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based foundation for the reconstruction of the spatiotemporal evolution of such events. This 
is intended to provide a pathway for the amalgamation of field data and computational 
eruption models, ultimately improving our ability to forecast and mitigate explosive eruption 
hazards at similar volcanoes globally. 
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Eruption plume and cloud dynamics  

The strength of a volcanic plume is controlled by the mass discharge rate (MDR), the 

temperature, composition and volatile content of the magma, vent and conduit geometry, 

and advection by atmospheric winds (Sparks et al. 1997; Bonadonna et al. 1998; Woodhouse 

et al. 2013; Cioni et al. 2015; Cashman & Rust 2016). The height of the plume relies greatly 

on the heat transfer from particles to entrained air and is therefore sensitive to the total mass 

and grain size distribution (GSD) within the plume, creating buoyant, convective momentum 

by which the plume rises (Cioni et al. 2015; Cashman & Rust 2016). Variations in the MDR 

or other parameters controlling the eruption dynamics generally take place over longer time 

scales than those of the processes that control magma ascent, fragmentation, and plume 

development, which results in a sustained, quasi-steady eruption column (Cioni et al. 2015). 

If the maximum height that a strong plume rises to is greater than the level of neutral 

buoyancy (NBL; Figure 1.1) the plume will collapse back to the NBL and propagate laterally 

as a density current, forming an umbrella cloud that has a geometry dependent on 

atmospheric wind (Bursik et al. 1992; Baines & Sparks 2005; Costa et al. 2013; Cashman & 

Rust 2016; Constantinescu et al. 2021).  

Plume modelling suggests that for a volcanic plume to become buoyant, concentrations of 

>1 mm particles should be in minor quantities due to the effects of thermal disequilibrium 

between gas and large particles (Woods & Bursik 1991; Lherm & Jellinek 2019), the 

sedimentation of large particles (Girault et al 2014; Lherm & Jellinek 2019), and the 

recycling of particles (Veitch & Woods 2002; Lherm & Jellinek 2019). It is assumed that 

fine ash-rich columns are more likely to ascend higher into the atmosphere; however, these 

columns are also more likely to collapse due to reduced entrainment rates and mixing (Jessop 

& Jellinek 2014; Lherm & Jellinek 2019). Volcanic plume models often simplify the 

dynamical controls of multiphase volcanic jets, however, by ignoring the turbulent 

entrainment of the atmosphere (e.g., Kaminski et al. 2005; Carazzo et al. 2006), limiting 

knowledge regarding the effect of turbulence on the sedimentation dynamics of large 

volcanic clouds. Current studies suggest that the rate of entrainment and mixing of the 

atmosphere into volcanic jets comprised of gas and particles (juvenile, cognate, and lithic 

material) determines the buoyancy and/ or collapse dynamics of a plume, based 

predominantly on the physical properties of the mixture such as density and grain size 

(Turner 1969, 1986; Woods 1995, 2010; Kaminski et al. 2005; Cioni et al. 2015; Lherm & 
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Jellinek 2019; Gilchrist & Jellinek 2021). Modelling of Plinian plumes indicate that 

variations in conduit geometry, magma properties, MDR and fragmentation style may cause 

steady state conditions to shift and hinder convective buoyancy, potentially causing partial- 

to total-collapse of the column, generating PDCs, discussed below.  

Pyroc lastic density currents  

Pyroclastic density currents (PDCs) are one of the most destructive and hazardous 

phenomena of explosive volcanism. They can be short-lived pulses or sustained, ground 

hugging, gravity-controlled hot currents of particles and gas that are produced during 

eruption processes such as collapse of eruptive plumes, direct magmatic blasts, and caldera-

collapse scenarios, and have the potential to rapidly transport material for many kilometers 

(Sparks 1976; Walker et al. 1980a; Self & Rampino 1981; Branney & Kokelaar 2002; Clarke 

et al. 2002; Belousov et al. 2007; Komorowski et al. 2013; Cioni et al. 2015; Dufek 2016; 

Trolese et al. 2019; Lube et al. 2020). Investigations into their deposits have outlined two 

endmembers of PDC behaviour, which are pyroclastic flows (concentrated) and pyroclastic 

surges (dilute). Flows are typically dominated by gas-particle transport with high particle 

volume concentrations of several tens of percent, while surges have lower bulk 

concentrations of typically less than one volume percent (e.g., Sparks 1976; Wilson 1985; 

Wilson & Houghton 2000; Lube et al. 2020).  

In the case of large-scale Plinian eruptions that generate high, buoyant eruption plumes, there 

are two widely accepted interpretations for the generation and dynamical controls of PDCs: 

partial- or total column collapse. If positive buoyancy of the erupting mixture cannot be 

achieved because of its physical properties, variations in conduit geometry, mass discharge 

rates and/ or fragmentation styles, the column will partially or completely collapse. Partial 

column collapse is commonly recognized as the transitional regime between a sustained 

column and total collapse conditions and is marked by column unsteadiness where large-

volume annular sediment waves descend periodically from the jet-plume transition height 

(Figure 1.1), producing pulsating PDCs (Turner 1969, 1986; Woods 1995, 2010; Neri et al. 

2002; Kaminski et al. 2005; Carey & Bursik 2015; Cioni et al. 2015; Lherm & Jellinek 2019). 

Models of such scenarios indicate that the erupted mixture is expected to be partitioned 

between the buoyant umbrella cloud and collapsing sediment waves. This partitioning can 

result in the finer size fractions of the erupted mixture preferentially being winnowed into 

the umbrella cloud and PDCs spreading as relatively dilute flows (Gilchrist & Jellinek 2021). 



8 

Column collapse regimes have traditionally been interpreted to be the sole generators of 

PDCs when associated with Plinian eruptions; however, this view places unwarranted 

limitations on the understanding of real-world scenarios.  

 

 

Figure 1.1 Schematic of the eruptive processes during a Plinian eruption, from 
fragmentation in the conduit to atmospheric dispersal as the umbrella cloud spreads by 
gravity currents at the level of neutral buoyancy. The three mechanically distinct regions 
from which tephra sedimentation (fall out and PDCs) occurs are noted in bold. Modified 
from Rowell et al. (2022). 

Studies of the coeval emplacement of plinian fall and PDC deposits, such as in the 

Novarupta, 1912 eruption (Hildreth & Fierstein 2012, for overview), have outlined the 

complexities in PDC generation. In this example, field studies showed that PDCs, both dilute 
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Deposit characteristics  

Deposits of both fall and PDC origin generally provide a great opportunity for analysis and 

interpretation for the purpose of identifying stratigraphic correlations through isochronous 

marker beds, determining eruptive parameters, and reconstructing eruption dynamics (e.g., 

Walker 1971, 1973, 1980, 1981a, b; Bond & Sparks 1976; Wilson et al. 1980; Wilson 1985, 

1993; Sigurdsson & Carey 1989; Blake et al. 1992; Wilson & Hildreth 1997). Umbrella 

clouds can rapidly transport large volumes of tephra in the atmosphere while, in the case of 

intraplinian PDCs and total column collapse, flows transport dilute to dense concentrations 

of material along the ground in proximal to medial distances. Therefore, large-scale 

explosive eruptions result in complex tephra sedimentation patterns and can manufacture 

considerable uncertainties when used to estimate eruption source parameters 

(Constantinescu et al. 2021). Large-scale eruptions are predominantly prehistoric with few 

occurring in modern times (Geshi 2020) and real-time observations are scarce. Detailed field 

analysis is therefore required to improve the interpretation and understanding of these events 

for the purposes of eruption reconstructions, with applications to hazard mitigation and risk 

assessment for future events.  

Large scale deposit characteristics, such as spatial extent and thickness variations, can be 

attributed to a combination of eruption and transport conditions (Houghton et al. 2000a; 

Scollo et al. 2008; Cashman & Rust 2016). The thickness and maximum grain size of tephra 

deposits tend to decrease with distance from source (Thorarinsson 1967; Houghton et al. 

2000a; Cashman & Rust 2016; Constantinescu et al. 2021), reflecting the generalized 

preferential and continuous deposition of particles with distance. The spatial extent of a 

deposit is often attributed to the MDR and plume height, and/or variations in atmospheric 

wind strength and direction (Sparks et al. 1997; Houghton et al. 2000a; Bonadonna et al. 

2015a, b). Tephra deposit dispersal geometry is highly dependent on the wind field at the 

time of eruption, with deposit elongation occurring in the direction of the wind. Variations 

in dispersal may result from variability in wind directions at different altitudes during a 

sustained eruption characterised by changes in MDR, or from the change in wind direction 

during different eruption pulses, producing juxtaposed lobes of various dispersal that are 

difficult to separate as they grade into one another at their margins (Sparks et al. 1997; Cioni 

et al. 2015). By measuring the thickness and maximum clast sizes at various sites within a 

deposit, representative isopachs and isopleths, respectively, can be identified (Sparks et al. 
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1997; Pyle 1989; Houghton et al. 2000a; Cashman & Rust 2016). From these measures, the 

total deposit volume can be estimated (Pyle 1989) and tephra trajectories ascertained, 

respectively (Cashman & Rust 2016). There are several complexities that can affect isopach 

and isopleth measurements, however, which can be difficult to account for if a deposit is not 

well-preserved. These include: 

1. Secondary thickening caused by aggregation and premature fine particle deposition, 

2. Variations in umbrella cloud elongation at different atmospheric levels, 

3. Changes in wind direction during the eruption, 

4. Coeval deposition with PDCs causing complex thinning relationships and mixing of 

different source material (Houghton et al. 2000a), and 

5. Erosion from PDCs due to scouring (Cioni et al. 2015).  

Fall deposits commonly exhibit variations in stratification and fluctuations in grain size and 

components with height (e.g., Figure 1.3), especially in proximal to medial regions, 

providing insight into eruption and transportation dynamics. Sustained eruptions are 

typically interpreted to be characterized by deposits that lack well defined bedding planes, 

whereas distinct units of contrasting grain size and/or components are indicative of a 

periodic, inconsistent eruption (Houghton et al. 2000a; Houghton & Carey 2015). For 

example, beds of fine ash are often interpreted as either time breaks in the eruption allowing 

fines that persist in the atmosphere to settle, or as the result of rain flushing or gravitational 

instabilities (Walker 1981b, Talbot et al. 1994; Bonadonna et al. 2015a). Crossbedding 

and/or pinch-and-swell features within layers are interpreted to indicate coeval deposition 

with flow units and/or co-ignimbrite plumes. Grading and contrasts of grain size within a 

deposit may be interpreted as fluctuations in the eruption intensity, as a stronger plume is 

more likely to transport coarse material to greater distances, or it may indicate shifts in wind 

direction and strength (Houghton et al. 2000a; Houghton & Carey 2015). Tephra deposits 

produced by dry plumes often exhibit volcanologically good sorting and a systematic 

decrease in clast size with distance from the vent. Aeolian fractionation in distal deposits 

also produces changes in relative proportions of components due to variable densities of the 

clasts. However, in proximal regions deposits are thick, coarse-grained, and lithic-rich 

compared to their distal counterparts, and are moderately to poorly sorted due to the 
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Products from Plinian-related PDCs are defined as ignimbrites, which are a pumiceous, ash-

rich, poorly sorted mixtures of tephra that may drape over pre-existing stratigraphy, modify 

the landscape, or build new landscapes in the largest examples (Smith 1960; Sparks 1976; 

Walker et al. 1980; Fisher & Schmincke 1984; Wilson 1986; Cas & Wright 1987; Freundt 

et al. 2000; Branney & Kokelaar 2002). Ignimbrites can vary from metres to hundreds of 

metres thick and can be massive or contain a wide range of sedimentary structures such as 

sharp to diffuse stratification, cross bedding, erosional surfaces, grading patterns and particle 

fabrics (Wilson 1981; Branney & Kokelaar 2002). High velocity, low volume flows can 

often surmount topography and the resulting ignimbrites are generally decimetre to metres 

thick and show massive to stratified, cross bedded internal structures. Low velocity, high 

volume flows are commonly topographically confined and deposit ignimbrites that are 

massive and up to tens of metres thick (Sparks et al. 1997; Wilson 1981; Branney & Kokelaar 

2002). Sequential deposition by both concentrated and dilute PDCs can result in ignimbrite 

packages up to hundreds of metres, where the boundaries between individual flows may be 

obscure in proximal to medial regions (Wilson 1981). Complete or incipient welding of 

ignimbrites can occur when emplaced at high temperature of at least 600 ºC, based on 

estimates for the onset of sintering in rhyolitic compositions (e.g., Boyd 1961; Grunder et 

al. 2005; Quane & Russell 2005). 

In proximal regions, fall deposits may be eroded or overthickened by PDCs due to scouring 

or deposition, respectively (Cioni et al. 2015). Deposits may also contain interbedding of 

ignimbrites with fall sequences (e.g., Figure 1.4), which can indicate complexities in column 

behaviour from instabilities in buoyant convection and/ or gargle dynamics. In general, 

plinian deposits have been categorised into three types: simple plinian deposits, simple-

stratified plinian deposits, and multiple plinian deposits. Simple plinian deposits are most 

common and are inferred to develop through sedimentation from a steady eruption plume 

and are typically massive, or reversely graded if there is an increase in MDR (Cioni et al. 

2015; Houghton & Carey 2015). Stratigraphical isochrons are laterally distinct in these types 

of deposits as vertical changes in sedimentological features do not differ with distance from 

vent, allowing correlations to be made between exposures.  

The commonly accepted notion is that partial collapse of an eruptive column may produce 

simple-stratified plinian deposits. These deposits are typified by proximal to medial 

interbedding of ignimbrite within a fall deposit from a single eruptive event that may have 
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numerous partial collapse episodes (Walker 1980; Cioni et al. 2015; Houghton & Carey 

2015). The boundaries between individual flow units, however, may sometimes be obscured 

due to rapid emplacement succession (Wilson & Walker 1985). With distance, the 

alternating fall-PDC beds become a massive plinian fall deposit due to the limited runout 

distance of PDCs. Past this runout limit, or when directionally restricted PDCs occur, 

eruption modelling suggests that column collapse is recorded in atypical sedimentological 

deposit features, such as finer grained beds at relative levels, because partial mass 

partitioning into PDCs results in a decrease in convective column height (e.g., Neri et al. 

2002; Di Muro et al. 2004; Carazzo et al. 2015; Cioni et al. 2015; Houghton & Carey 2015). 

When sedimentation rates of the two processes are similar, hybrid, poorly sorted deposits of 

coarse and fine material exists. If fallout dominates, a poorly sorted deposit of coarse pumice 

with an anomalous amount of ash occurs (Walker 1971; Cioni et al. 2015). Sedimentation 

dominated by PDCs will produce poorly sorted, ash rich ignimbrites with minor large 

pumice or impact pumice (Walker 1971; Cioni et al. 2015). The generalized partial collapse 

interpretation, however, does not consider gargle dynamics and the synchronous 

emplacement of plinian fall deposits and ignimbrite (or other PDC deposits), where currents 

undergo little to no ascent with the coexisting Plinian column, which in turn also undergoes 

no height diminution that is reflected in the subsequent fall deposits (Fierstein & Hildreth 

1992; Wilson & Hildreth 1997; Houghton et al. 2004; Valentine & Cole 2021). In this case, 

it is possible that plinian fall deposits may show few or no characteristics assumed to be 

associated with partial mass partitioning, whilst still being proximally interbedded with PDC 

deposits, highlighting the oversimplification that may result from categorizing deposits in 

this manner.  

Multiple plinian deposits are produced by distinct eruption pulses that deposit under different 

atmospheric and/or eruptive conditions, yet rapidly enough such that erosion or reworking 

does not occur between fallout beds. These deposits are typified by internal boundaries that 

indicate changes in, for example, eruption mass discharge at source, conduit stability, 

contrasting explosive styles, complex magma mixing, a compositionally zoned magma 

chamber or tapping of various sources (Lirer et al. 1973; Sparks et al. 1981; Walker 1981a; 

Sigurdsson & Carey 1989; Blake et al. 1992; Rosi et al. 1999; Polacci et al. 2001; Cioni et 

al. 2015; Houghton & Carey 2015).  
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proximal EFU ignimbrite, interpreted to have erupted from the same vent location as 

the Y5 fall deposit (Wilson 1981, Wilson & Walker 1985), is distributed about an 

area well north of the Houghton et al. (2014) proposed vent (Wilson & Walker 1985) 

and is more consistent with the original Walker (1980) vent site. Therefore, further 

quantitative investigation is required to verify the location of the Y5 eruption vent. 
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selected exposure D. Components were divided into four broad classes of: 1) pumice; 2) 

wall-rock lithic (henceforth, lithic); 3) crystal; and 4) obsidian. The pumices are variably 

vesicular, with little to no alteration. There is a significant observed difference in pumice  

 

 

Figure 3.4 a) Total fines <1 mm versus extremely fine ash content <63 um, both in wt.%. b) 
Median grain size versus sorting (both in phi) of the box samples taken. 

a) 

b) 
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the Y4-G deposit represents the establishment of the Y5 plume which incorporated 

remaining near-source atmospheric ash, dispersing it within the growing Y5 plume.  

 

 

Figure 3.9 Examples of lithic clasts from the Y2, Y4-G and Y5 fall deposits. a) Finer grained 
silts that dominate the Y4-G F2 lithics; b) volcaniclastic breccias that dominate the Y5 F2 
lithics; c, d) similar volcaniclastic breccias documented in the Y2 lithics by Walters (2020). 
Scale bar is 2 mm. 

It has been previously suggested (Smith 1998) that the presence of fine ash in medial to distal 

sections of the Y4-G unit is possibly related to contamination from the overlying ash-rich 

base of the Y5 deposit. Field observations, however, show that there is a very distinct change 

in colour between the two units, where the fine ash portion of the Y4-G deposit is similarly 

grey to the remainder of the Y4 unit, while the fine ash in the Y5-Base deposit is distinctively 

cream to orange-brown in colour (Figure 3.1). In exposures C and D, especially, the 

combination of field observations and granulometric data show that the upper fine lapilli 

sized layer of the Y4-G is distinctly fine ash poor, while the lower layers show an increased 

abundance of fine ash (Figure 3.1 and Figure 3.3). Since the upper layer is in contact with 

the basal unit of the Y5, it would be expected to contain the most of any ash contamination. 

Additionally, the Y4-G layers are notably well sorted like the Y5 plinian pumice (Figure 
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partial column collapse. Following and interrupting the Y5 phase, drastic changes in eruption 

conditions resulted in the immensely destructive outburst that generated the Y6 Taupo 

ignimbrite, which extended to ~80 ± 10 km from vent and eroded significant portions of the 

underlying deposits (Wilson & Walker 1985; Wilson 1985). This last event is inferred to 

have been caused by either an intense increase in discharge rate (which would limit the 

capabilities of forming a stable plinian plume), or the widening of the vent due to erosion or 

the onset of caldera collapse, leading to column collapse (Wilson & Walker 1985).  

Original studies of the Y5 deposit by Walker (1980) calculated a bulk volume of 24 km3 

based on the aeolian concentration of crystals, given that large quantities of free crystals on 

land implied that a large proportion of the deposit was represented by fine vitric ash that was 

blown to sea. The common isopach volume method is relatively unreliable for use on the Y5 

deposit due to the erosion caused by the succeeding pyroclastic flow, affecting true total 

thicknesses (Walker 1980); however, the isopachs are still a reliable indicator of the total 

deposit extent. Given its coarseness, the Y5 eruption was estimated to have a plume height 

that exceeded 50 km, occurring as a steady state eruption at ~106 m3 s-1 dense rock 

equivalent (DRE) volume (Wilson & Walker 1985; Wilson & Walker 1987). This method 

considers the Y5 unit as a single eruptive unit and disregards bedform characteristics and 

alternating coarse-fine material briefly reported on by Walker (1980), and more recently 

considered by Houghton et al. (2014). A re-examination of the Y5 deposit by Houghton et 

al. (2014) derived 26 internal stratigraphical subunits, based predominantly on granulometric 

features and wall-rock clast abundances. They suggested that the total extent of the deposit 

defined originally by Baumgart & Healy (1956) and Healy (1964) and refined by Walker 

(1980), has been exaggerated by a shift in wind direction and the fluctuation of eruptive 

pulses from columns that reached only between ~35 and 40 km high (Houghton et al. 2014), 

to produce a variably layered deposit. A new vent site was also proposed through that study, 

located ~6 km SW of the originally defined site, altering the main direction of deposit axes 

(Figure 4.1).  

Although the Y5 eruption has been extensively studied (e.g., Baumgart & Healy 1956; Healy 

1964; Walker 1980; Wilson & Walker 1985; Houghton et al. 2010, 2014), there is a lack of 

detailed quantitative investigation as to vertical variations in deposit characteristics such as 

granulometry, componentry and the textural features of juvenile material. Observed internal 

variations within the vertical stratigraphy have been briefly mentioned, but primarily the unit 
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three main peaks are noted at D-07, D-11 and D-13. D-11 has the highest abundance at 

~4 wt.%. 

 

 

Figure 4.6 a) Cut surface of a composite pumice (CP) clast with black scale bar of 1 cm; b) 
SEM backscatter image of an ~1 mm sized vesiculated pumice (centre) sintered to a larger 
vesiculated pumice (bottom left): note the negligible vesiculation in the supporting matrix; 
c) Sintering of two pumices with contrasting vesicularity orientations. Scale bars in panels 
b) and c) are 1 mm long.  

4.2.5  Pumice type s 

Pumices were further distinguished according to their observed vesicularity and textural 

characteristics. Although texturally transitional, three distinct pumice types can be defined: 

J1) microvesicular pumice; J2) macrovesicular pumice; and J3) sheared/ tubular pumice 

(Figure 4.7). All pumices are white to cream coloured with no pervasive alteration and 

phenocrysts are relatively rare, estimated by Walker (1980) to occur as 3 wt.% of the 

pumices. Predominantly, vesicles of the J1 pumices are <100 µm; however, two vesicle 

populations may be present with clusters of vesicles >100 µm comprising no more than 

~25 % of the void space within a clast. Vesicles are spherical to irregular in shape and exhibit 

minimal coalescence. Shearing is evident, with some vesicles showing zones of elongation. 

J2 pumices have vesicles predominantly >100 µm with thin bubble walls. They are spherical 

or irregular to convoluted and exhibit moderate degrees of coalescence. Minor shearing is 

evident, with some vesicles showing zones of elongation. J3 pumices are strongly sheared, 

often presenting a visible sheen perpendicular the main axis of shear. Vesicles are 

predominantly collapsed or elongated due to shearing with only minor zones of larger 

vesicles remaining. The internal textures of these clasts are complex and, as with J2 clasts, 

plagioclase phenocrysts may provide points of increased nucleation for vesicles.  
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Figure 4.7 a) Examples of microvesicular (J1), macrovesicular (J2) and sheared (J3) 
pumices where the black bar represents a 2 mm scale. b) Backscattered SEM images of thin 
sections of the associated pumice type selected from the mean density bin and cut 
perpendicular to the observed direction of shear. c) Backscattered SEM of thin sections of 
the associated pumice type selected from the mean density bin and cut parallel to the 
observed direction of shear. White bars in middle and right represent 500 µm.  

The total component abundance for each pumice type was determined as previously and 

normalized to J1+J2+J3=100 wt.%. J1 pumices dominate the deposit (Figure 4.8), while J3 

clasts are on average a less significant component, making up <23 wt.% of the pumices. J3 

remains low and the range between J2 and J1 abundance is relatively consistent from D-04 

to D-07. From D-08 to D-15, J1 pumices consistently decrease in abundance from 67 wt.% 

to 35 wt.%, while J2 pumices show a stepwise increase. J3 fluctuates throughout this interval 

(Figure 4.8) but shows an overall increase in abundance relative to J1 and J2. 

a) b) c) 
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A sudden shift to higher abundances in F3 (av. ~10 wt) from intervals D-09 to D-11 is noted, 

where D-11 is attributed to the highest overall abundance of F3 (12 wt.%). Simultaneously, 

the range between F1 and F2 clasts increases, from 4 wt.% at D-09 to 20 wt.% at D-11. The 

interval from D-12 and D-15 has the overall largest range in abundance between F1 and F2, 

where F1 dominates the lithic fraction. 

4.2.8  Additional field observations and bedform correlations  

Extensive field observations were also conducted within the proximal to medial areas of the 

whole deposit to examine the correlatability of the qualitative sub-units identified by 

Houghton et al. (2014). Note that the total thickness of the Y5 exposures is variable to an 

unknown extent, attributed to erosion caused by the deposition of the Y6 ignimbrite. 

Proximal Y5 deposits and those predominantly in the northern and north-eastern zone of 

deposition have associated intraplinian PDC deposits, strongly developed proximally, 

becoming thin ash-rich beds in more medial zones (out to ~15 km of Lake Taupo). D-04 

equivalent units are identified to occur up to ~23 km from the Walker (1980) vent site. Both 

distinct and gradational fluctuations in bedform characteristics in the vertical Y5 

stratigraphical profile are identified amongst deposit exposures. These are, however, 

noticeably difficult to correlate between various outcrops in both proximal and medial 

regions due to the subtle fluctuations in granulometry and lithic content, which is 

contradictory to the observations made by Houghton et al. (2014). 

To investigate the complexities in lateral correlatability of such bedform characteristics, a 

series of exposures were studied in the Wairakei Estates area that extended for ~4000 m. At 

these exposures, the unit Y5 had: 1) relatively uniform thickness, 2) evidence of deposition 

onto a topographically even landscape and 3) no evidence of reworking or internal erosion 

(Figure 4.13). Exposures were cleared at logarithmically spaced intervals from 0 m up to 

64 m distance apart, and then two at 3500 m and 4000 m from starting point. The focus was 

several bedform features: 1) a boundary with a distinct change in grain size; 2) two bands 

with gradational fluctuations in grain size; 3) the lower zone of lithic rich air fall; and 4) ash 

rich distal PDC deposits. As seen in Figure 4.13, (1) is defined by a change in grain size 

from fine grained pumice lapilli to coarser, angular pumice lapilli . This bedform can be 

confidently correlated over distances of a few metres to almost 100 metres; however, at a 

few km distance it is noticeably more difficult to discern, and correlation becomes 
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15 (Figure 4.3). Bed D-15 exhibits another peak in ML and ash content, possibly associated 

with the onset of conduit collapse in the final stages of the eruption prior to Y6 ignimbrite 

emplacement, discussed further below.  

Bulk vesicularity of the pumices in the vertical profile show that the onset of Y5 (D-04 to 

D-07), with av. 75 % vesicularity followed by a 3.4 % increase from D-07 to D-08 (Figure 

4.9), likely involved a narrower conduit, leading to lateral vesicularity gradients in the 

magma due to boundary effects at the conduit margins (Cioni et al. 2015). This interpretation 

is also supported by an overall lower abundance of the dominant J1 pumice type in this 

region.  

The relative abundance of lithic components in the deposit informs the evolution, collapse 

and clearing of the conduit system as a function of conduit erosion and MDR. For example, 

if MDR decreases, the likelihood of conduit wall collapse increases, which is preserved in a 

deposit as an increase in shallow-seated lithic abundances (Tadeucchi & Wohletz 2001; 

Cioni et al. 2015). Conduit widening may also result in a higher abundance of lithics in the 

deposit; however, if MDR also increases this lithic footprint may be diluted by juvenile 

material (Varekamp 1993; Tadeucchi & Wohletz 2001). The high lithic:pumice ratio in D-

04 and D-05 is interpreted to reflect an initial conduit clearing event (Figure 4.5). This is 

followed by conduit erosion and widening from D-06 to D-07, at lower MDR relative to the 

bulk of the eruption, where the pumice:lithic ratio changes yet the abundance of lithics 

remains relatively high. The lithic content then decreases continuously as MDR increases 

toward climax, consistent with the increase in juvenile content and decrease in crystals. 

Following this, the fluctuation in the relative abundance of lithics and pumice indicates a 

likely period of instability within the conduit as the eruption begins to wane toward D-15, 

where the lithic abundance increases and exceeds the proportion of pumice (Figure 4.5), 

consistent with an episode of conduit wall collapse prior to the Y6 event.  

4.3.3  Temporal evolution of conduit stability  

Here the types of lithic fragments are considered as an aid to understanding the evolution of 

fragmentation depth if the existing stratigraphy of the vent area is known (Barberi et al. 1989; 

Suzuki-Kamata et al. 1993; Macedonio et al. 1994; Taddeucci & Wohletz 2001; Pittari et al. 

2008; Mele et al. 2011; Cioni et al. 2015; Houghton & Carey 2015). The total abundance of 

each of the lithic components, F1 to F3, show an overall domination of F1 clasts, while F2 





90 

 

Figure 4.13 Photographs and associated stratigraphic columns of exposures taken at logarithmic distances (indicated at base in meters, starting 
point 0 m) from cross sectional point A to B in the inset (based on Fig. 2). Solid lines between images shows the correlation possible for the 
distinct change in grain size, indicated by red dashed lines on the stratigraphic columns, uncertainty is suggested between 64 m and 3000 m by 
dashed red lines between images. Blue solid lines indicate correlations made between outcrops for features showing transient changes in grain 
size, indicated by blue dashed lines on the stratigraphic columns, uncertainty is suggested between 1 and 4 m by dashed blue lines between the 
images. Light grey solid lines show correlations made between outcrops for ash beds (solid light grey in stratigraphic column) with uncertainty 
shown between 3000 and 4500 m by dashed light grey lines. Black solid lines show the correlations made in all exposures of the upper and 
lower contacts of the lithic rich zone at the base of the deposit. The black solid base in the stratigraphic column is unit Y4, while the black and 
solid dark grey upper portion indicates the onset of the Y6 ignimbrite. See Supplementary Material for larger version.
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1) reverse grading in the lower third, consistent with the onset of eruption and increasing 

vigour during conduit excavation; 2) a relatively massive zone of fine lapilli representing the 

onset and continuation of relatively steady conduit conditions with a coarser band atop 

marking the climactic event; and 3) material deposited as the eruption begins to wane, where 

normal grading is minor and again suggests an abrupt end to the Y5 phase, possibly related 

to conduit collapse and the initiation of the Y6 ignimbrite event.  

 

 

Figure 4.15 Distal exposure (UTM 60S 509825 5711483) of the Y5 deposit, courtesy of C. 
J. N. Wilson. The black arrow indicates the minor deposit of Y4 material while the solid 
white arrow shows the onset of the Y6 umbrella cloud deposit. The dashed white lines show 
the subtle boundaries between the transient phases: evident reverse grading occurs from the 
Y4 until the lower dashed arrow and the above dashed arrow is indicative of the climactic 
part of the eruption prior to its subtle waning. 

Nevertheless, complexities in the Y5 deposit stratigraphy in proximal to medial areas furnish 

points of contention in field observations and interpretations. Through observations made of 
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bedform features in a 4500 m transect of the Y5 deposit (Figure 4.13), I have established 

several uncertainties in lateral correlatability. Lithic-rich zones at the base of the eruption 

sequence were identified in all exposures and are likely analogous with the conduit 

excavation phase of the eruption, as reflected in their lateral persistence in medial areas of 

the deposit. Ash beds observed in the lower portion of the deposit are likely attributed to the 

flushing of low-lying ash clouds during local rain showers (Talbot et al. 1994; Walters 2020). 

Due to their nature, and although these features pinch and swell within the lithic rich 

material, the ash beds are correlatable and are expected to pinch out with distance from vent. 

Uncertainties arise when investigating the more gradational features in the deposit, such as 

gradational coarse-fine bands identified in Figure 4.13. These coarse-fine bands fade out 

rapidly laterally over metres and confidence in correlation is limited as there is a lack of 

noticeable identifiers in such features (e.g., specific lithic types, distinct contacts, or colour 

variations). Similarly, even more distinct changes in grain size such as that identified in 

Figure 4.13 can be correlated up to hundreds of metres, potentially a few kilometres in the 

Wairakei Estate exposures, but are not persistent at greater distances and a lack of noticeable 

identifiers again makes correlation difficult. Toward vent the feature with distinct change in 

grain size (Figure 4.13) has been identified up to 10 km distance from the Wairakei Estate 

exposures, but additional observations have determined this as the extent of its deposition. 

The seemingly discontinuous nature of bedform features over greater lateral distances makes 

the identification of sub-unit layering across the dispersal fan of the Y5 deposit unreliable 

(cf. Houghton et al .2014). This lack of correlatability also precludes the possibility that 

coarse-fine fluctuations are caused by the partial collapse of the column, temporarily 

reducing plume height (Walker 1980; Woods & Wohletz 1991; Cioni et al. 2015; Houghton 

& Carey 2015; Trolese et al. 2019). If this were the case, fluctuations would still be expected 

to correlate across the dispersal fan at any given stratigraphical height. An alternative 

explanation is therefore needed for the origin of such bedform structures. Here, I suggest the 

plausibility of the influence of highly turbulent gas-particle transport on gravitational 

instabilities resulting in preferential sedimentation from the eruption umbrella cloud (e.g., 

Carazzo & Jellinek 2013; Bonadonna et al. 2015a; Manzella et al. 2015; Lherm & Jellinek 

2019).  

Gravitational instabilities have been observed in eruptive clouds from explosive eruptions 

of many sizes, yet deposit features are still to be attributed to this sedimentation mechanism. 
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worldwide, where correlation of this behaviour to the parent eruption cloud by means of 

computational modelling may provide improved opportunities for the amalgamation of 

quantitative field studies and computational based eruption modelling for purposes of hazard 

prediction and mitigation globally. 

  





102 

completely collapse. Partial column collapse episodes can also be considered to represent 

the transitional regime of column unsteadiness between a sustained Plinian column and total 

collapse conditions, with numerical models indicating that this regime produces pulsating, 

dilute PDCs (Turner 1969, 1986; Woods 1995, 2010; Neri et al. 2002; Kaminski et al. 2005; 

Carey & Bursik 2015; Cioni et al. 2015; Lherm & Jellinek 2019).  

Partial- and total column collapse regimes are useful for the purpose of eruption scenario 

numerical modelling. To use these interpretations, however, to solely explain the generation 

of PDCs when associated with Plinian eruptions restricts consideration of real-world 

scenarios. Recently, Gilchrist & Jellinek (2021) reviewed the existing models of partial 

column collapse and revisited the characterisation of transitional regimes through analogue 

experiments using sediment-water mixtures. They proposed that volcanic jets can transition 

smoothly between buoyant plume, partial collapse and total collapse regimes due to 

gradually changing source parameters. It was also noted that Plinian eruptions usually occur 

within the partial collapse regime, with large-volume annular sediment waves descending 

periodically around the jet column from the fountain-plume transition height. Generally, 

however, this is not often observed in natural eruption scenarios or deposits. PDCs in this 

scenario spread radially if the sediment waves are large, or from one side of the enhanced 

settling annulus if small (Gilchrist & Jellinek 2021). What is not considered in these water-

based analogue experiments, however, are the non-linearities of gas-particle mixtures 

(especially with regard to compressibility and phase behaviour), where there is fundamental 

contrast between gas-solid and liquid-solid fluid-particle behaviour (e.g., Zenz & Othmer 

1960; Davidson & Harrison 1963, 1971; Batchelor 1993; Harris & Crighton 1994; Wilson 

& Houghton 2000). In analogue experiments of the partial collapse regime, the erupted 

mixture is expected to partition between the buoyant umbrella cloud and collapsing sediment 

waves. This partitioning can result in the finer particle size fractions of the erupted mixture 

preferentially being winnowed into the umbrella cloud (Chapter 1; Section 1.2.1) and PDCs 

spreading as relatively dilute flows (Gilchrist & Jellinek 2021).  

Studies of the coeval emplacement of plinian fall and PDC deposits, such as in the 

Novarupta, 1912 eruption (Hildreth & Fierstein 2012, for overview), have outlined the 

complexities in PDC generation. In this example, field studies showed that PDCs, both dilute 

and concentrated could undergo little to no ascent with the coexisting Plinian column which, 

contrary to partial collapse models, was never fully interrupted (Fierstein & Hildreth 1992; 


























































































































































































































































































































