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Abstract 

Pyroclastic density currents (PDCs) pose substantial risk to populations living on and around active 

volcanoes, but their structure and internal dynamics are poorly understood. Much of this 

understanding is derived from interpretation of their widespread deposits. Scaled experiments are 

able to probe different conditions, to explore how changing flow dynamics relate to the wide variety 

of depositional styles observed in nature. Here we present two suites of work, first exploring the 

generation of spontaneous unsteadiness, and how it can impact the partitioning of sediment between 

dense granular under-currents, and over-riding dilute particle clouds. Second, we introduce grainsize 

variation to the dense granular regime and explore the formation of grading patterns. We 

demonstrate that unsteadiness in flow can be important in capturing different grading structures in 

deposits, and that granular sorting mechanisms are highly effective in thin fluidized grainflow. We 

conclude that this may raise challenges for the interpretation of common poorly sorted lithofacies 

(massive lapilli tuff) in natural deposits, as it must require substantial vertical mixing within these 

grainflows.  
 

 

1 Introduction 

Pyroclastic density currents (PDCs) are a widespread hazard at active volcanoes around the world,  

and understanding their internal dynamics remains a challenge to the volcanology community 

(Sulpizio et al., 2014; Lube et al., 2020). These currents can travel large distances from the volcano, 

at high speed, and pose considerable risk to communities living in volcanically active areas (Brown et 

al., 2017). PDCs are particle laden flows, comprising juvenile clasts, lithic fragments, and both 
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exsolving and entrained gases, are produced by a range of volcanic eruptive processes. They are 

thought to occupy a spectrum of behaviors, from very dilute turbulent currents to hyper-

concentrated (dense) flowing mixtures, although there is little direct field data which helps address 

the question about the extent – both spatial and temporal – of these different conditions within 

different flows (Breard et al., 2016; Breard, Dufek and Roche, 2019). Moreover, it is also unknown 

how important these end-member flow conditions are in terms of relative transport capacity 

(Meruane et al., 2012; Breard et al., 2019; Lube et al., 2019; Smith et al., 2020), or the extent to which 

different regimes within a single current are, or are not, coupled to one another.  

The deposits of PDCs are extremely varied, with lithofacies capturing a range of grainsize, sorting, 

fabric, and componentry relationships (Branney and Kokelaar, 2002). These lithofacies – and their 

horizontal and vertical relationships – have frequently been used to infer the behavior of the PDCs 

which have deposited them (Scarpati et al., 1993; Calder et al., 2000; Brown and Branney, 2004; 

Houghton et al., 2004; Giordano et al., 2010; Smith and Kokelaar, 2013; Douillet et al., 2019; 

Pollock et al., 2019; Cole et al., 2024), and how that behavior has evolved in time and space. The 

interpretation of these lithofacies, however, is based on assumptions about the flow conditions, 

based largely on drawing parallels from the hydrodynamic sedimentology literature, and insights 

from numerical and experimental modelling of granular currents. Grainsize variation has rarely been 

explored within the flowing dense granular regime, due to a range of complexities this introduces to 

modelling. Changes in the grainsize of a mixture result in changes in both the fluidization 

characteristics, and the pore pressure diffusion timescales (Gilbertson and Eames, 2003; Gilbertson, 

2019), which result in mobility variation. Coupled with the particle segregation in agitated or flowing 

granular mixtures (Shinbrot and Muzzio, 1998; Khakhar et al., 1999; Shinbrot et al., 1999; Breu et al., 

2003; Schnautz et al., 2005), exploration of diverse grainsize distributions comes with a number of 

poorly defined interactions which will likely impact the nature of deposition.  

The key assumptions within much of the literature have not changed substantially since the 

widespread acceptance of the progressive aggradation paradigm (Branney and Kokelaar, 1997, 2002). 

That is, that the deposit from a current aggrades from the base of the over-riding current, and that 

vertical variation in the deposit is a result of a change in the type of material being supplied to the 

deposit through time. This is in contrast with the earlier “plug flow” paradigm in which the vertical 

structure of the deposit captures the vertical structure of the current, which comes to a halt to form 

said deposit. Within the present paradigm, then, a massive unit with inverse graded pumice clasts 
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would represent the deposit of a current which exhibited either a) deposition from a waxing current 

with increased transport capacity for larger clasts, b) a current with an increasing availability of 

pumice from eruption dynamic changes, c) local variation due to migrating thalwegs of flow, or d) 

floatation of large pumice clasts in very rapidly forming deposits (Branney and Kokelaar, 2002). 

These kinds of massive lapilli tuff (mLT) lithofacies are common within ignimbrite deposits, but no 

quantified process-product linkage has been definitively established to date. 

Much of our understanding of PDCs comes from experimental modelling, which has used a wide 

variety of approaches and materials in order to explore different features and behaviors. The dense 

granular dominated regime has been explored using both short inertial (often dam-break) 

experiments, and more sustained long-lived supplies (Walker, 1981; Roche et al., 2004; Rowley et al., 

2011; Smith et al., 2018; Gueugneau, Charbonnier and Roche, 2022). Dried, disaggregated natural 

PDC materials have been used in several experiments to observe the behaviors of pyroclastic 

charges (Girolami et al., 2010; Breard and Lube, 2017), although this leads to challenges in scaling, as 

particle sizes in the order of millimeters can be difficult to transport in laboratory scale flows, and 

the grainsize ranges in the laboratory are commonly narrower than those seen in natural deposits. As 

a result, many of these experiments have used analogue materials such as glass beads, particularly 

focusing on grainsizes between 45-90 microns. These small grainsizes allow pore pressures to 

develop, and for fluidization of the currents to occur, but are coarse enough that cohesive clumping 

is minimized and material handling is straightforward. However, these materials have grainsize 

ranges too large to become sufficiently airborne to generate any significant accompanying dilute 

current. In natural flows the smaller bulk grainsizes (fines down to <1 µm) and thicker flows 

(decimeter to meter scale) reduce pore pressure diffusion timescales, resulting in currents which – 

once fluidized – remain fluidized on the order of minutes or more. 

The simultaneous existence of both a dense underflow, and a turbulent over-riding cloud has been 

well established in nature (Bursik and Woods, 1996; Branney and Kokelaar, 2002; Ort et al., 2003; 

Valentine et al., 2019), and described by the differing particle transfer mechanisms between layers 

(Doyle et al., 2010; Doronzo, 2012).  Simultaneous dense and dilute flow behavior has only 

occasionally been captured experimentally (Dellino et al., 2007; Breard and Lube, 2017); laboratory 

work to date has typically focused on understanding the behaviors of only one part of this two-layer 

system (Dellino et al., 2010; Girolami et al., 2010; Andrews and Manga, 2012; Chedeville and Roche, 

2014; Smith et al., 2018; Breard et al., 2019; Gueugneau, Charbonnier and Roche, 2022).  
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Evidence of flow unsteadiness is common in pyroclastic deposits (Branney and Kokelaar, 2002; 

Brown and Branney, 2004; Smith and Kokelaar, 2013; Douillet et al., 2019; Dellino et al., 2021), 

although the source of this unsteadiness is usually attributed solely to changing source parameters. 

Laboratory experiments are typically lock-gate release, and capture a short-lived single-pulse (waxing 

then waning) highly unsteady condition. However, experiments with sustained fluidization are able 

to capture the behavior of longer lived currents, and the formation of unsteadiness on timescales 

shorter than the waxing-waning of the bulk current (Rowley et al., 2014; Smith et al., 2018).  

 

Unsteadiness has been observed in analogue models of the dilute regime and affects current 

structure, transport of particles and supply of material to the flow boundary zone (Andrews, 2019, 

Brosch & Lube 2020). Here we explore and build understanding of unsteadiness in coupled, two-

layer flows through experiments in powder-grade fluidized materials.  Given that in a two-layer 

current any sedimentation must pass through the dense undercurrent, and that the development of a 

flow boundary zone between loose substrate and shearing dense granular flow is assumed to be 

critical in the controlling the character of resulting deposits (Branney and Kokelaar, 2002; Zrelak et 

al., 2020; Smith et al., 2023), simulating the dense undercurrent itself is enough to understand the 

broad depositional behaviors of any PDC with a dense granular base. Assuming this, we investigate 

the signature of spontaneous unsteadiness in the propagation and deposition of dense granular 

currents, discuss the implications these observations have for the deposit sedimentology and 

stratigraphy, and explore the consequences of this new insight may have for the interpretation of 

natural PDC deposits. The application of polydisperse mixtures further enables us to look at the 

processes of sorting in dense granular flow and sedimentation, and to begin to evaluate some 

standing assumptions in the interpretation of natural deposits. 

 

2 Methods 

A total of 39 experiments were performed to execute this analysis (Table 1) using a range of 

different grainsize distributions. 10 different grainsize distributions were explored, using 5 different 

grainsizes (4-45, 45-90, 125-425, 425-600 and 600-800 µm). Between 2 and 5 repeats of each 

condition were conducted using varied camera placement during these repeats to allow investigation 

of different areas of interest with the high-speed camera. Overall behavior of each experiment type 
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was verified using wide angle oversight footage and final deposit comparison. Representative results 

from these runs are presented here to describe and characterize the behaviors of different materials. 

The flume is 150 mm wide, with a gas-permeable base through which an air supply can be provided, 

enabling the controlled fluidization and defluidization of the materials (Figure 1; the latter is a 

requirement for allowing deposits to develop).The gas supply is controlled to supply some fraction 

of the superficial vertical gas velocity at which intergranular friction is lost, known as the minimum 

fluidization velocity, Umf (Geldart, 1972; Gilbertson et al., 2008). Providing a gas supply below Umf 

allows deposition of material, and supplying at or above Umf keeps the material in a fluidized state. 

Material is released into the flume through the use of a raised hopper, with material release 

controlled by a simple sliding gate mechanism. The hopper opening is 65 cm above the base of the 

flume. Charges are well mixed prior to release, but we are unable to quantify any sorting processes 

which might occur between release and development of the flows observed here. 

  

Figure 1 – experimental apparatus, highlighting the difference between the chambering of the gas 

supply through the porous base. A was used for the two-layer flow experiments, B was used for the 

deposition experiments. 

Table 1 – Experimental mixtures 

 
Experiment 

ID Grainsizes 

% of each mix 

4-45 µm 45-90 µm 125-425 µm 425-600 µm 600-800 µm 

A1 1 100         

A2 1 100         

A3 1 100         

B1 1   100       

B2 1   100       

B3 1   100       
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B4 1   100       

B5 1   100       

C1 2   90 10     

C2 2   90 10     

C3 2   80   20   

C4 2   80   20   

C5 2   80   20   

D1 3   90 5 5   

D2 3   90 5 5   

D3 3   90 5 5   

D4 3   90 5 5   

D5 3   80 10 10   

D6 3   80 10 10   

D7 3   80 10 10   

D8 3   80 10 10   

D9 3   60 20 20   

D10 3   60 20 20   

D11 3   60 20 20   

D12 3   60 20 20   

D13 3   60 20 20   

E1 4   85 5 5 5 

E2 4   85 5 5 5 

E3 4   85 5 5 5 

E4 4   85 5 5 5 

E5 4   50 30 15 5 

E6 4   50 30 15 5 

E7 4   50 30 15 5 

E8 4   50 30 15 5 

E9 4   50 20 20 10 

E10 4   50 20 20 10 

E11 4   50 20 20 10 

E12 4   50 20 20 10 

E13 4   50 20 20 10 

 

 

Two series of experiment are presented in this work; the first exploring the formation and behavior 

of coupled 2-layer systems using fine (4-45 µm) ballotini (experiments A1-A3), and the second 

exploring the sedimentary signature of unsteadiness in the dense undercurrent using coarser (45 – 

800 µm) ballotini (monodisperse B1-B5, bidisperse C1-C5, tridisperse D1-D13 and quad-disperse 

E1-E13). All mixtures behave as Geldart Group A materials (Geldart, 1973). The larger grainsizes 

used in the second suite of experiments suppress the formation of a dilute layer, enabling a focus on 

the dense granular current, and exploration of sorting and sedimentation processes. All materials are 

heated to 70-80 °C overnight to remove moisture and minimize any moisture-related cohesion and 

clumping. 
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In both suites high-speed video was recorded through the flume sidewall perpendicular to the mean 

flow direction, at 500 frames per second to track flow behaviors (e.g. Flow speeds, thicknesses, etc.), 

the degree and nature of the unsteadiness within the current and the sequence of depositional 

processes and formation of the sedimentary structures and stratigraphies. The location of this 

camera was moved during different repeats of each condition in order to provide detail at various 

locations during the propagation and deposition.  Secondary cameras were used to capture wide 

angle footage in order to verify similitude between repeats. In all cases flow front velocities were 

similar for each experimental condition, although the magnitude and timing of individual pulses in 

the current resulted in maximum runout varying within 150 mm of each repeat. 

 

Scaling of these experiments follows established principles in similar works (Rowley et al., 2011; 

Roche, 2012; Smith et al., 2018). The parameters of the experiments and those of natural systems are 

defined – with their symbols - in Table 2. The dimensionless parameters in the lower part of Table 2 

demonstrate that while the ranges of values in the experiments do not always match the ranges of 

natural conditions, they fall into the same behavioral types. The only substantial scaling issue would 

appear to be the more rapid defluidization experienced by the laboratory flows, which – in these 

experiments – is countered by the constant supply of fresh gas to the base of the current. 

2.1 Two-layer flow experiments 

Experimental currents were generated using 10 kg of heated (70°C) silica beads with diameters 

between 4- 45 µm. These were fed from a hopper with a fixed mass flux of 2.5 kg/s (confirmed by 

logging mass balance, Rowley et al 2014), into a 3 m long 150 mm wide horizontal flume, in which a 

sustained gas supply was fed through a single uniform porous base for the duration of the 

experiments. 

2.2 Deposits from polymict granular flow 

Experiments in this suite were similar to those in the previous suite, but used a flume in which the 

first 1 m of runout was supplied with a basal gas flux in excess of the calculated Umf for each 

mixture, and the rest of the 3 m flume supplied with ~80% Umf to enable a deposit to aggrade.  

Table 2. Parameters of natural dense PDCs compared with the experimental currents in this work. 
Parameter Dense PDCs * 2-layer experiments 

(dense layer) 

Deposition 

experiments 

Significance 



 

9 

Particle Diameter (m) 2x10-5 – 5x10-4* 4.5x10-5 – 2.5x10-4 4.5x10-5 – 2.5x10-4  

Particle Density (kgm-3) 500-2500 2500 2500  

Particle Volume Fraction 

φs 

0.3-0.6 0.6 0.6  

Fluid Density (kgm-3) ~1 1.225 1.225  

Fluid Viscosity (kgm-1s-1) 

µ 

~10-5 1.78x10-5 1.78x10-5  

Hydraulic permeability 10-12 – 10-10 2x10-14 - 2x10-12 2x10-12 - 8x10-10  

Hydraulic diffusion 

coefficient 

10-4 – 102 10-4 – 10-2 10-2-101  

Acceleration due to 

Gravity (ms-1) 

9.81 9.81 9.81  

Flow Thickness (m) H 100 – 5x101 1x10-4 – 5x10-3 1x10-4 – 5x10-3  

Flow Length (m) 103-104 0.5-3 0.5-3  

Flow Front Velocity (ms-1) 

U 

5-30 1.5 – 2.5 1.5 – 2.5  

Slope Angle (°) 0-30 0-5† 0-5†  

Dimensionless parameters 

Fluidization number (NF) 

** 

10-7 – 10-3 10-5 – 10-4 10-3 - 100 Flow velocity much greater 

than fluidization velocity 

Bagnold Number (NB) † 100-102 10-2 - 100 100 – 102 Macroviscous to intermediate 

Savage Number (NS) ‡ 10-9 – 10-8 3x10-11 – 3x10-2 3x10-11 – 3x10-2 Frictional 

Froude Number (Fr) a 1.6-3 2-20 2 - 20 Supercritical 

Darcy number (ND) b  101-104 10-1 - 101 10-1 - 101 Solid-fluid interactions 

dominate 

Mass number c 102 - 103 103 103  

Pore pressure number 

(NP) d 

10-4-101 10-1-10-2 100 - 101 Pore pressure diffuses more 

rapidly in experiments 

Stokes number (St) e 10-5 - 103 10-3 – 10-1 

10-3 f 

10-1 – 102 Efficient coupling of particles 

to gas in fine materials. Poor 

coupling in course. Dilute layer 

is well coupled. 

* (Roche, 2012; Fries, Roche and Carazzo, 2021) 

** Ratio of interstitial gas velocity over the flow velocity (Denlinger and Iverson, 2001) 
† Ratio of collisional over viscous stresses (Bagnold, R. A., 1954) 
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‡ Ratio of collisional over frictional solid stresses when pore fluid pressure is negligible.  (Savage and Hutter, 1991) 
a Ratio of inertial stresses over viscous stresses 
b Ratio of viscous solid-fluid interactions over collisional stresses (Denlinger and Iverson, 2001) 
c Ratio of solid over fluid inertia (Iverson, 1997) 
d Ratio of pore pressure advection timescale over the pore pressure diffusion timescale (Denlinger and Iverson, 2001) 
e Ratio of particle response time to timescale of flow (Israel and Rosner, 1982) 
f Stokes number calculated for the dilute layer assuming 1% particle concentration 

 

3 Results 

3.1 Two-layer flow unsteadiness 

On reaching the channel base, the powder spontaneously partitioned into a two-layer current, with 

limited but non-zero coupling between them (Figure 2). The initial part of the charge, which was 

interacting with an empty flume base was largely lofted into forming a dilute flow, by energetic 

impingement.  Some of this material followed ballistic trajectories to rain back to the flume base. 

Much, however, remained lofted and entrained in the air, developing a dilute cloud which was 

observed to flow away from the impingement area. This dilute layer demonstrates good coupling to 

the carrier gas (St ~10-3, Table 2). Over the following seconds this dilute layer developed turbulent 

structures, and a concentration profile as indicated by the albedo of the layer – higher particle 

concentrations are in evidence closer to the flow base. We have not been able to quantitatively 

calibrate albedo to concentration in these experiments. 

A dense underflow was also observed to form almost immediately after the first particles develop 

the dilute cloud. This dense current is formed by material arriving from the hopper onto a flume 

base which already has material on it, and by the raining out of sediment from the dilute flow above 

into the basal region of the flume. This dense current grows from a few millimeters thick to several 

centimeters as the experiment progresses. The dense flow develops unsteady pulses within the first 

0.3 seconds, which last for the duration of the experiment. The pulses are characterized by regions 

of the dense current which are approximately 2-3 times the thickness of the thinnest parts. These 

wave-like surface morphologies are observed to become sequentially bigger, such that those entering 

the flume in the first 0.4 seconds are up to 30 mm high, while those after a second are in the order 

of 50-60 mm high. The thinnest parts of the dense currents are observed to grow from 

approximately 5 mm in the first second, to 20-30 mm after 2 seconds. As the experiment progresses, 

these surface waves take on steeper bore-like forms, and are eventually observed to form breaking 

wave type structures within the flow, often throwing material from the dense current into the 

turbulent suspension above. 
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The interface between the two flow layers is observed to be sharp and distinct. Fallout 

sedimentation from the dilute layer feeds material into the dense current, while unsteadiness in the 

dense layer was important in supplying the dilute layer as sloshing and breaking-wave events 

intermittently threw material into the dilute layer. This instability in the dilute sediment load was 

concentrated between 2-4 seconds of the current entering the flume, and correlates to the period of 

highest breaking wave activity in the dense flow. The resulting temporally and spatially variable mass 

in both layers was chaotic, and resulted in pulses of high and low concentration in the dilute flow 

passing through the flume, which persisted across the length of the flume.  
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Figure 2 High speed video sequence showing passage of a 2-layer current (Experiment A2, Table 1). 

Dilute layer arrives first, followed by a thin dense layer exhibiting extreme unsteadiness. Flow pulses 

up to 3 cm thick surge ahead of layers less than 1 cm thick. Both the dense and dilute layers have 

bulk velocities in the order of 2 m/s. Large energetic pulses in the dense layer result in spraying of 

material into the over-riding dilute layer, and sediment rains from the dilute layer into the dense. By 

1.6 s into the current a deposit is beginning to form, which suppresses the passage of air to the free 

surface, further decelerating the current and causing thickening of the deposit. Turbulent structures 

are evident in the dilute flow by 0.4 seconds, including cm-scale Kelvin-Helmholtz instabilities on 

the larger rolls (labelled k), mirroring those observed in other dilute flow experiments (Andrews and 

Manga, 2012). 

Pixel brightness can be used as a proxy for sediment concentration in the turbulent suspension (e.g. 

Andrews & Manga 2012). While we are unable to correlate brightness values to specific 

concentration, we can conduct a relative comparison to view the development of unsteadiness in the 

dilute cloud. For the analysis the pixel column at the right edge (flume exit) was analyzed at 0.1 

second intervals, to capture the broad evolution of the sediment concentration throughout the 

experiment. The mean brightness of this column captures the variation in flux of material in the 

dilute column (Figure 3A). The vertical variation can be seen in the composite image of these edge 

slices which are compiled to provide a temporal evolution of the flume exit (Figure 3B). The mean 

pixel values were calculated from only the dilute portion of the data; the dense current can be seen 

in these edge pixels from about 1.5s into the experiment, and these were excluded from the 

calculations.  

The head and body of the dilute layer maintained a velocity of 2.2 +/- 0.2 m/s for the duration of 

the experiments. The dense layer propagates at 2.1 +/- 0.3 m/s, although these velocities can only 

be made by tracking the front of the current and surface features of the layer controlled by pulses of 

material.  Based on the observations at the flume exit (Figure 3B) and the observed velocities, the 

eddies in the dilute layer – as shown by periods of high sediment concentration at the exit – have 

passage durations in the order of 0.1 – 0.4 seconds, which correspond to a turbulent length scales in 

the order of 0.2 - 0.8 m. 
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Figure 3 A - Time-series mean brightness plot for the distal-edge pixel column in the frame. The 

dark black line is a 5-point moving average, demonstrating elevated brightness (sediment load) 

during the unsteady wave-dominated phase. A peak in brightness in the dilute layer is observed 

during the peak sloshing and breaking-wave activity in the dense layer (2-4 sec, labelled “peak 

unsteadiness”), indicating an increase in sediment transferred to the turbulent suspension. B – time-

series of the distal-edge pixels at 0.1 second intervals through the experiment. This demonstrates 

unsteadiness and vertical heterogeneity in sediment load complimentary to (A), as well as deposit 

and underflow growth through time at that location. 

 

3.2  Deposition from a polymict dense granular layer 

Moving to experiments using coarser (45-90 µm) ballotini allows us to investigate the behavior of 

the dense layer without the complexity of fines lofting above it. Several works have explored the 
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formation of deposits for fluidized and aerated dense granular currents, and the generation of 

bedforms within them (Rowley et al., 2014, 2023; Smith et al., 2018, 2020). Here we add a range of 

grainsizes to the bulk charge to explore the formation of sorting profiles in dense granular currents 

and explore their resultant deposits. In particular, we are able to observe how these sorting 

behaviors express themselves when unsteadiness appears within the currents in the form of flow 

pulses and stepwise aggradation of a deposit (Sulpizio and Dellino, 2008). The structure of the 

deposits produced in these rapidly fluidizing experiments is not meant to be directly analogous to 

the architecture of PDCs, but enables us to explore different sedimentary behaviors and 

characteristics at a range of bed angles and flow conditions (Figure 4).  

 

  

Figure 4 – Process of bedform development in laboratory experiments of fluidized dense granular 

currents (modified from Smith et al 2020). 

 

Currents are described using the dimensionless Froude number (Fr), Bagnold number (NB), Friction 

number (NF ) and Savage number (NS), and particular bed sets are related to specific conditions in 

the current (Smith et al 2020). Planar beds are found to occur during low slope angle propagation 
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when currents exhibit high Bagnold numbers, and Savage numbers in the higher collision dominated 

rather than contact shearing dominated regime (Zhou et al., 2016) (NS>0.1 and NB>450). Backset 

bedforms occur as the current interreacts with steeper slopes, with higher frictional stresses, and the 

current moves from supercritical to critical Froude numbers. At this point the current is observed to 

become blocked behind the existing deposit, builds a large volume of fluidized material of 

approximately the deposit height, before cascading back up the flume as a granular bore. The 

upstream growth of the deposit is captured as rapidly deposited very steep (>angle of repose) 

bedform cross-sets, before the bore collapses and the cycle is able to repeat itself. Throughout this 

process the deposit is aggraded via a stepwise process, where sets that are 5-50 mm thick are set in 

place, preserving the vertical structure of the current from which they formed. This stepwise 

aggradation process is in contrast to the traditional plug flow and more widely accepted progressive 

aggradation models usually discussed in terms of PDC deposit accumulation (Branney and Kokelaar, 

2002; Sulpizio and Dellino, 2008). 

In these dense flow experiments we see the same spontaneous unsteadiness, and resulting surface 

waves which were observed in the previous 2-layer currents (Figure 5a). Previous work in similar 

materials noted that stepwise aggradation was a feature of supercritical (Fr~7) pulses coming to a 

halt, and that flow unsteadiness increased as the current became less aerated (Smith et al., 2018). 

More significantly however, when polydisperse mixtures are used, these unsteady pulses and waves 

become involved in particle sorting processes (Figure 5b&c). The sorting occurs rapidly within the 

current, with well-defined coarse and fines enriched layers present after just 10-20 cm of transport. 

Larger particles (>400 µm) travel at the top of the current, with both large and small particles 

coupled to the bulk current speed.   Currents travel at 1.7 +/- 0.3 m/s as they encounter the 

defluidizing section of the flume, and noticeable sorting is occurring in the first 0.1 seconds of flow. 

Assuming an average current thicknesses on the order of 1 cm equates to vertical particle velocities 

in the order of 0.1 m/s. 
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Figure 5 - High speed video frames at 0.03 second intervals from experiment 3 (Table 1) containing 

90% 45-90 micron ballotini, and 10% 125-355 micron ballotini. Following the passage of a poorly 

sorted current head, unsteady pulses of material transport graded currents, which have sorted before 

entry into frame (50 cm downstream of hopper). 

 

The confluence of sorting processes within the current, and stepwise aggradation of the deposit 

results in a complex deposit stratigraphy, with a range of grading patterns (Figures 6 & 7). Low angle 

beds deposited through sequential deposition of course-enriched flow heads, and fines-enriched 

bodies results in normal grading at the distal end of the deposit, while ‘freezing’ of vertically sorted 

forward-propagating pulses creates reverse grading profiles in the mid section. As the steeper 

backsets begin to develop at the proximal end the sorting relationships change, revealing either a 

poorly sorted mixing, or reorganization to normal grading of particles. 

3.3 Sorting processes 

The accumulation of reverse graded packages from individual current pulses is demonstrated in 

Figure 7. A new current pulse arrives to the deposit, stalls at the adverse slope, preserving the 
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granular sorting which has occurred during flow. Once this package comes to rest, a new current 

package begins propagating across its free surface for the cycle to repeat again. In this way many 

reverse graded packages of cross stratified sets accumulate within a single deposit, each package the 

result of an individual unsteady pulse. 

 

 

Figure 6 A - Profile  of deposit from experiment E5 (Table 1) with B - annotations delineating 

grading patterns observed in the deposits. Arrows indicate fining direction (i.e. upward arrows are 

normally graded, downward arrows are reverse graded). 
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Figure 7 - Video frames from experimental current showing an aggrading deposit from a stratified 

current, current head enters the frame at 4.84 seconds. By 4.96 seconds a new graded bed has 

formed, and a new pulse begins to form a new package. Between 4.96 and 5.00 seconds there has 

been some minor (3-5 mm) loss of material at the top of the first package, suggesting slight 

slumping back of this layer as it settles. 

 

The nature of the grading process can be captured using image analysis to explore the grainsize 

parameters for a given package. In Figure 8, a single package of the deposit from a 4-component 

current (comprising 45-90 micron, 125-425, 425-600, and 600-800 micron particles, experiment E5, 

Table 1). The package is divided into 5 equal stratigraphic horizons, with 200 randomly selected 
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particle measurements (longest axis) taken within each package. We see a systematic change in 

grainsize distribution throughout each of the sets, with a reduction in relative fines and increase in 

relative coarse material higher in the deposit. This correlates to a change in sorting index from 

relatively well sorted to poorly sorted during deposition.  

   

 

Figure 8 – Sorting characteristics through a single deposit package in a polydisperse (4 grainsize) 

experiment, showing inverse grading with progressively better sorting characteristics toward the top 

of the package. 

 

The nature of the grading process can be captured using image analysis to explore the grainsize 

parameters for a given package. In Figure 8, a single package of the deposit from a 4-component 

current (comprising 45-90 micron, 125-425, 425-600, and 600-800 micron particles, experiment E5, 

Table 1). The package is divided into 5 equal stratigraphic horizons, with 200 randomly selected 

particle measurements (longest axis) taken within each package. We see a systematic change in 

grainsize distribution throughout each of the sets, with a reduction in relative fines and increase in 

relative coarse material higher in the deposit. This correlates to a change in sorting index from 

relatively well sorted to poorly sorted during deposition. 
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4 Implications for mobility 

Spontaneous unsteadiness appears to be an inherent characteristic of dense granular currents, and 

we can anticipate that this holds true for the dense undercurrent in stratified PDCs. The temporal 

and spatial variation in energy flux can therefore be expected to be important in controlling localized 

depositional and erosional processes. The vast array of stratigraphic relationships seen in PDC 

deposits in the field may be subject to modification by, if not a direct result of, such unsteadiness.  

Sorting behaviors within currents raise a series of interesting questions regarding the propagation 

and mobility of dense granular layers. In particular, the relationship between grainsize and 

fluidization is well known, and mixtures with fine particles are known to be much more able to 

fluidize, with lower gas escape velocities than coarser mixtures with limited fines. This implies that in 

a size-stratified current (e.g. Figure 5), the underlying fines-enriched material will be more mobile 

than the coarser upper layers. This assumes that other behaviors not observed in these experiments 

such as elutriation of fines do not overwhelm the kinetic sorting processes. 

 

5 The massive lapilli tuff question 

Formation of massive lapilli tuff (mLT) is argued to capture the sedimentation by progressive 

aggradation from the dense layer within PDCs (Branney and Kokelaar, 2002). The vertical and 

lateral variation of these deposits is seen as a record of variations in the current as it evolves due to 

changing eruption conditions and local topography/environment through space and time. The 

generally poor sorting which characterizes mLT is, however, problematic for the deposition by 

progressive aggradation from any current which resembles those we see in the laboratory. 

Progressive aggradation requires the vertical migration of the flow boundary zone, such that the 

deposit captures the particle distribution within the current without substantial tractional shear 

sorting processes happening. However, The flow boundary zone typically has considerable shear 

(Breard et al., 2016; Breard and Lube, 2017; Smith et al., 2023). Therefore, the vertical migration 

must act rapidly, but, more importantly, must be capturing a poorly sorted granular mixture. This 

rapid shearing observed under a range of experimental conditions is in contrast to the imagined 

shear profiles originally proposed for progressive aggradation of mLT (Branney and Kokelaar, 

2002). 
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The results presented here demonstrate that thin laminar granular flow, even with considerable 

spatio-temporal unsteadiness, is able to quickly and efficiently develop sorting profiles. Such a 

current would be unable to deposit mLT without depositing much coarser units further 

downstream. This is not typically observed in the field - although can be the case for small volume 

unsteady PDCs, where lenses enriched in block-size clasts reach distal extents (Lube et al., 2007). We 

therefore conclude that in PDCs which deposit mLT, there must be some considerable vertical 

mixing which occurs on a larger scale than the granular temperature fluctuations driving the sorting 

processes, as seen here in the unsorted steep backsets where granular bores interact with forward-

propagating pulses to develop strong mixing conditions. We postulate that for mLT to be deposited 

the dense granular regime requires two distinct elements; a thin flow boundary zone which migrates 

vertically with aggradation, and an upper – poorly sorted and vigorously mixed dense granular 

current which is fed into the upward migrating flow boundary zone (Figure 9). The vertical 

aggradation rate would need to be sufficiently rapid to suppress development of shear-related 

sedimentary structures, and the thinner the flow boundary zone the less effective the current will be 

at stripping large particles from the aggrading bed.  

The unsteady pulses which develop in the currents observed here are not just surface features, but 

have a penetration depth into the preceding body of current (Figure 5). We therefore suggest that 

this may impose the necessary energy to cause the mixing required. Mixing in this upper layer would 

be likely to be reinforced by (or even a driver of) the surface waves which have been observed in the 

laboratory seen here and in previous work (Rowley et al. 2023). 
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Figure 9 – Model of mLT aggradation where rapid migration of the flow boundary zone suppresses 

shear-driven sorting processes, and vertical mixing in the bulk of the current counterbalances kinetic 

sieving. 

Mechanisms for this inferred mixing process might include turbulence, although this is unlikely, 

since interstitial fluid turbulence is suppressed at high particle concentration. More likely alternatives 

are that as unsteadiness develops and currents are forced to change thickness particle velocities 

become deflected from horizontal, which leads to mixing. Another possibility is that in polymict 

flow the local differences in pore pressure diffusion around large clasts enable localized changes in 

friction which instigate shear rotation, in a manner similar to Kelvin Helmholtz instability growth 

(Goldfarb, Glasser and Shinbrot, 2002; Rowley et al., 2011). 

The experiments presented here clearly demonstrate that grainsize sorting is effectively achieved in 

dense granular currents, suggesting that either [1] good grainsize mixing in dense granular currents is 

not widespread, [2] that the scaling of the flume experiments is unable to capture behaviors 

observed within larger magnitude natural currents, or that [3] the sidewall observations in classic 

granular flume experiments are not representative of what might be happening within the rest of the 

current. Flume experiments have been unable to capture progressive aggradation of sediment from 

fluidized PDCs, with the current thickness being limited to hundreds rather than tens of thousands 

(or more) of particle diameters in natural currents. The pore pressure diffusion timescales are 

therefore faster in the laboratory, and friction at the base of the flow rapidly decelerates the entire 

package, rather than allowing sustained sedimentation and overpassing current simultaneously, 

leading to stepwise aggradation, as observed here. Similarly, experiments have clearly demonstrated 
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strong sidewall effects (Rowley et al., 2023) creating lateral velocity profiles equivalent in magnitude 

to the vertical velocity profiles (Smith et al., 2023). The laboratory conditions, therefore, are well 

suited to simulate currents which might form thin laminated and cross stratified packages, where 

reverse grading is often evident, but the highly efficient sorting we see here creates issues for the 

existing paradigm of mLT formation. 

Careful work will be needed to explore this problem; the classic interpretation of mLT as an 

aggrading sample of the over-riding current either implies that the sorting mechanisms observed 

here are being suppressed, or that mLT is formed by some other process not captured here. It is 

possible that the scaling of the grainsize distribution to the thickness of the shearing layer may be 

important, or that the pore pressure in fluidized grainflows has a damping effect on granular 

segregation which we are losing through rapid pore pressure diffusion in upper course layers of our 

thin experimental currents.  Interrogating the particle motions of fast moving fluidized granular 

currents has already granted us some insights to the velocity profiles at the sidewalls – achieving this 

for larger, more energetic currents, and interrogating currents away from the sidewall poses larger 

challenges. 

 

6 Conclusions 

Defluidising dense granular flows are spontaneously unsteady currents, even when provided with a 

steady and uniform sediment supply. At least some of this is likely a result of the velocity reduction 

in the head of the current as pore pressure reduces through time, and material in the current body is 

able to catch up. The creation of unsteady pulses within the currents can be seen as velocity and 

thickness fluctuations which must result in unsteady energy conditions closer to the bed. In addition, 

breaking waves and slushing at the free surface appear effective in transferring material into the 

dilute turbulent layer, which will enhance the transfer of fines from the dense layer beyond that 

achieved by elutriation alone. 

Introducing diverse particle size distributions more akin to those observed in natural currents reveals 

complex behaviors with regard to both current and deposit structure, and begins to raise questions 

about some of our assumptions regarding the assembly of some ignimbrite stratigraphies. The 

extensive work to date on dense granular currents has focused almost exclusively on single or 

narrow (single-phi) particle size distributions. This work clearly demonstrates that sorting can occur 

in thin laminar granular flow in very short timescales, and as such there are many questions 
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remaining on what the impacts of this might be on fluidization and velocity profiles in these 

structured current layers.  

There is clearly some mismatch between either how the laboratory simulations scale to mLT-

depositing natural currents, or how we interpret the flow conditions which create this lithofacies in 

the field. It is possible, and even likely that some combination of both of these is true. If granular 

sorting is as effective in PDCs as we see here, then the interpretation of mLT as the deposit of a 

progressively aggrading dense granular layer requires the development of large-scale mixing 

processes within the dense current, with a large-scale vertical mixing rate which is greater than the 

sorting rate driven by granular temperature. 

The presence or absence of mixing vs sorting processes has important implications for the 

application of numerical modelling. Critically, it implies that for currents where mixing is occurring, 

depth averaged numerical models such as VolcFlow (Kelfoun, 2017; Kelfoun et al., 2017; 

Gueugneau et al., 2024), IMEX2_SfloW2D (de’ Michieli Vitturi et al., 2019) and TITAN2D (Patra et 

al., 2005; Charbonnier and Gertisser, 2009) may be even better suited to modelling dense layers than 

presumed. Mixing would be linked to relatively homogenous fluidization behaviors, pore pressure 

diffusion timescales, and therefore friction. While there will undoubtedly be considerable shear at 

the flow boundary zone, depth averaging would capture the largest portion of the current well, and 

as such can be considered powerful in reliably exploring flow mobility and risk potential in a robust 

manner. The extreme velocity profiles, and - as shown here - sorting profiles of thin laminar dense 

granular currents, however, make depth averaging more problematic. The vertical segregation of 

grainsizes, and resulting changes in pore pressure diffusion, and particle interactions would result in 

complex frictional changes which depth averaging is blind to. 
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