified, and at distances > 15 m, fpoormT becomes thinly laminated(graphical 

representation of the evolution of the bottommost units (shaded blue), from massive (blocks) 

to stratified (lines) and ultimately laminated (thin lines), Figure 4-1 rough experiment; Figure 

4-2 smooth experiment). Changes in lithofacies over distance reflects the change in 

deposition mechanism, over distance, rapid deposition (which deposits massive lithofacies) 

becomes deposition through tractive processes (stratified to laminated lithofacies).  

Unlike proximal regions (runout distance >3m), granular shifting sandwaves that initiate at 

the rear of the head and occur throughout the flow body are not observed. Instead, sediment 
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transport mechanism occurring at the rear of the head and throughout the flow body are 

characterised by tractional bedload.  

The back of the flow head at medial distances (3-10m runout distance) is characterised by a 

non-depositional and erosive phase. The fpoormT lithofacies that characterises deposition 

from the middle of the head of the flow is overlain with an unconformable contact due to this 

non-depositional and erosive phase. At distal runout distances (runout distance >10 m), the 

non-depositional region of the rear of the head dissipates, and contacts between depositional 

packages of the head and subsequent depositional units become conformable (Figure 4-1 

rough experiment; Figure 4-2 smooth experiment).  

At medial runout distances (3-10 m runout distance) the sediment transport mechanism in 

the lower flow boundary is characterised by tractional bedload mechanism. The development 

of a 5 - 10 kg m-3 dense bedload region in the flow body at 3.7 m runout distance occurs 

concurrently with the formation fast settling mesoscale clusters that feed into a 3 - 7 kg m-3 

transient region. Deposition of stratified, ash (sT) lithofacies characterises deposition from a 

tractional bedload at the passage of the flow body at medial runout distances (3-10m runout 

distance).  

Medial sT lithofacies can be correlated proximally to: i) faint stratifications found within mLT 

lithofacies (blue shaded horizons in the proximal deposits, Figure 4-1 rough experiment; 

Figure 4-2 smooth experiment); ii) and the sLT lithofacies (blue shaded stratified beds in the 

proximal deposits, Figure 4-1 rough experiment; Figure 4-2 smooth experiment). At distal 

runout distances (runout distance >10 m), sT lithofacies associated with the flow body 

becomes finer and stratifications evolve into laminations. 

At the flow body-tail transition propagation at medial runout distances (< 7 m for the rough 

experiment deposit, and <5 m for the smooth experiment deposit), a 4-11 kg m-3 dense 

bedload deposits the massive, ash and massive, pumice rich, ash(mT/mpT) lithofacies rapidly. 

The deposition of the mT/mpT lithofacies represents deposition from a late-stage flow that is 

experiencing dilution and deceleration. The dilution and flow deceleration of the late-stage 

flow is also characterised by the termination of vertical stratification and formation of the 

turbulent mesoscale clusters. The bottom contact of the late stage massive lithofacies with 

the underlaying stratified lithofacies is conformable and sharp.  
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The mT/mpT lithofacies located at medial runout distances laterally correlate to the mpLT 

lithofacies in the proximal runout distances (blue shaded massive units found near the deposit 

surface, Figure 4-1 rough experiment; Figure 4-2 smooth experiment). Late-stage mT/mpT 

lithofacies pinch-out at medial runout distances (approximately c. 7 m runout distance in the 

rough experiment flow Figure 4-1; and approximately c. 5 m in the smooth experiment flow 

Figure 4-2).  

Analogous to proximal regions, individual lapilli clasts are observed to roll across the deposit 

during the passage of the tail at medial runout distances (Figure 4-1 and Figure 4-2 lapilli 

dusting). Deposition of the Individual lapilli across the deposit surface from impact to 20 m 

runout distance display systematic grain size decrease as a function of distance. Deposition 

of individual lapilli clasts occurs alongside the deposition of the //sT(n) lithofacies in the tail. 

Slow settling of very fine to fine ash particles in weakly tractive conditions at the tail to 

buoyant ash cloud emplaces the //sT(n) lithofacies. The //sT(n) lithofacies mantles over the 

entire deposit surface and can be laterally correlated throughout the entire deposit surface.  

Distal runout (> c. 10 m runout distance) deposit architecture is characterised by the //sT(n) 

lithofacies (Figure 4-1 rough experiment; Figure 4-2 smooth experiment). At distal runout 

distances, the flow is significantly diluted through entrainment of ambient gases and 

sedimentation from the base of the flow. The significantly diluted flow deposits the //sT(n) 

lithofacies initially through low tractive mechanism (in the flow head and body), and later 

through settling out of suspension of very fine ashes from the tail buoyant ash cloud (last 

stratigraphic profile at 18 m runout distance, Figure 4-1 rough experiment; Figure 4-2 smooth 

experiment). At distal runout distances, deposition from the head, body, and tail is wholly 

characterised by the //sT(n) lithofacies (last stratigraphic profile at 18 m runout distance, 

Figure 4-1 rough experiment; Figure 4-2 smooth experiment). 

The table below summarizes the observed lithofacies, their lateral extent and deposition 

mechanism with their characteristic bedload density. The understanding of the density range 

at which the experimental lithofacies deposits over allows for the characterisation and 

approximation of the range at which equivalent lithofacies occur at nature. 
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Table 4-1: List of lithofacies, their depositional range (proximal 0-3, medial- 3-10, distal- >10 m runout distance), 
their depositional mechanism and the characteristic density range at bedload region during emplacement. 

Lithofacies Deposited 
region Deposition mechanism Bedload 

density kg m-3 
Depth integrated flow 

density kg m-3 
fpoormLT Proximal Rapid deposition 7.0-10.0  1.5-4.2 

sLT Proximal Tractional bedload 6.0-15.0  2.5-4.2 
mLT Proximal Shifting sandwaves 10.0-20.0 2.5-4.2 

mpLT Proximal Low tractional bedload 
aggradation 8.0-15.0  1.9-4.0 

fpoormT Medial Rapid deposition 7.0-11.0  1.3-2.3 

mT/mPT Medial Low tractional bedload 
aggradation 4.0-11.0  1.4-2.3 

sT Medial-
Distal Tractional bedload 5.0-10.0  1.4-2.3 

//sT(n) Proximal-
Distal 

Grain by grain under weak 
tractive conditions 1.3-2 1.3-1.7 




































