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Standing there, gaping at this monstrous and inhumane spectacle of rock and cloud 

and sky and space, I feel a ridiculous greed and possessiveness come over me. I want to 

know it all, possess it all, embrace the entire scene intimately, deeply, totally ... 

- Edward Abbey, Desert Solitaire 
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Abstract 

Chapter 2: The fluid dynamics at the impact zone of an impinging jet dictate 

the initial conditions for the resulting downstream flow. Current understanding of 

this impact zone is limited to small scale, single phase or monodisperse impinging 

jet experiments with a focus on industrial and engineering applications. Here, we 

present multifield numerical modeling results of mono- and polydisperse impinging 

jets with length scales and physical parameters relevant to large explosive volcanic 

eruptions. Our modeling shows that particle behavior is sensitive to whether a jet is 

monodisperse or polydisperse. For a monodisperse jet, the downstream flow 

behavior can be predicted by the coupling between the particles and gas which we 

characterize by a form of the Stokes number (Stimp) where the time scale of changes 

in fluid motion is defined by the length scale and velocity change associated with 

vertical deceleration as a mixture approaches an impact surface. We find that the 

length scale of deceleration is sensitive to the mixture Mach number, as high Mach 

number flows produce standing shocks upstream of the impact site. For low Stimp, 

monodisperse cases the particles make the transition from axial to radial flow easily 

and the flow continues downstream relatively unimpeded and well mixed. In 

contrast, in situations where the monodisperse particles are sufficiently poorly 

coupled (high Stimp), the particles rebound and/or concentrate at the impact zone, 

which results in a radial acceleration of gas as it is expelled from the concentrating 

mixture. In polydisperse jets, larger particles become better coupled to the gas in 

the free jet zone when in the presence of smaller, well-coupled particles due to 

particle-particle drag. However, the larger particles still lose significant momentum 
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in the impact zone, which results in a lag effect where the smaller particles and gas 

are expelled and advance radially at a greater velocity. Although the simulations are 

simplified compared to real volcanic eruption scenarios, the results suggest that 

processes in the impact zone contribute directly to the formation of different types 

of gas-particle flows (concentrated versus dilute) that move outward across the 

ground. 

Chapter 3: We analyze the eruptive products of Holocene-aged Dotsero 

volcano (Colorado, USA; ~4150 y.b.p.), which record evidence of a progression from 

effusive magmatic activity to explosive phreatomagmatic maar-forming activity to a 

final explosive magmatic phase. The nature of the deposits suggests that the 

irregular and mountainous pre-eruptive topography strongly influenced the 

formation of directed pyroclastic density currents during the phreatomagmatic 

phase, where the topographically high northern crater rim acted as a barrier and 

promoted transport to the south. Furthermore, the crater shape strongly controlled 

the grain size of the final deposits, providing further evidence that deposit grain size 

can be a misleading proxy for fragmentation or explosion intensity. We test these 

hypotheses gleaned from fieldwork using multiphase numerical modeling, 

extending a framework developed to model subsurface explosions in diatremes to 

include the surface and crater. Using a bidisperse particle population ( d1=0.0001 m 

and dz=0.01 m), we confirm that a crater shape where one rim is higher than the 

other promotes multiple pulses of particle transport in the direction of the lower 

rim. The initial currents contain both coarse and fine particles, where the secondary 

and tertiary currents contain predominately the finer particles. This mechanism 
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provides an alternative explanation to the formation of lapilli tuff /tuff couplets often 

found at maar-diatreme tephra rings (including Dotsero). Additional modeling 

shows how the depth of a crater can control the grain size of the resulting 

pyroclastic density currents. In the case of a deep crater and relatively weak 

explosion, it is possible that only the fine particles escape following the collapse of 

the eruptive column, resulting in a fine-grained deposit. This work adds to the 

expanding hypotheses and models developed to describe the eruptions and 

dynamics of maar-diatreme volcanoes, but also highlights the limitations of our 

knowledge of key parameters, especially those related to the processes of magma

water interaction and syn-eruptive hydrology. 

Chapter 4: Phreatomagmatic explosions are some of the most dynamic and 

poorly understood phenomena in volcanology. Questions related to magma-water 

premixing, known to be a necessary process for producing an explosion, are difficult 

to address in the field or with experiments due to practical and scale constraints. In 

this work, the level set method, in conjunction with computational fluid dynamics, is 

used to study the premixing phase of molten fuel-coolant interactions with a focus 

on magma-water systems. The relationship between premixing interfacial area and 

viscosity ratio and water velocity are explored, which have direct implications for 

the energy of explosive magma-water interaction. The results confirm that the 

viscosity ratio between melt and water is a first order control on hydrodynamic 

mixing, where at lower viscosity ratios dispersed domains of water are able to form, 

increasing the total interfacial area. In addition, there is a direct relationship 

between water velocity and interfacial area, even for high velocities, which 
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contradicts previous experimental work. This work presents and validates a 

modeling framework that can be adapted in future work to study molten fuel

coolant interactions with more integrated thermal physics and different imposed 

dynamics. 
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Chapter 1. Introduction 

Explosive volcanic eruptions are one of the most destructive forces in nature 

and their dynamics are ubiquitously governed by multiphase flow. There is a long 

history of studying explosive eruptions, going back to the days of Pliny the Younger, 

who described the eruption of Vesuvius in AD 79. However, in recent years the 

availability of computing resources and advances in multiphase physics have 

resulted in numerical modeling becoming a key tool for the modern volcanologist. 

Together with fieldwork, they provide a complementary force to study volcanoes. 

Key questions about explosive eruptions remain under resolved, from eruption 

triggering to tephra dispersal, with the common link between all of them being the 

need to describe complex interactions between gas, liquid, and solid phases. In this 

dissertation, I address three problems that are all governed to some degree by 

multiphase interactions: 

Chapter 2 research questions: What are the conditions at the impact zone of 

impinging multiphase gas-particle jets? How do these conditions depend on flow 

velocity, particle size and volume fraction, and whether the jets are mono- or 

polydisperse? Can downstream flow behavior and deposits be linked to the impact 

zone or parent jet? These questions were addressed using multifield numerical 

modeling of mono- and polydisperse jets impinging on a flat surface, analogous to a 

sustained, collapsing eruption fountain. A suite of simulations using different 

boundary and initial conditions was performed and analyzed from both a pure fluid 

dynamics perspective and a volcanology perspective. Several geological 
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implications are suggested. This chapter has already been published in Physics of 

Fluids (2017, 29, 093304, doi: 10.1063/1.5004197). 

Chapter 3 research questions: What is the eruptive chronology ofDotsero volcano 

(Colorado, USA)? How are surface deposits related to subsurface processes at maar

diatreme volcanoes? What controls the grain size of phreatomagmatic deposits? 

These questions were addressed with a multidisciplinary approach using both 

fieldwork and numerical modeling. Deposit descriptions and stratigraphy were 

combined with a novel numerical modeling framework to address how the eruption 

of Dotsero volcano evolved and was influenced by the mountainous and irregular 

local topography. The results are interpreted in the context of new models of maar

diatreme volcanism gleaned from recent experiments and fieldwork. This chapter 

has been submitted for publication to Bulletin of Volcanology and is in review as of 

writing this dissertation. 

Chapter 4 research questions: What effects do viscosity and velocity have on the 

ability ofmagma-water systems to premix in fuel-coolant interactions? This question 

was addressed using the level set method in conjunction with computational fluid 

dynamics. A simple approach similar to previous experimental work was used with 

more natural length scales. The ability of water to form dispersed domains within 

the host melt is investigated using a range of melt viscosities and water velocities. 

This chapter is being prepared for submission to Geophysical Research Letters. 
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I Chapter 5 summarizes the research of each main dissertation chapter. 

discuss the major findings and significance of each project and discuss some of the 

limitations of the numerical modeling and fieldwork undertaken. Lastly, some 

potential future research directions are discussed for each chapter. 
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Chapter 2. Impact zone dynamics of dilute mono- and polydisperse jets and 

their implications for the initial conditions of pyroclastic density currents 

2.1. Abstract 

The fluid dynamics at the impact zone of an impinging jet dictate the initial 

conditions for the resulting downstream flow. Current understanding of this impact 

zone is limited to small scale, single phase or monodisperse impinging jet 

experiments with a focus on industrial and engineering applications. Here, we 

present multifield numerical modeling results of mono- and polydisperse impinging 

jets with length scales and physical parameters relevant to large explosive volcanic 

eruptions. Our modeling shows that particle behavior is sensitive to whether a jet is 

monodisperse or polydisperse. For a monodisperse jet, the downstream flow 

behavior can be predicted by the coupling between the particles and gas which we 

characterize by a form of the Stokes number (Stimp) where the time scale of changes 

in fluid motion is defined by the length scale and velocity change associated with 

vertical deceleration as a mixture approaches an impact surface. We find that the 

length scale of deceleration is sensitive to the mixture Mach number, as high Mach 

number flows produce standing shocks upstream of the impact site. For low Stimp, 

monodisperse cases the particles make the transition from axial to radial flow easily 

and the flow continues downstream relatively unimpeded and well mixed. In 

contrast, in situations where the monodisperse particles are sufficiently poorly 

coupled (high Stimp), the particles rebound and/or concentrate at the impact zone, 

which results in a radial acceleration of gas as it is expelled from the concentrating 
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mixture. In polydisperse jets, larger particles become better coupled to the gas in 

the free jet zone when in the presence of smaller, well-coupled particles due to 

particle-particle drag. However, the larger particles still lose significant momentum 

in the impact zone, which results in a lag effect where the smaller particles and gas 

are expelled and advance radially at a greater velocity. Although the simulations are 

simplified compared to real volcanic eruption scenarios, the results suggest that 

processes in the impact zone contribute directly to the formation of different types 

of gas-particle flows (concentrated versus dilute) that move outward across the 

ground. 

Material in this chapter is drawn from a paper published in Physics ofFluids 

in September 2017. The text in this chapter is largely unchanged from the published 

version. Greg Valentine (PhD advisor) is a coauthor on the published manuscript. 

The conception of the impact problem developed from joint discussions between 

Greg Valentine, Matthew Sweeney, and Inga Sander. Matthew Sweeney led the 

numerical modeling, analysis, and writing of the manuscript with helpful 

commentary by Greg Valentine. The citation for the published manuscript is: 

Sweeney MR, Valentine GA (2017) Impact zone dynamics of dilute mono- and 

polydisperse jets and their implications for the initial conditions of pyroclastic 

density currents. Physics of Fluids, 29, 093304, doi:10.1063/1.5004197. 

5 



Symbol 
CoM 
Cfml 

Di 
Doml 

i,j,k 

lmu 

TRm 

Um; 

X; 
Yum 
YRm 

Description 
Multiparticle drag coefficient 
Coefficient of friction between particles 
constituting the /th and m th solid phases 
Specific heat of the mth phase; J/kg*K 
Diameter of the particles constituting the m th 

solid phase; m 
Rate of strain tensor for mth phase; s-1 

Coefficient of restitution for the collisions 
between particles constituting the /th and mth 

solid phases 
Acceleration due to gravity; m/s 2 

Radial distribution function at contact for a 
mixture of hard spheres 
Subscripts for identifying vector and tensor 
components; if there are multiple subscripts, 
these indices appear at the end of the list of 
subscripts and summation convention is 
implied only for these indices 
Momentum transfer between the mth and the 
/th phases due to interphase drag force; N/m3 

Total number of solid phases 
Average molecular weight of gas 
Gas-phase pressure; Pa 
Solid-phase pressure in close-packed 
regions; Pa 
Conductive heat flux in the mth phase; J/mZ*s 
Universal gas constant; Pa*m3/kmol*K 
Particle Reynolds number of the m th solid 
phase 
Time; s 
Thermodynamic temperature of the mth 

phase; K 
Background temperature in a radiation 
model; K 
jth component of the mth phase velocity; m/s 
jth coordinate direction; m 
Gas-solid heat transfer coefficient; J/m3*K*s 
Radiative heat transfer coefficient for the mth 

phase; J/m3*K4*s 
Void fraction (or gas volume fraction) of 
close-packed solids 
Volume fraction of the mth phase 
Material density of the mth phase; kg/m3 
Stress tensor of the mth phase; Pa 

Nomenclature used in Chapter 2 
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2.2. Introduction 

Impinging multiphase gas-particle jets have been extensively studied using 

both experimental and numerical methods due to their significant momentum and 

energy transfer capabilities that can be used in heating, cooling, and drying 

applications (Carlomagno and Ianrio, 2014). These experiments have yielded 

critical insights into fundamental problems regarding turbulence structures, 

multiphase interactions of monodisperse mixtures, and supersonic flow effects. 

However, little work has focused on impinging jets with multiple particle sizes 

(polydisperse), which is an area of considerable interest in the natural sciences 

where multiphase flows are not restricted to one particle size (nor density, specific 

heat, or other material properties). 

One example of a natural impinging flow occurs in large explosive volcanic 

eruptions (Figure 2.1). These eruptions can produce an upward-directed jet of gas 

and particles that becomes gravitationally unstable in the atmosphere and collapses 

(fountains); the collapsing mixture impacts the ground and can be considered as an 

impinging ( downward-directed) jet. Particles in such a multiphase mixture can vary 

in size (from microns to meters), shape, and density, which can affect the fluid 

dynamics of both the collapsing flow as well as the downstream flow (Valentine and 

Wohletz, 1989). All of these factors contribute to the difficulty of modeling these 

systems (e.g. Valentine, 1998; Neri et al., 2003; Dufek, 2016). Most multiphase 

numerical modeling studies of explosive volcanic flows have focused on the 

ascending eruption column physics or the resultant pyroclastic density currents 

(PDCs, also called pyroclastic flows; e.g. Valentine and Wohletz, 1989; Valentine et 
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al., 1991, 1992; Dobran et al., 1993; Neri and Dobran, 1994; Neri et al., 2003; 

Dartevelle, 2004; Dartevelle et al., 2004; Dufek and Bergantz, 2007a,b; Dufek et al., 

2009; Doronzo et al., 2010; Esposti Ongaro et al., 2008, 2012), but no work has 

specifically addressed the fluid dynamics at the impact zone, which are key to the 

development of PDCs as they move across the landscape. 

!i ,,g,rnlocfy 

small 
particle 

~bigr.t 
impact zone 

Figure 2.1. Left - Cartoon illustration of fountaining from a volcanic eruption with sustained discharge 
and collapsing eruption column. Right - Close up of impact zone of a pyroclastic fountain. Gas velocities 
are shown by gray vectors and particle velocities are shown by black vectors. Small particle follow gas 
closely during vertical deceleration and turning to lateral flow, while large particles retain high vertical 
speed upon impact and accelerate slower. Ii is the length scale over which vertical deceleration takes 
place (see definition of Stokes number in text). 

Valentine and Wohletz (1989) briefly mention that the zone at which the fountain 

impacts the ground is a zone of high stagnation pressure and high particle 

concentration, but the discussion is not expanded upon further. Recent work has 

investigated geophysical mass flows involving different particle and fluid mixtures, 

gleaning information about particle sorting (Johnson et al., 2012) and phase 

separations ( de Hass et al., 2015; Pudasaini and Fischer, 2016). Similarly, Pudasaini 

et al. (2007) and Pudasaini and Kroener (2008) presented laboratory and numerical 
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simulations for the impingement of rapid granular flows against frontal walls. 

These experiments shed light on important physics related to impacting multiphase 

granular flows, but in most cases the high initial volume fraction of particles 

restricts interpretations to dense granular flows and not dilute impinging jets with 

low particle volume fractions (~.01). Other experimental work has focused on the 

injection of dilute particle-laden jets into stratified fluid, which provides an analog 

for large explosive volcanic eruptions (e.g. Mirajkar et al., 2015; Sutherland and 

Hong, 2016). These experiments have yielded insights into the effects of particles 

on plume stability, an important factor when considering column collapse scenarios 

and potential PDCs. However, to our knowledge no experiments have specifically 

focused on impinging jets in the context of volcanoes. 

Previous work in the engineering literature has identified three distinct flow 

regions relevant to impinging jets: (1) the free jet region; (2) the impingement or 

stagnation region (herein referred to as the "impact zone"); and (3) the wall jet 

region (herein referred to as the "downstream flow"; Figure 2.2; Beltaos and 

Rajaratnam, 197 4 ). The characteristics of these regions depend strongly on the 

nozzle geometry, nozzle to plate distance, and the presence and amount of particles. 

In our case, we are only concerned with the case of particle-gas jets. Yoshida et al. 

(1990) and Anderson and Longmire (1995) provide perhaps the best descriptions of 

particle behavior in the impact zone, but only provide results for single-particle size 

( monodisperse) jets. Regardless, their work provides a starting point to study more 

complicated flows. 
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impinged plate 

Figure 2.2. Flow regions of an impinging jet. 

Particle motion in the impact zone directly depends on the particle Stokes 

number (St; Anderson and Longmire, 1995). In monodisperse jets, particles with 

low St accelerate in the radial direction more quickly because of their decreased 

inertia relative to surface area and drag, while particles with high St can deviate 

strongly from fluid velocities, which results in particle accumulation and/or 

rebound at the impact zone. Anderson and Longmire's (1995) experiments 

suggested that as the particle St increases the residence time and rebound height 

also increase. Yoshida et al. (1990) do not provide St calculations for their 

experiments, but judging from their observations of particle rebound we can infer 

that the particles in their experiments had St > 1. It is unclear though, how the 
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presence of additional particle sizes might change the behavior of the original 

particles. In other words, do large (St > 1) particles, which normally pack or 

rebound at the impact zone, behave the same when small (St << 1) particles are 

added to the impacting mixture (and consider the converse as well)? The solution 

to this problem is crucial to our understanding of volcanic flows and our 

interpretations of their deposits. 

Here we use numerical modeling to simulate several cases of mono- and 

polydisperse impinging jets with parameters and scales relevant to volcanic 

eruptions to study the fluid dynamics at the impact zone as a function of particle 

size and inlet velocity. In addition, we consider a revised version of the particle St 

based on a more tangible length scale than eddy size, which we argue is more 

appropriate for impacting multiphase flows. 

2.3. Numerical modeling framework 

The problem of interest involves length scales of tens to hundreds of meters, 

flow speeds of order ~10 - 200 m/s, dominant particle sizes of 10-6 to 10-2 m, and 

particle volume concentrations ranging from ~10-3 to 10-1. We focus on the 

behavior of particle fields that are variably coupled to a carrier gas, rather than 

trajectories of individual particles or groups of particles, and our reference frame is 

Eulerian. The best approach for this type of problem is a multifield approach 

wherein the carrier fluid (gas) and the dispersed particle fields are modeled as 

interpenetrating continua that conserve mass, momentum, and energy ( a method 

originally described by Harlow and Amsden (1975)). The interpenetrating continua 
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can be coupled through exchange of mass, momentum ( drag), and energy ( note that 

mass exchange is not modeled in the current work). The multifield approach has 

been successfully used to model explosive volcanic flows over wide ranges of flow 

speeds, Mach numbers, and particle concentrations (e.g. Valentine and Wohletz, 

1989; Dobran et al., 1993; Neri et al., 2003; Dartevelle, 2004; Dufek and Bergantz, 

2007b). 

We use the open-source Multiphase Flow with Interphase eXchanges (MFIX) 

code developed by the U.S. Department of Energy's National Energy Technology 

Laboratory (NETL), which numerically implements a set of well tested multifield 

conservation equations ( detailed below) and is fully documented at 

https://mfix.netl.doe.gov. 

2.3.1. Governing equations (Benyahia et al., 2012) 

The conservation of mass for the gas phase is given by: 

(1) 

where the gas phase obeys the following ideal gas law: 

(2) 

Einstein summation convention is implied only on subscripts i and j. The gases 

involved in large explosive volcanic eruptions are dominated by water vapor 

(erupted along with the particles) and air ( entrained from the environment). These 

are normally approximated as a mixture of ideal gases in eruption models (e.g. 

Valentine, 1998; Neri et al., 2003). Our focus in this study is specifically on the 
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dynamics of the impacting gas-particle mixture, so we simply treat the gas phase as 

a single ideal gas, air. Conservation of mass for solid species m (m = 1,2, ... , M) is 

given by: 

(3) 

The gas phase momentum balance is given by: 

(4) 

Where the source terms on the right-hand-side describe the gas pressure gradient, 

viscous stresses, interfacial drag between gas and particles, and the gravitational 

body force, respectively. The mth (m = 1,2, ... , M) solid phase momentum balance is 

given by: 

M 

aPg ape armij (5)L = -Em -a - Em -a+ -a--+ Igmi - Imli 
X· X· X· 

l J J 1=1 

The second pressure gradient term in eq. (5) is related to the "solids pressure," 

which is important only in regions where maximum packing is exceeded; this 

second gradient is most often zero in our simulations (see Appendix). 

The gas phase internal energy balance is given by: 

(6) 
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where the terms on the right-hand-side represent conductive heat flow within the 

gas field, convective heat transfer between gas and particle fields, and radiative heat 

transfer, respectively. The mth (m = 1,2, ... , M) solid phase internal energy balance 

is given by: 

(7) 

The remaining equations needed to close the governing equations, as well as 

further details of the constitutive equations, two-fluid model, and numerical 

schemes used in MFIX, are described by Syamlal et al. (1993), Syamlal and Pannala 

(2011), and Benyahia et al. (2012). We include the equations for the stress and heat 

transfer closures in the Appendix, and describe the interphase drag formulations, 

which are key to our problem, in more detail below. 

MFIX has been tested and validated for a range of single phase and 

multiphase problems (see Musser and Choudhary, 2015) and for the type of 

explosive volcanic processes that are our focus. Dartevelle (2006) and Dartevelle 

and Valentine (2007, 2008) tested the code against experimental data on 

compressible gas-particle fluid dynamics and a small-scale explosive eruption 
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through a geothermal wellbore. Publications by other authors who used MFIX for 

volcano processes (e.g. Dartevelle, 2004; Dufek and Bergantz, 2007b) have 

demonstrated its general applicability to these phenomena. Additionally, MFIX has 

been tested for a range of industrial/chemical engineering applications that overlap 

with our work in terms of physics. 

2.3.2. Particle-gas and particle-particle drag formulations 

As a collapsing (impinging) volcanic, multiphase jet approaches the ground 

(plate), particles decelerate primarily via drag with the carrier gas as it approaches 

the impact (stagnation) point. Thus interphase drag is key to our study. In a single 

particle case, several well-known formulas can accurately describe this drag force as 

a function of the particle Reynolds number. However, as particles are added to the 

flow, the drag force on each particle is increased due to the nearness of the other 

particles. As a result, the following multiparticle drag coefficient, which includes the 

gas volume fraction as an additional parameter to account for the effects of 

neighboring particles, is used in MFIX. For dilute flow (particle volume fraction less 

than 0.2), 

(8) 

where Com is a function of the Reynolds number and gas volume fraction. This is 

essentially based upon the drag between an individual particle and surrounding gas, 

but for multiple (non-interacting) particles within the control volume, as 

determined by the volume fraction and particle size and density. When particle 

15 



volume fraction exceeds 0.2 the Ergun equation (Ergun, 1952) is used, which is a 

type of packed-bed pressure drop correlation. The Ergun equation fails in the single 

particle limit, so MFIX invokes the Wen Yu equation in this case (Gidaspow, 1986). 

The combined form is referred to as the Gidaspow drag model (Gidaspow, 1994): 

(9) 

> 0.8, (E9 Rem) < 1000E9 

Eg > 0.8, ( E9 Rem) ~ 1000 

where the Reynolds number of the mth solid phase is given by: 

(10) 

In MFIX the solid-solid momentum transfer, lmu , is given by: 

(11) 

where Fmi is a drag coefficient derived by Syamlal (1987) using kinetic theory: 

where the last term accounts for a hindrance effect caused by particles in enduring 

contact and Scoef is an adjustable parameter ( a value of 0.3 is typical and is used 

here; Gera et al., 2004). Lebowitz (1964) derived the radial distribution function at 

contact for a mixture of hard spheres as: 
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(13) 

The radial distribution function is an effective metric to calculate the range over 

which particles can be found a given distance away from other particles, i.e. 

particles next to each other affect each other more than particles some large 

distance away. 

2.3.3. Model setup 

For our study the governing equations are solved on a two-dimensional 

axisymmetric, structured grid with grid size of 50 cm using a second order finite 

volume scheme. Gas-particle mixtures are fed into the top of the domain from a set 
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Figure 2.3. Schematic representation of computational domain with boundary conditions. The initial 
condition in the domain is atmospheric pressure (105 Pa) and the temperature is 293.15 K. Particles 
and gas are fed into the domain in the top left, perpendicular to the ground. The nozzle diameter is 50 m 
(2 5 m in axisymmetric space), the height of the domain, H, is 100 m, and the length of the domain, L, is 
500 m. The lower wall is a no slip wall and both the upper and right boundaries are outflow boundaries. 
The domain size is drawn to scale, but the cell sizes are exaggerated. 

of boundary cells adjacent to the symmetry axis, causing flow perpendicular to the 

lower boundary, at a constant flux, temperature, and pressure (Figure 2.3). Details 

of the physical properties of the solids species and model runs can be found in Table 
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2.1 and Table 2.2, respectively. We have chosen properties, such as specific heat 

and density, for the solids phase to be representative of typical volcanic materials 

and they are similar to values used in previous modeling of erupting mixtures (e.g. 

Valentine and Wohletz (1989)). Several parameters, such as the coefficient of 

restitution, coefficient of friction between solid phases, and angle of internal friction 

were estimated, but were found to have little effect on the results in sensitivity 

testing. The left boundary is an axis of symmetry, the bottom wall is a no-slip wall, 

and the upper and right boundaries are outflow boundaries (Figure 2.3). The right 

boundary location (x = 500 m) was chosen such that any boundary effects on the 

impact zone would be minimized. The inlet height (100 m), nozzle length (25 m), 

and nozzle diameter (50 m) were chosen to minimize turbulent and unsteady 

behavior of the jet as it approaches the lower wall - our focus is purely on the 

impact zone, not on the development of the jet itself. Yoshida et al. (1990) found 

that the impact zone can extend up to ld from the lower wall so the nozzle to plate 

spacing of 1.5d allows enough space to accommodate this length scale, but still 

provides a short travel distance for the jets. 

Quantity Value 

Density (p) 2000 Kg/m3 

Coefficient of restitution (e) 0.5 

Coefficient of friction ( Ctmd 0.5 

Angle of internal friction 30.0 

Gas void fraction at maximum 0.36 
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packing 

Solids specific heat 954.0 J/K 

Solids temperature 293.15 K 

Gas temperature 293.15 K 

Table 2.1. Solid and gas phase properties 

For each simulation in the monodisperse series (see Table 2.2), particles are 

introduced into the domain at a constant velocity and volume fraction of 0.01. This 

value is representative of a typical volcanic eruption and is used in other modeling 

studies such as Valentine and Wohletz (1989) and Neri et al. (2003). The incoming 

particles and gas are in thermal equilibrium with both each other and the gas in the 

initial domain (T = 293.15 K), because our focus is on processes resulting from 

conservation of mass and momentum and we decided to "filter out" thermal effects 

that would also affect volcanic flows. We chose two representative particle sizes 

based on preliminary simulations to ensure that we had monodisperse jets with 

both well- and poorly-coupled particles. All velocity profiles are mean velocity 

. . . [ H H+L] [100 m600 m]profiles over the time mterval t = --,-- , or, t = --,-- . For the 
Uinlet Uinlet Uinlet Uinlet 

polydisperse series (50_SL and 200_SL; Table 2.2), the same particle sizes are used, 

but each is introduced into the domain at a volume fraction of 0.005, so the total 

volume fraction of particles entering the domain is equivalent with the 

monodisperse simulations. All of the simulations performed here were run using an 

adaptive time step and in parallel using the Center for Computational Research 

cluster at University at Buffalo. 
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so_s 50 1 

100_S 100 1 

150_S 150 1 

200_S 200 1 

SO_L 50 1 

100_L 100 1 

150_L 150 1 

200_L 200 1 

SO_SL 50 2 

200_SL 200 2 

Table 2.2. Model parameters 

2.4. Results and discussion 

0.0001 - 0.01 0.1269 

0.0001 - 0.01 0.3500 

0.0001 - 0.01 0.7208 

0.0001 - 0.01 1.0413 

0.01 0.01 1129.2 

0.01 0.01 1797.2 

0.01 0.01 2684.9 

0.01 0.01 4046.3 

0.0001 0.01 0.005 0.005 0.1281 1281.1 

0.0001 0.01 0.005 0.005 1.0960 10960.0 

2.4.1. Stokes number for impacting gas-particle flows 

The Stokes number characterizes the momentum coupling of particles to the 

gas carrier phase: 

!Jpdz]
[ 18µ 

st= [}u] (14) 
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St is a ratio of the time scale over which a particle can respond to changes in fluid 

motion, to the time scale of those fluid changes (Llp is the density difference 

between a particle and the carrier fluid, d is particle diameter,µ is the carrier fluid 

viscosity, o is a length scale over which velocity of the carrier fluid changes, and L1 U 

is the velocity change; see Burgisser and Bergantz, 2002). Many papers (e.g. 

Anderson and Longmire, 1995; Bergisser and Bergantz, 2002) focus on turbulent 

transport of particles and thus use length- and velocity-change scales associated 

with eddies that are characteristic of the particular flow. For the problem of interest 

here we focus on the vertical deceleration as a collapsing mixture impacts the 

ground (Figure 2.1). Because vertical velocity goes to zero upon impact on a 

horizontal surface such as modeled herein LlU = Umax. The length scale o is 

determined by the vertical height over which the carrier phase decelerates as it 

approaches the ground, here defined as o = ,9Yumax, where Yumax corresponds to 

the height where the maximum vertical velocity occurs. We define the impact 

stokes number, Stimp, using these parameter definitions for the denominator of eq. 

(14), distinguishing it from more commonly used definitions that are used for 

turbulent transport. 

Although the deceleration length scale is not known a priori, it can be 

assessed with the numerical results. The deceleration is manifested in the gas 

pressure field as a zone of increasing pressure, ultimately reaching the stagnation 

pressure, with respect to the inlet velocity, at the impact point. Measurements of 8 

from the modeled flow fields shows sensitivity to both the maximum velocity of the 
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impacting mixture and to its particle loading (Figure 2.4). 
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Figure 2.4. The length scale Ii as a function of the maximum velocity for a series of model runs with 
varying inlet solid volume fractions. Each line represents a series of model runs with different initial 
solid volume fractions. In subsonic cases for the inlet particle volume fraction of 0.01, Ii increases as the 
inlet velocity is increased. In supersonic cases, Ii decreases as a standing shock develops at the impact 
zone. The mixture sound speeds for the three dilute volume fractions are: 69.98 m/s (<Ps = 10-2 ) , 

189.71 m/s (<Ps = 10-3 ) , and 310.07 m/s (<Ps = 10-4 ). 

The inlet Mach number plays a significant role in the deceleration length scale. The 

inlet velocities we simulated to look at this length scale range from 10-200 m/s at 

inlet solid volume fractions of 0.1, 0.01, 0.001, and 0.0001. The sound speed of the 

inlet mixture is the same for runs with the same inlet solid volume fraction, where 
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the mixture sound speed can be determined by a dusty-gas approximation in dilute 

mixtures where particles and gas are well coupled (i.e., small particles; see Wallis, 

1969): 

(15) 

where cP9 is the specific heat of the gas phase at constant pressure, m is the mass 

ratio of solids to gas, Cvs is the specific heat of the solid phase at constant 

volume, Cvg is the specific heat of the gas phase at constant volume, y is the ratio of 

specific heats of the gas phase, and T is temperature. Thus, our higher inlet velocity 

runs are supersonic at high volume fractions (note that the dusty-gas approximation 

is not appropriate for cases with inlet volume fraction of 0.1 because the inter

particle contact becomes important to the propagation of pressure changes) - this is 

evident in Figure 2.4 where odecreases with increasing speeds above~ 70 m/s 

(Mach number> 1, cm = 69.98 m/s) at a volume fraction of 10-2 but not 10-1. When 

the inlet flow is subsonic, the gas ( and small particles) decelerates (and increases in 

pressure) smoothly over a relatively large height above the horizontal wall. In 

supersonic conditions, on the other hand, deceleration occurs through a standing 

shock that is relatively close to the wall, resulting in a smaller value of o (Figure 2.4). 

In situations where the solid volume fraction is low, the behavior of the flow tends 

toward pure gas and is not supersonic. The combination of two particle sizes and 

the variations in o give us a range of impact Stokes numbers of 

0.1269<Stimp<10960.0 for the simulations with initial volume fraction of 0.01 (Table 

2.2; Figure 2.5). 
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Figure 2.5. Impact Stokes numbers for the model runs listed in Table 2. Circles are particles with d=0.01 
m in monodisperse model runs, pluses are particles with d=0.0001 m in monodisperse model runs, 
upside-down triangles are particles with d=0.01 m in polydisperse model runs, and triangles are 
particles with d=0.0001 m in polydisperse model runs. The colors correspond to the different inlet 
velocities (blue - 50 m/s, red - 100 m/s, green - 150 m/s, black - 200 m/s). As the inlet velocity is 
increased, the Stokes number increases as well. In the polydisperse cases, the Stokes number is higher 
for a given particle than it would be in a monodisperse jet. 

2.4.2. Fluid dynamics ofmonodisperse cases 

In a monodisperse jet the particle size directly dictates the fluid dynamics at 

the impact zone. As expected, in cases where the particles are well coupled to the 

gas phase, the particles make the axial to radial transition relatively unimpeded, as 

evidenced by the vertical velocity profiles (Figure 2.6a), volume fraction results 
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(Figure 2.7b; Figure 2.8b), and the downstream velocity profiles (Figure 2.9a). In 

the subsonic case 50_S, the smooth stagnation pressure gradient with respect to 

height at the impact zone (Figure 2.7a) creates a "smooth path" for the particles to 

make the transition, thus, the resulting downstream flow loses little momentum. 

The steep gradient of stagnation pressure with respect to height in 200_S, due to the 

standing shock produced by this supersonic flow (Figure 2.8a), means that the flow 

has to make the axial to radial transition over a smaller length scale and greater 

angle, which combined with the inability of the particles to rapidly adjust to the 

standing shock at the impact zone, could explain why the downstream velocity is 

smaller relative to that of 50_S (Figure 2.9a). In monodisperse jets with poorly 

coupled particles, the vertical velocities of the gas and particles differ greatly 

(Figure 2.6b). In 50_L and 100_L, the particles accelerate independently of the gas 

as they travel toward the lower boundary. In each case of large particles (50_L, 

100_L, 150_L, 200_L) the gas does not affect the particles' momentum to any 

noticeable degree. The particles are not coerced in the radial direction and 

accumulate in the impact zone (Figure 2.7d; Figure 2.8d). In both cases of 50_L and 

200_L, the particles accumulate up to their packing limits (roughly 60 times their 

original volume fraction of 0.01). Anderson and Longmire's (1995) experiments 

produced similar results in impinging jets with poorly coupled particles. 

Specifically, they found that the deceleration associated with rebounding particles 

caused long particle residence times in the impact zone and increases in particle 

number density above the plate. An increase in particle volume fraction means the 

gas volume fraction decreases by the equivalent amount in those particular cells. 
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This results in an acceleration of gas (expulsion) in the radial direction as evidenced 

by the velocity profiles in Figure 2.9b, where the radial velocity component is 

greater than the initial inlet velocity. 
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Figure 2.6. Mean vertical velocity profiles of gas and solid phases along the left boundary (values are 
from cell centers). H/d is the dimensionless ratio of the height of the domain to the diameter of the 
nozzle. a - Monodisperse simulations using particle diameter of 0.0001 m (solid phase 1), volume 
fraction (4>s) = 0.01, and inlet velocities of 50, 100, 150, 200 m/s (model runs 50_S, 100_S, 150_S, and 
200_S, respectively). Particles are well coupled to the gas. As the velocity is increased, a standing shock 
develops at the impact zone. b - Monodisperse simulations using particle diameter of 0.01 m (solid 
phase 2), volume fraction (4>s) = 0.01, and inlet velocities of 50, 100, 150, 200 m/s (model runs 50_L, 
100_L, 150_L, and 200_L, respectively). Particles are poorly coupled to the gas and accumulate and 
rebound in the impact zone. Due to the poor coupling, the mixture sound speed is closer to that of the 
pure gas, hence no shocks develop at the impact zone. Some of these aspects are also observed in 
granular flows (Pudasaini et al., 2007; Pudasaini and Kroner, 2008). 

2.4.3. Fluid dynamics ofpolydisperse cases 

The behavior of the polydisperse jets appears to be controlled most by the 

behavior of the smallest particles in the free jet region. In model runs S0_SL and 

200_SL, where each particle phase was introduced at the same volume fraction of 

0.005, a similar phenomenon can be observed where the larger particles (0.01 m) 

become better coupled to the gas than in the monodisperse case, and the smaller 
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particles (0.0001 m) remain well coupled to the gas (Figure 2.10). Relatively small 
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Figure 2.7. Snapshots of gas pressure and particle volume fraction at the impact zone at time t = (H + 
L)/Uinlet· a - Gas pressure contours for model run 50_S. There is a 50% increase in the gas pressure at 
the impact zone. Units are in Pa. b - Volume fraction (4>s) of solid phase 1 for model run 50_S. c - Gas 
pressure contours for model run 50_L. d - Volume fraction (4>s) of solid phase 2 for model run 50_L. In 
this case, the particles accumulate up to the maximum closest packing. This is a direct consequence of 
the poor coupling between the gas and particles - the larger particles are unable to easily make the axial 
to radial transition. 

particles will have a higher number density (number of particles per unit volume) 

than large particles, at a given volume fraction, and result in a larger value of Boml 

27 



( eq. (12)). Thus a field of small particles will produce larger particle-particle drag 

on large particles, than would other particles of similar large size. At the same time, 
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Figure 2.8. Snapshots of gas pressure and particle volume fraction at the impact zone at time t = (H + 
L)/Uinlet· a - Gas pressure contours for model run 200_S. There is an order of magnitude increase in the 
gas pressure at the impact zone. Units are in Pa. b - Volume fraction (c/)5 ) of solid phase 1 for model run 
200_S. c - Gas pressure contours for model run 200_L. d - Volume fraction (c/)5 ) of solid phase 2 for 
model run 200_L. In this case, the particles accumulate up to the maximum closest packing. The 
structure seen on the axis is a "finger" of rebounding particles. 

the small-particle field will have a relatively high surface area to interact with the 

gas and are better coupled to it. The end result is that the small particles will drag 
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the larger particles towards a behavior that is closer to equilibrium with the gas, 

compared to a mixture with only large particles. This phenomenon is likely 

sensitive to several parameters such as initial particle volume fraction, their relative 

abundance, and drag formulations. For instance, the behavior of a mixture that 

contains predominately poorly coupled particles is unlikely to be affected by the 

addition of a very small amount of well-coupled particles. Thus, the particle-particle 

drag formulation is essentially a competition between particle size and particle 

volume fraction of each particle phase. Future work will seek to quantify such 

thresholds for dynamic change through systematic sensitivity analyses. 
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Figure 2.9. Mean velocity profiles of gas and particles just outside of the impact zone (L = 30 m; values 
are from cell centers). a - Velocity profiles for model runs 50_5 and 200_S. b - Velocity profiles for 
model runs 50_L and 200_L. 
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Figure 2.10. Mean vertical velocity profiles of gas and solid phases along the left boundary (values are 
from cell centers). These are polydisperse simulations using particle diameters of0.0001 m (solid phase 
1) and 0.01 m (solid phase 2), each with an initial volume fraction (</>s) = 0.005, and inlet velocities of 50 
and 200 m/s (model runs 50_SL and 200_SL, respectively). Particles are well coupled to the gas. As the 
velocity is increased, a standing shock develops at the impact zone. The larger particle becomes better 
coupled to the gas in both cases in comparison to 50_L and 200_L. 

The stagnation pressure at the impact zone in SO_SL and 200_SL (Figure 2.11) 

resembles that of SO_S and 200_S both in shape and magnitude (Figures 2.7, 2.8). 

This result again suggests that the presence of the smaller particles in the 
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polydisperse jets improves coupling of both particle phases and gas in the free jet 

zone. However, the downstream velocity profiles differ considerably (Figure 2.12). 

In each case, the downstream gas velocity exceeds that of both particle phases. The 

velocity profile of solid phase 1, the smaller particle, indicates it is better coupled to 

the gas in the downstream flow, compared to solid phase 2. The downstream flows 

are characterized by a slower moving basal part, enriched in larger particles, which 

transitions vertically to an overriding, faster moving, dilute flow, richer in smaller 

particles. 

While we did not observe packing at the impact site in these runs compared 

to S0_L and 200_L, there was an initial increase in solid volume fraction at the 

impact site on the order of 10 times. This could partially explain the lag between the 

particles and gas, a result of continuity with changing volume fractions of phases. In 

addition, the polydisperse effects we observed in the free jet vertical velocities are 

not as amplified in the downstream flows. The larger particles have lost a major 

portion of their momentum in the impact zone, and their relatively high volume 

concentration in the basal part of the downstream flow, compared to the inlet 

fraction of 0.005, results in slower outward (radial) speeds due to conservation of 

mass. The smaller particles are still able to make the axial to radial transition, thus 

they remain reasonably coupled to the gas and are expelled radially. 

2.5. Summary and conclusions 

This study was motivated by a need to understand the fluid dynamics of 

collapsing, dilute gas-particle mixtures that form during large explosive volcanic 
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eruptions, and which result in lateral multiphase flows (pyroclastic density currents, 

or PDCs). Geologic evidence indicates that such PDCs can have a wide range of 

properties, ranging from dilute, highly turbulent flows to granular flows with high 

particle concentrations. We expect that the properties of a given PDC can be 

strongly influenced by the effects of variable gas-particle coupling in mixtures with a 

wide range of impact Stokes number. The work presented here models an idealized 

representation of the impact zone that could occur in a natural eruption, as well as a 

restricted range of impact Stokes numbers compared to natural systems, in order to 

begin to quantify the fundamental aspects of these complex processes. 
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Figure 2.11. Snapshots of gas pressure at the impact zone at time t = (H + L)/Uinlet· a - Gas pressure 
contours for model run 50_SL. There is a 50% increase in the gas pressure at the impact zone. Units are 
in Pa. b - Gas pressure contours for model run 200_SL. There is an almost order of magnitude increase 
in the gas pressure at the impact zone. 

Three key results will underpin future studies that progressively approach 

the natural case. First, the Mach number of the impinging flows, which is 
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determined by the impact speed and the mixture sound speed, and which in turn is 

strongly influenced by the mass loading of well-coupled particles, plays a role in 
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determining the length scale associated with the impact Stokes number through 

development of a standing shock (high Mach number) rather than a more gradual 

deceleration of the gas phase (low Mach number). Second, within the range of 

particle sizes and Stimp explored here (which is quite smaller than the range of a 

natural case), the momentum coupling of large particles to the gas is increased by 

the presence of a smaller (low Stimp) particle field, thus reducing the extreme 

decoupling of large particles upon impact compared to the case with only large 

particles. Third, despite their improved coupling in the presence of small particles, 

in some polydisperse flows the larger particles can concentrate at the impact point 

and move laterally away from it at a relatively low velocity, while at the same time 

smaller particles and gas travel out of the impact zone at a higher velocity, a 

combination of the increased concentration of large particles and of the expulsion 

process. Our simulations modeled two particle sizes with diameters differing by 

two orders of magnitude, but in a natural eruption the range of sizes could span six 

orders of magnitude and we hypothesize that the larger range of particle-fluid 

coupling would enhance this concentration and expulsion effect. Experimental data 

on impact of dilute, polydisperse mixtures and resulting outward flow are scarce, 

however this result is consistent with recent experiments where a mixture of gas 

and polydisperse particles (particle sizes between ~3 x 10-6 - 8 x 10-3 m, and with a 

range of densities) were dropped into a 12 m long flume (Lube et al., 2015; Breard 

et al., 2016; Breard and Lube, 2017). In those experiments, the particle 

concentration of the falling mixture was ~0.1 (compare to our simulations, in which 

the inlet mixtures had Ep = 0.01) and impacted the flume at speeds of ~8 m/s. Upon 
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impact and for a short distance down flow a dilute mixture accelerated ahead to 

speeds of 16 m/s (Breard et al., 2016), beyond which it decelerated and segregated 

into a concentrated basal flow and a dilute overriding cloud. Although data from the 

point of impact are not yet published for these experiments, the initial acceleration 

of dilute mixture outward might be related to expulsion of gas and fines as coarser 

particles concentrated upon impact. Such processes could contribute to dune

bedded deposits (inferred to result from low particle concentration flow) that 

sometimes underlie the deposits produced by the slower, more concentrated flow; 

i.e., this suggests a dilute mixture that travels ahead and deposits material first at a 

given location, before the concentrated flow arrives. The same process could 

contribute, in areas proximal to a volcanic vent, to the initial development of an ash 

cloud surge that flows atop the concentrated flow (see also Breard et al., 2016). 

We have numerically modeled several cases of mono- and polydisperse 

impinging jets using a multifield Eulerian-Eulerian approach and length scales and 

physical properties relevant to volcanic eruptions. Our work agrees with previous 

experimental modeling of monodisperse jets and has shown the importance of 

considering the effects of different particle sizes on the free jet, impact zone, and 

downstream flow. In addition, we have proposed a revised version of the Stokes 

number, called the impact Stokes number, which defines the characteristic time of 

the flow using a length scale related to the deceleration of the gas phase as it 

approaches the impact zone. The length scale is sensitive to the speed and Mach 

number of the impinging mixture. Further computational work will explore the 

effects of a wider range of particle sizes (Stimp) for given inlet conditions and of 
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variations in the initial concentration of the impacting mixture. Experiments of 

collapsing dilute flows with length scales of meters will study the lateral flow and 

dispersal of particles of different Stimp downstream of the impact point, as will as the 

effects of a sloping impact surface; this work will build upon the experiments of 

Lube et al. (2015) and Breard and Lube (2017), but with a focus on controlling the 

particle concentration of dilute impacting mixtures. Each of these will provide a 

step towards a quantitative understanding of the effects of impact processes on the 

development of dangerous pyroclastic density currents. 

2.6. Appendix 

The constitutive equations needed to close the governing equations ( eq. (1 )-

(7)) can be found in their entirety in Syamlal et al. (1993), Agrawal et al. (2001), 

Syamlal and Pannala (2011), and Benyahia et al. (2012), but we highlight the main 

equations here for sake of clarity and completeness. 

Particle-particle interactions in these simulations span behavior from dilute 

to dense (in the case of packing at the impact site), so the constitutive equations 

consider different flow regimes based on the relative volume fraction of gas versus 

particles. The general formulation for solid stresses in MFIX is given by: 

where the quasi-static and plastic stresses are represented by Tmpij and the viscous 

stresses are represented by Tmvij· The function <Pis a blending function, which 

insures a smooth transition at close packing E* (Pannala et al., 2009, Syamlal and 
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Pannala, 2011). Syamlal et al. (1993) developed the equations for the plastic regime 

using the frictional theory of Schaeffer (1987): 

where the shear viscosity is given by: 

. {Pc sin(cp) Em max}
mm ----;:===- M , µs , 

µmp = O .J4lmw Ll=l Ez{ 

where cp is the angle of internal friction and µf ax is a specified maximum granular 

viscosity. The solid pressure in the close-packed regions is related to the void 

fraction (Jenike, 1987): 

hence the second pressure gradient in equation (5) is zero when the void fraction is 

not exceeded by the void fraction at maximum packing. The second invariant of the 

rate of strain tensor is: 

The equations for the viscous regime are derived from the kinetic theory of 

gases. We note the following equations are only valid for a monodisperse mixture 

(see Galvin (2007) for the implementation of the kinetic theory for polydisperse 

systems in MFIX). The collisional stress tensor is given by: 

where the deviator of the strain rate tensor is: 
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and the normal solid pressure is: 

the solids viscosity is: 

where 

and the granular temperature e is given by: 

em 

Kfm(Dmu)2Ei + 4K4mEm[K2mCDmi ) 2 + 2K3m(DmijDmij)]} 

2EmK4m 
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In the absence of interphase mass transfer, the gas-solid heat transfer 

coefficient is given by: 

where Num is the Nusselt number for the particles constituting the mth solid phase: 

where the Prandtl number is defined as: 

The conductive heat flux within the gas phase is given by Fourier's law: 

and the conductive heat flux in the solid phase is similarly given by: 

For details on the particle phase conductivity model used in MFIX, see Syamlal and 

Gidaspow (1985). 
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Chapter 3. Topographic controls on a phreatomagmatic maar-diatreme 

eruption (Holocene Dotsero volcano, Colorado, USA): field and numerical 

results 

3.1 Abstract 

We analyze the eruptive products of Holocene-aged Dotsero volcano 

(Colorado, USA; ~4150 y.b.p.), which record evidence of a progression from effusive 

magmatic activity to explosive phreatomagmatic maar-forming activity to a final 

explosive magmatic phase. The nature of the deposits suggests that the irregular 

and mountainous pre-eruptive topography strongly influenced the formation of 

directed pyroclastic density currents during the phreatomagmatic phase, where the 

topographically high northern crater rim acted as a barrier and promoted transport 

to the south. Furthermore, the crater shape strongly controlled the grain size of the 

final deposits, providing further evidence that deposit grain size can be a misleading 

proxy for fragmentation or explosion intensity. We test these hypotheses gleaned 

from fieldwork using multiphase numerical modeling, extending a framework 

developed to model subsurface explosions in diatremes to include the surface and 

crater. Using a bidisperse particle population (di=0.0001 m and dz=0.01 m), we 

confirm that a crater shape where one rim is higher than the other promotes 

multiple pulses of particle transport in the direction of the lower rim. The initial 

currents contain both coarse and fine particles, where the secondary and tertiary 

currents contain predominately the finer particles. This mechanism provides an 

alternative explanation to the formation of lapilli tuff/tuff couplets often found at 
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maar-diatreme tephra rings (including Dotsero). Additional modeling shows how 

the depth of a crater can control the grain size of the resulting pyroclastic density 

currents. In the case of a deep crater and relatively weak explosion, it is possible 

that only the fine particles escape following the collapse of the eruptive column, 

resulting in a fine-grained deposit. This work adds to the expanding hypotheses and 

models developed to describe the eruptions and dynamics of maar-diatreme 

volcanoes, but also highlights the limitations of our knowledge of key parameters, 

especially those related to the processes of magma-water interaction and syn

eruptive hydrology. 

Material in this chapter is drawn from a manuscript submitted for 

publication in Bulletin of Volcano logy in March 2018 with the same title (in review 

as of writing this dissertation). The text in this chapter is largely unchanged from 

the submitted version. Zachary Grosso (UB undergraduate) and Greg Valentine 

(PhD advisor) are coauthors on the submitted manuscript. The fieldwork was 

conceived and led by Matthew Sweeney with assistance from Claudia Fletcher, Erika 

Sweeney, Greg Valentine, Alison Graettinger, and Inga Sander. Matthew Sweeney 

led the sample collection in September 2015 with the remainder of the fieldwork 

done in May 2016. Zachary Grosso and Matthew Sweeney performed the grain size 

and componentry analyses. The remainder of the scientific analyses were done by 

Matthew Sweeney including the numerical modeling. Zachary Grosso and Greg 

Valentine provided helpful advice and commented on the final manuscript, but 

Matthew Sweeney wrote the majority of the manuscript. 
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3.2. Introduction 

Maar-diatremes are the type volcano for violent, subsurface 

phreatomagmatic eruptions, but many aspects of their eruptions remain poorly 

understood (Valentine et al., 2017). Recently, there has been an increased focus on 

these small-volume volcanoes due to their economic importance, potential hazards, 

and enigmatic presence in volcanic fields otherwise dominated by scoria cones. 

Even though they are abundant, there is still a significant gap in our understanding 

of both large-scale eruptive phenomena as well as the details of how magma and 

water interact to create explosions. Experimental (Andrews et al., 2016; Macorps et 

al., 2016; Graettinger et al., 2015a,b; Sander et al., 2015; Valentine et al., 2015a; 

Graettinger et al., 2014; Ross et al., 2013; Valentine et al., 2012; Ross et al., 2008a,b), 

and numerical work (Sweeney and Valentine, 2015) has resulted in a multitude of 

new hypotheses and models applicable to maar-diatreme volcanoes, which relate 

phenomena such as explosion depths and energies to eruptive processes and 

deposit facies. However, more field examples ( e.g. Graettinger and Valentine, 2017; 

Valentine et al., 2015b; Lefebvre et al., 2013) are needed to apply and assess the 

validity of these models, particularly those gleaned from meter scale experiments. 

It is generally accepted that most maar-diatreme volcanoes are the result of 

repeated, subsurface explosions caused by the interaction of magma and 

groundwater (Valentine et al., 2017). Whether an explosion erupts material out of 

the diatreme depends on several factors, but primarily the depth and energy of the 

explosion, which can be combined in an empirical variable, scaled depth, which is 

discussed below (Valentine et al., 2014). Following an explosion, the material 
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immediately surrounding and overlying the explosion site is propelled toward the 

surface via debris jets, which are imperfectly coupled gas-liquid-solid mixtures. As a 

debris jet ascends, material elsewhere in the diatreme undergoes subsidence 

(Andrews et al., 2016; Sweeney and Valentine, 2015; Ross et al., 2008a,b). This 

subsidence can be responsible for long residence times and recycling of clasts in the 

diatreme, which together with other factors such as "non-erupting" explosions, can 

bias a simple interpretation of tephra or ejecta ring deposits (i.e. assuming that the 

presence of a certain lithology is indicative of the depth at which the eruption 

originated from). 

Regimes of behavior associated with subsurface explosions are commonly 

described in terms of the scaled depth, Dsc = d * E- 1
/ 

3
, where d is the physical 

depth and E is the mechanical energy produced by the explosion (Valentine et al., 

2014). The scaled depth, along with topography (such as the presence of a crater), 

controls the volume, grain size, and depositional facies of material deposited outside 

of a maar crater (Graettinger and Valentine, 2017; Graettinger et al., 2015a,b). 

Graettinger and Valentine (2017) developed these relationships further with field 

evidence from Teshim and Triplets maars in the Hopi Buttes Volcanic Field (USA). 

They identified five characteristic deposit types commonly found at maar-diatreme 

volcanoes and propose several interpretations of their different transportation and 

depositional processes. 

Determining the origin of individual clasts in tephra rings is generally not 

possible due to the structure of maar-diatremes as well as the complicated recycling 

and redistribution of clasts in diatremes. Once fragmented, country or volcanic rock 
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can spend little to no time in the diatreme (i.e. erupted immediately), be erupted 

after some time, or never reach the surface. It is for this reason that certain 

interpretations of tephra ring deposits can be biased. Specifically, the depth of the 

unit from which a clast came from is not simply indicative of the depth of explosion 

that erupted it (Valentine et al., 2017). Reconciling these inherent uncertainties 

associated with tephra ring deposits is difficult because the structure and 

composition of the diatreme is usually not accessible when surface deposits are 

present. Lefebvre et al. (2013) described the relationship between an exposed 

diatreme, Standing Rocks West in the Hopi Buttes Volcanic Field (Arizona, USA) and 

complementary eruptive deposits preserved in a nearby tephra ring, at the 

appropriate stratigraphic level so that the eruptions, while possibly different in age, 

erupted through the same stratigraphy. Componentry data taken from within the 

diatreme massif was compared with that of the tephra ring and they found that the 

eruptive deposits were almost always sourced from shallow explosions. Sweeney 

and Valentine (2015) and Valentine et al. (2014) used numerical modeling and 

empirical relationships, respectively, to arrive at similar conclusions, namely that 

most deep explosions in diatremes (>200-250 m) remain contained and do not 

contribute to the surface deposits. Consequently, in most cases the presence of 

deep-seated clasts in tephra rings can be attributed to incremental upward 

transport from debris jets. 

While the volume of recent work highlighted above has clearly added to our 

knowledge of maar-diatreme volcanoes, several problems remain poorly 

constrained and more field examples are needed to corroborate the attempts to link 
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deposit facies to phreatomagmatic explosion phenomena (e.g. Graettinger and 

Valentine, 2017). In this work we take a multidisciplinary approach to address how 

subsurface (i.e. intra-diatreme) processes along with other factors such as 

topography, crater geometry, and magma flux/water budget (i.e. explosivity) 

influence eruptive deposits of maar-diatreme volcanoes. First, we describe the 

monogenetic Holocene eruption of Dotsero volcano (Colorado; Figure 3.1), which 

erupted through a well-characterized suite of sedimentary rocks and had both 

magmatic and phreatomagmatic eruption phases, the latter of which formed a maar 

crater. The eruptive deposits are well preserved and largely non-indurated, 

allowing for detailed componentry and grain size analyses. We then present results 

from 2D multiphase numerical modeling, which shows different ways that the grain 

size of pyroclastic density currents (and therefore deposits) can be controlled by 

crater size and shape. We compare our findings to the models developed from 

meter scale blast experiments and recent fieldwork and propose several paths 

forward in the study of maar-diatreme volcanoes. 

3.3. Geologic setting and general features of Dotsero volcano 

Dotsero volcano (DV; ~4150 y.b.p., Colorado; Giegengack, 1962; Figure 3.1) 

is one of the youngest known intraplate volcanoes in the United States and 

produced deposits of both magmatic and phreatomagmatic origin (the former 

implying that pyroclasts were formed by the action of magmatic volatiles, and the 

latter implying fragmentation at least in part due to explosive interaction of magma 

and groundwater). The eruptions occurred through a well-characterized suite of 
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Pennsylvanian sedimentary rocks, primarily the Maroon Formation, which is 

exposed in the present crater wall and the Eagle Valley, Minturn, and Belden 

Formations, which underlie it (Streufert et al., 2009). The eruptive products at DV 

include variably welded spatter and agglomerate, lithic-rich lapilli tuff, lithic-poor 

lapilli tuff, alluvium/colluvium deposits, and a lava flow (Figure 3.1). The latter 

stage of the eruption formed an elongate crater, 600 m long by 400 m wide, which 

incises the pre-eruptive surface so can be defined as a maar crater (White and Ross, 

2011). The semi-major axis of the crater aligns with the axis of a syncline, which 

itself is on the northern limb of the Eagle River Anticline (Figure 3.1). The crater 

incises irregular, mountainous topography and is perched near the top of steep 

sided canyons, ~300 m above the Eagle River Valley floor, to where the lava flowed 

down. 
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Figure 3.1. Geologic map of Dotsero volcano and surrounding area. The crater is on the northern limb of 
the Eagle River Anticline and erupted along the axis of a plunging syncline. Several faults have been 
previously mapped in the area, with at least one aligning with the crater. Map modified from Streufert et 
al. (2009). 
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Little physical volcanological work has been done at Dotsero volcano. 

Giegengack (1962) described the volcanic rocks and the surrounding areas in detail 

and drew several interpretations, some of which are revised here. Other relevant 

work, such as that of Larson et al. (1975) and Leat et al. (1989) studied the regional 

volcanism in northwest Colorado from both a volcano-tectonic and geochemical 

perspective, but only provided limited descriptions of the main units at DV, some of 

which have since been altered by erosion and/or quarrying in the area and others 

which were incompletely described. Rowe et al. (2011) used melt inclusions to 

investigate the compositional evolution of the DV magmas and briefly state that the 

eruption began with a scoria cone and lava flow, followed by maar-forming activity. 

However, this is based on limited field evidence and lacks physical interpretations of 

any of the main units. The relatively young and pristine crater along with the non

indurated nature of the tephra and pyroclastic deposits make DV an ideal candidate 

with which to test new models of maar-diatreme volcanism. 

3.4. Description of deposits 

The deposits at Dotsero volcano include pyroclastic deposits immediately 

surrounding the crater to the north, east, and south, including the tephra deposits 

extending ~6 km to the northeast, a lava flow field to the south of the present day 

crater and at the floor of the Eagle River Valley, a lava flow to the north, and 

intermingled alluvium/colluvium deposits throughout the ravines to the south 

(Figure 3.1). We describe the deposits starting at the crater and move 

concentrically outward. 
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3.4.1. Northern crater rim and intra-crater deposits 

The northern crater rim is characterized by a sequence of nonwelded to 

densely welded agglomerate, which forms the cone-like feature (hereafter referred 

to just as "cone") immediately adjacent to the crater rim (Figure 3.2) and is bounded 

on either side by two gullies that trend along previously mapped faults (Figure 3.1). 

The outer slopes of the cone consist of nonwelded agglomerate capped by a thin 5 

cm veneer of ash. Within the crater wall itself, a ~20 m long, ~1 m thick sill is 

present along with a 30-40 cm wide dike that extends upward toward the cone, but 

terminates ~5 m below it. The last noticeable feature in the northern crater rim 

area is a ~ 2 m thick outcrop of dense trachybasalt lava on the western side of the 

cone. It is not clear how much of the current exposure of deposits along the 

northern crater rim has been affected by quarrying of the adjacent tephra deposit, 

so we describe deposits inferred to be in situ only. 

The variably welded agglomerate in the central part of the cone exhibits a 

gradational welding pattern (Figure 3.2b), starting with a ~30 cm deposit of 

nonwelded, lapilli to bomb sized, variably vesicular basalt clasts. This lowest unit is 

in contact with the bedrock (Maroon) at the crater rim and can be traced around the 

front of the deposit to the west, where the same sequence is present on the opposite 

side. The deposit transitions upward into ~SO cm of partly welded agglomerate. 

The densely welded agglomerate caps the sequence and is one of the most visually 

striking features of the northern crater rim area, when viewed from a distance 

(Figure 3.2a). The densely welded deposit is highly jointed and fractured and 
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contorted relic clasts can be observed throughout the deposit, but no obvious flow 

structures are noticeable. 

58 



Figure 3.2. (previous page) Northern crater rim of Dotsero volcano. a - view from southern crater wall. 
Field of view is roughly 500 m across (crater rim is ~400 m wide). Plateau in background is capped by 
older Tertiary basalt (Figure 1). Notice syncline like bedding along axis of crater and active alluvial fan 
being supplied by northwest gullie. b - close up view of v-shaped outcrop of variably welded 
agglomerate. Agglomerate transitions from nonwelded at its base to densely welded at the top of the 
outcrop. c - local outcrop of lava. Notice ramping structures in the lava as well as the contact with 
underlying Maroon Fm. d - nonwelded agglomerate that makes up top and edges of cone feature. 
Bombs are glassy and vesicular, and are flattened along bedding plane. e - sill and dike in northern 
crater wall. Both the sill and dike are petrographically identical to the lava. 

The top and sides of the cone consist of flattened, dense basaltic bombs that 

dip toward the center of the cone ( ~ 10°) at the top and away from the center ( ~ 25-

300) of the cone on the sides (Figure 3.2d). The longest axes of the flattened bombs 

align with the crude bedding of the deposit. The bombs are glassy and occasionally 

contain large (up to 1 cm), clear, euhedral quartz crystals. The margins of the cone 

are bounded on both the western and eastern edges by presently active gullies. A 

thin 5 cm veneer of scoriaceous ash to lapilli covers the cone. Beneath this thin 

veneer, there is a 3-4 cm thick layer of fine to coarse ash rich in accretionary lapilli. 

The deposits that form the cone are inferred to have been produced by lava 

fountaining, which produced relatively coarse, fluidal clasts and variable degrees of 

welding. 

On the western side of the cone, a ~ 2 m outcrop of dense lava can be traced 

from the crater rim up the gully several tens of meters (Figure 3.2a, 3.2c). The lava 

is petrographically identical to the lava flow present on the Eagle River Valley floor 

(Figure 3.1), namely, phenocrysts of ~85% unaltered, euhedral olivine, and ~15% 

clinopyroxene, with a groundmass of plagioclase microlites. The flow exhibits 

"ramping" structures near the crater rim and is underlain by a ~50 cm flow breccia 

and overlain by a rubbly top. Similar to the pyroclastic deposits described above, 
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throughout this outcrop (and every outcrop of lava in the area), there are sparse 

occurrences of clear, euhedral quartz crystals up to 1 cm in size with clearly visible 

reaction rims surrounding them. Giegengack (1962) identified these as alpha quartz 

using powder diffraction, but curiously he only identified them in the pyroclastic 

deposits, when they are present throughout the lavas as well. Regardless, they are 

clearly xenocrysts. The quartz has been historically misidentified as diamond and in 

1898, prospectors went as far as to sink a shaft in the crater floor to locate the 

"mother lode" (Giegengack, 1962). Even today, there is a confusing association 

between DV and diamonds amongst the general public as evidenced by a simple 

Google search and our occasional interactions in the field with the public. We hope 

this paper can provide clarity to this issue. 

The sill and dike are unfortunately inaccessible, but can be viewed from the 

opposite crater rim (Figure 3.2a) or from above (Figure 3.2e ). The dike is barely 

visible from above. Based on Giegengack's (1962) descriptions, the intrusions are 

petrographically identical to the lava flows. Within the plane of exposure, the dike 

does not appear to be connected to the overlying pyroclastic rocks. 

3.4.2. Eastern crater rim and intra-crater deposits 

The broadly defined Eastern crater rim (Figure 3.1) contains the main tephra 

deposit ("unconsolidated lapilli tuff," Streufert et al., 2009, herein referred to as 

"lithic-poor lapilli tuff," LPLT), a small outcrop of lithic-rich lapilli tuff, and an 

outcrop of lava in the crater wall. We provide a detailed stratigraphy of both the 

lapilli tuff units (Figure 3.3, 3.4 ). 
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Planar parallel bedded, black, holocrystal-
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from 1 to 10 cm and are well-sorted. Sparse 
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Figure 3.3. Grain size, componentry, and stratigraphic column of LPLT (Figure 3.1). There are two main 
transitions in the grain size distribution of the deposit, both near the bottom of the deposit. The first is 
the transition from a coarse, bomb-rich layer to a lapilli-rich layer (bottom two plots) and the second is 
the transition from the lapilli-rich layer to an ash-rich layer containing abundant accretionary lapilli 
(second and third plots). The deposit as a whole is predominately juvenile scoria clasts, with sparse 
lithics throughout the upper sections. 
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The lowest exposed deposit is rich in glassy, vesicular bombs (Figure 3.3). 

The bombs are irregularly shaped and exhibit prismatic jointing - when they are 

picked up they readily disaggregate into smaller pieces. Most of the overlying strata 

are LPLT, characterized by planar-parallel beds that mantle the bedrock and hills to 

the east and northeast of the crater, extending out to ~6 km. The individual beds 

range from 1 to 10 cm and contain predominately holocrystalline scoria lapilli. The 

individual scoria beds are massive, clast supported, and demarcated by slight 

changes in grain size (from coarse ash to lapilli). LPLT is poor in lithics throughout, 

usually constituting less than 15% of the bulk samples. The lithics that are present 

are predominately sandstones from the Maroon and Eagle Valley Formations, but 

there are sparse granitic and evaporite clasts as well. ~ 2 m above the base of the 

bomb-rich deposit, there is a 20 cm thick bed of fine to coarse ash rich in 

accretionary lapilli that can be clearly distinguished from the rest of the deposit 

(Figure 3.3). Other than the relatively coarse, bomb-rich basal layer and the ash

rich horizons, the LPLT is a sequence of strikingly similar bed sets of scoria lapilli 

that continue to the top of the deposit. While the tephra in this area was heavily 

quarried for commercial use, we ensured we analyzed an in situ section, and 

furthermore, this 12 m thick section probably represents the maximum (or near 

maximum) thickness of the deposit. Much of the deposit beyond the area 

immediately surrounding the crater is covered by >1 m of soil and colluvium, 

rendering a traditional tephra study/column reconstruction ( e.g. Johnson et al., 

2014) difficult. We interpret LPLT to have deposited mainly by fallout from scoria 
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rich, buoyant eruption columns, with the bomb rich basal layer potentially being 

related to lava fountaining associated with the cone facies described above, and the 

accretionary lapilli rich ash horizon related to an intermittent phreatomagmatic 

phase. 

Basalt - Maroon - Minturn 

Lithics - Eagle - Belden -

Smiliar to upper portion of lower outcrop - alternating beds ~ C} 
of 8-1 Ocm clast supported, moderately to well sorted lapilli 
and 1-3 cm moderately indurated coarse ash to fine lapilli. 
Overall, beds are not as clearly distinguished as the beds in 
5-LRLT and lacks the abudance of indurated ash beds. Larg
est lithics are 2-3 cm clasts of Eagle Valley Formation and 
some sparse shales and coarse-grained wackes from Belden 
and Minturn Formations, respectively 

~ C) 
t, u Crudely bedded, clast supported, poorly to moderately 

sorted lapilli. Individual beds difficult to distinguish. Much 
more lithic rich than lower outcrop. Largest lithics in 4-5 cm 
range and predominately reddish-brown and gray sand~ C) 
stones from Eagle Valley Formation. Many of the lithics, 
including basalt clasts are subrounded and abraded 

Alternating beds of 8-10 cm clast supported, moderately to 
well sorted lapilli and 1-3 cm moderately indurated coarse 
ash to fine lapilli. Beds demarcated by slight changes in grain 
size. Bottom 50 cm does not contain as many lithics as upper 
50 cm. Small amount of Eagle Valley Formation clasts in 2-5 

~ (3 
~ (9 cm range with lesser amounts of Maroon Formation 

Crudely bedded, clast supported, moderately sorted lapilli. 
Individual beds difficult to distinguish. Noticable paucity off) C) lithics and Maroon Formation sandstone 

._ Q) 

- ~ - ~ 
Figure 3.4. Componentry and stratigraphic column of NE-LRLT (Figure 3.1). We sampled two outcrops 
visible in the left photograph. The deposit is lithic rich and contains an abundance of basalt clasts 
(recycled agglomerate and lava fragments) and country rock derived lithics. The deposit as a whole is 
crudely bedded and contains virtually no Maroon Formation sandstone or large lithics (> 5 cm). 

Adjacent to the eastern gully, there is a small outcrop of indurated, lithic-rich 

lapilli tuff (northeast lithic-rich lapilli tuff, NE-LRLT; Figure 3.4). The outcrop is very 

local and the stratigraphic relationship between it and LPLT is not clear. The 
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outcrop is massive to moderately bedded and poorly to moderately sorted. The 

beds are demarcated by changes in grain size of lithics and dense basalt clasts and 

dip ~15-20° back toward the crater. The individual beds are massive and clast 

supported, with a narrow range of grain sizes within beds (usually lapilli). The unit 

lacks indurated ash beds and lithic blocks that are seen in the lithic-rich lapilli tuff 

deposit in the southern crater wall (see below), contains virtually no juvenile basalt 

clasts, and is rich in lithics sourced from the Eagle Valley Formation. We infer 

discrete phreatomagmatic explosions produced the NE-LRLT, where the high lithic 

content might reflect a type of vent clearing activity as a diatreme grew. 

Approximately halfway down the eastern crater wall, there is a small outcrop 

of dense trachybasalt lava. The outcrop is ~2 m thick, ~5 m long at its widest, v-

shaped and in direct contact with the Maroon Formation. The lava is 

petrographically identical to the other lavas at the volcano. It aligns well with a 

present-day ravine that descends from an area southeast of the crater down to the 

Eagle River Valley. We infer that this lava flow is contemporaneous with the lava 

fountaining associated with the cone facies. 

3.4.3. Southern crater rim and intra-crater deposits 

The southern crater rim contains a number of different deposits including a 

section of non- to partly welded agglomerate that is buttressed against the slopes of 

Blowout Hill (Figure 3.2), an outcrop of lava near the base of the crater wall, an 

intrusive feature near the base of the crater wall, and an extensive outcrop of lithic

rich lapilli tuff ( southern lithic-rich lapilli tuff, S-LRLT; Figure 3.5). 
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Figure 3.5. Southern crater rim of Dotsero volcano. a - view from eastern crater rim. Field of view is 
roughly 500 m across (crater rim is ~400 m wide). b - outcrop of dense trachybasalt with rafted piece of 
country rock. The outcrop contains vertically oriented vesicle bands (visible adjacent to rock hammer). 
c - outcrop of dense trachybasalt lava. d - outcrop of S-LRLT containing characteristic lapilli tuff/tuff 
couplets. Also notice block sag beneath sandstone clast adjacent to rock hammer. 
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The agglomerate spans the height of the southern crater wall and dips gently 

to the east away from the slope of Blowout Hill. The contact between the 

agglomerate and the Maroon Formation is not directly visible, but there is no 

evidence of any other deposit between them, so we infer the agglomerate is the 

westernmost extrusive rock present in the southern crater wall. The deposit is 

crudely bedded, non- to partly welded and contains scoriaceous lapilli and bombs. 

The dominant clasts are red, moderately vesicular bombs in the 10-15 cm range 

with fusiform shapes. There are also scattered black, dense bombs of 1-2 m size 

especially in the lower portion of the outcrop. 

The lowest volcanic feature in the southern crater wall (and the entire 

crater) is a vertically prominent outcrop of dense trachybasalt (Figure 3.Sb ). Within 

the trachybasalt there is a 1.5 m piece of heavily altered sandstone from the Eagle 

Valley Formation. Adjacent to the sandstone, there are rows of vertically oriented 

vesicle bands, some elongated in the vertical direction. The petrography of the 

basalt is once again similar to the previously described intrusive rocks and lava. 

Approximately 50 m east of the previously described outcrop, there is a large 

outcrop of dense trachybasalt lava that is petrographically similar to the lava in the 

eastern crater wall and northwest gully. The outcrop is v-shaped in cross section 

and is ~10 m thick at its center. Streufert et al. (2009) mapped two separate 

outcrops of lava in the southern crater wall ( one interbedded with the overlying S

LRLT), but we were unable to definitively distinguish two separate outcrops and 

any potential contacts between the lava outcrop and other deposits are covered by 
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talus. The outcrop aligns with the present-day canyon and ravines that connect the 

crater area and Eagle River Valley. 

The lavas and agglomerates described in the preceding paragraphs are 

inferred to have been deposited by lava fountaining of coarse, fluidal clasts, which 

produced varying degrees of welding. Some of the welding achieved complete 

coalescence of clasts and produced the observed lavas; additionally, the lavas might 

have been produced by direct effusion from a vent(s). 

There are several individual outcrops of lithic-rich lapilli tuff (S-LRLT) that 

horizontally span the southern crater rim (Figure 3.Sa, d). To the west, S-LRLT 

overlies the extensive sequence of agglomerate. To the east, S-LRLT overlies the 

Maroon Formation, though the contact is covered. The previously described 

outcrop of lava is several meters below the lowest outcrop of S-LRLT. We estimate 

the total thickness of S-LRLT to be ~20 m, 16 of which is exposed. This is roughly 

one third of the estimate given by Giegengack (1962; 200 ft). We chose the three 

most complete sections of the deposit that were in situ and we could confidently put 

in correct stratigraphic order for detailed description and sampling (Figure 3.6). 

The deposit as a whole is characterized by a paucity of juvenile clasts and an 

adundance of lithic clasts and clasts of broken up agglomerates and lavas, many of 

which have abraded textures. There are variations throughout S-LRLT, but 

generally, the deposit is brown to red, well bedded, with individual beds ranging in 

thickness from 1-2 5 cm. One distinguishing feature of the deposit is the rhythmic 

alternation between 2-10 cm thick, well sorted, clast supported lapilli beds and 1-4 
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cm indurated ash-rich beds containing sparse lapilli. There are large sandstone 

Basalt ~1Maroon- Minturn 

Lithics - Eagle - Belden -([) ~~= 
Massive. moderately to well sorted coarse ash to lapilli. Noticable lack of 
indurated ash beds compared to lower units. Lithics up to 75 cm are 
present in the lapilli and do not appear to have disrupted to surrounding 
clasts, Majority of lithics in the lapilli size range are carbonates from the

., e 
Eagle and Minturn Formations, but the largest clasts are sandstones ., e) from the Maroon Formation 

Q) 
() C) 

~ 
Alternating beds of 20-25 cm thick, indurated coarse ash and 8-10 cm 
moderately to well sorted lapilli beds. Lapilli beds are thicker near the 
top of the unit and contain more coarse ash and finer lapilli. Middle 
1 .5-2 m contains "couplets" similar to base of first unit with thinner ash 
beds and thicker clast supported lapilli beds. Some large 20-25 cm lithic 

CD 
blocks of sandstone and carbonate in the upper part of the section 
(visible in Figure 3.a.). One visible block sag. Contacts between 
indurated ash beds and lapilli beds are irregular and undulate 

~ CD 

._ G) 

e) Bottom meter of unit is similar to lowest unit, but the lapilli beds are 
moderately to well sorted and include more coarse ash and finer lapilli. 
One 25 cm thick, indurated coarse ash layer with sparse sandstone and 
carbonate blocks. Largest lithics are 5-12 cm and are predominately~ 0 Maroon Formation sandstone 

~ 0 
Rythmic alternation between 2-10 cm, well sorted, clast supported lapilli 
beds and 2-4 cm indurated ash-rich beds containing sparse lapilli.-. C) 
Abundant lithics in 10-15 cm range, with the largest almost exclusively 
red sandstone of the Maroon Formation. Smaller lithics include grey to 
off-white carbonates and sparse tan to brown wackes, One visible block ~ Q) 
sag. Noticable lack of large basalt clasts and juvenile clasts. One 20 cm 
thick bed of normally graded blocks (<10 cm) and lapilli, which includes 

CY clasts of reworked dense basalt and lithics. Upper part of unit has thicker 
lapilli beds as compared to lower part 

ti CD 

Figure 3.6. Componentry and stratigraphy of S-LRLT. The deposit contains roughly equal amounts of 
basalt and country rock derived lithics, where most of the basalt clasts are not definitively juvenile and 
show evidence of recycling and abrasion. The dominant lithic types are from the Maroon and Eagle 
Formations. The largest lithics are up to 75 cm and usually from the Maroon Formation. Only sparse 
clasts from the Minturn and Belden Formations were positively identified. The lower portion of the 
deposit contains the most extensive package of lapilli tuff/tuff couplets and the bed thicknesses 
generally increase upward in the deposit. 

lithic clasts throughout the entire deposit - some as large as 75cm. The largest lithic 

clasts are predominately Maroon Formation sandstone, but there are several large 

clasts of the deeper Eagle Valley Formation sandstone as well. There are sparse 

block sags in S-LRLT when the lithics are in contact with the thinner ash beds 
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(Figure 3.Sd), but for the most part the lithics do not disrupt the bedding structures. 

S-LRLT is interpreted to have been deposited by repeated, short-lived pyroclastic 

density currents related to phreatomagmatic explosions that produced the main 

crater and is contemporaneous with the deposition of NE-LRLT. 

3.4.4. Southern quarry and ravine deposits and lava flow 

Immediately to the south of the crater, and on the downsloping wall of the 

Eagle River canyon, there is a quarried area, which exposes several sections of 

agglomerate, lava, and previously mapped colluvial deposits (Figure 3.1, 3.7). The 

same agglomerate sequence present in the southern crater wall is exposed in the 

upper portion of the quarry. S-LRLT deposits are noticeably absent given their close 

proximity to the quarry. It is possible they were quarried, but this seems unlikely 

given their lack of commercial grade scoria. 

Figure 3.7. a - outcrop of lava/colluvium interaction in southwest ravine (Figure 3.1). Lava flow 
direction is out of the page. b - deposits exposed in quarry immediately south of crater. The 
agglomerate exposed on the southern side of the crater rim can be traced to the agglomerate exposed in 
the southern crater wall (Figure 3.5). 
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We define the two main drainages as the southeast and southwest ravine 

(Figure 3.1, 3.7). Each ravine contains variable amounts of partly welded 

agglomerate and dense trachybasalt lava, the latter of which is the lowest in the 

stratigraphy. The southwest ravine has been quarried up to the junction of the two 

ravines, exposing a cross section that reveals evidence of lava and colluvial 

interaction (Figure 3.7). The interaction implies that the colluvium was deposited 

closely in time with the lava activity, and the deposit could have been wet at the 

time to produce such geometry. 

The main lava flow produced by DV extends from the valley side as a narrow 

tongue to the floor of the Eagle River Valley where it spread as a lava fan (Figure 

3.1). The flow is petrographically identical to the previously described intrusive 

rocks and lava near the crater. Much of the flow surface is overgrown with 

vegetation, but enough of the rubbly surface can be observed to identify this as an 

a'a flow; additionally, the southern margin of the lava fan is somewhat incised by the 

river and exposes a typical a'a cross section with massive lava core under- and 

overlain by lava rubble. The surface and basal portions of the flow are relatively 

vesicular compared to the interior of the flow. On the surface of the flow, there are 

several large masses of partly welded agglomerate that provide several meters of 

relief. 

We interpret the lava flow, quarry, and ravine deposits described in this and 

preceding two sections to be the result of lava fountaining and effusion from vents 

on the south-facing slope of the Eagle River Valley. 
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3.5. Numerical modeling 

3.5.1. Motivation and hypotheses 

Before proceeding to the interpretation of the Dotsero sequence, we 

conducted numerical experiments to explore whether the topographic setting of the 

maar-crater could have affected the dispersal of pyroclasts during the eruption. 

This question arises from the observation that most deposits inferred to be related 

to pyroclastic density currents are present predominately on the southern part of 

the crater margin. Recall that the main crater at DV resides at the top of a steep 

valley wall on hilly terrain. The southern crater rim has ( and had) a lower elevation 

(100 m) than the northern one, reflecting the valley wall setting. How might this 

elevation difference have affected the distribution of pyroclastic density current 

deposits? Also, how might different crater depths during the eruption have affected 

pyroclast dispersal? Note that LPLT is interpreted to have been deposited by fallout, 

and its dispersal (mainly to the east-northeast) was controlled by wind direction. 

3.5.2. Multifield approach 

Studying the explosive phenomena associated with maar-diatreme volcanoes 

requires a numerical model that solves conservation equations for a system 

composed of compressible gas and particles, with imperfect coupling between 

phases. In this work we adopt the well-documented multifield approach, where the 

model equations describe conservation of mass, momentum, and energy for a 

carrier gas and for two "fields" of dispersed particles, one with particle diameter of 

10-4 m (fines) and the other with particle diameter 10-2 m (coarse). This approach 
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has been widely and successfully used in volcanology to model eruption dynamics 

and other explosive phenomena (e.g. Valentine and Sweeney, 2018; Sweeney and 

Valentine, 2017 (Chapter 2); Sweeney and Valentine, 2015; Esposti Ongargo et al., 

2012, 2008; Dufek et al., 2009; Dufek and Bergantz, 2007a, 2007b; Dartevelle, 2004; 

Neri et al., 2003; Neri and Dobran, 1994; Dobran et al., 1993; Valentine and Wohletz, 

1989; Wohletz et al., 1984). We again use the following form of the governing 

equations, which allows for multiple particle phases ( each defined by material 

density and diameter; Benyahia et al., 2012; symbol nomenclature in Chapter 2), 

Conservation of mass for gas phase: 

(1) 

where the gas phase obeys the following ideal gas law: 

(2) 

Conservation of mass for solid phase m (m = 1,2): 

(3) 

Gas phase momentum balance: 

(4) 

Solid phase m (m = 1,2) momentum balance: 
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Gas phase internal energy balance: 

(6) 

Solid phase m (m = 1,2) internal energy balance: 

(7) 

The remaining equations needed to close the governing equations, as well as 

further details of the constitutive equations, two-fluid model, and numerical 

schemes, are described by Syamlal et al. (1993), Syamlal and Pannala (2011), and 

Benyahia et al. (2012). We include the equations for the stress and heat transfer 

closures and drag formulations in section 2.6. As in Chapter 2, the equations are 

solved using the open source code MFIX (v. 2016.1, https://mfix.netl.doe.gov/), 

which is based on a finite volume approach to the discretized governing equations. 
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The code has undergone extensive verification and validation for single-phase and 

multiphase flows, including volcanically derived flows and compressible gas

particle dynamics (see Valentine and Sweeney (2018) for summary of validation). 

3.5.3. Model setup and results 

The model setup is an extension of Sweeney and Valentine (2015), where an 

explosion is simulated by an initial condition of high pressure within a bed of 

packed particles, meant to represent a mature diatreme. We use similar initial 

pressures as Sweeney and Valentine (2015), who derived initial conditions using 

the initial thermal energy budget of a given volume of magma that might be involved 

in an explosive magma-water interaction event and we use a range of initial gas 

volumes consistent with the range of intrusion volumes in diatremes (Valentine et 

al., 2014) with the assumption that a larger magma volume could provide a greater 

amount of fuel for explosive magma-water interaction. Here, we extend the model 

domain to include the surface for analysis of the resulting pyroclastic density 

currents. We stress that we are not trying to realistically simulate the eruption of 

DV, but rather address basic questions about topographic effects on impulsive 

pyroclastic density currents. We highlight three simulations that illustrate the 

effects of crater size and shape on the properties of pyroclastic density currents 

following a discrete explosion in a volcanic vent (see Table 3.1 for Initial and 

boundary conditions for each simulation). 
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Offset crater Deep crater Shallow crater 

Domain size 

Crater diameter 

Crater rim height 

Depth of particles 

Boundary conditions 

• Top 

• Surfaces 

• Right 

• Left 

Initial conditions 

• Explosion area 

• Explosion 

pressure 

• Qualitative 

explosivity 

Gas properties 

• Gas 

• Ambient 

temperature 

• Explosion 

temperature 

500 m high, 2500 m 

wide 

500 m* 

200 m; 100 m 

75m 

• Outflow 

• No-slip wall 

• Outflow 

• Outflow 

• 900 m2 

• 20 MPa 

• Medium 

• Air 

• 273.15 K 

• 500 K 

500 m high, 2500 m 

wide 

500 m 

200m 

75m 

• Outflow 

• No-slip wall 

• Outflow 

• Outflow 

• 400 m2 

• 10 MPa 

• Low 

• Air 

• 273.15 K 

• 500 K 

1500 m high, 2500 m 

wide 

500 m 

200m 

150 m 

• Outflow 

• No-slip wall 

• Outflow 

• Outflow 

• 4000 m2 

• 20 MPa 

• High 

• Air 

• 273.15 K 

• 500 K 
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Particle properties 

• Density • 2000 kg m-3 • 2000 kg m-3 • 2000 kg m-3 

• Heat capacity • 954 JKg-1 K-1 • 954 JKg-1 K-1 • 954 JKg-1 K-1 

• Diameter • di=0.0001 m · , • di=0.0001 m · , • di=0.0001 m · , 

dz=0.01 m dz=0.01 m dz=0.01 m 

Grid Uniform, !J.x = !J. y= 5 m Uniform, !J.x = !J. y= 5 m Uniform, !J.x = !J. y= 5 m 

* Crater diameter is approximate due to offset geometry 

Table 3.1. Initial and boundary conditions of model simulations 

Offset crater rim geometry (OC; DotseroJ 

Using the Cartesian cut-cell method in MFIX we constructed a crater shape 

that closely resembles the northeast-southwest topographic profile of the Dotsero 

crater, where the northern crater rim is at least ~100 m above the southern crater 

rim (Figure 3.8). The crater fill ("diatreme") is only modeled to a depth of 75 m 

because we focus on shallow explosions, so the crater floor is 25 m below the lower 

rim and 125 m below the higher rim. As is the case with the two proceeding 

simulations, there are two particle phases in the diatreme, with equal initial volume 

fractions (0.32). 

Following the explosion initiated by a 20 MPa volume of gas, both particle 

fields rapidly expand upward and outward (Figure 3.8; t = 10 s). As the particles 

collapse back to the crater, density currents are formed on both the left and right 

sides within the crater (t = 20 s). On the left, the current interacts with the high wall 

and travels upward. On the right, a density current containing roughly equal 
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Figure 3.8. Offset crater simulation. Both columns are snapshots taken from one single simulation 
containing two particle phases (column a - fine particles and column b - coarse particles). The offset 
crater geometry promotes pyroclastic density current transport to the right, with secondary (t = 40 s 
and 50 s) and tertiary (t = 90 s) currents containing more fine particles than coarse particles. Scale bar 
is bulk density. 

The density current on the left reaches the top of the higher crater rim, where some 

of the particles overcome the rim and traverse to the left. However, much of the 
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current falls back into the crater and begins to flow back across the crater and 

toward the right crater rim (t = 26 s). As the secondary current moves across and 

out of the crater, some of the coarser particles sediment onto the crater floor. The 

secondary current contains both particle phases, but mostly is comprised of the fine 

particles, especially the suspended load (t = 50 s). After 90 seconds, a tertiary 

current forms from a collapsing transient column related to the passage of the 

secondary current and its interaction with the initial currents. This final density 

current contains only the fine particles. Thus a single explosion produced three 

pulses of pyroclastic density currents, each with a different mix of particle sizes, due 

to the interaction of the currents with an uneven crater rim. 

"Deep" crater (DC) 

To explore further effects of crater shape and depth on pyroclastic density 

currents we simulate a "weak" explosion in a symmetrical deep crater, using an 

initial explosion volume roughly half of the OC simulation and an initial pressure of 

10 MPa, corresponding to a relatively weak explosion (Figure 3.9). Following the 

explosion, the particles expand outward, but do not reach the crater rim (t = 20 s). 

The particles then form a narrow column (t = 30 s), which collapses back into the 

crater. Following the collapse of the column, the fine particles are pushed outward 

toward the crater walls (t = 45 s), while most of coarse particles deposit back onto 

the crater floor ( diatreme). A small amount of fine particles are able to overtop the 

crater rim and propagate outward as a dilute density current. No coarse particles 

make it out of the crater. 
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Figure 3.9. Deep crater simulation. Following collapse of narrow eruptive column, only the fine grained 
particles (left column) make it out of the crater to form an outward flowing density current. Scale bar is 
bulk density. 

"Shallow" crater (SC) 

Lastly, we simulate a high-energy explosion in a shallow crater, which 

probably best reflects initial stages of maar-diatreme formation when not much 

ejecta has deposited a thick tephra ring (Figure 3.10). Following the explosion, both 

particle fields rapidly ( ~100 m/s) expand upward and outward, reaching a terminal 

height of ~900 mat 10 s. The eruptive mixture collapses outward and forms thick 

density currents containing roughly equal amounts of coarse and fine particles (t = 

20 s). In some cases the collapse of a secondary column will form additional 
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currents. 

1.0e-1 10 1.0e+3 

Figure 3.10. Shallow crater simulation. Following rapid expansion of both particle fields, they collapse 
and form thick outward flowing density currents containing both particle phases. Scale bar is bulk 
density. 

3.6. Discussion 
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3.6.1. Eruptive chronology and dynamics ofDotsero volcano 

The eruption of Dotsero volcano is interpreted to have had three phases of 

activity and strongly controlled by topography (Figure 3.11). The eruption began 

with lava fountaining along a NE-SW trending fissure system, aligned with the 

current semi-major axis of the crater. The deposits from the initial phase include 

the variably welded agglomerate on the northern crater rim and the adjacent lava, 

the variably welded agglomerate in the southern crater rim, and the extensive lava 

deposit filling the two ravines to the south, the small ravine to the east, and flowing 

down to the floor of the Eagle River Valley. Based on the relic clasts in the lava, the 

flows were most likely fed by collapsing lava fountains, i.e., "fountain-fed" flows. 

Furthermore, the spatial extent of moderately to densely welded agglomerate 

suggests multiple vents were active along the eruptive fissure system. The initial 

magmatic phase ended with a short-lived explosive phase, recorded by the LPLT 

between the lower bomb-rich deposit and the accretionary lapilli rich ash deposit 

(Figure 3.3). 

The transition to more explosive activity is recorded by the presence of the 

maar crater and associated lapilli tuff and accretionary lapilli deposits below the 

main deposit of lithic-poor lapilli tuff. The crater grew into irregular topography, 

where the northeast and northwest sides of the crater were >100 m higher than the 

southern and eastern crater rims (Figure 3.11). This offset crater shape strongly 

controlled the direction and dynamics of pyroclastic density currents, as evidenced 

by the extensive S-LRLT deposits and the differences between S-LRLT and NE-LRLT. 
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Figure 3.11. Eruptive chronology of Dotsero volcano, shown along two orthogonal transects. Dashed 
lines show respective profile locations and the deposit from an eruptive process is shown in the panel 
below it. a - lava fountaining along NE-SW trending fissure produced lava flows to the SW and a small 
"stalled" flow to the NE. b - eruptive products from fountaining produced large sequence of agglomerate 
in the SW. c,d - phreatomagmatic activity forms asymmetrical maar crater with the focus to the SW. A 
small amount of tephra and pyroclastic material is deposited to the NE. e,f - final phase of eruption is 
explosive magmatic and strongly controlled by westerly winds, producing large tephra blanket (LPLT). 
g,h - present day. 
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Based on lithic content, S-LRLT and NE-LRLT were probably deposited during the 

same phase of the eruption, though the stratigraphic relationship of NE-LRLT with 

the surrounding magmatic deposits is ambiguous. Both deposits are lithic rich and 

contain little to no juvenile clasts. The abraded clasts in both deposits suggest that 

many of the clasts underwent recycling in the diatreme before being ejected (i.e. 

Graettinger et al., 2016; Sweeney and Valentine, 2015). The general paucity of 

juvenile clasts along with the absence of "traditional" phreatomagmatic pyroclastic 

indicators, such as finely laminated ash, accretionary lapilli, dune bedforms, and low 

angle cross bedding suggests the transport mechanism of the parent currents was 

by ballistic curtains or impulsive pyroclastic density currents (Graettinger and 

Valentine, 2017). The differences in grain size and bedding structures between the 

two reflect the differences in height between the two sites relative to the syn

eruptive crater floor. The crater shape promoted pyroclastic density current 

transport primarily to the south, depositing S-LRLT, with some "draping" of 

pyroclasts to the north, depositing NE-LRLT. Our numerical modeling supports this 

hypothesis. In the offset crater rim simulation, the majority of the density currents 

are directed toward the lower crater rim, especially when the initial current is 

reflected off the higher rim (Figure 3.8). The lack of large lithic blocks sourced from 

the Maroon Formation in NE-LRLT suggests a lower energy emplacement, or that 

ballistic transport of blocks was focused to the south. This is consistent with blast 

experiments through pre-existing crater walls ( as opposed to beneath crater floor), 

where the eruptive jets are more directionally focused (Valentine et al., 2015a). The 

small amount of phreatomagmatic tephra deposits indicates either the 
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phreatomagmatic phase of the eruption was short-lived, or, the eruption column 

was small. Given the thickness of S-LRLT, the former does not seem as valid. Thus, 

the eruption column during the phreatomagmatic phase was likely pulsatory in 

nature, was never strongly buoyant, and only deposited a small layer of tephra near 

the northeastern crater rim, rich in fine ash and accretionary lapilli. 

The eruption transitioned back to magmatic activity following the maar

forming phase. The scoria that constitutes the LPLT deposit is consistent with 

previous descriptions of tephra produced from violent Strombolian eruptions ( e.g. 

Di Traglia et al., 2009). Many of the scoria clasts contain lithic xenocrysts, some of 

which are up to 2-3 cm. We suggest that these lithics were incorporated into the 

transient vent from the existing diatreme, which contained abundant fragmented 

lithic clasts following the phreatomagmatic phase of the eruption, so they are 

accidental pyroclasts in this sense. Based on the previously mapped extent of LPLT 

("Qltu" Schaeffer et al., 2009), the eruption column was strongly influenced by the 

regional westerly winds. If any constructional landform within the crater was 

produced during this phase, it is covered by colluvium in the present day crater. 

The location of DV is intriguing because the phreatomagmatic crater was 

formed ~300 m above any obvious source of water, the level of the Eagle and 

Colorado Rivers (which would have been similar to its modern level at the time of 

the eruption). Furthermore the Eagle and Colorado River Valleys bound the area on 

the south and west, respectively, meaning the dikes that fed the eruption must have 

been both focused and small to not have erupted in these topographic lows. While a 

volcano-tectonic analysis is beyond the scope of this paper, we hypothesize that 
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faulting associated with the folding of the local bedrock controlled the shallow 

magma migration leading up to the eruption. At least one fault was previously 

mapped, bisecting the crater, but the temporal relationship between local faulting 

and the eruption of DV is not clear. In addition, the Eagle Valley evaporite is highly 

porous. It is possible that the formation hosted a perched aquifer, providing a 

hydrologic source for the phreatomagmatic eruption. Lastly, this area receives 

upward of ten meters of snowfall per year. It is plausible that melting snow 

provided a shallow source of water for the eruption as well. Some of the sediment 

in the southwest canyon shows evidence for having been wet and/or flowed, which 

supports this hypothesis (Figure 3.7). 

3.6.2. Implications for models ofmaar-diatreme volcanoes 

If S-LRLT and NE-LRLT are indeed from the same phreatomagmatic phase of 

the eruption, it suggests that grain size alone is a poor descriptor of 

phreatomagmatic deposits - the relationship between grain size and fragmentation 

efficiency is especially dubious. Ballistic curtains are a product of highly energetic 

explosions, but the deposit facies is typically coarser grained and more massive than 

traditionally associated with phreatomagmatic deposits. In the high-energy shallow 

crater simulation, the currents contain both coarse and fine particles in the same 

current. The topographic controls on deposit facies are also clear at Dotsero where 

the offset crater geometry had a clear effect on the grain size. 

The modeling of discrete explosions with multiple particle sizes further 

supports our hypotheses associated with grain size interpretations of 
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phreatomagmatic deposits. In the offset crater rim simulation, the initial currents 

contain both coarse and fine particles, while the later currents contain less and less 

coarse particles. We hypothesize that this mechanism is responsible for the 

abundance of lapilli tuff/tuff couplets in S-LRLT and their absence in NE-LRLT. 

Namely that the coarse lapilli rich beds were formed from primary currents and the 

tuff beds were deposited by secondary or even tertiary currents. In the deep crater 

simulation, a weak explosion produced density currents containing only the fine 

particles. If this were a natural example the field expression of this would be a fine

grained deposit. Even if the fine particles were initially formed from a high-energy 

explosion in the subsurface, they were erupted from a weak one, adding complexity 

to the deposit interpretation. So, we stress that grain size should be considered in 

the context of the whole eruption setting including topography (both pre- and syn

eruptive) and emplacement mechanism when interpreting maar-diatreme eruptive 

deposits. 

Even with a well constrained subsurface, the information that componentry 

of phreatomagmatic deposits can provide is generally limited - the most important 

reason being that it is impossible to know for certain what is left over in the 

diatreme. In addition, the general lack of (inferred to be) primary juvenile clasts 

makes it difficult to conclude anything of note about the possible fragmentation 

process. In S-LRLT and NE-LRLT, there is no obvious pattern to the lithic 

concentrations as a function of height. One might expect that the grain size of the 

stratigraphically shallowest-seated lithics would decrease upwards in the deposit, 

due to more time spent in the diatreme, but this is not the case. In fact, the largest 
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lithics are found near the top of the section. In addition, the stratigraphically 

deepest-seated lithics are not more abundant in the top of the deposit either. Given 

the relatively small volume of Maroon Formation from which the diatreme 

developed downward through (Figure 3.12), it is likely that the large lithic blocks 

from the Maroon Formation were sourced from the adjacent Blowout Hill (Figure 

3.11). As the crater grew, it incised the hillside, providing a steady supply of large 

blocks that would then be optimally placed at the top of the diatreme/syn-eruptive 

crater floor for ejection from proceeding explosions, thus allowing them to be 

ejected without significant mechanical erosion from intra-diatreme recycling. 

The lack of pattern in the lithic concentrations in the Dotsero volcano 

deposits seems to indicate a complex randomness that governs the ejection of clasts 

from the diatreme. However, the paucity of deep-seated country rock clasts in the 

DV deposits is consistent with previous findings, such as Lefebvre et al. (2013). 

Based on the presence of clasts sourced from the Belden formation, we can estimate 

the minimum depth of the diatreme at DV to be ~1 km (Figure 3.12). The deep

seated clasts that are present are evidence of intra-diatreme processes such as 

incremental transport by debris jets and recycling of clasts by subsidence (Andrews 

et al., 2016; Sweeney and Valentine, 2015; Ross et al., 2008a,b ). 
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Figure 3.12. NW-SE cross section across Dotsero volcano (DV) with minimum depth of diatreme outlined 
by dashed line. The cross section begins at the Colorado River to the NW and ends at the Eagle River to 
the SE. 

3. 7. Conclusion 

We have described the eruptive products and inferred processes of the 

Holocene eruption of Dotsero volcano, which began with effusive magmatic activity, 

transitioned to maar-forming phreatomagmatic, and then ended with an explosive 

magmatic phase. The eruption was strongly controlled by the pre- and syn-eruptive 

topography, as evidenced by the spatial distribution of deposits and deposit facies. 

Together with numerical modeling we have shown the importance of considering 

factors beyond grain size when interpreting deposits of phreatomagmatic eruptions. 

The shape of the crater (symmetrical vs. offset) as well as the depth of the crater 
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floor relative to the crater rim can both influence pyroclastic density currents from 

discrete explosions. 
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Chapter 4. Mixing of variable viscosity multi-fluid mixtures with emphasis on 

magma-water systems 

4.1. Abstract 

Phreatomagmatic explosions are some of the most dynamic and poorly 

understood phenomena in volcanology. Questions related to magma-water 

premixing, known to be a necessary process for producing an explosion, are difficult 

to address in the field or with experiments due to practical and scale constraints. In 

this work, the level set method, in conjunction with computational fluid dynamics, is 

used to study the premixing phase of molten fuel-coolant interactions with a focus 

on magma-water systems. The relationship between premixing interfacial area and 

viscosity ratio and water velocity are explored, which have direct implications for 

the energy of explosive magma-water interaction. The results confirm that the 

viscosity ratio between melt and water is a first order control on hydrodynamic 

mixing, where at lower viscosity ratios dispersed domains of water are able to form, 

increasing the total interfacial area. In addition, there is a direct relationship 

between water velocity and interfacial area, even for high velocities, which 

contradicts previous experimental work. This work presents and validates a 

modeling framework that can be adapted in future work to study molten fuel

coolant interactions with more integrated thermal physics and different imposed 

dynamics. 

Material in this chapter is drawn from a manuscript being prepared for 

submission to Geophysical Research Letters. The text in this chapter is largely 
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unchanged from the manuscript draft. Matthew Sweeney is the sole author on the 

manuscript. The idea for this work was developed from helpful conversations with 

Inga Sander, Greg Valentine, and Paul Des Jardin, the latter of whom introduced the 

level set method to Matthew Sweeney. 

4.2. Introduction 

Rapid heat transfer from a molten phase to liquid coolant can cause 

devastating explosions in both volcanoes and conventional and nuclear power 

plants. One particularly violent, but relatively poorly understood style of volcanism 

is phreatomagmatism, which is driven by the mixing and subsequent explosion of 

magma and water (Wohletz, 1986). Phreatomagmatic explosions can release 

energy up to 1014 J (Valentine et al., 2014) and can have direct effects up to 100 km 

while indirect effects can be felt around the world. 

The interaction between magma and water is a sort of molten fuel-coolant 

interaction (MFCI), which involves four stages: (1) premixing of magma and 

aqueous coolant, (2) a trigger that causes collapse of the vapor film that separates 

magma and aqueous coolant, (3) rapid heat transfer and propagation of 

thermohydraulic detonation waves, and (4) expansion into the ambient 

surroundings (Buttner and Zimanowski, 1998; Wohletz and McQueen, 1984). 

Although laboratory experiments (e.g. Schipper et al., 2013; Sander et al., 2011; 

Schipper et al., 2011; Buttner et al., 2006; Buttner et al., 2005; Buttner et al., 2002; 

Buttner and Zimanowski, 1998; Zimanowski et al., 1997a; Zimanowski et al., 1997b) 

have yielded critical insights into the processes of MFCI at the dm scale, the scaling 
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of such processes remains unknown. In addition, the dynamics that must 

accompany a natural event are poorly understood (Valentine et al., 2011). These 

facts motivate the development and use of computational models to describe the 

different processes associated with phreatomagmatism, which to date, has not been 

done. 

Laboratory experiments have shown that conditions of magma-water 

mixtures required for explosive MFCI can be established in natural systems based 

on "realistic" differential flow speeds that were used to successfully produce an 

explosive reaction (Zimanowski et al., 1997a). Furthermore, there is a direct 

dependence of the pre-explosive magma-water interface area on the explosion 

intensity, adding importance to understanding how an interface can grow under 

certain conditions. Due to the fact that magmatic melts are usually only 100-200 K 

above their solidus temperature, small droplets of melt will solidify completely in 

less than a second (Zimanowski et al., 1995) and explosive MFCI will be hindered. 

This fact has been used to suggest that explosive premixes of magma and water 

form as dispersed water domains in excess melt and not the converse. Zimanowski 

et al. (1997b) showed that water domains are able to form in a high temperature 

system without immediately evaporating and have similar shapes to the premixes 

produced by Zimanowski et al. (1997a). However, the volume of magma and water 

used in the experiments referenced above is at least one to two orders of magnitude 

less than what is expected in nature. Hence, the actual dynamics of premixing in 

nature might differ. A natural system is much more dynamic and involves shear and 

the development of irregular domains at variable time and length scales. These 
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experimental limitations further justify modeling the premixing phase to address 

the feasibility of explosive MFCI in nature and its role in volcanic eruptions. 

In this work, the level set method is used to simulate the deformation and 

mixing of two-fluid systems at the m scale, analogous to a magma-water system in 

nature. The focus is on the role that viscosity ratio and differential flow velocities 

play on the degree of mixing and determining certain conditions under which 

mixing, quantified by interface length, is amplified or hindered. Results are 

interpreted in the context of volcanological systems and the feasibility of MFCI in 

nature is addressed. 

4.3. Level set method and REEF3D 

Addressing the premixing problem requires a capability to model the 

interface between two immiscible fluids and its deformation under dynamic 

conditions. Such problems can be treated in various ways, but in recent years level 

set methods have been developed as an alternative to explicit interface tracking 

schemes such as the marker particle method. Originally introduced by Osher and 

Sethian (1988), they are a group of computational techniques for tracking moving 

interfaces that rely on an implicit representation of the interface whose equation of 

motion is numerically approximated using schemes built from those of hyperbolic 

conservation laws (Sethian and Smereka, 2003). Level set methods rely on two key 

aspects: first, the embedding of the interface as the zero level set of a higher 

dimensional function, and second, the embedding of the interface's velocity to this 

higher dimensional function. The first aspect can be expressed by the equation: 
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cp(x) = sign(-rr + f arg(y(s) - x)ds) minllx - yll.lr yff 

In other words, cp is the signed distance function to the interface f, where cp > 0 on 

one side of the interface and cp < 0 on the other. At all times the interface is given 

by cp(x, t) = 0. In order to move the interface, it is necessary to describe the 

evolution equation of the whole function cp. This of course depends on the specific 

problem, but in the case of fluid flow, is described by Eq. (3) below. 

The two-fluid mixture is modeled using the incompressible Navier Stokes 

equations, namely: 

(1) 

(2) 

where u is the fluid velocity, t is time, v is the kinematic viscosity defined over the 

whole domain, pis the pressure, and g is gravity. Charin's projection method is 

used to insure the solution at each time step remains divergence free. 

The level set function is coupled to the flow via pure convection, namely: 

acp acp
-+u--=0 (3)at '} axj 

hence the interface follows the fluid velocity field exactly and the boundary 

condition along the interface is implicitly defined as a no-slip condition. When the 

level set is transported by the flow field, it can become distorted, which is visualized 

by Sussman et al. (1994), so the level set is reinitialized after every time step by 

solving the following partial differential equation, which insures the level set 

function remains a signed distance function: 
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acp +S(c/J)(lacpl-1) = o (4)
at axj 

The system of equations is solved using the open source hydrodynamic 

software REEF3D (https://reef3d.wordpress.com). The fluid solver and level set 

method within REEF3D have been extensively verified against benchmark problems 

(Bihs, 2018). 

4.4. Model setup 

4.4.1. Comparison with experiments 

One of the major limitations of the experimental work focused on molten 

fuel-coolant interactions is the scale (Zimanowski et al., 1997a). Due to the size of 

the crucible used in Zimanowski et al. (1997a) the water jet could hit the opposite 

wall, causing unwanted effects. Nevertheless, it is important to use these 

experiments as a benchmark for future computational work. I note that this work is 

not meant to capture any of the complicated thermal physics associated with MFCI, 

as no energy equations are being solved and the problem in reality is a two-interface 

problem due to the vapor film. The goal here is to develop a framework for studying 

premixing and presenting the potential for future computational work that could 

address more complicated and realistic problems, such as vapor film dynamics and 

heat transfer calculations. 

To assess the validity of the computational model for studying premixing a 

basic comparison between experimental and numerical results was performed. In 

the experiment from Zimanowski et al. (1997a) water was injected into transparent 
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silicon oil with the same viscosity as that of molten basalt. Here, a two dimensional 

simulation with the same length scales, boundary conditions, and physical 

properties was undertaken. The surface tension between the fluids is estimated to 

be 0.05 N/m. The results show good agreement with the general shape and size of 

the water domain after .1 seconds as shown by Figure 4.1. The numerically derived 

interface has a slightly wavy surface, consistent with the experiment. The only 

noticeable difference in the numerical results is a small amount of water is found 

underneath the injection tube. However, given the relatively good agreement 

between the numerical simulation and experiments, it is concluded that the 

simulations can provide realistic geometries and results for further premixing 

experiments. 

4.4.2. Scaled up domain 

One of the major goals of this work is to test previous conclusions about 

premixing in molten fuel-coolant interactions gleaned from dm scale experiments at 

larger scales. As a result, the domain used in this work is 2 m by 2 m (Llx = Lly = 

0.01), with an injection tube diameter of 5 cm. The general setup of the simulations 

is held constant, while the melt viscosity and inflow water velocity are varied. This 

allows for a systematic look at how the interface length (i.e. mixing) depends on the 

viscosity ratio of the melt to water and the velocity of the injection. In each 

simulation, the water is injected into an initially static domain of viscous fluid, 22 cm 

from the base of the domain. Three characteristic inflow velocities are tested, based 

on the results of Zimanowski et al. (1997a): 1 m/s, 4 m/s, and 11 m/s and three 
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melt kinematic viscosities are tested for the 4 m/s and 11 m/s inflow velocities: 

0.0045 m2/s, 0.035 m2/s, and 0.1 m2/s. Lastly, one simulation was performed with 

the water as the host liquid. 

b V•3.2ml at v:1 .◄ mfa 

Figure 4.1. Comparison between numerical results (left; scale in meters) and experimental results 
(right; Zimanowski et al., 1997). 
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4.5. Results and discussion 

4.5.1. Effects ofinlet velocity on mixing at constant viscosity 

Differential flow speed is directly correlated to explosion energy 

(Zimanowski et al., 1997a). Experiments have shown that the optimal injection 

velocity for water is ~4 m/s while velocities below and above do not result in as 

strong of reactions. If the velocity of the water is too small, the interfacial tension 

prevents dispersed domains from forming, a necessary precondition for explosive 

reaction. A greater differential velocity results in greater inertial forces, which act 

against the interfacial tension and friction to become larger and unstable, which 

results in the water breaking up into smaller and dispersed domains (Landau and 

Lifschitz, 1991). This results in more surface area between the melt and water 

available for explosive interaction. 

Three simulations with a "melt" viscosity of 0.0045 m2/s (12.96 Pa*s) and 

water inflow velocities of 1 m/s, 4 m/s, and 11 m/s confirm a positive correlation 

between water velocity and interface surface area (in two dimensions, interface 

length; Figure 4.2). The rate of mixing (slope of data) is also highest for the highest 

velocity, even at very small times. One noticeable difference between the results 

here and the experimental results referenced above is that the interface length does 

not decrease for the 11 m/s jet. Zimanowski et al. (1997a) hypothesized that the 

decrease in explosion energy past 4 m/s was due to the water jet "tunneling" into 

the melt and not developing dispersed domains. That result is not demonstrated by 

the numerical modeling presented here. The modeling results show a direct 
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I relationship between interface length and water velocity exists even at 11 m/s. 

suggest this difference is due to the ability of the numerical premix to evolve 

independent of the size restrictions present in the dm scale experiments. 
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Figure 4.2. Interface length as a function of time for three characteristic water velocities at fixed melt 
viscosity (0.0045 m2/s). In each case the interface grows with time. 

4.5.2. Effects ofvariable viscosity on mixing at constant velocity 

It is well known that hydrodynamic mixing between two fluids is governed 

primarily by the viscosity ratio of the fluids. However, the implications of this for 

MFCI and phreatomagmatic eruptions in particular, are poorly understood. For 

instance, how does the viscosity ratio affect the premix geometry? Is there a 

viscosity threshold for the formation of dispersed water domains? Simulations with 
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constant velocities and variable viscosities show the relationship between viscosity 

ratio and interface length (Figure 4.3). 
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Figure 4.3. Interface length as a function of time. a - constant velocity of 4 m/s. b - constant velocity of 
11 m/s. In each case, higher viscosity ratios lead to lower interface lengths. 

Three kinematic viscosities (0.0045 m2/s, 0.035 m2/s, and 0.1 m2/s) were tested 

with water inflow velocities of 4 m/s and 11 m/s (Figure 4.3). In all cases tested, 

some degree of mixing occurred, as shown by the positive relationship between 

interface length and time. At smaller times ( < 0.4 s for 4 m/s and< 0.3 s for 11 m/s) 

the viscosity ratio does not have a large impact on the interface length. However, 

beyond those times, the results show that at higher viscosity ratios, the interface 

length grows slower than at lower viscosity ratios. The visualized plots of the 

interface show that at lower viscosity ratios (Figure 4.4a and Figure 4.Sa), the water 

is able to form dispersed domains for both 4 m/s (Figure 4.4) and 11 m/s (Figure 

4.5) velocities. Mixing is particularly efficient in the 11 m/s case (Figure 4.Sa) 

where numerous domains of dispersed melt and water have formed and mixed. 
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Figure 4.4. Snapshots of interface at t = 1. 0 seconds for 4 m/s water jet (enters domain at 
Y = 0. 22: 0. 27 m. a - kinematic viscosity ratio of 4.5e3. Several dispersed domains of water have 
formed. b - kinematic viscosity ratio of 3.5e4. No dispersed domains of water have formed, but 
significant deformation of the interface has occurred. c - kinematic viscosity ratio of le5. No dispersed 
domains of water have formed and the interface is coherent with minimal deformation. 
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Figure 4.5. (previous page) Snapshots of interface at t = 0. 5 seconds for 11 m/s water jet (enters domain 
at Y = 0. 22: 0. 27 m. a - kinematic viscosity ratio of 4.5e3. Many dispersed domains of water and melt 
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formed, and significant deformation of the interface has occurred. c - kinematic viscosity ratio of le5. 
No dispersed domains of water have formed, but the interface is deformed. 
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For more viscous melt domains (Figure 4.4b,c; Figure 4.Sb,c), the water does not 

readily form dispersed domains. It is important to note, though, that the velocity 

might affect the stability of the vapor film, which is not modeled here. Higher 

viscosity ratios were not modeled due to practical constraints on time steps and 

potential rheological violations, but given the results of the highest viscosity ratio 

simulations (m = 1e5), it stands to reason that efficient premixing would be all but 
Vw 

impossible at higher ratios. This provides further support that phreatomagmatic 

explosions with more evolved magmas are likely driven by brittle deformation and 

not hydrodynamic premixing. 

4.5.3. Magma in water or water in magma? 

The ability of the water to mix in host melt has been demonstrated by the 

previous simulations and experiments. However, there is nothing in nature that 

dictates the conditions or environment in which magma and water interact must be 

driven by water infiltrating magma. There are several scenarios where the converse 

occurs, i.e., magma or lava infiltrating a body of water, such as lava flows on the 

ocean floor, or dikes penetrating an aquifer. How might the degree of mixing be 

affected in these situations? A simulation with the host fluid as water and injecting 

fluid as viscous melt shows how the degree of mixing differs (Figure 4.6). At times < 

.5 s, there is little difference between the interface length of the water > melt and 

melt > water simulations. However, as time progresses, the interface length for the 

melt > water simulation stagnates and grows much slower than the water > melt. 
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This is primarily due to the fact that the melt is denser than the water and forms a 

relatively stable flow along the bottom of the domain, entraining little to no host 

water. In the converse case, as has been discussed above, the water is buoyant and 

together with its inertia, results in an unstable system where the water rises and 

shears into dispersed domains, resulting in a greater interface length over time. 
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Figure 4.6. Interface length as a function of time. For the simulation with melt infiltrating water, the 
interface length does not grow as much over time compared with the simulation with water infiltrating 
melt. 

4.6. Conclusion 

In this work, I performed numerical modeling focused on magma-water 

premixing to understand the conditions under which mixing is strengthened or 

weakened between two viscous fluids. The results show that higher water velocities 
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result in higher interfacial areas, inconsistent with previous experimental work that 

suggested interfacial area decreases at very high (> 4 m/s) velocities due to the 

water "tunneling" into the melt. In addition, the ability of water to form dispersed 

domains in the more viscous melt, thought to be a key component to explosive 

magma-water interaction, is controlled by the viscosity ratio of the melt to water. If 

the kinematic viscosity ratio is too high (> 3.Se4), the water maintains a 

homogenous structure, i.e., it doesn't break apart and the interfacial area grows at a 

slower rate. Lastly, the ability of magma to mix into water was tested, with the 

results suggesting that efficient premixing is not possible in these scenarios. 

This work presents an initial attempt at numerical modeling of processes 

associated with molten fuel-coolant interactions and is not meant to be an 

exhaustive study of magma-water interaction. The purpose is to provide a 

framework for more complicated work in the future, which might include some of 

the complicated thermal physics associated with these types of interactions. The 

level set method has the potential to be further modified to allow for a more 

accurate description of the vapor film, but more experimental work is need to 

validate such efforts. 
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Chapter 5. Conclusions 

5.1. Major findings and significance of work 

In Chapter 2, I presented results from numerical modeling of multiphase gas

particle jets impinging on a flat surface and discussed their implications for the 

genesis of pyroclastic density currents formed from sustained, collapsing fountains. 

The results showed how the grain size of the collapsing flow controls the conditions 

at the impact zone and the resulting downstream flow. In addition, we showed how 

dynamics of polydisperse jets differ from monodisperse jets, the latter of which can 

be easily predicted by the particle grain size. In the case of polydisperse jets, 

particle-particle drag results in complicated behavior where the coarser particles 

are "pulled" toward the bulk fluid behavior, but can still lag behind the resulting 

downstream flow. The impact zone is an important aspect of column-collapse 

driven pyroclastic density currents and has been overlooked in the literature. This 

work provides a baseline for future modeling efforts as well as fieldwork focused on 

the impact zone. 

In Chapter 3, I presented a multidisciplinary study of a maar-diatreme 

volcano, Dotsero, in Colorado. This is the first physical volcanological study of the 

easily accessed volcano and provides an additional data point for the field of 

phreatomagmatic volcanism. The eruption had at least two magmatic phases and an 

explosive phreatomagmatic phase, all of which were strongly controlled by the 

mountainous topography of the Eagle River Valley canyon wall, as evidenced by the 

nature of the deposits and numerical modeling results. The numerical modeling in 

Chapter 3 is the first of its kind that includes realistic length scales and real field 
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implications. The information provided by the models together with the deposits 

provides additional evidence that grain size of phreatomagmatic deposits cannot be 

used as a sole proxy for explosion or fragmentation efficiency ( see White and 

Valentine, 2016) due to the potential effects of crater shape and topography on 

impulsive pyroclastic density currents. 

In Chapter 4, I presented a scoping study of magma-water premixing using 

the level set method and computational fluid dynamics. The results show the effects 

of melt viscosity and water velocity on the ability of water to form dispersed 

domains and increase the interfacial area, a necessary ingredient for explosive 

interaction. The results show that for typical basaltic melt viscosities, premixing is 

possible when water is infiltrating melt at a range of velocities (1 - 11 m/s), but 

premixing is hindered when melt infiltrates water. This is the first computational 

effort known that addresses the premixing stage of molten fuel-coolant interactions 

in a volcanological context. This work provides a framework and starting point for 

future work with more complex physics. 

5.2. Limitations of work 

5.2.1. Limitations ofnumerical modeling 

The multifield method used in Chapter 2 and Chapter 3 is considered state of 

the art as far as modeling volcanic flows is concerned, but nevertheless, there are 

substantial limitations to recognize. In Chapter 2, we showed how polydispersivity 

affects the fluid dynamics within the impact zone of impinging jets, but we only 

considered two particle sizes. In an actual volcanic eruption, particle sizes can 
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range from microns to meters, so this assumption is a glaring point of weakness in 

the work, but even so, we were able to describe a fundamental change in the 

dynamics from the relatively basic framework developed and provided a case study 

to build upon in the future (as demonstrated by Valentine and Sweeney, 2018). In 

addition, we showed how the drag between particle fields influences the bulk flow 

behavior, but we did not consider alternate forms of the drag formulation for 

particles with non-spherical shapes. Some recent work ( e.g. Dioguardi and Mele, 

2015) has shown how the drag factor for volcanic particles differs from pure 

spheres and could be adapted to the multifield method in the future. Lastly, we 

chose length scales that we felt represented good approximations for general 

volcanic flows, but did not explore how these length scales might affect the results. 

These are all limitations that could be addressed with future work (see Section 5.3.). 

In Chapter 3, a narrow range of boundary and initial conditions was 

explored. However, the purpose of the modeling was not to be an exhaustive 

treatise on phreatomagmatic volcanoes, but rather to apply the modeling results 

directly to Dotsero volcano, which was successful. Due to the length scales of the 

problem, model validation against experimental results is impossible. However, 

given the abundance of verification and validation studies done using the MFIX flow 

solver, I am confident in the validity of the results and their application. Another 

source of potential error is the initial condition with which the explosion is 

simulated. Beyond the obvious uncertainty associated with attaining an initial 

overpressure, an actual phreatomagmatic explosion involves phase changes (water 

to vapor, vapor to water), which are not modeled. The effects of condensation on 
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the resulting debris jets and pyroclastic density currents following an explosion 

could provide an interesting future research direction. 

The modeling in Chapter 4 is the first effort to address premixing of magma

water systems and involves numerous assumptions, some of which are 

demonstrably wrong, but do not necessarily limit the importance or validity of the 

results. Magma is not a Newtonian fluid (Sander et al., 2006), but the assumption of 

a Newtonian rheology was necessary for an initial modeling framework using an 

existing and well studied set of equations, the incompressible Navier Stokes 

equations. Furthermore, accurately capturing the thermal physics of magma is well 

beyond the scope of this dissertation. The thermal effects are sure to play an 

important role in both premixing and subsequent processes, but at short time scales 

the modeling here is probably accurate since the system is primarily governed by 

the inertia-driven mixing. One of the most complicated aspects of magma-water 

premixing is the formation of a vapor film that separates the two fluids. So, in 

reality, the problem has two interfaces, not one. Modeling multiple level sets is 

possible, but without important information about the boundary conditions along 

each interface, would be an unnecessary complication. Lastly, as discussed below, 

the no-slip boundary condition at the interface in the current level set method 

formulation is likely not appropriate in the presence of a vapor film. 

5.2.2. Limitations offieldwork 

Data and samples for the field study described in Chapter 3 were collected in 

September 2015 and May 2016. While the young age of Dotsero volcano and the 
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relatively arid climate of northwestern Colorado have resulted in relatively excellent 

preservation of the eruptive products, like any field study, there are certain 

limitations that must be addressed. The most obvious source of uncertainty is 

related to the extensive quarrying of the deposits that occurred during the past 

century. There are at least three areas where this quarrying has significantly 

altered the exposure of the deposits. The most obviously disturbed location is the 

area immediately east of the crater, where the lithic poor lapilli tuff was sampled. 

We are confident that the stratigraphic section we measured was in situ, but there is 

some uncertainty as to whether the section is actually the thickest tephra deposit. 

However, given the fact that we did not address the final phase of the eruption in 

detail or attempt to make an isopach map of the tephra, the limitations associated 

with this uncertainty are relatively minor. The other quarrying at Dotsero is located 

in the quarry immediately south of the crater and the southwest ravine described in 

3.4.4.. The quarry south of the crater has left several deposit facies exposed that 

probably wouldn't have been otherwise, which is a positive, but it is impossible to 

know for certain what has been quarried away. For instance, the absence of the 

lithic rich lapilli tuff in any location south of the crater is puzzling, so perhaps it was 

quarried away and discarded. The quarrying in the southwest ravine had little 

effect on the interpretation of the work in Chapter 3, other than exposing an 

interesting cross section where the lava flow interacted with unconsolidated 

sediment. 

Beyond the quarrying, the other limitations associated with the fieldwork 

worth noting are related to the identification of the lithics in the lithic-rich lapilli 
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tuff. While the separate country rock lithologies are well defined and in some cases, 

considerably different from one another, there is some overlap in their 

characteristics. In the cases where a positive identification could not be made, the 

lithic was not counted toward the componentry. In addition, only the largest lithics 

(-4, -3, and -2 <I>) could be identified with confidence, which adds an obvious bias 

toward coarser grained lithics being counted over finer grained lithics. However, 

this is a common assumption and only in extreme cases are smaller particles 

identified for componentry in volcanic deposits. 

5.3. Suggestions for future work 

5.3.1. Impact zone dynamics as expressed by field deposits 

The geological implications of the work in Chapter 2 are still being defined. 

Valentine and Sweeney (2018) extended the modeling in Chapter 2 and focused on 

the compressible flow phenomena associated with the multiphase impinging jets 

and suggest some field implications of the processes associated with the impact 

zone. One major issue associated with studying the impact zone in a natural 

volcanic context is that the impact zone is likely to occur within or near the actual 

vent, which would complicate direct study due to alteration or overprinting of the 

deposits. However, their results suggest that pressure variations within the 

immediate downstream flow of the impact zone might contribute to enhanced 

substrate erosion because of the strong pressure gradients present. 

Future fieldwork at well-preserved caldera deposits could provide additional 

information about particle segregation within and downstream of the impact zone 
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during large explosive eruptions. As outlined by Valentine and Sweeney (2018), it is 

plausible that proximal breccias often found at calderas are related to concentrated 

flows formed from coarse-grained material that concentrated upon impact with the 

ground. Detailed fieldwork that includes stratigraphy and componentry of laterally 

extensive deposits could provide additional insight into these processes. 

5.3.2. Maar-diatreme volcanoes 

An increasing amount of work in recent years has shown how complicated 

small volume maar-diatreme volcanoes can be. Long recognized characteristics of 

their eruptions and landforms are being questioned and reassessed using fieldwork, 

experiments, and numerical modeling. The infrequency of maar-diatreme eruptions 

hinders their study to a certain degree, but given the abundance of both maar 

craters and exposed diatreme massifs, there is still ample opportunity to develop 

our knowledge about them. From my perspective, there is still considerable need to 

model their eruptions and compare results to field deposits. Future work within the 

same framework as Chapter 3 could focus on variable explosion locations, variable 

overpressure shapes, and the role of multiple explosions on dynamics of pyroclastic 

density currents. 

5.3.3. Modeling ofphreatomagmatic processes 

One of the key questions for future research is how long a magma-water 

premix can remain in a condition under which an explosion is still possible. From a 

computational standpoint, this would mean an accurate description of the vapor 
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film dynamics must be included, which was neglected in Chapter 4. One potential 

method in which this could be accomplished, without having to track an additional 

interface, would be instead to track an explicit, locally defined function describing 

the interface's thickness. When this function goes to zero, the melt and water are in 

contact and the simulation would end. This would prevent the necessity of tracking 

two separate interfaces, but would require an intimate knowledge of the vapor film 

thickness and stability. In addition, the boundary condition at the interface needs to 

be explored further. The current nature of the level set method does not allow for 

slip along the interface when in reality there is probably slip due to the vapor film. 

However, there is no computational work to date that has successfully modeled slip 

along a deformable interface. 
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