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Abstract

Pyroclast dispersal and mass partition between convective and collapsing transport systems represent a major
issue in the understanding of the dynamics of quasi-steady explosive eruptions and the interpretation of their deposits.
The spatial and temporal dispersal of pyroclasts during the initial 15 min of collapsing and transitional columns was
investigated by using a transient, two-dimensional and three-phase (one gas phase and two solid phases representative
of pyroclasts of varying size and density) flow model. The different behaviors of the column were simulated by using
different water contents of the eruptive mixture and assuming both pressure-balanced and overpressured conditions at
the vent. For each simulation results allowed the quantification of the mass of pyroclasts of different size forming the
pyroclastic density current, the co-ignimbrite column and the convective plumes rising from the proximal area and
above the fountain. For collapsing columns, the total mass transported in the convective system (composed of the
plume above the fountain and the co-ignimbrite column) ranges from about 10 to 30 wt% of the total erupted mass
according to the specific water content of the mixture at the vent. Fine particles are dominant in this convective
system. With the increase of the water content the character of the column shows a collapsing/buoyant transitional
behavior. Such a regime is characterized by greater collapse height, generation of more dilute density currents, shorter
flow runout, less steady behavior of the column, and intermittent feeding of the flows. For these columns, the total
mass forming the convective portions reaches values of up to 50 wt% of the erupted pyroclasts with a significant
amount of coarse particles entrained in the convective plume above the fountain. At higher water contents the column
becomes fully buoyant with the whole mass feeding the convective column. Simulations assuming overpressured
conditions at the vent are characterized by more unsteady dynamics of the dispersal process with significant variations
in the collapse height of the column, mass flow-rate of the flow and amount of mass elutriated in the convective
system. Simulation results suggest that Plinian columns that undergo a transition from convective to collapsing
regimes, as a consequence, in our case, of a water content decrease in the magma (but not necessarily limited to this
case), would be characterized by a gradual decrease of the carrying capacity of the convective column above the
fountain and by the emplacement of pyroclastic density currents which evolve from dilute to dense, gradually
increasing their runout. 3 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pyroclastic particles erupted during magmatic
explosive eruptions are dispersed into the atmo-
sphere by very di¡erent transport systems (Fig. 1).
In the convective regime, the pyroclastic mixture
ejected from the crater is transported as a buoy-
ant Plinian column up to the stratosphere until a
neutral buoyancy level is reached. On the other
hand, in the collapsing regime, the eruptive mix-
ture pours in to density currents which move on
the ground away from the crater for several kilo-
meters. Large convective columns, called co-
ignimbrite or phoenix columns, can rise above
the £ows high in the atmosphere. Both eruptive
styles have been described by ¢eld studies, labo-
ratory analogue experiments, and theoretical
works (see e.g. Sparks et al. (1997) for a review).
In addition to these two end-member regimes,
stratigraphic studies (Walker and Croasdale,
1970; Carey and Sigurdsson, 1987; Rosi et al.,
2001), physical models (Neri and Dobran, 1994;
Neri et al., 1998), and laboratory experiments
(Carey et al., 1988; Woods and Caul¢eld, 1992;
Veitch and Woods, 2000) provide evidence of the
existence of an intermediate regime, the transi-
tional regime, characterized by the occurrence of
simultaneous feeding of convective columns and
density currents (partial collapse) and, more gen-
erally, by an unsteady behavior of the column.

Despite this large number of studies, the quan-
ti¢cation of pyroclast dispersal and therefore of
mass partitioning between the di¡erent transport
systems forming the eruptive event remains di⁄-
cult. The analysis of volcanic deposits alone is not
actually able to provide a quantitative interpreta-
tion of the dynamic processes leading to their for-
mation. Similarly, analogue experiments have dif-
¢culties in scaling real eruptions and mainly focus
on speci¢c aspects or processes.

The aim of this paper is to illustrate how nu-
merical simulations using a transient, two-dimen-
sional, three-phase £uid £ow model can be em-
ployed to obtain quantitative information about
the relative dispersal of pyroclasts into the di¡er-
ent transport systems. The main advantages of
this approach lie in the two-dimensional feature
of the model, which allows the modeling of both

the eruptive jet and the convective/collapsing por-
tions of the dispersal process, and in the two-
phase description of particles, which permits the
analysis of the behavior of pyroclasts of di¡erent
sizes. In addition, the transient formulation of the
model allows some investigation of the unsteady
behavior of the process.

As a consequence, the model is able to repro-
duce the various transport systems and identify
the di¡erent sources of pyroclast dispersal. In par-
ticular, the partition of the erupted mass between
the convecting system, formed by the plume
above the fountain and the co-ignimbritic column,
and the pyroclastic £ow sub-domains is computed
as a function of time. The method is applied here
to the analysis of collapsing and transitional col-
umns, since both are characterized by quite com-
plex dynamics, that can be e¡ectively described by
using the £uid dynamic model adopted.

2. Overview of the physical model

The three-phase £ow model of Neri and Mace-
donio (1996) allows the description of the disper-
sal of a pyroclastic mixture of two solid particu-
late phases, with di¡erent diameters and densities,
and a hot water vapor phase in a still and dry
strati¢ed atmosphere. The governing transport
equations consist of conservation equations of
mass, momentum, and energy, which are solved
for the gas phase and the two particulate phases
on an axi-symmetric computational grid. Closure
is obtained by constitutive equations, such as
equations of state, viscous tensors, and semi-em-
pirical momentum, and heat transfer coe⁄cients
between the phases. No mass transfer is allowed
among the three phases. The gas is assumed to
obey the ideal-gas law and solid particles are con-
sidered to be spherical and incompressible. Vis-
cous e¡ects in the gas phase have been accounted
for by an e¡ective eddy viscosity model able to
parametrize the e¡ects of the small-scale (sub-
grid-scale) turbulent motions, whereas solid
phases were considered inviscid. Drag coe⁄cients
between gas and solid particles are based on well-
established semi-empirical correlations. Drag due
to collisions between solid phases of di¡erent sizes

VOLGEO 2413 28-5-02

A. Neri et al. / Journal of Volcanology and Geothermal Research 115 (2002) 1^182



Fig. 1. Schematic illustration of three di¡erent styles of explosive eruptions: (a) a convective Plinian column, (b) a transitional
column and (c) a collapsing column with formation of pyroclastic £ows and co-ignimbritic clouds.
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is also based on approximated semi-empirical cor-
relations valid for dilute mixtures. Heat exchange
between phases is allowed to occur as well. An
e¡ective thermal conductivity is assumed for the
gas phase and a heat transfer coe⁄cient is pre-
scribed for heat exchange between solid and gas
phases. Heat exchange between solid phases and
viscous dissipation e¡ects are ignored because
they are insigni¢cant in comparison to exchange
due to convection, turbulent conduction, and gas^
particle heat exchange (Valentine and Wohletz,
1989). Balance and constitutive equations were
solved by using a semi-implicit ¢nite di¡erence
procedure speci¢cally designed for multiphase
£ows (Harlow and Amsden, 1975). The runs
were performed adopting computational domains
extending a few tens of kilometers in both radial
and vertical directions and for about 15 min of
real time. The employed computational grids were
non-uniform with a minimum grid size of 5 m in
the vent region and along the ground boundary.
We refer to the original paper for a more detailed
presentation of model equations and solution pro-
cedure (Neri and Macedonio, 1996).

3. Simulations performed

The di¡erent styles of atmospheric dispersal,
from collapsing to buoyant Plinian, were investi-
gated by prescribing di¡erent water contents to
the eruptive mixture leaving the vent. Water con-
tent has been recognized as a critical magma
property able to strongly a¡ect ascent dynamics
in the conduit and pyroclast dispersal into the
atmosphere (Wilson et al., 1980; Woods, 1988;
Papale et al., 1998; Neri et al., 1998). The in£u-
ence of water vapor content on the eruptive style

of the column was investigated according to two
di¡erent strategies resulting in two di¡erent sets
of simulations.

In both simulation sets, the pyroclastic mixture
was described by means of two particulate phases
with diameters of 30 and 500 Wm, each accounting
for 50 wt% of the whole solid mass erupted. Their
densities were ¢xed at 2400 and 1000 kg/m3, re-
spectively, to take into account that the actual
glass shards and crystal fragments forming the
¢ne ash fraction have a density larger than the
coarser vesiculated pyroclasts. Despite this simple
representation of the eruptive mixture, the two
particle phases chosen can give useful indications
about the dispersal process of the coarser and
¢ner portions of the real eruptive mixture, as
shown by simulations adopting a multiparticle
formulation of the solid phase (Neri et al.,
2001). Mechanical and thermal equilibrium was
assumed at the vent between the two solid phases
and the water vapor phase in all runs.

In the ¢rst set (see Table 1), atmospheric pres-
sure-balanced conditions were assumed as inlet
boundary conditions of the column. Speci¢cally,
we considered the injection of a supersonic pres-
sure-balanced jet, with a diameter of 600 m and
no elevation above the ground, into the atmo-
sphere. In this case, the assumed boundary con-
ditions are representative of the jet conditions
after its decompression in the volcanic crater.
The reasonableness of this assumption comes
from previous studies on the dynamics of over-
pressured jet (Woods and Bower, 1995; Neri et
al., 1998) indicating the production of a superson-
ic £ow at about atmospheric pressure just a few
hundred meters above the conduit vent. Four
runs were carried out with a constant mass £ux
of 4U108 kg/s, temperature of 1123 K, and water

Table 1
Vent conditions of the ¢rst set of simulations

Run Y Tv Dcr m3 Pv vm Og O1 O2 bm

(wt%) (K) (m) (kg/s) bar) (m/s) (kg/m3)

A1 1.8 1123 600 4U108 1.0 133 0.9926 2.2U1033 5.2U1033 11.0
B1 2.5 1123 600 4U108 1.0 184 0.9947 1.6U1033 3.7U1033 7.6
C1 2.8 1123 600 4U108 1.0 206 0.9953 1.4U1033 3.3U1033 6.8
D1 3.0 1123 600 4U108 1.0 221 0.9956 1.3U1033 3.1U1033 6.0

The vertical line divides the independent (left) from the dependent (right) variables.
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content ranging from 1.8 to 3.0 wt%. In this case,
the volume fractions of the three phases at the
vent and the mixture velocity were calculated sim-
ply through the mass conservation equation alone
as a function of the given mass £ux, pressure,
temperature and water content assumed. In this
way, despite neglecting the true decompression
dynamics of the jet, it is possible to produce the
convective/collapsing transition of the column at
constant mass £ow-rate and therefore to highlight
the net e¡ect of water content on column dynam-
ics.

In the second set (see Table 2), the decompres-
sion of the pyroclastic mixture erupted from a
vent 127 m wide was simulated in a crater 200
m high and with an inner slope of 45‡ (thus re-
sulting in a crater diameter of 527 m). In this case,
the dependence of the vent parameters on the
water content was taken into account by using
the output data of the simulations of the ascent
of an aphiric dacite magma by Papale et al. (1998)
as vent conditions (runs calc14, 15, 16, and 17).
As a result, mass £ow-rate and exit pressure are
no longer independent variables, but vary as a
function of water content. Four simulations
were carried out with a constant temperature of
1150 K and a water content that ranges from 2.2
to 4.0 wt% producing a range of mass £ow-rate
from 3.8 to 7.2U108 kg/s and of exit pressure
from 2.8 to 7.6 MPa. Since only one class of solid
particles with constant diameter and density was
considered in the study of Papale et al. (1998),
those vent conditions were slightly modi¢ed to
accommodate the presence of two solid phases
with di¡erent densities. This was achieved by as-
suming that the exit pressure remains constant
and recomputing the volume fractions of the three

phases according to the mass conservation equa-
tion.

4. Pyroclastic dispersal results

Before presenting the mass partition analysis, a
general description of the large-scale dispersal will
be given for selected runs pertaining to both erup-
tion sets described above.

4.1. Pressure-balanced jets

Fig. 2 shows the evolution of the 30-Wm (left)
and 500-Wm (right) particle volumetric fractions
of Simulation A1 characterized by the lowest
water content considered. Fig. 3 (left) reports
the corresponding evolution of the total particle
volumetric fraction of the same simulation. As we
will see, this eruption is representative of the col-
lapsing regime and clearly identi¢es the di¡erent
transport systems governing the dispersal process,
such as the pyroclastic £ow and the convective
plumes above the £ow and the fountain.

The vertical injection of the jet into the atmo-
sphere is characterized by a decrease in its density
due to entrainment of atmospheric air and expan-
sion in the pressure-strati¢ed atmosphere. Once
the mixture height has reached about 1 km, part
of the mixture retains a density higher than the
surrounding air and moves towards the ground,
whereas the lighter portion ascends buoyantly
into the atmosphere (see 100 s). The collapsed
stream splits into two portions: the ¢rst feeds an
outward moving density current and the second
merges back into the recycling fountain. The
buoyant plume above the fountain is fed unstead-

Table 2
Vent conditions of the second set of simulations

Run Y Tv Dcr m3 Pv vm Og O1 O2 bm

(wt%) (K) (m) (kg/s) (bar) (m/s) (kg/m3)

A2 2.2 1150 527 3.8U108 28 148 0.8593 4.14U1032 9.93U1032 203
B2 2.6 1150 527 4.9U108 49 159 0.8321 4.94U1032 11.85U1032 243
C2 3.3 1150 527 6.3U108 60 181 0.8127 5.51U1032 13.22U1032 273
D2 4.0 1150 527 7.2U108 76 198 0.8033 5.79U1032 13.88U1032 289

The vertical line divides the independent (left) from the dependent (right) variables.
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ily by diluted vorticose mass pulses which rise
from the edge of the fountain, where the mixing
with the atmosphere is more e¡ective, and merge
towards the column axis. Later on (400 s), dis-
crete dilute plumes, here called thermals, rise con-
vectively from the pyroclastic current near the
area of impact of the fountain with the ground
(de£ation zone) and merge into the convective
plume above the fountain. Both 30- and 500-Wm
particles are transported in similar proportions in
the plume above the fountain, whereas almost
only 30-Wm particles are carried upward by the
convective thermals.

At the same point in time, the outward moving
pyroclastic density current has reached a distance
of 12 km from the vent. During propagation the
current body is about 200^300 m thick. The two
solid phases are concentrated mostly in the lower
portion of the £ow, producing a strong gradient
of mixture density and particle concentration. The
upper diluted portion of the £ow has a density
lower than the surrounding atmosphere and it
does not rise buoyantly until the current travels
at high speed. The 500-Wm particles are almost
totally concentrated in the basal, about 15-m-
thick, dense layer, where they account for up to
80 wt% of the total solid load, whereas the 30-Wm
particles account for up to 95 wt% in the upper
and more diluted portion of the pyroclastic den-
sity current.

At about 450 s (not shown), a convective co-
ignimbritic column starts to rise above the head of
the pyroclastic £ow and during the ascent it pro-
gressively expands upwards until it joins with the
convective central plume above the fountain at
850 s (see distributions at 600 and 800 s). In the
co-ignimbrite column, the 30-Wm particles account
for almost the whole solid load. After the devel-
opment of the co-ignimbrite column, the density
current does not propagate further, attaining a
maximum runout of about 12 km from the vent,
probably due to the strong winds induced by the
rising plumes above the fountain and the pyro-
clastic £ow.

The increase in water vapor content of the
erupted mixture produces marked changes in the
dispersal dynamics. As in Simulation A1, both a
convective column ascending above the fountain
and a pyroclastic density current continuously fed
by the fountain are simultaneously produced dur-
ing Simulations B1 and C1, carried out with water
contents of 2.5 and 2.8 wt%, respectively. On the
other hand, a small density current is generated
only during the early phase of Simulation D1
(with 3.0 wt% of water vapor) that later on pro-
duces a fully convective column.

Fig. 3 (right) illustrates the evolution of the
total volumetric particle fraction of Simulation
C1 in order to show the main changes to the
large-scale dynamics. As discussed later on, this
simulation can be considered representative of the
transitional regime. The ¢rst signi¢cant change
regards the collapse height of the column, which
increases with the water vapor content reaching a
value of 3 km for Simulation C1 (see 100 s). The
collapse height also begins to oscillate slightly in
time producing more unsteady behavior of the
fountain. In addition, the collapsing stream feeds
a more dilute and expanded pyroclastic current
with respect to Simulation A1. The thickness of
the body of the £ow increases up to about 400^
500 m in Simulation C1, and is about twice the
value produced by Simulation A1 (400 s). Marked
gradients of particle concentration, mixture den-
sity and temperature of the phases develop simi-
larly as in the A1 run. The volumes of the buoy-
ant plume that ascends above the fountain, of the
thermals that rise above the £ow, and of the
phoenix columns forming at the £ow head also
increase as a function of the water content
(600 s). The co-ignimbrite column formed at the
£ow front is more diluted and cooler than the
convective column that develops above the foun-
tain and transports a solid load constituted for
about 95 wt% of 30-Wm particles. Finally, at
800 s, a voluminous convective system is gener-
ated by the merging of all buoyant plumes that
rise above the density current and the fountain.

Fig. 2. Distribution of (left) the 30-Wm and (right) the 500-Wm volumetric fraction at 100, 400, 600, and 800 s of Simulation A1.
The contour levels shown are the exponents to the base 10 and correspond to 38, 37, 36, 35, 34, 33, 32, and 31.
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The ¢nal runout of the £ow is about 2 km shorter
than that of Simulation A1.

4.2. Overpressured jets

Similarly to Fig. 3 discussed above, Fig. 4 illus-
trates the temporal distribution of the total volu-
metric particle fraction of Simulations A2 and C2,
performed by using results of magma ascent mod-
els. In this case the pyroclastic mixture is erupted
from a conduit vent and decompresses and ex-
pands radially in a crater. Decompression waves
propagate from the conduit vent edge, re£ect as
oblique waves on the external surface of the jet
and generate a shock normal to the symmetry axis
(Mach disk) in all simulations. The excess pres-
sure of the mixture at the vent strongly a¡ects the
dynamics of the jet, fountain, and convecting/col-
lapsing streams producing considerable unsteadi-
ness in the dispersal process much greater than
that observed in the ¢rst set of pressure-balanced
simulations.

Fig. 4 (left) illustrates the behavior of Simula-
tion A2 carried out with the lowest water content.
Again, at the top of the jet, the portion of the
mixture that is lighter than the surrounding air
rises buoyantly into the atmosphere, while the
denser portion moves towards the ground
(100 s). Both fountain height and width strongly
oscillate in time. As in the pressure-balanced runs,
the convective system above the fountain is fed by
large vorticose pulses that rise mostly from the
edge of the fountain and merge towards the
plume axis with a characteristic period of about
100 s, shorter than in the ¢rst set of simulations.
Similar amounts of ¢ne and coarse particles are
transported in this system.

A signi¢cant di¡erence of set 2 from set 1 is the
almost continuous buoyant clouds rising above
the pyroclastic density current fed from the col-
lapsing fountain (400 s). As a consequence, the
pyroclastic £ow, during its propagation, is
wedge-shaped and characterized by the develop-

ment of many discrete thermals, with a period
ranging from 25 to 100 s, above its proximal
and medial portion. Eventually, these plumes
merge into the main plume ascending above the
fountain. The physical properties of these ther-
mals change as a function of the distance from
the crater. Proximal thermals are hotter and rich-
er in water vapor and 500 Wm particles than the
distal ones.

At 600 s, a lobate and not clearly de¢ned co-
ignimbrite column begins to be fed from the
upper layers of the density current between 5
and 9 km from the crater, about 5 km behind
the £ow head. At 950 s, the phoenix column
merges with the large column above the fountain.
At that point in time, the £attened shape of the
more distal part of the £ow is due to the strong
winds blowing in the direction of the crater,
caused by the ascent of the buoyant plumes.
The ¢nal £ow runout is greater than 21 km. The
pyroclastic £ows fed by the collapsing overpres-
sured jets are also more unsteady than those pro-
duced in the ¢rst set of pressure-balanced simula-
tions, however, they show similar vertical and
lateral gradients of particle concentration, mixture
density and temperature.

A progressive transition towards more buoyant
columns, i.e. the ability to carry larger quantities
of solid pyroclasts and hot water vapor, is again
obtained by increasing the magma water content.
This transition is associated with an even stronger
unsteadiness of the fountain and of the density
current as compared to the ¢rst set of simulations.
As an example, Fig. 4 (right) illustrates the behav-
ior of Simulation C2 at the same four times as
Simulation A2. The height of the collapse and
the initial distance of impact with the ground in-
crease in the more buoyant eruptions and they
also become more oscillating in time. As a conse-
quence, the pyroclastic £ow is no longer fed con-
tinuously by the fountain, but by several discrete
pulses with a period ranging between 50 and 300 s.
The £ow runout is also reduced with respect to

Fig. 3. Distribution of the total particulate volumetric fraction at 100, 400, 600, and 800 s of (left) Simulation A1 and (right)
Simulation C1. The contour levels shown are the exponents to the base 10 and correspond to 38, 37, 36, 35, 34, 33, 32, and
31.
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Simulation A2. No major co-ignimbrite column is
fed, in this simulation, by the density current, but
only short-lived thermals form. The more proxi-
mal thermals are clearly correlated to the ex-
tremely unsteady behavior of the collapsing
stream. All this produces a more e¡ective trans-
port of both ¢ne and coarse particles into the
convective plume above the fountain. Finally,
Simulation D2, carried out with the highest water
content, produces a short-lived collapse (about
40 s) feeding a small and dilute density current.

5. Mass partition

Simulation results will now be analyzed in or-
der to quantify the relative amount of pyroclasts
in the di¡erent transport systems. To do this, the
physical domain simulated has been subdivided
into four sub-domains, i.e. (1) the fountain do-
main; (2) the pyroclastic £ow domain; (3) the
buoyant Plinian domain; and (4) the phoenix col-
umn domain (see Fig. 5). Boxes with constant
height and width were de¢ned for both simulation

sets to calculate, as a function of time, the frac-
tions of the two particulate phases which are
present in the de¢ned regions of space with re-
spect to the total amount erupted from the vent.
In particular, a box 4 km high and 1.5 km wide
was selected to quantify the mass present in the
fountain and a box 0.5 km high and extended
from 1.5 km from the vent to the end of the
domain was utilized for the pyroclastic density
currents. The solid mass transported into the
whole convective system, i.e. the Plinian plus
phoenix column domains, was calculated as a dif-
ference between the total erupted mass and the
mass located in the fountain plus pyroclastic
£ow domains. Only in a few cases, i.e. when the
phoenix column was clearly distinguishable, Pli-
nian and phoenix fractions were quanti¢ed sepa-
rately.

Fig. 6 shows the fraction of erupted pyroclasts
present in (a) the fountain domain and (b) the
pyroclastic £ow domain as a function of time,
for the ¢rst set of simulations. Solid and dashed
lines refer to 30 and 500 Wm, respectively. During
the initial 30 s, the whole erupted solid mass is

Fig. 4. Distribution of the total particulate volumetric fraction at 100, 400, 600, and 800 s of (left) Simulation A2 and (right)
Simulation C2. The contour levels shown are the exponents to the base 10 and correspond to 38, 37, 36, 35, 34, 33, 32, and
31.

Fig. 5. Sketch of pyroclastic dispersal systems and computational sub-domains de¢ned to estimate the pyroclast mass partition
(modi¢ed from Neri and Dobran, 1994).
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contained inside the box of the fountain, as
shown in Fig. 6a. Subsequently, the mass fraction
of both particles located in the fountain domain
rapidly decreases as an increasing fraction of par-
ticles feeds the propagation of the pyroclastic
£ows and the ascent of the convective plume
above the fountain. No appreciable di¡erence be-
tween ¢ne and coarse particles is observed in the
four runs, indicating that the fountain is a well-
mixed system unable to actually separate the two
particle types. At 400 s the fraction of mass con-
tained in the fountain box is lower than 0.2,
whereas at 800 s it is lower than 0.1. Clearly,
further along in the eruptions, when a large
amount of mass has been erupted, such a contri-
bution is destined to become negligible. As a con-
sequence, fractions computed at later times, i.e.
about 800 s in our simulations, are the ones

more representative of the long-term behavior of
the system.

Fig. 6b shows the fraction of erupted pyroclasts
partitioned in the pyroclastic £ow domain. As
previously discussed, the A1, B1 and C1 pyroclas-
tic £ows are fed continuously by the fountain,
while the D1 current is produced by an initial
brief collapse of the column, which later on
evolves into fully convective Plinian behavior. In
the continuously fed currents, the fraction of both
the erupted particles that pours into the current
increases until the co-ignimbrite column develops,
that is, at about 450 s in the A1 and about 550 s
in the B1 and C1 runs. Larger fractions clearly
correspond to lower water contents of the mix-
ture. Before the generation of the phoenix, the
di¡erence in content between the two particle
phases is a function of the development of buoy-
ant thermals which mainly elutriate the-30 Wm
particles from the density current. As a conse-
quence of the formation of the phoenix column,
a large amount of 30-Wm pyroclasts is subtracted
from the £ow, while the content of the 500-Wm
particles continues to increase. At about 800 s,
an almost constant fraction of both erupted solid
particles is reached for Simulations A1 and B1,
whereas Simulation C1 still shows an increasing
trend for the coarse pyroclasts. Speci¢cally, about
95, 90, and 70% of 500-Wm particles and 70, 50,
and 35% of 30-Wm particles are present in the £ow
in Simulations A1, B1, and C1, respectively. The
trend of variation of the solid mass content is
quite smooth in the A1 current, which feeds
only small and diluted thermals, and it becomes
progressively more unsteady in the B1 and C1
simulations, performed with a higher water con-
tent. The ¢nal percentage of the total erupted sol-
id mass that has been poured into the pyroclastic
£ow decreases from about 80 wt% in the A1 run
performed with the lowest water content, to 70
wt% in the B1 run and to 50 wt% in the C1 run.

The fraction of particles elutriated into the con-
vective system de¢ned above is shown in Fig. 7a.
The increase in the water content in the erupted
pyroclastic mixture produces a progressive transi-
tion from a collapsing column (Simulation A1) to
a convective regime (Simulation D1). The ¢nal
fraction of the total erupted solid phase poured

Fig. 6. Timewise distribution of the (a) fountain and (b) py-
roclastic £ow mass fractions of the 30-Wm (solid lines) and
500-Wm (dashed lines) particles as computed for the ¢rst set
of simulations.
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in the whole convective system increases from
about 10 wt% (A1), to 20 wt% (B1), to 40 wt%
(C1) to 90 wt% (D1). From the ¢gure it is again
possible to observe the elutriation of particles
from the plume above the fountain and the ther-
mals ascending above the current (before the de-
velopment of the co-ignimbrite column), the rapid
increase in the content of the 30-Wm particles due
to the ascent of the phoenix column, and the in-
crease in the fraction of ¢ne and coarse particles
transported by the convective system in the simu-
lations carried out with the higher water content.
Fig. 7b illustrates the temporal behavior of the
particle fraction elutriated into the phoenix col-
umn for Simulations A1, B1, and C1. It should
be noted that, whereas it is possible to clearly
distinguish the speci¢c mass contribution of the
co-ignimbritic column of Simulations A1 and

B1, the quanti¢cation of this fraction is more dif-
¢cult for Simulation C1 due to the early merging
of the phoenix column with the proximal thermals
and the plume above the fountain. However, it is
evident from the ¢gure that the amount of mass
elutriated into the phoenix column increases with
the increase of water and that a signi¢cant
amount of coarse particles can be transported
by the rising plume.

Fig. 8 shows the fraction of erupted pyroclasts
present in (a) the pyroclastic £ow domain and (b)
the whole convective domain, for the second set
of simulations. The behavior of the fountain frac-
tion is analogous to the one shown in Fig. 6a and
is not reported here. As shown, the decompres-
sion of an overpressured jet produces more un-
steady dynamics of both the plume above the
fountain and the pyroclastic density current than
that observed in the ¢rst set of pressure-balanced
simulations. The e¡ect of the greater unsteadiness

Fig. 8. Timewise distribution of the (a) pyroclastic £ow and
(b) convective mass fractions of the 30-Wm (solid lines) and
500-Wm (dashed lines) particles as computed for the second
set of simulations.

Fig. 7. Timewise distribution of the (a) total convective and
(b) phoenix mass fractions of the 30-Wm (solid lines) and
500-Wm (dashed lines) particles as computed for the ¢rst set
of simulations. The phoenix fraction is shown only for Simu-
lations A1, B1, and C1 since the column was not formed in
Simulation D1.
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can clearly be recognized in the temporal trends
of the mass partition between the density current
and the convective system.

As in the ¢rst set of runs, the density current is
continuously fed during the more collapsing Sim-
ulations A2 and B2, whereas intermediate behav-
ior is observed in Simulation C2 in which the £ow
is fed by short-living pulses, with a duration de-
creasing in time (see Fig. 8a). Simulation D2 per-
formed with the highest water content again feeds
a small and diluted density current only during
the early phase of the eruption and is therefore
representative of a buoyant Plinian column. In the
continuously fed A2 and B2 density currents, the
fraction of both erupted solid particles poured in
the £ow increases until the time of ascent of the
phoenix. Before this time (400 s in the A2 run,
600 s in the B2 run), the moderate di¡erence in
content between the 30- and 500-Wm pyroclasts is
due to the elutriation from the £ow by the buoy-
ant thermals that mainly carry on the small par-
ticles and it increases in the runs performed with
the higher water content. When the transitional
regime is approached, the feeding of the £ow be-
comes increasingly pulsatory. At the end of the
simulations, almost constant values of 85, 75,
and 30% of 500-Wm particles and 50, 40, and
15% of 30-Wm particles are predicted in the £ow
of Simulations A2, B2, and C2, respectively. The
percentage of the whole solid load poured in the
pyroclastic £ow decreases from about 70 wt%
(A2), to 60 wt% (B2), to 25 wt% (C2).

Fig. 8b illustrates the same trend from collaps-
ing, to transitional, to convective regime by com-
puting the fraction of erupted mass that is trans-
ported in the whole convective system. As
discussed above, these fractions are almost the
complement to one of the pyroclastic £ow frac-
tions. The fraction of the total erupted solid phase
poured in the whole convective system is now
estimated to increase from 25 wt% (A2), to 35
wt% (B2), to 70 wt% (C2) to about 95 wt%
(D2). A notable di¡erence with respect to the ¢rst
set of simulations (see Fig. 7a) is the prediction,
for simulations with lower water content, of high-
er fraction of particles transported in the convec-
tive system due to the more e¡ective production
of thermals from the pulsatory spreading £ow.

6. Discussion

In the following two sub-sections we will dis-
cuss separately the results pertaining to the dy-
namics of collapsing and transitional columns,
even though the present study suggests a gradual
transition from one style to the other. Results
appear to be signi¢cantly independent of assump-
tions regarding the vent conditions (set 1 vs. set
2), which appear to in£uence the degree of un-
steadiness of the dynamics, but not the large-scale
behavior of the system. For each sub-section, the
modeling results will be ¢rst summarized and then
interpreted in the light of present understanding
coming from ¢eld studies.

6.1. Collapsing columns

In the collapsing regime most erupted mass
pours into the radially spreading density currents
producing the highest values of density in the low-
er layer of the £ow. However, a complex convec-
tive system is formed by the merging of plumes
with di¡erent properties, coming from di¡erent
locations of the fountain and density current.
For the columns with lower water content, nu-
merical simulations made it possible to distinguish
between a convective plume centered on the sym-
metry axis of the computational domain (located
in the Plinian domain of Fig. 5), and a long-last-
ing co-ignimbrite column (located in the phoenix
column domain). The former plume is produced
by the merging of a buoyant plume rising just
above the fountain top and discrete, short-living
thermals rising from the density current in the
proximal area. Unfortunately, it was not possible
to quantify the relative amount of particles trans-
ported into the two systems due to their close
locations and rapid merging into a single plume.

However, the convective plume above the foun-
tain and the co-ignimbrite column can be clearly
recognized due to their markedly di¡erent loca-
tions and properties. The plume above the foun-
tain is able to transport both coarse and ¢ne par-
ticles and signi¢cant amounts of hot water vapor
in all runs. Typically, for the range investigated,
up to 10 wt% of both particles are transported in
this plume (see Figs. 7a and 8b). The mass of
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these particles increases when moving towards a
higher water content. Simulation results indicate
that part of this mass is related to the develop-
ment of thermals from the proximal region of the
£ow, especially in the case of overpressure jets,
because of the larger buoyancy and unsteadiness
of the fountain and density currents. As shown by
the overpressured set of runs, the formation of
these plumes is strongly related to the presence
of velocity and density £uctuations of the £ow.
The properties of the thermals change with the
distance from the crater. The thermals ascending
near the area of impact of the collapsing stream
with the ground are fed by an expanded, diluted
and hot portion of the current where the coarse
particles are still largely in suspension. The distal
thermals are fed by the upper and cooler layers of
the £ow, rich in ¢ne particles, because the coarse
ones are already concentrated near the ground.
As an example, observations con¢rming this ten-
dency were made at Redoubt Volcano (Woods
and Kienle, 1994).

The mixture forming the distal co-ignimbrite
column is richer in air, cooler and the ¢ne par-
ticles account for about 100 wt% of the solid load.
A maximum amount of about 40 wt% of the 30-
Wm particles erupted from the vent is elutriated in
this way. Basically no coarse particles are elutri-
ated into the phoenix (Neri et al., 2001). These
predictions are fully consistent with ¢eld data
which show that the co-ignimbrite deposit is
mainly made up of small glass shards and can
have a mass comparable to that of the related
pyroclastic £ow deposit (Sparks and Walker,
1977; Sigurdsson and Carey, 1989; Woods and
Wohletz, 1991). The simulations also show that
the mass transported in the co-ignimbrite cloud
is larger in runs with higher water content.

Regarding the density currents, simulations in-
dicate they are continuously fed by the fountain
with a higher degree of unsteadiness of the £ow in
the case of overpressured jets. The runout of these
currents is the greatest observed in the simulations
performed as well as the density values predicted
in the lower part of the £ow. Density currents
seem to be unable to e¡ectively separate ¢ne
and coarse particles. All these features suggest
that these £ows result in the emplacement of py-

roclastic £ow-like deposits (sensu stricto), consis-
tent with many stratigraphic observations.

6.2. Transitional columns

Previous physical models (Wilson et al., 1980;
Wilson and Walker, 1987; Woods, 1988; Valen-
tine and Wohletz, 1989) described a sharp transi-
tion from the convective to the collapsing regime
as a function of vent parameters. As a conse-
quence, the emplacement of the intraplinian den-
sity currents has commonly been related to partial
collapses of the erupted mixture, synchronous
with a buoyant column and produced by factors
external to the dispersal dynamics. Some of these
are: temporary changes in conduit or crater ge-
ometry by collapse or erosion (Walker, 1981),
congestion of the vent located within a basin
(Wilson and Walker, 1985), sharp and temporary
changes of magma properties (Carey et al., 1990),
coexistence of magmatic and hydrovolcanic frag-
mentation in the conduit (Valentine and Giannet-
ti, 1995), non-homogeneity of the pyroclastic mix-
ture produced by the explosive fragmentation
process (Anilkumar et al., 1993), collapse of
high concentration regions of the eruptive plume
(Bacon, 1983), and particle recycling from the
fall-out activity into the convective column
(Veitch and Woods, 2000).

The present modeling work suggests a progres-
sive transition from convective (Simulations D) to
collapsing (Simulations A) columns. Between
these two end-member regimes a transitional re-
gime can be identi¢ed (Simulations C). This tran-
sitional region appears to be wider in the case of
vent conditions based on the magma ascent mod-
eling (second set) than in the case of constant
mass £ow-rate (¢rst set). Transitional columns
are characterized by the splitting of the erupted
mass between a collapsing portion, producing a
pyroclastic current fed by a high collapsing foun-
tain (up to about 4 km in our runs), and a con-
vective portion producing a buoyant plume. In
particular, the buoyant plumes rising above the
fountain and the proximal region of the £ow
(thermals and phoenix columns) are able to elu-
triate a considerable amount of coarse particles.
The signi¢cant mass of coarse particles pouring
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into the buoyant column can therefore be segre-
gated in a fall-out activity synchronous with the
emplacement of density currents.

It is important to note that the coexistence of a
buoyant column and density currents has been
reproduced, with steady and homogeneous condi-
tions of the mixture at the vent, as a result of the
complex and transient £ow pattern characterizing
the coupled fountain and atmospheric dispersal
dynamics for columns close to the transition be-
tween the buoyant Plinian and collapsing regimes
without any involvement of the above described
external factors.

The numerical simulations also show that den-
sity currents produced by transitional columns are
characterized by strong variation of mass £ow-
rate, velocity, and density and by a shorter runout
as compared to collapsing columns. In particular,
the pulses of mass pouring into the current have
an increasing frequency as the simulation moves
from the fully buoyant to the collapsing regime.
In addition, the amplitude of the oscillations of
both collapse height and radial distance of impact
with the ground is signi¢cantly greater in the tran-
sitional regime as compared to the collapsing col-
umns.

Field studies show signi¢cant consistencies with
modeling results. In many explosive eruptions,
covering a wide range of intensity (Bacon, 1983;
Sparks et al., 1985; Wilson and Walker, 1985;
Carey et al., 1990; Hildreth and Drake, 1992)
and magmatic composition (Walker and Croas-
dale, 1970; Carey and Sigurdsson, 1987; Valen-
tine and Giannetti, 1995; Bourdier et al., 1997;
Bertagnini et al., 1998), density current deposits
are found interstrati¢ed with the fall-out bed. In
some other cases, the fall-out activity and the em-
placement of the density currents have been inter-
preted as synchronous during the whole eruption
(Fierstein and Hildreth, 1992; Wilson and Hil-
dreth, 1997). In addition, the large unsteadiness
observed in our numerical simulations as well as
the low density of the predicted density currents
are consistent with the emplacement of intrapli-
nian surge-like deposits (Wilson and Walker,
1985; Wilson and Hildreth, 1997). The increase
in frequency of the collapse episodes moving
from the fully buoyant towards the collapsing re-

gime is also consistent with an increase in the
number of intraplinian deposits observed before
the full collapse of the erupted mixture (Walker,
1981; Rosi et al., 2001).

Finally, these results appear to be consistent
with laboratory experiments performed using par-
ticle-laden plumes of fresh water in a tank of salt
water (Carey et al., 1988) and mixtures of meth-
anol and ethylene glycol (Woods and Caul¢eld,
1992). These experiments, with appropriate con-
ditions at the vent, reproduce the coexistence of a
buoyant plume with the emplacement of density
currents and the unsteady feeding of a convective
transport system. The existence of a range of pos-
sible collapse behavior with increasing unsteadi-
ness in the transitional regime has been also re-
produced by those experiments.

7. Summary and conclusions

The numerical simulations of pyroclastic dis-
persal carried out with the adopted transient,
two-dimensional and three-phase £ow model en-
abled us to investigate the dynamics of collapsing
and transitional columns and, in particular, the
mass partition among di¡erent transport systems.
Di¡erent eruptive styles were reproduced by vary-
ing the water content of the mixture at the vent,
keeping constant the mass £ow-rate or adopting
vent conditions derived from modeling magma
ascent.

Regarding collapsing columns, our simulations
make it possible to distinguish clearly between
collapsing and convective systems. For these col-
umns about 70^80 wt% of the erupted mass forms
the radially spreading density current, whereas the
remaining 20^30 wt% is elutriated mainly from
the phoenix column which is able to elutriate
about 40% of 30-Wm particles. The formation of
a plume above the fountain and thermals from
the more proximal region of the £ow were also
recognized as secondary elutriation systems for
collapsing columns and were not able to drag a
signi¢cant amount of coarse particles.

At higher water contents the column behavior
is transitional and characterized by more complex
dynamics. These columns can feed both convec-
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tive rising plumes and pyroclastic density cur-
rents, thus splitting the erupted mass into compa-
rable amounts between the collapsing and convec-
tive regions. For these columns the segregation
between coarse and ¢ne particles appears to occur
during the collapse phase itself, as well as during
the proximal propagation of the £ow. However,
these columns are characterized by the presence of
a considerable amount of coarse particles in the
convective plumes rising from the fountain and
the proximal region of the £ow. With respect to
collapsing columns, transitional columns are char-
acterized by more unsteady dynamics including
the possibility of alternating/coexisting feeding of
collapsing and convective streams. The transition
between full collapsing and convective regimes ap-
pears to occur through a water content change of
about 0.5/1.5 wt% with the larger values applying
to the case of vent conditions based on magma
ascent modeling.

It is important to highlight that all these e¡ects
were obtained as a result of the complex dispersal
process of the eruptive products into the atmo-
sphere without any variation of system parame-
ters or boundary conditions. It is also worth not-
ing that the results obtained are quite reliable with
respect to the di¡erent assumptions made on vent
conditions and clearly indicate a more transient
behavior for overpressured conditions of the mix-
ture.

Results predicted by the model suggest that the
evolution of quasi-steady explosive eruptions
which undergo a transition from a fully buoyant
to collapsing behavior, for instance due to a water
content decrease of the magma, are characterized
by a transitional regime of simultaneous fall-out
and emplacement of pyroclastic density currents.
This fact may explain the occurrence of interlay-
ered fall-out and £ow units observed in many de-
posits.

Simulation results suggest that a fully convec-
tive system would be fed by the entire erupted
mass £ow-rate of the column and by a grain-size
distribution representative of the original mixture.
Moving towards the collapsing regime, the con-
vective portion above the fountain would be char-
acterized by a signi¢cant decrease in intensity, and
therefore in column height, associated with a de-

crease of the coarse particle content. Eventually,
with a total collapse of the column, the plume
above the fountain would be strongly reduced
and the convective portion of the eruption would
be almost exclusively formed by ¢ne ash particles
from co-ignimbrite columns. Regarding density
currents, simulations indicate that the transition
would start with the formation of dilute, low-run-
out £ows and would continue toward denser, lon-
ger-runout £ows as the mass fraction of collaps-
ing material increased.
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