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Abstract
Numerical solution of the time-dependent conservation equations for mass, momentum, specific internal energy, and
granular temperature in flows involving gas-particle mixtures is used to explore the initiation of pyroclastic currents
from collapsing mixtures such as during fountaining eruptions. One objective is to determine when a depth-averaged
granular flow model or a box model for dilute currents is most applicable for hazards modeling of pyroclastic
currents produced by column collapse; a second objective is to gain insight into the formation of proximal breccia
facies of ignimbrites. Collapsing gas-particle mixtures impacting a flat surface are modeled with mixtures of coarse
particles that are poorly coupled with the gas phase and well-coupled fine particles. Resulting lateral flows are
sensitive to the impact speed, overall particle concentration, and proportions of fine and coarse particles. For total
particle concentrations of around 1 vol.%, an impacting mixture consisting of at least ~ 50% coarse particles, relative
to fines, will tend to form a concentrated lateral underflow, which can be approximated by a depth-averaged granular
flow model for hazard assessment purposes starting from the impact zone. Low total particle concentrations (e.g.,
total concentrations of ~ 0.1 vol.%) tend to produce dilute lateral flows that could be simplified to box model
approaches for dilute pyroclastic currents. Larger total particle concentrations in impacting mixtures (~ 10 vol.%)
produce granular underflows if they have any coarse particles, but these can be complicated by Mach number
effects. For intermediate concentrations of the impacting mixture, a rough threshold for development of a concen-
trated underflow versus a dilute-only current is based upon the flux per unit area of coarse particles to the impact
and their Stokes numbers. In general, some knowledge of the eruption column (fountain) conditions is required in
order to make an informed decision as to which hazards modeling approach is most applicable for a given scenario.
Modeling indicates that proximal breccias are related to influxes of coarse wall-rock material into an eruptive
mixture, which increase both the total particle concentration and the proportion of coarse, dense clasts in the mixture
that subsequently collapses and impacts the ground. The breccias record concentration of dominantly coarse clasts
immediately upon impact and formation of concentrated flows that propagate laterally while expelled fines and gas
flow rapidly overhead as dilute currents. Lateral and vertical heterogeneity in proximal deposits likely record rapid
time and space variations in avalanches of material into eruptive vents, and the occurrence of breccia hummocks
might record the temporary positions of impact zones.
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Introduction

Research on pyroclastic currents combines field-based studies
of their deposits, experimental approaches, and theoretical
modeling, which is the focus of this paper. Deposits of
pumice-bearing pyroclastic currents (ignimbrites) produced
by fountaining of an eruptive gas-particle mixture (a.k.a. col-
umn collapse) have been the subjects of numerous field stud-
ies. The deposits range in volume from fractions of a cubic
kilometer to a few thousand cubic kilometers. Many
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ignimbrites are very poorly sorted, massive, and strongly
ponded in topographic lows (for example the main part of
the Valley of Ten Thousand Smokes ignimbrite; Fierstein
and Wilson 2005). Others have more complex facies that
range from stratified and cross-stratified to massive and, while
thickest in topographic lows, also drape over highs (for
example, the Taupo ignimbrite; Wilson 1985). Facies and fab-
ric analyses (including anisotropy of magnetic susceptibility;
Baer et al. 1997; Ort et al. 2003; Cas et al. 2011) have led to
interpretations that the parent pyroclastic currents range from
concentrated granular dispersions with elevated pore pres-
sures that promote mobility to more dilute currents where clast
transport is dominated by turbulent suspension and deposi-
tional processes are modified by parameters such as
suspended-load sedimentation rates (Branney and Kokelaar
2002; Sulpizio et al. 2014). Most ignimbrites contain dense
lithic clasts as a minor component in terms of volume fraction
(less than ~ 10%) throughout much of their dispersal
(Valentine et al. 2019), but proximal facies can have abundant
lithic-rich breccia and tuff breccia horizons (e.g., Druitt and
Sparks 1982; Druitt and Bacon 1986; Suzuki-Kamata and
Kamata 1990; Bear et al. 2009). The formation of such prox-
imal facies has been related in various ways to the transition
from a falling gas-particle mixture (from column collapse/
fountaining) to a laterally flowing current (Wright and
Walker 1977; Druitt and Sparks 1982; Walker 1985). This
transition, referred to here as the impact zone, is important to
understand because the characteristics of an outgoing pyro-
clastic current are strongly influenced by the behavior of var-
ious clast types there.

Experimental research on pyroclastic currents is quite
varied, ranging from analog experiments to laboratory-
and large-scale multiphase studies (Roche and Carazzo
2019); these scaled experiments generally focus on very
specific aspects of flow dynamics. Laboratory-scale work
includes studies related to internal processes such as
particle-particle and flow-substrate interaction (Dufek and
Manga 2008; Dufek et al. 2009; Roche et al. 2013, 2016;
Fauria et al. 2016); heat transfer between particles and
surrounding gas (Moitra et al. 2018); turbulent suspension
of particles (Weit et al. 2018, 2019); and the role of turbu-
lence, granular interactions, and pore pressure on concen-
trated flows (e.g., Andrews and Manga 2011, 2012; Roche
et al. 2008, 2011; Roche 2012; Andrews 2014; Chédeville
and Roche 2018). Large-scale experiments are of growing
importance, seeking to capture as much as possible of the
physics of natural currents generated by collapsing gas-
pyroclast mixtures (Dellino et al. 2007, 2014, 2019; Lube
et al. 2015; Breard et al. 2016; Breard and Lube 2017).
These large-scale experiments include a collapsing/
impacting component as gas-particle mixtures fall from a
fountain height or a hopper, but these necessarily do not
involve the full range of impact speeds (10 s m/s to more

than 100 m/s) and particle concentrations (as low 10−2–
10−3) that might be expected in an eruption.

Numerical fluid-dynamic models are critical tools in both
advancing our understanding of pyroclastic currents and for
predicting volcanic hazards. Multiphase models solve two-
and three-dimensional, time-dependent conservation equa-
tions for mass, momentum, and energy of gas-particle fields,
treating gases and different particle sizes/densities as interpen-
etrating continua (e.g., Dartevelle 2004; Dufek and Bergantz
2007a, b; Esposti Ongaro et al. 2008, 2012). Such models
require substantial development, setup, and computation time
and, while extremely useful for basic research on pyroclastic
currents and for detailed evaluation of specific eruption sce-
narios, they are not practical for hazards assessments that in-
volve analysis of a wide range of possible conditions and that
often need relatively faster turnaround in order to support
decision-making and communications with stakeholders.
Instead, models used routinely in volcanic hazards assess-
ments are designed around end-member behaviors of pyro-
clastic currents. Concentrated currents that behave as granular
dispersions are simulated with depth-averaged (also referred
to as shallow-water approximation) approaches that do not
model vertical variations in flow parameters, but can account
for flow over complex topography (Patra et al. 2005; Kelfoun
et al. 2009). On the other end of the spectrum, box models are
used for dilute currents, where particle transport is dominated
by turbulent suspension; they account for spreading of a grav-
ity current with density evolving due to sedimentation of par-
ticles (Dade and Huppert 1996; Esposti Ongaro et al. 2016). A
range of theoretical approaches have also been developed that
add complexity to the depth-averaged granular and box model
turbulent approaches and/or that simplify some aspects of the
full multiphase approach (e.g., Bursik and Woods 1996;
Shimizu et al. 2019; Doronzo et al. 2010; Doyle et al. 2008;
Kelfoun 2017), but the depth-averaged and box model
methods are the most commonly used for hazards assess-
ments. These assume either a concentrated (granular) or dilute
(fully turbulent) condition, respectively, in the pyroclastic cur-
rents of interest. Their initial conditions are typically described
as a pile of granular matter or a specified flow depth (head) in
the source area for the depth-averaged case, which is an ap-
proximation for a lava dome collapse or slope failure, or as a
“dam break” release of gas-particle mixture in the box model
case. Some workers have extended these tools to fountaining
scenarios (e.g., Tierz et al. 2018; Neri et al. 2015) but there are
questions about how well the dynamics of a falling and turn-
ing multiphase mixture are captured with these initial condi-
tions, particularly in cases of sustained flux.

Early multiphase modeling indicated that coarse and/or
dense clasts in a collapsing mixture concentrate rapidly in
the impact zone (Valentine and Wohletz 1989; Dartevelle
et al. 2004), but the implications were not explored until re-
cently. Sweeney and Valentine (2017) began a study aimed at
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understanding impact zone dynamics using the multiphase
approach. They developed a dimensionless parameter called
the impact Stokes number (Stimp), which, like Stokes numbers
in general, is a ratio of a measure of the time (tp) over which a
particle can respond to changes in its carrier fluid velocity,
relative to the time scale (tf) of the fluid changes (Burgisser
and Bergantz 2002; Dufek 2015). The particle time-scale mea-
sure, tp, is a function of particle density and size (ρp and dp,
respectively), and the density and viscosity (ρg, μg) of the

surrounding gas or dusty-gas, i.e. tp ¼ ρp−ρgð Þd2p
18μg

: Stimp specif-

ically describes the ability of a particle to respond to the
changes in flow speed and direction that are associated with
impact, such that tf = δ/vimp, with δ being the length scale over
which vertical speed of the collapsing mixture decelerates to
zero at impact and vimp being the falling speed of the mixture
prior to deceleration. Valentine and Sweeney (2018) qualita-
tively discussed how the proportion of high vs low Stimp par-
ticles (poorly coupled to the gas) in the impacting mixture
influences the properties of the outgoing lateral flow (pyro-
clastic current). They also showed that compressible flow ef-
fects can strongly influence the proximal development of py-
roclastic currents as they move away from impact. This paper
concludes our study of the impacting gas-particle mixtures
with a quantitative emphasis on the basal particle concentra-
tions of outgoing currents. Although the numerical modeling
is simplified compared with natural cases, the results provide
insight into conditions under which a depth-averaged granular
flow model versus a box model for dilute flows can be best
used for hazards modeling of pyroclastic currents produced by
fountaining and provide further insight into the development
of proximal ignimbrite facies.

Approach and terms

Governing equations

The model equations represent conservation of mass, mo-
mentum, and specific internal energy for gas and for fields
of particles of multiple size/density classes, implemented
in the numerical model MFIX (Syamlal and Pannala 2011;
Benyahia et al. 2012; Syamlal et al. 2017). Gas and particle
fields are all modeled within a stationary (Eulerian) refer-
ence frame. Each phase (gas and particle class, represented
by subscripts g and m, where m = 1 through M particle
classes) is modeled as occupying the same volume in pro-
portion to its respective volume fractions (ϵ). Using index
notation for the Cartesian coordinates (i, j, k), the
governing equations are:

∂
∂t

ϵgρg
� �
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Equations 1 and 2 are conservation of mass for gas and
particle fields, Eqs. 3 and 4 are conservation of momen-
tum, and Eqs. 5 and 6 are conservation of specific internal
energy (see Table 1 in the Appendix for notation). This set
of equations is similar to other multiphase modeling stud-
ies of explosive volcanic eruptions, to which a reader can
refer for explanation of the terms (e.g., Neri and Dobran
1994; Neri et al. 2003; Dartevelle 2004; Esposti Ongaro
et al. 2012; Sweeney and Valentine 2017; Valentine and
Sweeney 2018).

Equations 1–6 are closed by equations of state for the gas
and particle phases and by constitutive models that describe
rheology of the phases and interactions between them in the
form of drag (I-terms in Eqs. 3 and 4) and heat transfer (γ-
terms in Eqs. 5 and 6). The constitutive relationships used for
gas-particle drag are highlighted here because of their impor-
tance to the study; they vary depending upon local particle
volume concentrations, such that when total particle concen-
tration ϵtot > 0.2, a relationship derived from the Ergun model
for gas flow through particle beds is used (Table 2 in the
Appendix; Ergun 1952). At lower concentrations, the gas-
particle momentum exchange is derived from drag on ensem-
bles of individual particles. Different particle classes also exert
drag on each other (particle-particle drag) through collisions
and friction, which depend upon the size and local concentra-
tion of the particle classes through a radial distribution func-
tion (Table 2 in the Appendix), and are based upon a kinetic
theory approach (Syamlal 1987). The calculations reported
here all have gas and particles at a temperature of 20 °C, so
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the interphase heat transfer functions are not laid out (see
Benyahia et al. 2012).

The solid stress tensor τmij in Eq. 4 is expressed as

τmij ¼ τ kmij þ τ f
mij ; ð7Þ

where the k and f superscripts refer to the kinetic and frictional
components of stress. The kinetic stress term accounts for the
random motion and inelastic collisions of particles. Frictional
stresses occur at high particle concentrations (ϵtot > 0.5 in this
paper) where sliding contacts between particles become im-
portant. Modeling the solid stresses involves an additional
conservation equation for Θm, the variance of the fluctuating

component of particle velocities (Θm ¼ 1
3 u

0
mi

2
D E

, where u
0
mi

is the fluctuating velocity component of particle class m in the
ith direction and the angle brackets indicate ensemble aver-
age). This parameter is often referred to as granular tempera-
ture due to its analogy to thermal energy in a gas. The conser-
vation equation is (Benyahia et al. 2012):

2
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∂ϵmΘm

∂t
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� �

¼ ∂
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κm
∂Θm

∂xi

� 	
þ τ kmij
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þ Πm−ϵmρm Jm : ð8Þ

Here, the first and second term on the left-hand side are the
time rate of change and the advection of granular temperature,
respectively. The first term on the right-hand side is conduc-
tion of granular temperature, the second is production through
shear, the third is dissipation due to particle-fluid drag, and the
final term is dissipation through inelastic collisions. Closure
equations for the right-hand side terms (Table 3 in the
Appendix) are derived from the kinetic theory approach of
Srivastava and Sundaresan (2003), but modified to account
for multiple particle fields (Benyahia et al. 2012). Equations
7 and 8 and their associated constitutivemodels (Table 3 in the
Appendix) allow simulation of a full spectrum of gas-particle
regimes within a single flow field as occurs in natural pyro-
clastic currents, from dilute conditions to concentrated flow
where particle-particle interactions dominate momentum
transport, and deposition (see Dartevelle 2004; Breard et al.
2019a).

Model and problem setup

MFIX is an open-source code (version 2016.1; access at mfix.
netl.doe.gov) that solves the above conservation equations
using a finite volume approach; it is widely used in
industrial and energy applications, with growing application
to volcanic gas-particle flows (e.g., Dartevelle 2004;

Dartevelle and Valentine 2007, 2008; Dufek and Bergantz
2007a, b; Sweeney and Valentine 2015; Breard et al. 2019a,
b). Valentine and Sweeney (2018) summarize verification and
validation (confirmation) studies that demonstrate the model’s
ability to accurately represent gas-particle systems including
shock-tube, overpressured jets, fluidized particle beds, and
impinging jets. Breard et al. (2019a) documented how exper-
imental dam-break concentrated flows (Roche et al. 2005,
2008, 2010) are simulated well by MFIX when the granular
temperature transport equation is used with the Srivastava and
Sundaresan (2003) model, as is done in this study.

The focus here is on the transition from falling to laterally
flowing gas-particle mixtures as would be produced by
fountaining eruptions (collapsing columns; Fig. 1a). Rather
than simulating the entire fountain structure, the model do-
main is set up to capture the final stages of descent, followed
by impact and lateral flow of the mixtures (Fig. 1b). This
allows control of the impacting velocity and mixture proper-
ties and high grid resolution for the processes of interest. The
domain is a half-space, such that the part of the mixture that
would flow back towards the eruptive vent is not shown; that
backflowing portion would experience the same processes as
the outgoing flows emphasized below, albeit potentially com-
plicated by interaction with the erupting jet. The simulations
are two-dimensional which is considered appropriate for the
flow-turning processes that are expected to dominate over
three-dimensional turbulence effects in the immediate vicinity
of the impact zone. For consistency, and due to the confidence
associated with previous work on this topic, the Cartesian
domain and mesh resolution (Δx = Δy = 0.5 m) are the same
as in Sweeney and Valentine (2017) and Valentine and
Sweeney (2018) (Table 4 in the Appendix).

Thirty-six simulations were conducted with varying com-
binations of total particle fraction, proportion of coarse and
fine particles, and impact speed (Table 5 in the Appendix).
Modeled impact speeds (50–100 m/s) correspond to free-fall
from heights (fountain heights) of ~ 125–500 m. The particle
fractions of 10−2–10−3 are reasonable for eruptive mixtures
with ~ 1–8 wt% H2O vapor, neglecting any entrained air,
introduction of lithic debris into the mixture, or particle con-
centrating effects in the parent fountain; concentrations less
than ~ 10−4 would not be significantly denser than dry ambient
air (~ 1.3 kg/m3). The high end of the particle loading (ϵtot =
0.1 to 0.01) would correspond to a low gas content eruptive
mixture such as might occur when a large quantity of lithic
debris is introduced to an eruptive jet(s) during caldera col-
lapse, or to lava dome collapse-generated mixtures. To simpli-
fy the problem, there are no imposed temperature variations in
the domain; both the ambient and the inflowing mixture are
set at 20 °C. This also avoids overestimation of heat exchange
between gas and the large particles, which are an essential
component of the work here, due to their relatively high Biot
number (see Moitra et al. 2018). Although volcanic flows are
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hot with cool ambient, the dynamics of interest are mainly
related to gas-particle momentum coupling over time scales
of seconds and are not affected by heat transfer (note that as a
pyroclastic current travels away from impact, mixing with
ambient air and thermal effects will become increasingly im-
portant). Table 4 in the Appendix provides initial and bound-
ary conditions common to all simulations; note that the bottom
boundary (ground) is a partial slip boundary for the particle
phase. Impacting mixtures are monodisperse and bi-disperse
(two particle classes with densities of 2000 kg/m3 and diam-
eters of 0.1 mm and 1 cm). Clearly this is a simplification
compared with natural volcanic mixtures, but the two sizes
capture sufficiently the range of particle-gas responses and
coupling between fine and coarse particles to allow insights
into flow conditions. Simulations are compared at t = 6 s after
the inflow at the top of the domain begins, which, for most of
the simulated flows (impact speeds of 50m/s), was a sufficient
time for the slowest currents to propagate laterally at least
three times the width of the impact zone, but a short enough
time that the fastest currents remained within the high-

resolution but spatially limited computational domain (note
that for four of the 100 m/s runs, the domain height was
200 m instead of the normal 100 m, meaning that both height
and the higher speed need to be accounted for in comparing
the flow properties at t = 6 s with other runs; Table 5 in the
Appendix).

Terms

For the remainder of the paper, the following terms will have
specific, quantitative meaning when applied to the computa-
tional results. (1) Coarse particles have diameters of 1 cm
while fine particles are 0.1 mm in discussion of the simula-
tions. (2) Impact zone refers to the part of the bottom boundary
(ground) directly under the falling (impinging) mixture. The
width of this zone is approximately the same as the width of
the impinging flow, ~ 25 m in the simulations. (3)
Concentrated flow is defined as having gas volume fraction
ϵg ≤ 0.8 (equivalent to ϵtot > 0.2, or 20 vol.%) where the Ergun
model for gas-particle drag applies. With the material

Fig. 1 a Conceptual illustration
of pyroclastic fountain and
portion of the structure that is
modeled in the computational
domain. b Computational domain
and boundary conditions
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properties used in this work, this criterion corresponds to a
bulk particle density of 400 kg/m3, where bulk particle density

is ∑
M

m¼1
ϵmρmð Þ. At particle concentrations above ~ 20 vol.%

(up to close-packing), particle interactions play a major role in
momentum transport within a flow in addition to having a
different gas-particle drag behavior. Conversely, dilute flows
or currents correspond to total particle concentrations below
20 vol.% in this paper. This criterion is internally consistent
with the gas-particle momentum exchange model used here,
but it is worth noting that experimental studies have shown
that full support of dispersed particles in turbulent gas-particle
flows requires total particle concentrations less than 2–
5 vol.%; at higher concentrations, particles form narrow clus-
ters or bands that settle at speeds faster than the settling speed
of individual particles (Weit et al. 2018, 2019; see also Breard
et al. 2016; Breard and Lube 2017). Although such clustering
is not resolved in the modeling here, particle concentrations
between ~ 2 and 20 vol.% are expected to exhibit such clus-
tering in natural flows, representing a transitional regime be-
tween fully dilute flow and concentrated flow where pore
pressure may develop along with substantial particle-particle
interaction. Finally, underflow is used to emphasize that the
concentrated portions of the modeled flow fields are thin
zones along the bottom boundary.

Results

Overall phenomenology and caveats

The impacting mixture flows into the computational do-
main, starting at t = 0, from the 25-m-wide inflow bound-
ary (Fig. 1b) with specified vertical speed, pressure (equal
to the ambient in all cases), and particle concentrations for
the coarse and fine fractions (Table 5 in the Appendix).
Gas and particle velocities are the same at the inlet, but
may differ somewhat as the mixture approaches impact;
this is most evident for simulations with abundant coarse
particles which accelerate under gravity and are less af-
fected by drag of the gas than fine particles (Sweeney and
Valentine 2017). As the mixture nears the impact zone,
displaced air, which entrains a small fraction of particles,
jets outward along the ground. This small, but fast, jet is
not of interest here since I focus on the main lateral flows
during sustained impact, but its effects are seen in some
plots of simulation data seen below.

Three main regimes are seen once the mixture turns and
flows laterally away from the impact zone (Valentine and
Sweeney 2018). (1) The outgoing flow will be dilute when
the impactingmixture is subsonic and dominated by fine par-
ticles (low Stimp; Fig. 2a). (2) In subsonic cases with large

proportions of coarse particles (highStimp), the particles form
a thin concentrated flow with a higher proportion of coarse
relativetofineparticlescomparedwiththeimpactingmixture.
This concentration-upon-impact process results in expulsion
of interstitial gas, which forms a faster jet of gas that carries
most (but not all) of the fines over the top and ahead of the
granular underflow(Fig. 2b). (3)When impacting flowspeed
exceeds themixture sound speed (Mach number greater than
unity; Table 5 in the Appendix), the mixture compresses and
decelerates through a bow shock above the impact zone and
emerges as an overpressured, supersonic lateral flow that un-
dergoes one or more expansion-recompression structures
(Fig. 2c) until its pressure is balanced with ambient
(Valentine and Sweeney 2018). In such cases, the proximal
variationsinparticlevolumefractionaredominatedbyexpan-
sion and compression of the gas phase. Note that high Mach
number can be related to high flow speed and/or to high con-
centrations of fine particles that reduce the mixture sound
speed.

The concentrated basal portion of the flow field
(underflow) that formed in many of numerical simulations
(e.g., Fig. 2b) was typically one to a few cells thick and thus
poorly resolved (similar to Dartevelle et al. 2004). Breard et al.
(2019a) showed that MFIX reasonably represents a concen-
trated flow front, compared with experimental results, even
when the front thickness is as small as twice the cell size, when
the solid stresses are modeled with the approach of Srivastava
and Sundaresan (2003). Dartevelle et al.’s (2004) grid sensi-
tivity study concluded that a mesh with up to 5-m-high cells
along the bottom boundary adequately captured propagation
and deposition of a concentrated underflow, when using
MFIX for fountain-produced pyroclastic current simulations
(compare with 0.5-m-high cells used here). It is possible that
the numerical results presented here exaggerate the lateral
flow distance of the granular underflow due to the mesh res-
olution, but grid sensitivity study indicated that halving the
mesh size from 50 to 25 cm did not substantially change the
basic result (Online Resource 1) while it did substantially
increase the computing requirements. It is also important to
maintain mesh sizes that are not so small relative to particle
sizes that the continuum approximation is violated for the
particle fields (for example, these mesh sizes imply ~ 103

and 102 particles per cell volume in three dimensions, for ϵc
= 0.01 and mesh sizes of 50 and 25 cm, respectively). Thus, I
view the results here for concentrated flows as a reasonable
proxy for reality at least in terms of relative variations.
Nevertheless, the results are pushing the limits of the finite
volume solution to Eqs. 1–6 and 8, effectively modeling the
thin underflow as a depth-averaged flow. The problem of re-
solving very thin domains within a larger flow field points to a
need to develop innovative numerical methods in order to
more rigorously tackle this problem in two and three dimen-
sions (see also Breard et al. 2019a).
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Effects of proportions of coarse and fine particles

Series of simulations were completed for impact speeds of 50
and 100 m/s; total particle volumetric concentrations ϵtot= 0.1,
0.01, and 0.001; and for varying proportions of coarse and fine
particles (Table 5 in the Appendix). Most of the ϵtot= 0.1 cases
are strongly influenced by compressible flow effects due to
the low sound speed caused by relatively high concentrations
of fine particles. None of the modeled ϵtot= 0.001 cases pro-
duced concentrated underflows within the simulated times of
6 s. Thus, to explore the effects of the proportions of coarse
and fine particles, I focus on the ϵtot= 0.01 cases (Figs. 3 and
4).

In order to understand the effects of varying proportions of
particle sizes, it is useful to first understand the coarse- and
fines-only end-member cases. In the coarse-only case, parti-
cles concentrated to near close-packing upon impact and a
concentrated flow outside the impact zone, with ϵc ≈ 0.25

(bulk density ~ 500 kg/m3; Fig. 3 upper left) and propagated
outward at speeds up to ~ 20m/s (Fig. 4). Expelled gas flowed
rapidly (speeds up to ~ 90 m/s) over the top of the underflow
and past it (this produces the peak in particle speed beyond the
concentrated flow, even though ϵc is negligible, but not zero,
there). At the other end of the spectrum, a fines-only case
produced a dilute-only lateral flowwith ϵf ≈ 0.03 (bulk density
~ 60 kg/m3; Fig. 3). Cases where the impacting flow was
dominantly coarse, with up to equal proportions of coarse
and fine particles, produced concentrated outgoing flows
propagated at speeds between 30 and 50 m/s, the speeds in-
creasing with increasing fines fraction (Figs. 3 and 4). While
concentrated flows (by the criteria used in this paper) were
produced with up to 50% fines, ϵtot of the outgoing flow
decreased with increasing fines.

Outgoing flows along the ground were depleted in fine
particles relative to the impacting mixtures. For example, the
70% coarse, 30% fines case produced a lateral concentrated

Fig. 2 Three different types of flow fields resulting from impact of
collapsing gas-particle mixtures. Left panels show conceptual illustra-
tions (modified from Valentine and Sweeney 2018), while middle and
right panels show corresponding simulation results in terms of fine and
coarse particle volume concentrations, respectively (note color scale).
Simulation domains are 100 m high, impact speed is 50 m/s, and t = 6 s
in all cases shown here. a Fines-dominated, subsonic impacting mixture.
In simulation, the outgoing flow is dilute, with coarse particle concentra-
tion highest in the lower portion of the flow (but ϵc< 0.05). b Coarse-

dominated, subsonic impacting mixture. Large particles (high Stimp) con-
centrate upon impact forming a thin granular underflow while expelling
gas and fines, which produce a faster-traveling, fine, and dilute flow
forms above it. Front of the concentrated underflow indicated by arrow.
c Fines-dominated but supersonic impacting mixture. Flow field is
strongly affected by compressible flow effects of compression (at impact)
and expansion-recompression (outgoing flow). Most of the variations in
particle concentration are due to compression/expansion of the gas phase
rather than gravity segregation in this proximal zone
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flow with about 85% coarse and 15% fine particles, and the
case with equal proportions of sizes had a lateral flow with ~
75% coarse particles (Fig. 3). In these simulations, fines were
preferentially sorted at the impact zone into the overriding
dilute part of the flow field. This can be compared with
Dellino et al.’s (2007) large-scale experiments of collapsing
mixtures of natural pyroclastic material. For example, they
report an example of a mixture with ϵtot ≈ 0.014 (bulk density
of 22.8 kg/m3 and average particle density of 1630 kg/m3) that
collapsed from a height of ~ 5 m. Deposits at the impact site
had a very similar grain size distribution (slightly fines-
depleted) to that of the initial mixture, indicating a lack of size
sorting processes in the impact zone. The experimental mix-
ture impacted the ground at a speed of 10.6 m/s (Dellino et al.
2007). The larger effect of impact sorting in the numerical
results here might result from the larger impact speeds and/
or the simpler particle size distribution.

The variations in outgoing lateral flows summarized above
can be related in part to the impact Stokes numbers of coarse
particles. With increasing proportion of fines, Stimp decreases
from 735 to ~ 3 for coarse particles (ϵtot = 0.01 cases) due to
drag exerted by fine particles in addition to the gas as
expressed in the fourth and third terms, respectively, in Eq. 4
(approximated in Table 5 in the Appendix using a dusty-gas

relationship, see “Discussion” section). As fines are added to
the collapsing mixture, even though the overall particle con-
centration stays the same, the behavior of the coarse particles
is “pulled” towards that of the fines, and they are able to better
follow the velocity changes in the gas (dusty-gas) upon im-
pact. This phenomenon means that a fines-rich mixture is
likely to produce an outgoing flow that is dilute using the
criterion in this paper, all other factors being equal (Fig. 2a),
even though the total particle concentrations will be elevated
comparedwith the impactingmixture. Recall that bulk particle
densities between ~ 100 and 400 kg/m3 (ϵtot ≈ 0.05 to 0.2)
would be in the transitional regime described above with for-
mation and settling of particle clusters (Weit et al. 2018,
2019).

Effects of concentration and speed of collapsing
mixture

Intuitively, one might expect that impacting mixtures with
higher ϵtot would be more likely to produce concentrated out-
going flows, especially if they have high proportions of coarse
particles. This is indeed the case, but with the added complex-
ity of compressible flow phenomena, which become impor-
tant at higher speeds and/or higher fine part icle

Fig. 3 Effect of proportions of coarse and fine particles in impacting flow
on bulk particle density (ρmϵm) of the resulting lateral flows, measured at
bottom of domain. Impact speed is 50 m/s, total particle concentration is
0.01, and t = 6 s in all cases. A total (coarse plus fines) bulk density of
400 kg/m3 or greater is taken to record concentrated flow. For reference,
bulk densities of 10 and 1000 kg/m3 correspond to 0.5 and 50 vol.%
particles, respectively. First plot (upper left) is a run with only coarse

particles. Proportion of fines increases progressively to 100 vol.% in the
final plot. Cases with up to 50 vol.% coarse particles form concentrated
underflows (to the left of shaded areas in the first four plots) upon impact,
while others form only dilute flows. Note that the “distal” parts of the
plots record an initial jet caused by displacement of air (with a small
fraction of entrained particles) upon initial impact of the collapsing
mixture, which is not of interest to this study
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concentrations. Comparing cases with equal proportions of
coarse and fine particles and all other parameters, the same
except ϵtot reveals that when ϵtot= 0.1, a concentrated
underflow formed but its concentration (bulk density;
Fig. 5a) varied laterally due to expansion and recompression
of the gas phase. In this case, the impacting flow was super-
sonic (Mach number 1.25; Table 5 in the Appendix), as was
the proximal outgoing flow. The very dilute flow (ϵtot 0.001 in
the 50 m/s impacting mixture) produced a dilute lateral flow,
although the particle concentration along the ground was ~
0.02–0.04, concentrated by more than a factor of ten com-
pared with the impacting flow. Note that in the intermediate
case of ϵtot = 0.01 (center cases in Fig. 5a, b; see also Figs. 3
and 4), the leading edge of concentrated flow is indicated at ~
120-m distance, but beyond that to a distance of ~ 220 m, the
flow is just below the criterion I use in this paper and for
practical purposes could be considered concentrated.

Gas pressure (Pg) is affected by the overall particle concen-
tration (Fig. 5b). The ϵtot= 0.1 supersonic case produced a very
high pressure (Pg ≈ 9 × 105 Pa) at the impact zone, which
decreased outward to slightly less than 105 Pa (ambient pres-
sure), then it increased again as the mixture recompressed.
When the impacting mixture had ϵtot= 0.01, the concentrated

underflow maintained a gas pressure between 2 and 9 kPa
higher than ambient pressure. This excess pressure (compared
with ambient) is a pore pressure, which is critical for mobility
of concentrated flows (Roche 2012; Roche et al. 2016), and is
in part inherited from the high values of Pg attained at the
impact zone due to flow stagnation. When the impacting mix-
ture’s ϵtot= 0.001, gas pressure was only slightly elevated in
the most proximal part of the outgoing dilute flow.

In addition to the proportions of coarse and fine particles
and the total particle concentration, impact speed affects the
outgoing flow properties. A simulation with impact speed of
100 m/s, with equal proportions of coarse and fine particles
and ϵtot= 0.01, produced an outgoing flow with bulk densities
between 260 and 426 kg/m3 (particle concentrations of 10–
15 vol.%; Fig. 5a). This is below the concentrated-flow thresh-
old use in this paper, unlike the simulation of the same condi-
tions but impact speed of 50m/s. Although the 100 m/s case is
subsonic, its Mach number (0.84) is close enough to unity
(Table 5 in the Appendix) that the lateral flow emerged from
the impact zone as an overpressured flow that expanded and
recompressed as it traveled outward (Fig. 5b). As discussed
above, these compressible flow effects influence the particle
concentration of the lateral flow. Concentrated lateral flows

Fig. 4 Effect of proportions of coarse and fine particles in impacting flow
on horizontal particle speed along the ground of the resulting lateral
flows, for the same simulations shown in Fig. 3. “Distal” parts of the
plots record an initial jet with high speeds, caused by displacement of
air upon initial impact of the collapsing mixture, which is not of interest to
this study, and are also affected by the expulsion flow that occurs when
coarse particles are abundant. Also note that the high speeds in the right
part of each plot are mainly gas (with some particles; compared with
corresponding plots in Fig. 3). An extreme example is the coarse-only

run (upper left), where the particle concentration drops towards zero
beyond x ≈ 120 m; the high speeds beyond that distance (the largest a
result of gas expulsion at impact) are essentially pure gas although nu-
merically, a very small particle concentration is computed. Particle speed
increases from zero at the center of the impact zone (between x = 0, 25m),
which is a stagnation point. Concentrated flows are slowest where the
bulk density (particle concentration) is highest, i.e., for very coarse-rich
cases, partly a simple reflection of continuity
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for the 100m/s impact speed cases required coarse fractions of
60% or greater of the total particle population (Table 5 in the
Appendix).

Discussion

The results provide useful insights into the proximal dynamics
of pyroclastic currents produced by collapsing gas-particle
mixtures, but it is important to keep in mind some aspects in
addition to the caveat described above about numerical reso-
lution of the thin, concentrated underflows. First, all of the
results are compared at times of 6 s after initiation of down-
ward flow into the domain. This is obviously a short time
frame compared with the duration of a sustained eruptive
fountain, which might continue for many minutes to a few
hours or tens of hours in the case of large ignimbrite-
producing eruptions (Wilson and Hildreth 1997; Roche et al.
2016). If a collapsing mixture impacted the same location for
an extended period, the coarse material might accumulate at
the impact zone and produce outgoing concentrated flows that

develop over time. On the other hand, previous numerical
modeling suggests that eruptive fountains vary in height and
impact location with time, even if the discharge and particle
size at the vent are constant, due to complex interactions with
the ambient air and flow-back of material towards the vent
(e.g., Valentine et al. 1992; Dobran et al. 1993; Neri and
Dobran 1994). Thus, even for a sustained discharge, it may
be unlikely that an impact zone would be stationary, especially
because the fountaining particle size/density distribution in a
real eruption can also be highly transient (e.g., due to wall rock
avalanches into vents), so that the short time frames studied
here would be applicable as the zone migrates laterally.

Second, the simulations all have the extreme case of verti-
cal collapse and horizontal “ground,”maximizing the changes
in velocity associated with impact. In nature, the collapsing
mixtures might approach the ground at an angle different from
vertical, tilting back towards the fountain tops from which
they originate. More importantly, though, many mixtures will
impact sloping ground, especially in cases involving strato-
volcanoes. This will modify the denominator in the impact

Stokes number (fluid change time scale) to t f ¼ δ
vimp 1−sinαð Þ:

Fig. 5 Bulk solids (particle) densities (a) and gas pressure Pg (b) along
the ground for different impacting particle concentrations (ϵtot= 0.1, 0.01,
and 0.001) at t = 6 s and impact speed (vimp) of 50 m/s (first three col-
umns). In all three cases, the particles are 50% coarse and 50% fine in the
impacting mixture. The first two cases form thin concentrated underflows
(left of the shaded areas on the two plots). For the ϵtot = 0.1 case, bulk
density and Pg first decrease then increase with distance; this is due to the
expansion-recompression structure of the flow and the supersonic condi-
tion of the impacting mixture (Valentine and Sweeney 2018). Note the
different Pg scale for this case, compared with the other two. For the ϵtot =
0.01 case, the bulk densities are near the threshold for concentrated versus

dilute flow used in this paper (ϵtot = 0.2), meeting the criterion for con-
centrated flow to a distance of 120 m but being just lower than that
threshold to a distance of ~ 250 m. Gas pressure in that case decreases
away from the 25-m-wide impact zone, maintaining values of ~ 2–9 kPa
above ambient pressure (100 kPa). This represents a pore pressure in the
concentrated underflow. For the ϵtot = 0.001 case, the outgoing flows are
fully dilute. Far right plots are for ϵtot= 0.01 but with vimp = 100 m/s;
maximum Pg in the impact zone for this run is 3.3 × 105 Pa. Note in all
cases that the coarse particles are concentrated relative to the fine ones,
compared with their 50–50 mix in the impacting mixtures
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where α is the slope angle from horizontal, assuming that the
deceleration length scale δ is unaffected by the slopes of in-
terest here (up to ~ 30°). The flat-ground case modeled here is
important to understand before adding complexity such as that
related to topography, and the simulations are reasonable ap-
proximations for impacting mixtures around many calderas
which have variable surrounding slopes or very shallow
slopes due to previous ignimbrite eruptions.

Two additional points are the following: (1) The plots
(Figs. 3, 4, and 5) represent conditions close to the ground,
reflecting the focus in this paper. Concentrations, proportions
of fine and coarse particles, and particle speeds vary widely
above this basal region in any given simulation and are mostly
within the dilute regime as defined here. (2) All of the simu-
lations here use a half-width of 25 m for the collapsing mix-
ture, which would correspond to a 50-m-wide downward flow
from an eruptive fountain. Limited tests with different half-
widths indicate that the lateral extents of parameter values (for
example, distance of concentrated flow or elevated gas pres-
sure) roughly scale with the half-width of the impacting mix-
ture, consistent with other studies of impinging jets (e.g.,
Carling and Hunt 1974; Valentine and Sweeney 2018).

Particle distributions and relation to natural
pyroclastic currents

Equations 3 and 4 and relevant constitutive models (Table 2 in
the Appendix) describe in detail the momentum transfer (drag)
between particles and gas and between particle classes. As
mentioned above, the drag of fine particles exerted on coarse
particles tends to draw the coarse particles towards the behav-
ior of fine particles in the gas. This can be approximated in
dilute regimes by treating the mixture of fines and gas as a
single dusty-gas phase (a.k.a. pseudofluid; Marble 1970),
such that the coarse particles interact with a dusty-gas that
has higher density and viscosity than the pure gas in comput-
ing the particle response time scale (“Introduction” section):

ρdg ¼ ϵg effð Þρg
� �

þ ϵ f effð Þρ f

� �
; ð9Þ

μdg ¼ μg 1þ ϵ f effð Þρ f

ϵg effð Þρg

 !2

: ð10Þ

Here, the (eff) subscript indicates that only the gas and fines
are used in computing their bulk densities for Eqs. 9 and 10,
i.e., ϵ f effð Þ ¼ ϵ f

1−ϵc and similarly for the gas fraction. The effects

of Eqs. 9 and 10 are included in the impact Stokes numbers
listed for each simulation in Table 5 in the Appendix.

Although all of the simulations reported here used some
combination of 1-cm and 0.1-mm particles, both with material

densities of 2000 kg/m3, the impact Stokes numbers are ap-
plicable to other particle size-density combinations. The rela-
tionship between diameter and density for particles with the
same measure of response time tp is

d2
d1

≈
ρ1
ρ2

� 	1=2

; ð11Þ

where the subscripts 1 and 2 represent particle classes, assum-
ing the gas or dusty-gas density is much smaller than the
particle densities. Thus, the 1 cm diameter, 2000 kg/m3 parti-
cles used as the coarse field here are equivalent to ~ 2-cm-
diameter particles with pumice-like densities of 500 kg/m3.
Similarly, the response time measures for particles with simi-
lar densities but different diameters, in the same dusty-gas, can
be compared:

tp2
tp1

≈
dp2
d01

� 	2

: ð12Þ

Thus, a 10-cm clast will have a tp that is 100 times that of a
1-cm clast of the same density in the same dusty-gas. For
example, in run 50_SLd_GT10, the 1-cm particles have
Stimp = 2.8, but a 10-cm particle would have Stimp = 280,
which is the same magnitude as in the coarse-only run of that
series (50_Ld_GT1; see Table 5 in the Appendix). The 10-cm
particles would be expected to form a concentrated underflow
upon impact, though the 1-cm particles did not.

Breard et al. (2018, 2019b) pointed out the importance of
the Sauter mean particle size in the transport dynamics of
pyroclastic currents. The Sauter mean is the effective mean
particle size in terms of the surface area for drag (and heat
exchange) between particles and gas; it is the ratio of the total
volume of particles to the total particle surface area (whether
the particle sizes are monodisperse or polydisperse in a given
mixture). Breard et al. (2019b) compiled grain size data from
deposits of pyroclastic currents and computed the Sauter mean
for each published analysis and showed how deposits of dif-
ferent types of currents (i.e., block and ash flow, small-volume
pumice flow, large-volume ignimbrite-producing flow) each
tend to have a typical value of Sauter mean. The simulations
reported here have Sauter mean diameters ranging from
10,000 (coarse-only runs) to 100 μm (fines-only runs; see
Table 5 in the Appendix), which can be compared with values
of 250 to 50 μm from natural deposits (block-and-ash flow
deposits and ignimbrites, respectively). Clearly, the coarse-
rich (or coarse-only) simulations exaggerate the effect of low
particle surface area relative to volume (or mass) fraction,
compared with the data in Breard et al. (2019b), which is
intentional. However, I note that the data analyzed by Breard
et al. are individual samples, rather than whole-deposit grain
size distributions; they are derived from the source mixture at
the fountain (in the ignimbrite cases) but have been modified
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by impact zone and transport processes, including ash
production via abrasion, and by deposition. Dufek and
Manga (2008) showed how a significant fraction (10–
20 vol.%) of pumice lapilli can convert to ash by abrasion
processes during lateral flow. Thus, an initially relatively
coarse mixture of pumice and lithic coarse-ash to lapilli (and
blocks) impacting the ground around an eruptive fountain
could nucleate concentrated flows upon impact that become
finer grained as they travel away and aggrade a deposit. Also
note that a tremendous amount of abrasion must happen in the
impact zone itself, suggesting that the total grain size distribu-
tion of the outgoing flow might be substantially weighted
towards fines compared to the impacting mixture; this is a
topic for future work. The Sauter mean values above do not
include grain size data from proximal breccia deposits that are
common in larger (greater than a few cubic kilometers) ignim-
brites, and for which only partial granulometry has been mea-
sured due to the coarseness of the deposits (Druitt and Bacon
1986; Perrotta and Scarpati 1994). As noted below, such brec-
cias likely record, at least in part, highly transient introduction
of coarse and dense clasts into an eruptive mixture, suggesting
that the grain size (and density) distribution of a mixture feed-
ing a fountain would also be highly transient. The coarse-only
simulations in this paper are likely reasonable for some por-
tions of fountains during phases that involve large quantities
of wall-rock debris being introduced into an eruptive jet.

Concentrated vs dilute pyroclastic currents
from eruptive fountains (column collapse)

The results presented here provide some insights into condi-
tions for which a pyroclastic current produced by fountaining
is best approximated with a depth-averaged granular flow
model or by a box model of dilute transport and sedimentation
for hazards modeling purposes. The complexities and nonlin-
ear coupling of many parameters in multiphase flows make
standard scaling approaches, which could result in simple re-
gime diagrams, elusive. However, for a given combination of
impacting speed and total particle concentration, the forma-
tion of concentrated underflow at the impact zone is related to
Stimp for the coarse particles and the flux per unit area of coarse
particles into the impact zone (Fig. 6). For impacting mixtures
with intermediate concentrations of about one to a few volume
percent, and with relatively lowMach numbers, the numerical
results indicate a rough boundary between scenarios that pro-
duce concentrated versus dilute-only lateral currents. The
slope of the boundary indicates that as Stimp for the coarse
particles decreases (for example, due to increasing proportion
of fines), a larger flux per unit area of those particles is re-
quired to generate a concentrated underflow. Impacting mix-
tures with sufficiently high Mach numbers are affected by the
expansion-recompression zones of the outgoing flow, there-
fore not behaving exactly as predicted by the rough regime

boundary (Fig. 6). Because all lateral flows that leave the
impact zone are more concentrated than the impacting flows
(typically by a factor of a few), impacting mixtures with suf-
ficiently high values of ϵtot will always produce concentrated
flows if they have some coarse particles (e.g., the impacting
mixtures with ϵtot = 0.1; Fig. 6). Within the range of parame-
ters explored in this paper, for intermediate concentration,
subsonic impacting mixtures whose parameters fall above
the boundary on Fig. 6, a depth-averaged granular flowmodel
could be used for the concentrated underflow (but keeping in
mind that the overriding dilute flow could travel faster and
farther than the underflow, potentially making a two-layer
approach the best; Kelfoun 2017). The boundary condition
for the source of the lateral flow could be a flux boundary
condition. For highly concentrated collapsing mixtures (likely
the case in most lava dome collapse scenarios), a depth-
averaged granular flow approach is justified, but keeping in
mind that compressible flow effects might add some complex-
ity to the proximal flow field. Impacting mixtures with inter-
mediate concentrations that fall below the rough boundary in
Fig. 6 can be treated with a dilute flow model, also preferably
using a flux boundary condition for the source (as in Shimizu
et al. 2019). At very low impacting concentrations (likely
when ϵtot < 10−3, approximately), outgoing flows will essen-
tially always be dilute.

Unfortunately, there is no simple recipe for determining
when the depth-averaged granular or the dilute box model
approach is best for a column-collapse (fountain)-fed pyro-
clastic current; the choice requires some knowledge of expect-
ed eruption conditions and fountain processes. However, this
work shows the factors, for a given scenario, that can inform
the use of the different end-member types of hazards models.
Even though a relatively small number of parameter combi-
nations (out of an infinite set of combinations) were studied
here, these combinations can guide model section for a wider
range of scenarios. For example, a particle flux per unit area
from a collapsing mixture of qtot = 1 m3/m2 s (similar to
simulations here, see Fig. 6), falling as a 50-m-wide “curtain”
from a fountain with a radius of 300 m from a central vent
(appropriate for a 500-m-high fountain fed by an exit speed of
100 m/s) would correspond to a total dense-rock-equivalent
volumetric eruptive flux of ~ 105 m3/s. If ~ 10% of the
erupting particles (coarse particle flux per unit area of ~
0.1 m3/m2 s) have impact Stokes numbers greater than about
100, then concentrated currents are likely to be produced upon
impact (Fig. 6). Finally, I note that concentrated underflows
can originate not only upon impact but also farther down-
stream, sourced from dilute flows (examples of this were
small concentrated flows produced by the 18May 1980 lateral
blast in valleys aroundMount St. Helens, and from dilute ash-
cloud surges at Soufrière Hills volcano, Montserrat; Fisher
1990; Druitt et al. 2002). This paper does not address such
scenarios (but see Doyle et al. 2008; Shimizu et al. 2019).
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Proximal breccia facies of ignimbrites

The numerical results presented here have implications for the
development of proximal ignimbrite facies. Such deposits are
often dominated by lithic clasts and dense juvenile compo-
nents of decimeter to meter sizes (e.g., Wright and Walker
1977; Druitt and Bacon 1986; Yasuda and Suzuki-Kamata
2018); Stimp for these sizes can be compared, using Eq. 12,
with those in the simulations (Table 5 in the Appendix) in
order to extend the modeling results to those coarse clasts.
Laterally, the proximal breccias can have complex internal
stratigraphy and varied lateral and vertical relationships with
more “normal” ignimbrite. For example, Druitt and Sparks

(1982) describe examples of steep internal contacts (cut and
fill structures) between breccia units from a single eruption,
especially where exposed along the caldera wall, in the Cape
Riva deposits at Santorini. They also documented the occur-
rence of a dm-thick, reverse-graded, and crudely stratified
horizon at the base of most breccia units at a given location.
These basal horizons transition laterally to the reverse coarse-
tail-graded bases of ignimbrites, as the breccias also grade
laterally to ignimbrite. Druitt and Sparks (1982) concluded
that the pyroclastic currents that produced these deposits were
concentrated flows and that fines-depletion of the breccia de-
posits (relative to the ignimbrite into which they grade later-
ally) and the presence of fines-depleted pipes are consistent

Fig. 6 Scatter plot of simulation results in terms of flux per unit area of
coarse clasts to the impact zone (vimpϵc) and impact Stokes numbers, with
each point referring to a simulation (Table 5 in the Appendix). Different
symbols represent impacting mixture properties (also defined in terms of
the total particle flux per unit area to the impact zone, qtot = vimpϵtot).
Dashed line indicates approximate boundary between conditions that
produced concentrated underflows upon impact and those that produced
dilute-only lateral flows, for cases with intermediate impacting particle

concentrations. The outlier case (blue square above the dashed line, run
100_SLd_GT2; Table 5 in the Appendix, see also Fig. 5) produced lateral
flow with bulk particle density ranging between 260 and 426 kg/m3;
much of the outgoing flow was just below the threshold bulk density of
400 kg/m3 for identification as a concentrated flow in this paper, and the
concentration of the outgoing flow was overprinted by compressible flow
effects (Mach number of impacting mixture of 0.84)
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with large gas fluxes during transport and deposition. Suzuki-
Kamata and Kamata (1990) documented similar characteris-
tics of proximal breccias in the Tosu ignimbrite, including the
presence of both clast-supported (fines-depleted) and matrix-
supported facies. Other studies documented similar character-
istics (e.g., Druitt and Bacon 1986; Perrotta and Scarpati
1994; Bear et al. 2009; Yasuda and Suzuki-Kamata 2018),
also showing that proximal breccias range in their relation-
ships with pre-eruptive topography from crudely mantling to
ponded in low areas. It is worth noting that many of the de-
scriptions of proximal breccia facies are associated with de-
posits from caldera-forming eruptions and document locations
along or near the source caldera rims. Such locations are po-
tentially in the impact zones of collapsing columns erupted
from caldera ring vents.

Modeling results presented here and in previousmultiphase
studies (Valentine and Wohletz 1989; Dartevelle et al. 2004;
Sweeney and Valentine 2017; Valentine and Sweeney 2018)
do not support the oft-cited deflation zone concept put forward
by Walker (1985), wherein the lateral extent of lithic-rich
breccias represents the lateral extent of a dilute current where
lithic clasts preferentially settle first. Rather, coarse, dense
lithic clasts concentrate immediately upon impact and propa-
gate outward as concentrated underflows when they are pres-
ent in sufficient proportions in the collapsing mixture. This
mechanism for proximal breccia facies is similar to that ini-
tially conceptualized by Wright and Walker (1977), who in-
ferred a “lag-fall” mechanism for the proximal breccias at the
site of impact, although they do not discuss lateral flow of that
concentrated mixture. Druitt and Sparks (1982) inferred sim-
ilar processes and qualitatively discussed high gas pressures in
the impact zone, also alluding to expulsion of gas and fines as
described here.

The modeling suggests that many proximal breccias were
produced by collapsing mixtures with large (generally
50 vol.% or more) proportions of high Stimp clasts. These
clasts were introduced by wall-rock avalanches into vents,
especially during caldera collapse, as inferred by many au-
thors (see Aramaki 1984; Druitt 1985). Although it is com-
mon to think of ignimbrite-forming eruptions as steady, the
process of lithic debris avalanching into vents must vary dra-
matically in both space and time. Likewise, at a given time and
location, the impacting mixture might or might not have many
high-Stimp clasts (keeping in mind that coarse juvenile clasts
can also have high Stokes numbers). Complex lateral (both
radial and circumferential) and vertical facies variations result,
such as those described by Druitt and Sparks (1982), and
variations in the fines contents of proximal breccias (Yasuda
and Suzuki-Kamata 2018) can be related to different amounts
of avalanche material combining with the eruptive mixtures.

A final note relates to observations of hummocks or
mounds of coarse breccia (Fig. 7a; Druitt and Bacon 1986).
Modeling shows that such features could be produced directly

from impact of a coarse collapsing mixture. An extreme ex-
ample is a coarse-only simulation with high total particle con-
centration of 10 vol.%. In such a case, the impacting mixture
builds a mound of particles that thickens until its slopes are
near the angle of repose, while particles flow down its outer
slopes to feed a concentrated lateral flow and expelled gas jets
over that granular flow (Fig. 7b). The mound is a simulated
deposit, with both particle velocity and granular temperature
being zero in its interior (Fig. 7 c, d); it has an elevated gas
pressure that is close to that which would be predicted as a
stagnation pressure for the impacting mixture (2.5 × 105 Pa),
and which is highest along its upper portion where the mound
top has become the impact surface for the falling mixture (Fig.
7e). The elevated gas pressure is carried outward in the thin,
concentrated flow as a pore pressure (several kPa larger than
ambient pressure). Thus, proximal mounds of breccia might
record the temporary locations of impact zones, although there
are likely additional mechanisms for their formation.

Conclusions

I have presented results of multiphase numerical modeling of
impacting gas-particle mixtures, focusing on the implications
for the resulting lateral flows which provide insights into the
development of pyroclastic currents from eruption column
collapse scenarios. Lateral flows are sensitive to impact
speeds, overall particle concentrations, and proportions of fine
and coarse particles. For ϵtot ≈ 0.01, an impacting mixture with
up to approximately equal proportions of coarse and fine par-
ticle (or higher proportions of coarse) will tend to form a
concentrated underflow which can be approximated by a
depth-averaged granular flow model for hazard assessment
purposes starting from the impact zone. Low total particle
concentrations (e.g., ϵtot ≈ 0.001) tend to produce dilute lateral
flows that could be simplified to box model approaches for
dilute pyroclastic currents. Higher total concentrations pro-
duce concentrated lateral underflows but these can be compli-
cated by Mach number effects. Higher impacting speeds,
within the range studied here, require relatively larger propor-
tions of coarse particles to form concentrated underflows. In
general, some knowledge of the eruption column (fountain)
conditions is required in order to make an informed decision
as to which simplified hazards modeling approach is most
applicable for a given scenario. While the emphasis in this
paper is on ignimbrite-forming processes, these mechanisms
in principle influence the characteristics of any type of pyro-
clastic current that is produced by a collapsingmixture, as well
as the development of massive deposits focused in topograph-
ic lows (from concentrated currents) compared with stratified
and cross-stratified, topography-draping deposits (from dilute
currents).
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Valentine et al. (2019) compared two ignimbrites with dif-
ferent abundances of poorly coupled, coarse clasts and
discussed potential implications for overall ignimbrite facies;
the results presented here provide additional insights into the
formation of proximal breccia facies of ignimbrites. Modeling
indicates that such breccias are related to influx of coarse wall-
rock material into an eruptive mixture, which increases both
the total particle concentration and the proportion of coarse
dense clasts in the mixture that subsequently collapses and
impacts the ground; these correspond to increases in the
coarse particle flux per unit area at the impact zone and to
increasing impact Stokes number of the coarse clasts (Fig.
6). The breccias record concentration of dominantly coarse
clasts immediately upon impact and formation of concentrated
flows that propagate laterally while expelled fines and gas
flow rapidly outward as dilute currents. Lateral heterogeneity
in proximal deposits likely records rapid time and space var-
iations in avalanches of material into eruptive vents, and the
occurrence of proximal breccia hummocks might record the
temporary positions of impact zones.

The modeling shown in this paper covers a limited
range of parameters and is simplified, particularly in that
it only includes two particle sizes. However, the range of
behaviors of the two sizes and their interactions with each
other (for example, fine particles causing better coupling
of large particles to the gas flow field and concentration
of coarse particles causing expulsion of fines and gas) are
reasonably representative of many natural mixtures.
Similarly, the ranges of impact speeds and total particle
concentrations capture a large part of the spectrum of
values expected from fountaining eruptions. Thus, the re-
sults provide general insights into the initiation of pyro-
clastic currents from collapsing mixtures. Future work is
needed to broaden the range of parameters, and in partic-
ular new numerical techniques which can model a thin
granular region within (and coupled to) a large, three-
dimensional flow field—while still honoring the
continuum-like behavior of pyroclastic currents—would
be beneficial. Especially valuable would be estimates of
the source grain size and density distributions for natural

Fig. 7 aAmound of proximal breccia (Minoan eruption, Santorini, north
side of Oia village; courtesy TH Druitt). b–d Snapshots of parameters in
the proximity of simulated impact (out to 100 m horizontally) for the
extreme case of an impacting flow consisting of a particle volume
fraction of 0.1, entirely coarse particles, illustrating deposition
analogous to a hummock as observed in natural proximal breccias (run
50_Lcart_GTb2, Table 5 in the Appendix). b Particle volume fraction
(log scale). Dark red color represents maximum packing. c Magnitude
of particle velocity, showing zero motion (deposit) within the maximum
packing region except for its outer margin. As the deposit builds, particles
flow down its margin to feed the lateral flow. dGranular temperature (log

scale), showing negligible values within most of the maximum packing
region, meaning essentially zero particle velocity fluctuations, consistent
with a deposit. Note higher granular temperature on margins of the max-
imum packing region, consistent with shear as a source term in Eq. 10. e
Gas pressure shows a large stagnation pressure within the deposit espe-
cially at its top, while pressures remain slightly elevated relative to am-
bient pressure within the lateral flow that extends to 116 m (beyond the
portion of the domain shown here), consistent with pore pressure even in
this coarse-grained case. Gas velocity (not shown) reaches values up to ~
115 m/s immediately above the concentrated outgoing flow due to expul-
sion upon impact
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ignimbrite-forming eruptions. This is a more difficult de-
termination than that of whole-deposit grain size distribu-
tions for fallout deposits (Bonadonna and Houghton
2005) due to the complexity of processes that modify
the original distribution during impact, lateral transport,
and deposition of pyroclastic current deposits. Tackling
this problem would require application of some tech-
niques used for fallout deposits, in order to get a whole-
deposit characterization (e.g., Lube et al. 2007), but
would additionally involve some inverse assessment of
the modification processes during impact and transport
and losses due to co-ignimbrite ash dispersal, as well as

temporal variation related to magma properties, fragmen-
tation, and transient introduction of lithic debris.
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Appendix. Notation, constitutive models,
initial and boundary conditions, and material
properties

Table 1 Notation

Symbol Definition; units

CDM Multiparticle drag coefficient

Cfml Coefficient of friction between particles constituting the lth and mth solid phases

Cpg Specific heat of the gas; J/kg⋅K
Cpm Specific heat of the mth phase; J/kg⋅K
dpm Diameter of the particles constituting the mth solid phase; m

eml Coefficient of restitution for the collisions between particles constituting the lth and mth solid phases

gi Acceleration due to gravity; m/s2

g0ml Radial distribution function at contact for a mixture of hard spheres

i, j, k 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

Imli Momentum transfer between the mth and the lth phases due to interphase drag force; N/m3

Jm Collisional dissipation of granular temperature of mth phase; m2/s3

M Total number of solid phases

Pg Gas-phase pressure; Pa

Pc Solid-phase pressure in close-packed regions; Pa

qgj Conductive heat flux in the gas; J/m2⋅s
qmj Conductive heat flux in the mth phase; J/m2⋅s
Rem Particle Reynolds number of the mth solid phase

Stimp Stokes numbers for particles in impacting flows

t Time; s

tf Time scale for fluid velocity changes in Stokes number; s

tp Time scale for particle response to fluid velocity changes in Stokes number; s

Tg Thermodynamic temperature of the gas; K

Tm Thermodynamic temperature of the mth phase; K

TRm Background temperature in a radiation model; K

Umj Jth component of the mth phase velocity; m/s

Ugj Jth component of the gas velocity; m/s

vimp Impact speed (vertical); m/s

xj Jth coordinate direction; m

γgm Gas-solid heat transfer coefficient; J/m3⋅K⋅s
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Table 1 (continued)

Symbol Definition; units

γRm Radiative heat transfer coefficient for the mth phase; J/m3⋅K4⋅s
δ Length scale for fluid velocity changes in Stokes number; s

δij Kronecker delta; 0 if i ≠ j , 1 if i = j

ϵ∗ Void fraction (or gas volume fraction) of close-packed solids

ϵminsf Minimum particle volume fraction for frictional stress model

ϵc Volume fraction of coarse particles

ϵf Volume fraction of fine particles

ϵg Volume fraction of gas

ϵm Volume fraction of the mth phase

ϵtot Total volume fraction of particles (coarse plus fine)

κm Conductivity of granular temperature; kg/m⋅s
Πm Dissipation of granular temperature via gas-particle drag; kg/m⋅s3

Θm Granular temperature of the mth phase; m2/s2

ρdg Density of a dusty-gas for particle time scale in Stokes number; kg/m3

ρf Material density of the fine particles for use in dusty-gas approximation; kg/m3

ρm Material density of the mth phase; kg/m3

ρg Density of the gas phase; kg/m3

ρp Particle density in Stokes number

τgij Stress tensor of the gas; Pa

τmij Stress tensor of the mth phase; Pa

τ f
mij

Frictional component of the stress tensor of the mth phase; Pa

τkmij Kinetic component of the stress tensor of the mth phase; Pa

μg, μdg Gas or dusty-gas viscosity; Pa s

Table 2 Interphase drag (momentum transfer) relationships (Syamlal et al. 2017)

Gas-particle drag Igmi ¼ 3
4
CDmϵgϵmρg

dpm
ug−um


 

 Ugi−Umi

� �
where,

CDm ¼

200 1−ϵg
� �

ϵ2gRem
þ 7

3ϵg
; ϵg ≤0:8

24

ϵgRem
1þ 0:15 ϵgRem

� �0:687� �
ϵ−2:65g ; ϵg > 0:8; ϵgRem

� �
< 1000

0:44ϵ−2:65g ; ϵg > 0:8; ϵgRem
� �

≥1000

8>>>>><
>>>>>:

Rem ¼ dpm ug−umj jρg
μg

Particle-particle
drag

Imli = Fml(Umi − Uli)
where

Fml ¼ 3 1þ emlð Þ π
2 þ Cfml

π2
8

� �
dpmþdplð Þ2

2π ρmd
3
pmþρl d

3
plð Þ ρmρlg0ml ug−um



 

þ ScoefPc

g0ml ¼ 1
ϵg
þ

3 ∑M
l¼1

ϵl
dpl

� �
dpldpm

ϵ2g dplþdpmð Þ (radial distribution function)
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Table 3 Granular stress and granular temperature constitutive equations (from Eqs. B4–13, C7–11 of Benyahia et al. 2012; see also Breard et al. 2019a)

Kinetic stress τkmij ¼ −Pm þ ημb
∂Umi
∂x j

� �
δij þ 2μmSmij

Smij ¼ 1
2

∂Umi
∂x j

þ ∂Umj

∂xi

� �
− 1

3
∂Umi
∂xi

Pm ¼ ϵmρmΘm 1þ 4η ∑
M

n¼1
ϵng0;mn
� �� �

where η ¼ 1þem
2

η ¼ 1þe
2

μm ¼ 2þα
3

� � μ*
m

g0;mnη 2−ηð Þ 1þ 8
5 η ∑

M

n¼1
ϵng0;mn
� �� 	

1þ 8
5 η 3η−2ð Þ ∑

M

n¼1
ϵng0;mn
� �� 	

þ 3
5 ημb

� �
with α = 1.6 (Agrawal et al. 2001)
μ ¼ 5

96 ρmdpm
ffiffiffiffiffiffiffiffiffiffi
πΘm

p

μ*
m ¼ ρmϵmg0;mnΘmμ

ρm ∑
M

n¼1
ϵng0;mnð ÞΘmþ 2βμ

ρmϵm

� �
β ¼ 3

4CDm
ρgϵgϵm Ug−Umj j

dpmϵg2:65

μb ¼ 256
5π μϵm ∑

M

n¼1
ϵng0;mn
� �

Frictional stress τ f
mij ¼ −Pfmδij þ 2μ f S

Pfm ¼ Pc 1− ∇∙vm
n
ffiffi
2

p
sin ϕð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sm:SmþΘm=d2pm

p
 !n−1

ϵm
ϵtot

Pc ¼

1024 ϵ*−ϵg
� �10

ϵg < ϵ*

0:05
1−ϵg
� �

−ϵminsf

h i2
ϵg−ϵ*
� �5 ϵ*≤ϵg < 1−ϵminsf

� �
0 ϵg ≥ 1−ϵminsf

� �

8>>>>>><
>>>>>>:

μfm ¼
ffiffi
2

p
Pfmsinϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S:SþΘm=d2pm
p n− n−1ð Þ Pfm

Pc

� � 1
n−1

� 	
ϵm
ϵtot

n ¼

ffiffiffi
3

p

2sinϕ
∇∙vm≥0

1:03 ∇∙vm < 0

8><
>:

where vm is the solid phase m velocity vector in frictional regime, Sm is tensor form of Smij in frictional regime, and ϕ is internal
friction angle.

Granular
temperature

κm ¼ κ*m
g0;mn

1þ 12

5
η ∑

M

n¼1
ϵng0;mn
� �� 	

1þ 12

5
η2 4η−3ð Þ ∑

M

n¼1
ϵng0;mn
� �� 	

þ
64

25π
41−33ηð Þη2 ∑

M

n¼1
ϵng0;mn
� �� 	

2
664

3
775

κ*
m ¼ ρmϵmg0;mnΘmκ

ρm ∑
M

n¼1
ϵng0;mnð ÞΘmþ 6βκ

5ρmϵm

� �
κ ¼ 75ρmdpm

ffiffiffiffiffiffiffi
πΘm

p
48η 41−33ηð Þ

Jm ¼ 48ffiffi
π

p η 1−ηð Þ
∑
M

n¼1
ϵng0;mnð Þ
dpm

Θ
3=2
m

η ¼ 1þe
2

Πm ¼ −3βΘm þ 81ϵmμ2
g ug−umj j2

g0;mnd
3
pmρm

ffiffiffiffiffiffiffi
πΘm

p
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Table 4 Initial and boundary
conditions, and material
properties common to all
simulations

Domain size • 100 m high, 400 m wide unless noted

Boundary conditions (except inlet)

• Left side

• Top

• Inlet

• Right side

• Bottom

• Free slip wall

• Outflow (except inlet)

• Mass inflow (see Table 4)

• Outflow

• Partial slip boundary (Johnson and Jackson
1987)

Inlet conditions

• Gas pressure

• Inlet width

• Temperature (gas and particles)

• Granular temperature1

• 105 Pa

• 25 m

• 293.15 K

• 0.01 m2/s2

Computational grid Uniform, Δx = Δy = 0.5 m

Initial conditions

• Gas

• Gas pressure

• Temperature

• Particle concentration

• Air

• 105 Pa

• 293.15 K

• Zero

• Gas properties (air) Burcat and Ruscic (2005) thermochemical da-
tabase

Particle properties

• Density

• Heat capacity

• Coefficient of restitution

• Coefficient of friction between particles of two particle
classes

• Specularity coefficient (for partial slip boundary)1

• Angle of internal friction1

• Angle of internal friction at wall1

• Maximum packing volume fraction

• 2000 kg m−3

• 954.0 J kg−1 K−1

• 0.5

• 0.5

• 0 (sphere)

• 28°

• 12°

• 0.64

1 Following Breard et al. (2019a), noting that granular temperature results in the flow field are insensitive to the
boundary value (see also Dartevelle et al. 2004)
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