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Abstract
A multiphase fluid dynamic model is used to explore the effects of entrainment of granular debris into sustained volcanic 
jets such as those which produce sub-Plinian to Plinian eruption columns. The debris may be sourced from processes such 
as avalanches from crater walls or from recycling of previously erupted material. The results indicate that debris is not 
immediately, homogeneously mixed into a jet but instead forms a dense sheath that is dragged upward around the jet margin. 
While very small volumes of debris relative to the eruptive discharge rate mix progressively into the jet with increasing 
altitude, the dense sheath can inhibit entrainment of air into the lower portions of the jet, which may explain signs of column 
instability such as increased stratification in fallout deposits where lithic content increases. As debris volume increases, the 
dense sheath can collapse from a range of elevations to feed pyroclastic currents. The presence of the sheath of entrained 
debris contradicts some assumptions such as the top-hat profile for density and velocity that is commonly used in 1-D mod-
els. Transitions from fallout-producing buoyant column to collapsing behavior can be related to debris entrainment without 
any changes in primary eruption parameters such as vent size, exit velocity, or gas content. Boiling-over behavior can also 
be caused by debris entrainment, including recycling of previously erupted material such as might occur in a crater with 
restricted outlet. When entrained debris is relatively fine-grained such that it can couple well with the erupting mixture, 
complex, highly transient overpressured jet processes can occur due to the pinching effect of debris flowing into the base of 
the jet. Increasingly coarse debris causes collimation of the jet within the sheath of entrained material. The results suggest 
that accounting for the effects of debris entrainment is likely important for theoretical assessment of many natural eruption 
sequences and for assessment of hazard scenarios for potential sub-Plinian to Plinian activity.
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Introduction

Entrainment of debris into sustained eruption jets as they 
emerge from their vents is evidenced by varying propor-
tions of accessory lithic clasts in the resulting pyroclastic 
deposits. Such accessory lithic clasts, which for brevity in 
this paper are simply referred to as lithics, are found in the 
products of both fallout and pyroclastic currents. In Plinian 
and sub-Plinian fallout deposits, an increase in lithic abun-
dance is often accompanied by increased stratification that 

indicates unsteady behavior in the parent eruption column 
(e.g., Walker 1981; Rosi et al. 1999; Taddeucci and Wohletz 
2001; Scarpati and Perrotta 2016). Lithics in pyroclastic 
current deposits such as ignimbrites may be dispersed or 
concentrated into tuff breccia horizons that are a common 
proximal facies; the latter have been inferred to be related 
to debris introduced into eruptive jets causing a transition 
from buoyant to collapsing eruption columns and during 
the onset of caldera collapse (e.g., Druitt 1985; Druitt and 
Bacon 1986; Suzuki-Kamata et al. 1993; Bear et al. 2009; 
Simmons et al. 2016; Yasuda and Suzuki-Kamata 2018; 
Valentine et al. 2019). Proximal deposits, where exposed 
and accessible, show complex combinations of depos-
its from fallout and pyroclastic currents, and hybrids of 
the two, which may be coeval with more steady, buoyant 
behavior that produces relatively simpler fallout deposits 
in medial to distal reaches (e.g., Houghton et al. 2004; Di 
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Muro et al. 2004, 2008; Hildreth and Fierstein 2012; Gil-
christ and Jellinek 2021; Dowey and Williams 2022); this 
behavior may be partly attributable to interaction of eruptive 
jets with debris-filled vents. In addition to lithics, proximal 
deposits from early phases of an eruption can be entrained 
as debris into an eruption column, a process that might be 
especially important during caldera subsidence (e.g., Wilson 
and Walker 1985; Wilson and Hildreth 1997) and in erup-
tions from craters with restricted outlets. The above field 
observations point to an important role for entrained debris 
in eruptive jets and columns, whether the debris is sourced 
from failure of shallow conduit walls, from rockslides and 
avalanches originating at crater and/or caldera walls, or as 
recycled pyroclastic material.

Most models of eruption columns treat the discharge at 
vent as a homogeneous mixture with no time variation for 
sustained eruptions. This is largely a pragmatic approach 
due to the complexity of processes associated with erup-
tion jets and columns even when the mixture discharging at 
the vent is assumed to be steady and uniform. One-dimen-
sional, steady models with perfectly coupled gas-particle 
mixtures form the most common approach to eruption col-
umns (e.g., Woods 1988; Glaze and Baloga 1996; Mastin 
2007); these models assume that gas pressure within erup-
tion columns is equal to that of the ambient atmosphere 
(pressure balanced) and treat mixture density at a given 
level as constant within the column (also referred to as 
a top-hat profile). Two- and three-dimensional, transient 
models do not impose particle concentration or velocity 
profiles on an eruption column, but the source discharge is 
typically treated as having homogeneous and steady veloc-
ity and particle concentration (e.g., pseudofluid model of 
Suzuki et al. 2005; Suzuki and Koyaguchi 2012; and mul-
tiphase models such as Valentine and Wohletz 1989; Neri 
and Dobran 1994; Carcano et al. 2014; Cerminara et al. 
2016). Nevertheless, it is well known that steady, uniform 
flow of gas and particles is not the norm due to imperfect 
coupling between the two which leads to strong time and 
space variations in particle concentration and speed as 
a mixture ascends its conduit; this has been shown both 
experimentally and numerically (e.g., Anilkumar et al. 
1993; Dartevelle and Valentine 2007). Addition of debris 
to the base of an erupting jet is another potential source 
of flow heterogeneity that has been little explored in the 
volcanology literature, and is the focus of this study.

Transitions in sustained eruptions from buoyant plumes 
with fallout to fountaining and pyroclastic currents are often 
related primarily to vent widening and/or volatile content 
changes, both of which affect exit speed and mass flux at 
the vent (e.g., Wilson and Sparks 1980; Sparks et al. 1997). 
Wide vents and/or low volatile contents (and low vent veloc-
ities) promote fountaining and pyroclastic currents, while 
narrower vents and high gas contents promote the formation 

of buoyant columns and fallout. Low eruption temperatures 
also promote fountaining relative to high temperatures, but 
this is usually a secondary effect in volatile-driven eruptions 
due to the relatively narrow range of likely magma tempera-
tures. Suzuki and Koyaguchi (2012) further distinguished 
between collapse along the margins of erupting, pressure-
balanced jets versus wholesale collapse to form fountain 
structures, complementing the results of Ogden et al. (2008) 
who showed complex, oscillating collapse dynamics for jets 
that exit the vent at pressures greater than that of the ambi-
ent atmosphere (overpressured, or underexpanded, jets). Gil-
christ and Jellinek (2021) thoroughly reviewed previous field 
and fluid dynamic studies related to partial column collapse 
and provided new insights based upon analog experiments. 
Bear et al. (2009) and Simmons et al. (2016) inferred that 
overloading of eruption columns with entrained dense lith-
ics contributed to column collapse and pyroclastic currents.

Here, I explore on the effects of debris entrainment on 
the low-altitude development of explosive eruption columns. 
I focus on general phenomenology of the process, rather 
than on quantitatively assessing specific eruption scenarios, 
with an emphasis on geological implications. Entrainment 
of debris into an erupting jet can have profound effects on 
its dynamics. Important impacts include (1) a dense (and 
cool) sheath that inhibits air entrainment and the transition to 
buoyancy; (2) simultaneous collapse of the outer portion of a 
jet and ascent of its inner portion; (3) promotion of boiling-
over behavior; and (4) demonstration that the transition from 
buoyant to collapsing eruption columns can be related to 
debris influx without changes in primary eruption param-
eters. Debris entrainment is not necessarily a passive process 
wherein the material is immediately evenly dispersed into 
a jet such that it affects only the mixture’s overall density.

Previous work and methods

The work presented here is part of a series of studies aimed 
at understanding interactions between debris and explosive 
volcanic processes within the framework of multiphase 
fluid dynamics. Sweeney and Valentine (2015) studied the 
effects of discrete subsurface explosions within debris-filled 
vents, including explosion-induced redistribution of subter-
ranean materials. That work, which simulated expansion of 
a pressurized water vapor domain within initially stationary 
particle beds, was aimed at explaining field observations 
of phreatomagmatic vent structures (diatremes), in concert 
with experimental studies (Ross et al. 2008ab; Andrews et al. 
2014, 2016; Graettinger et al. 2014; Valentine et al. 2014, 
2015). Sweeney et al. (2018) modeled expansion of pressur-
ized water vapor domains representing shallow phreatomag-
matic explosions in upper portions of debris-filled diatremes, 
a few tens of meters beneath a crater floor, illustrating the 
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formation of pyroclastic currents and effects of topographi-
cally variable crater rim heights on the currents. Valentine 
and Cole (2021) extended the approach to study the effects 
of large, sustained eruptions penetrating their own fresh 
pyroclastic deposits as might occur in a caldera-forming 
eruption where pyroclastic currents pond within the sub-
siding depression. They demonstrated that entrainment of 
voluminous debris has profound effects on eruption jet (col-
umn) behavior even when the eruptive discharge is constant. 
The effects include development of pulsating overpressured 
jets (so-called gargling behavior; Wilson and Hildreth 1997) 
and multi-height collapse and feeding of pyroclastic currents 
from the margin of an eruption jet that, in the absence of 
entrained deposits, would otherwise be buoyant.

The approach I use here is similar to that of Valentine 
and Cole (2021) but is focused on smaller volumes of cold 
granular material such as would occur during crater wall 
avalanching or near-surface vent collapse. The multiphase 
approach solves conservation of mass, momentum, and spe-
cific internal energy for the gas (carrier phase) and particle 
fields (dispersed phase); governing equations are provided 
in the Appendix. Gas and particles are treated as overlapping 
continua within a control volume, which interact through 
momentum transfer (drag) and heat transfer (Syamlal et al. 
2017; Valentine 2020). Additionally, multiple particle fields 
or classes, which can represent different particle properties 
such as diameter and/or density, exchange momentum with 
one another. Numerical solution is executed with the open 
source, finite volume code MFIX v. 20.3.1 (available at mfix.
netl.doe.gov).

Simulations used a two-dimensional (2-D), axisym-
metric domain that is a simple representation of a volcanic 
vent with a crater rim (Fig. 1). The domain has dimensions 
of 1 km × 1 km and a uniform grid resolution of 2.5 m 
(1.6 ×  105 cells; Table  1). The grid resolution captures 
what can be a relatively narrow zone of initial interaction 
between the margin of an eruption jet and more concentrated 
debris, and is also intended to directly simulate the most 
important scales of turbulent mixing. 2-D simulations do 
not fully capture the complexity of turbulence structures, 

compared to 3-D simulations (e.g., Suzuki et al. 2005), but 
are a necessary first step in understanding the interactions of 
debris with jets. The domain is filled with air that is stratified 
according to a standard atmospheric profile (with the base 
at sea level). All of the simulations feature an erupting mix-
ture with 4 wt% water vapor, fine-ash size juvenile particles 
(0.1 mm diameter), and a constant velocity of 200 m/s main-
tained at the inlet to the computational domain (i.e., the vent; 
Table 1). These parameters correspond to a Mach number 
of ~ 1.4 for the exiting mixture, using a dusty-gas approxima-
tion (particles and gas in thermal and velocity equilibrium; 
Marble 1970). I anticipate that the results reported below are 
generally applicable to a range of Mach number conditions, 
because the primary driver of the phenomena of interest is 
the interaction between a vertical jet and an influx of high 
particle concentration debris with no initial vertical momen-
tum. All of the modeled eruptive conditions are predicted to 
form buoyant columns, in the absence of any debris inter-
action, by the widely used, one-dimensional, steady-state 
model Plumeria (Mastin 2007). In most simulations, a debris 
“pile” is modeled in the cylindrical half-space as an anulus 
of initially stationary particles with a porosity of 0.4 and at 
or near ambient temperature (Fig. 1; note that I do not focus 
on temperature effects in this paper because particle concen-
trations play the dominant role). The debris particles have 
varying sizes and pile volumes (Table 2). The initial piles are 
set at some distance from the outer edge of the vent in most 
of the simulations in order to give the eruptive jet a short 
time interval to develop while the debris flows toward it.

Results

A series of runs involves vent radii of 25 m, yielding an 
eruptive dense-rock equivalent (DRE) volume flux of ~ 750 
 m3/s (1.8 ×  106 kg/s; Table 2). An eruptive discharge with 
no debris pile forms a simple jet with steady flow on aver-
age once its head exits the top of the domain (Fig. 2a); this 
serves as a reference for comparison with the effects of 
debris entrainment. Interaction of the jet with a 25-m-deep, 

Fig. 1  Cartoon cross section of 
a natural eruption in a crater and 
an avalanche (lithic debris or 
previously erupted pyroclasts), 
next to the abstracted version 
used to set up the computational 
domain
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15-m-wide debris pile ( DRE volume of ~ 6 ×  104  m3, equiva-
lent to about 80 s of eruptive discharge) involves develop-
ment of a dense (high particle concentration), cool sheath 
around the margin of the jet (see t = 5 s; Fig. 2b). This sheath 
is dragged upward by the jet core and, while it is diluted 
in the process, its high density promotes collapses along 
the jet margin from a range of heights (Fig. 2b; t = 30 and 
60 s). This contrasts with a fountain-like collapse from 
a narrow range of heights that is common for jets where 
there is no interaction with debris but the mixtures fail to 

become buoyant (e.g., Valentine and Wohletz 1989; Neri 
and Dobran 1994; Valentine and Cole 2021). The different 
behavior here is related to the interior of the dense sheath 
interacting directly with the high-speed erupting mixture, 
while less momentum is imparted to the exterior of the 
sheath (Valentine and Cole 2021). The marginal collapses 
feed pyroclastic currents at ground level. A smaller debris 
pile, constituting ~ 1.2 ×  104  m3, produces similar behavior 
(Fig. 2c); however, the debris volume is largely used up by 
30 s, so that while marginal collapses have already begun to 

Table 1  Initial and boundary 
conditions, and material 
properties common to all 
 simulations1

1 The MFIX code has a “dilute threshold,” the particle volume fraction below which the momentum equa-
tion for particle field is not solved and particle phase thermal conductivity is set to zero. The results 
reported here use the default value of  10−4 for the threshold.

Domain size (except run c2a2a) 1000 m high, 1000 m wide
Coordinate system Cylindrical (axisymmetric)
Boundary conditions
  • Left side
  • Top
  • Inlet
  • Right side
  • Bottom
  • Crater rim

• Symmetry axis
• Outflow
• Mass inflow (see below)
• Outflow
• No slip wall (except inlet)
• Free-slip block, left side at 

debris outer radius, width 
either 50 m or 100 m (height in 
Table 2)

Computational grid Uniform, ∆r = ∆z = 2.5 m
Inlet (vent) condition (see also Table 2)
  • Gas
  • Gas and particle temperature
  • Particle diameter
  • Particle volume fraction
  • Water vapor content
  • Vertical velocity
  • Gas pressure

•  H2O
• 900 °C
•  10−4 m
• 1.9 ×  10−3

• 4.0 wt%
• 200 m/s
• 1.013 ×  105 Pa

Debris initial conditions (see also Table 2)
  • Temperature
  • Void fraction
  • Particle diameter

• Either 15 °C or 27 °C
• 0.6
•  10−4,  10−3, or  10−2 m

Initial conditions outside debris pile
  • Gas
  • Gas pressure
  • Temperature
  • Particle concentration
  • Gas properties (air and  H2O)

• Air
• Standard atmospheric pressure 

profile
• Standard atmospheric tempera-

ture profile
• Zero
• Burcat and Ruscic (2005) 

thermochemical database. 
Approximated as air for ther-
mal conductivity

Particle properties (juvenile and fill)
  • Density
  • Heat capacity
  • Coefficient of restitution
  • Coefficient of friction
  • Angle of internal friction
  • Maximum packing volume fraction

• 2400 kg  m−3

• 1400 J  kg−1  K−1

• 0.5
• 0.5
• 28°
• 0.6
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occur, they are weaker, and soon after 60 s, in the upper few 
hundred meters of the domain, marginal collapse is declin-
ing in strength (Fig. 2c). This suggests that the jet is evolving 
toward the unimpeded behavior shown in Fig. 2a, although 
recycling of material that collapsed along jet margins back 
into the crater likely delays or may even prevent full recov-
ery of free jet behavior. Comparison of simulations indi-
cates that smaller debris volumes result in faster evolution 
of a jet toward unimpeded behavior, consistent with what 
would be intuitively expected. Very small volumes relative 
to the discharge rate do not produce collapses. For example, 
run d6b (Table 2) has a debris volume similar to run d5a2 
(Fig. 2c), but with its larger vent and discharge rate, the 

dense sheath is simply dragged up and progressively mixed 
by eddies into the jet core, without producing significant 
marginal collapses. The debris volume in d6b is equivalent 
to only ~ 3 s of the eruption discharge rate, while the debris 
volume for d5a2 is equivalent to ~ 16 s of eruption discharge.

Eruption jets with different vent radii (discharge rates) 
respond differently to similar debris volumes. Run d2a1 
(Fig. 3a, Table 2) has a vent radius of 25 m and a pile vol-
ume of 3.5 ×  105  m3. It has the same vent size and conditions 
as the runs in Fig. 2b and c, but a larger debris volume. A 
dense sheath of debris is lifted along the jet margins, and 
the continuing supply of debris results in wholesale col-
lapse. The eruptive jet has a complex and highly transient 

Table 2  Simulation  conditionsa

a The exit (vent) velocity for all simulations is 200 m/s, Mach number ~ 1.4 (mixture sound speed 147 m/s; Marble 1970)
b The debris volume is dense-rock equivalent (DRE) for an annulus defined by inner and outer radii and depth of debris
c NA, not applicable for simulations with no debris

Run Vent radius (m) Inner debris 
radius (m)

Outer debris 
radius (m)

Debris 
depth 
(m)

Debris particle 
diameter (m)

Rim height (m) Debris vol-
ume,  DREb 
 (m3)

Volume flux at 
vent, DRE  (m3/s)

Particle 
classes

d1c 50 NAc NA NA NA NA NA 3 ×  103 1
d1ab 50 100 250 50 10−4 50 4.9 ×  106 3 ×  103 2
d1ac 50 100 250 50 10−4 50 4.9 ×  106 3 ×  103 1
d1ad 50 100 250 50 10−2 50 4.9 ×  106 3 ×  103 2
d1b 50 50 100 50 10−4 50 7.2 ×  105 3 ×  103 2
d1bb 50 50 100 50 10−2 50 7.2 ×  105 3 ×  103 2
d1d 50 75 120 25 10−4 50 4.1 ×  105 3 ×  103 1
d2 25 NA NA NA NA NA NA 7.5 ×  102 1
d2a 25 50 100 25 10−4 50 3.5 ×  105 7.5 ×  102 2
d2a1 25 50 100 25 10−4 50 3.5 ×  105 7.5 ×  102 1
d2b 25 50 100 25 10−2 50 3.5 ×  105 7.5 ×  102 2
d2c 25 75 225 25 10−4 50 2.1 ×  106 7.5 ×  102 1
d2d 25 50 100 25 10−3 50 3.5 ×  105 7.5 ×  102 2
d2e 25 50 100 25 5 ×  10−3 50 3.5 ×  105 7.5 ×  102 2
d3a 25 35 50 25 10−4 25 6.0 ×  104 7.5 ×  102 2
d3a1 25 35 50 25 10−4 25 6.0 ×  104 7.5 ×  102 1
d3b 25 35 50 25 10−2 25 6.0 ×  104 7.5 ×  102 2
d3c 25 35 50 25 10−3 25 6.0 ×  104 7.5 ×  102 2
d4a 25 35 50 10 10−4 25 2.4 ×  104 7.5 ×  102 2
d4a1 25 35 50 10 10−4 10 2.4 ×  104 7.5 ×  102 2
d4b 25 35 50 10 10−3 25 2.4 ×  104 7.5 ×  102 2
d5a 25 35 50 5 10−4 25 1.2 ×  104 7.5 ×  102 2
d5a1 25 35 50 5 10−4 5 1.2 ×  104 7.5 ×  102 2
d5a2 25 35 50 5 10−4 25 1.2 ×  104 7.5 ×  102 1
d5b 25 35 50 5 10−3 25 1.2 ×  104 7.5 ×  102 2
d5c 25 35 50 5 10−2 25 1.2 ×  104 7.5 ×  102 2
d6a 100 NA NA NA NA NA NA 1.2 ×  104 1
d6b 100 105 120 5 10−3 25 3.2 ×  104 1.2 ×  104 2
d6c 100 150 300 25 10−3 50 3.2 ×  106 1.2 ×  104 2
d6d 100 150 300 25 10−4 50 3.2 ×  106 1.2 ×  104 1
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Fig. 2  Comparison of three simulations with vent radius of 25  m, 
illustrating effects of debris entrainment. Colors represent particle 
bulk density (product of particle volume fraction and particle den-
sity). a Snapshots of run d2 at three times, showing development of 
a jet when there is no debris entrainment. b Same eruption conditions 
but with a 25-m-thick pile of debris initially between 35 and 50  m 
from symmetry axis (run d3a1). At 5  s, a dense sheath surrounds 
the jet core at low altitudes due to initial entrainment of debris. By 
30 s, the jet has an upward flowing core but collapses from a range of 

heights along its margin (black arrows show flow directions), which 
produce a pyroclastic current. c Same eruption conditions but with a 
smaller debris pile, only 5 m thick (run d5a2). Marginal collapses and 
a pyroclastic current also develop in this case, but by 60 s, much of 
the debris has been entrained. Note that continued recycling of mate-
rial that collapses between the rim and vent complicates a potential 
return to free jet behavior as in part a. See Table 2 for simulation con-
ditions
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structure, much different from the fountain structure of col-
lapsing columns with no debris interaction. This is “boil-
ing-over” behavior. Maximum collapse heights fluctuate in 
pulses between ~ 100 and 800 m, much less than the ~ 2 km 
that would be estimated based upon conversion of initial 
kinetic energy to potential energy (in the absence of mix-
ing with debris and atmosphere and their effects on mixture 
density and momentum), illustrating the strong effects of 
entrainment of highly concentrated debris that has no initial 
vertical momentum. By 40 s, a significant portion of the 
debris has escaped the crater as pyroclastic currents, and the 
eruptive contribution provides some heat that drives devel-
opment of minor buoyant clouds above the jet. A similar 
debris volume interacting with a jet from a 50-m-radius vent 
shows complex marginal collapse from a range of heights 
due to the dense sheath, but the range of collapses is larger 
so that some components of pyroclastic currents are sourced 
from ~ 800 to 900 m altitude while others are sourced as low 
as ~ 200 m (Fig. 3b).

Larger debris volumes have stronger effects on eruption 
jets. For example, a jet with vent radius of 25 m interact-
ing with a 2.1 ×  106  m3 debris pile entrains so much of the 
higher particle concentration (denser) debris that it col-
lapses to a low altitude that fluctuates between ~ 100 and 
200 m (Fig. 3c), forming a boiling-over phenomenon similar 
to that in Fig. 3a but with a lower height range for pulses. 
Resulting pyroclastic currents are relatively cool due to the 
initial debris temperature and do not form buoyant phoenix 
clouds. It is unlikely that such an eruption column would 
ever recover (become buoyant) because the low collapse 
heights feeding pyroclastic currents and the larger distance 
to the confining rim mean that most of the debris is destined 
to be recycled (note that Fig. 2a, c, and b and Fig. 3a and c 
represent progressively increasing debris volumes for the 
same eruption conditions). A larger vent radius (100 m) jet 
interacting with a similar debris volume also shows com-
plex behavior, with tendrils of material collapsing at various 
heights from the dense sheath of entrained debris (Fig. 3d; 
see also Valentine and Cole 2021), but the interior portion 
of the jet, which is composed of the relatively dilute erup-
tive mixture, forms an open structure several hundred meters 
high (see also Fig. 3b). This jet structure (see below) is tran-
sient like that in Fig. 3c, but with longer time scales between 
times of low and high jet height. Finally, larger vent radii, 
which for all other factors being constant also means higher 
discharge rates, require larger debris volumes to produce 
marginal collapses.

The jets (especially with large debris volumes; Fig. 3c, 
d) experience a sort of pinching from debris flowing inward 
toward the vent along the bottom boundary, which is effec-
tively similar to narrowing the vent while maintaining a 
constant discharge. Pressure increases in that constricted 
area, resulting in an overpressure relative to the surrounding 

atmosphere as the erupting mixture emerges from the 
inflowing debris, even though the boundary condition at the 
inlet itself is in equilibrium with the atmosphere. Run d1b 
models the erupting and debris particles as separate fields 
in order to illustrate the impacts of this process (Fig. 4; 
Table 2). The erupting gas-particle mixture forms a jet that 
alternately widens and then narrows in its lower ~ 400 m 
(Fig. 4a), while debris particles form a dense sheath around 
the jet margins (Fig. 4b). Tendrils of mainly debris particles 
fall toward the ground from altitudes ranging from about 
100 to ~ 800 m. Details of gas pressure and vertical speed 
in the lower 400 m (Fig. 4c, d) illustrate how the jet com-
presses where it is constricted by inward-flowing debris and 
then undergoes two expansion-recompression (accompanied 
by acceleration and deceleration, respectively) and shock 
structures that are similar to structures that develop in over-
pressured, gas-only, free jets (Fig. 4e; e.g., Carcano et al. 
2014; Koyaguchi et al. 2018). Figure 4 shows snapshots at 
a single time, and it is important to note that the structures 
are transient due to the complex interactions between jet, 
inflowing debris, and recycling of collapsed material. Note 
that the simulations of Valentine and Cole (2021) had a 
particle layer initially extending over the vent (inlet) and 
set the inflow pressure to equal the lithostatic load of the 
overlying bed while adjusting other parameters to maintain 
constant mass flux and particle mass fraction from one run 
to another. The resulting dynamics were similar to those 
reported here.

Grain size of entrained debris has important effects on 
eruption jet behavior. For a jet where debris particles are 
the same small diameter as erupting particles, complex 
boiling-over phenomenon results. Note that the general 
phenomena shown in d2a (Fig. 5a) and d2a1 (Fig. 3a), 
which have identical starting conditions, are similar but 
different in detail due to the different treatment of particle-
gas and particle–particle drag when the debris is treated as 
a separate particle field (run d2a). The differences between 
the two figures at 40 s mainly reflect different timing of 
high pulses in the eruptive jet. In Fig. 5a, the jet has just 
temporarily risen to an altitude of ~ 800 m and is in the 
process of falling back down (negative velocities above 
the ~ 150 m level), while in Fig. 3a, the jet pulse has fallen 
to its minimum altitude between pulses. Just above the 
inlet gas velocity is slightly below the inflow speed of 
200 m/s at the jet bottom due to influx of debris particles 
that have initial vertical speed of zero. Speed increases 
upward to ~ 280 m/s as the gas expands (Fig. 5a) and then 
decreases again; all of this is related to overpressured jet 
dynamics due to the choking effect of debris particles flow-
ing over the vent. Up to ~ 150 m altitude, the core of the jet 
has a negligible debris particle fraction as it is composed 
nearly entirely of eruptive mixture (Fig. 5a). Debris parti-
cles at that altitude form a dense sheath, and flow upward 
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where the sheath is in contact with the jet core, but down-
ward toward the outer edge of the sheath, which, along 
with the falling material that had been transported as high 
as ~ 800 m during a jet pulse, feeds pyroclastic currents. 
As debris particle size is increased, there is progressively 
poorer coupling between the erupting particle-gas mixture 
and coarser debris particles. Compressible flow processes 
such as compression and deceleration due to choking by 
incoming debris particles, followed by expansion and 
acceleration, can be seen, but the jets are collimated with 
debris particles limited to the outer sheath (Fig. 5a, b; see 
also Valentine and Cole 2021). This is because the dense, 
poorly coupled debris sheath inhibits large-scale eddies 
forming at the jet margin, which are responsible for air 
entrainment and jet widening (e.g., Fig. 2a). The jet cores 
maintain relatively high, but variable, speeds up to the 
domain tops and consist almost entirely of the eruptive 
gas-particle mixture. Debris particles in the surround-
ing sheath that are in contact with the inner jet core have 
high upward speeds, while those on the outer part flow 
downward and feed pyroclastic currents from a range of 
heights (Fig. 5b, c). Although downflow occurs all along 
the outer portion of the sheath, the concentration of parti-
cles decreases with height. For example, the sheath in run 
d2d (1-mm debris particles; Fig. 5b) has particle volume 
fractions up to ~ 0.02 at 200 m altitude, but only ~ 0.001 
at 800 m. The sheath with 1-cm-diameter debris particles 
(Fig. 5c) is similar at low altitudes but becomes even more 
dilute by 800 m. Proportions of eruptive particles rela-
tive to debris particles increase with height in the sheath. 
Thus, material falling from greater heights in the sheath 
will tend to be more dilute and have a higher proportion 

of eruptive particles compared to sheath material falling 
from lower altitudes. Pyroclastic currents that are fed by 
this downflowing material are mainly trapped between the 
vent and rim for geometries modeled here because of their 
poor coupling with the gas phase which acts against devel-
opment of pyroclastic currents, for example compared to 
the case of fine debris particles (Fig. 5a). Thus, the debris 
particles are recycled and become an effectively continu-
ous supply of material to feed the dense sheath.

Discussion

The examples described above show a range of eruptive 
jet behaviors when debris is entrained along jet margins 
(Fig. 6), compared to the behavior of jets with no debris 
interaction (Fig. 2a); this complements our growing under-
standing of eruption column complexities (e.g., Gilchrist 
and Jellinek 2021). Entrainment of debris produces a dense 
sheath of granular material around an inner jet core that is 
dominated by the eruptive gas-particle mixture. This violates 
the top-hat density model that is common in 1-D eruption 
column models (see also Houghton et al. 2004). In addi-
tion to the relatively high density of the sheath, its velocity 
structure is such that the inner portion that is in contact with 
the eruptive gas-particle mixture is dragged upward at the 
highest speed, while the outer portion is slower and may 
collapse from a range of heights, except when the debris 
volume is very small. Both the increased sheath density and 
its complex velocity profile inhibit the mixing of the erup-
tive mixture with air that is critical for reducing jet density 
and achieving buoyancy. Jet structure also depends on how 
well the entrained debris particles couple with the eruptive 
gas-particle mixture. Fine-ash size debris particles, such as 
might represent entrainment of previously erupted ignim-
brite, couple with the erupting mixture and cause a compli-
cated, pulsing sort of boiling-over or gargling behavior. An 
aspect of this coupling is a local reduction of the mixture 
sound speed where particle concentration is high, promot-
ing compressible flow behavior such as overpressured jet 
dynamics (Figs. 4, 5a; Kieffer and Sturtevant 1984; Carcano 
et al. 2014; Valentine and Sweeney 2018; Valentine 2020). 
In contrast, coarser debris particles do not couple well with 
the mixture and cause collimation of the eruptive jet within 
its dense sheath. A caveat is that the modeling here treats 
eruptive and debris particles each as monodisperse (single 
particle size and density), although combinations of the 
two can be bi-disperse if the debris particles are different 
from the eruptive particles. Of course, in nature, both par-
ticle types would be polydisperse, and additional work will 
explore the effects of debris that comprises combinations of 
coarse and fine particles.

Fig. 3  Snapshots illustrating time evolution of bulk particle density 
for jets with different vent radii and debris volumes. In all cases, the 
entrainment of debris results in a dense sheath which causes col-
lapse from the jet margin at a range of heights. a Run d2a1, with a 
25-m-radius vent and intermediate debris volume (larger than those in 
Fig. 2), develops a complex boiling-over structure, feeding pyroclas-
tic currents from low altitudes up to ~ 100–800 m, much lower than 
would be the case if the jet did not interact with debris and collapsed 
from a height where its initial kinetic energy had been converted 
to potential energy. b Run d1d, which has similar debris volume as 
in a but larger vent radius (50  m), experiences marginal collapses 
and pyroclastic currents, but due to the much higher discharge rate 
(higher jet cross section area), it rises to a larger height. Above ~ 600–
700  m, the dense sheath has migrated toward the symmetry axis, 
making the whole jet above that altitude relatively dense. Variations 
in bulk particle density along the symmetry axis in the lower ~ 400 m 
reflect expansion and recompression due to the pinching effect of 
debris flowing over the vent (see Fig. 4). c Run d2c, with same condi-
tions as in Fig. 2b and c and in a of this figure, but larger debris vol-
ume, again producing gargling behavior. d Run d6d, with large vent 
radius of 100 m and large debris volume. Note dilute inner core of jet 
at 40 s, which experiences overpressured jet dynamics due to pinch-
ing effect of debris at the jet base, and tendrils collapsing from the 
dense sheath at various heights

◂
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Larger debris volumes, for a given discharge rate and vent 
size, have stronger and longer-lasting effects on the jets. If 
the debris volume is small relative to the eruptive discharge 
rate (e.g., Fig. 2c, where debris volume is equal to ~ 16 s 
of discharge), it might cause temporary marginal collapses. 
For very small debris volumes, such as run d6b (Table 1) 
where debris is equivalent to only ~ 3 s of the discharge rate 

produce, a dense sheath is dragged upward and mixed into 
the jet as it approaches the top of the 1-km-high domain, 
with no significant marginal collapses.

Field studies of proximal deposits from large, sustained 
explosive eruptions indicate simultaneous generation of 
buoyant plumes (fallout deposits) and pyroclastic currents 
(ignimbrites and pyroclastic surge deposits), and hybrids 
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Fig. 4  Snapshots of bulk density of a erupting particles and b debris 
particles at 40  s for run d1b (Table  2). In this simulation, the two 
particle types have identical properties but are modeled as separate 
fields in order to illustrate the complexity of the debris entrainment 
process. Note that the eruptive mixture dominates the jet interior, 
while the debris particles are focused around the outer margin of the 
jet up to an altitude of ~ 400  m (dense sheath). Snapshots showing 
c gas pressure and d gas speed (magnitude of velocity) in the lower 

400 m of the jet illustrate expansion, recompression, and correspond-
ing acceleration and deceleration caused by overpressure where 
debris pinches the jet. Note that the rapid pressure increase (velocity 
decrease) labeled Mach disk shock in c and d is not strictly speak-
ing a shock in the numerical simulations because it is spread over a 
few cells. e These dynamics are similar to those of an overpressured 
(underexpanded) free jet (modified from Valentine and Sweeney 
2018)
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of the two processes (e.g., Dowey and Williams 2022), 
that were fed by collapses at different elevations in the 
eruption column (Fierstein and Hildreth 1992). Some 
authors have related this to entrainment of lithic debris 
and/or earlier-erupted pyroclastic material and to lateral 
variability in the composition of erupting juvenile mate-
rial, causing collapses of a column margin (e.g., Wilson 
and Walker 1985; Wilson and Hildreth 1997; Houghton 
et al. 2004; Hildreth and Fierstein 2012). The modeling 
presented here demonstrates how pyroclastic currents may 
be fed by collapses from a range of altitudes while the 
eruptive mixture flows upward within the jet core (Fig. 5). 
While this paper only addresses the lower 1 km of eruptive 
jets, and therefore does not show whether a buoyant plume 
can develop from the core of a jet while collapses occur 
along its margins, Valentine and Cole (2021) do illustrate 
a larger-scale domain where the dense sheath extends to 
3.5 km altitude, and a buoyant or near-buoyant mixture 
emerges from that height. More modeling is needed, but 
this suggests that relatively poorly coupled dense sheath 
particles, and resulting collimated jets (e.g., Fig. 5b, c), 
could produce simultaneous buoyant plumes and collapse-
fed pyroclastic currents.

The term boiling-over (or boil-over) has been used to 
describe a low fountaining process that feeds low-energy 
pyroclastic currents (see, for example, Brand et al. 2023). 
Rader et al. (2015) reviewed previous uses of that term 
based upon eruption observations, deposit characteris-
tics, and modeling. They proposed that it applies to high 
discharge rate eruptions with low exit velocities and low 
volatile contents that result in low fountains, little buoyant 
plume activity, and short-runout, concentrated pyroclas-
tic currents. Koyaguchi et al. (2018) discussed how low 
exit velocities can also be caused by decompression of an 
erupting mixture inside a crater. The modeling reported 
here indicates that entrainment of lithic debris and/or recy-
cled pyroclasts along the margins of an eruptive jet can 
also produce boiling-over dynamics, even with modestly 
high erupting gas content (4 wt% in my simulations). In 
particular, recycling might be promoted for situations with 
craters that are closed or have restricted outlets. Rader et al. 
(2015) used thermal demagnetization to estimate emplace-
ment temperatures of deposits from boiling-over-produced 
pyroclastic currents at Tungurahua volcano (Ecuador). 
Their data, along with other observations such as varying 
degrees of wood charring in the deposits, indicate hetero-
geneous emplacement temperatures. Rader et al. (2015) 
suggested that cooling of the eruptive mixtures by contact 
with air entrained by the pyroclastic currents prevented 
heating of lithic clasts and promoted quenching of juve-
nile clasts. Locally, low emplacement temperatures may 
also have resulted in part from entrainment of cold debris 
and recycled pyroclasts. Lithic material is abundant in the 

Tungurahua deposits, a few tens of volume percent (Doul-
liet et al. 2013); such lithic contents are consistent with 
entrainment of substantial debris as the eruptive jet emerged 
from its vent.

This paper shows how entrainment of debris into an 
erupting jet can result in pyroclastic currents, even when 
vent diameter, exit velocity, and gas content (eruptive mix-
ture density) do not change and would otherwise combine 
to produce a buoyant column in the absence of debris. 
Even entrainment of relatively small volumes of debris 
can result in collapses of the dense sheath, at least tem-
porarily. It seems likely that increased stratification of fall 
deposits as their lithic content increases (see Introduction) 
is related to transient behavior associated with a developing 
dense sheath of entrained debris. For example, if a buoy-
ant column has been established, but an avalanche feeds a 
small volume of lithic debris into the column, a temporary 
dense sheath would develop and reduce air entrainment 
in the lower jet (gas-thrust) portion of the column, poten-
tially temporarily reducing the column height. For very 
small entrained volumes that mix into the jets, both the 
increased mass loading (relative to vent discharge) and low 
temperature of lithic debris would have additional effects 
on plume height. Bear et al. (2009) presented detailed data 
on pyroclastic deposits of the Sutri eruption in central Italy. 
Although there were many processes involved in that com-
plex eruption sequence, one of them involved column col-
lapse (or partial collapse) due to overloading with coarse 
and dense lithic material as evidenced by widespread lithic 
breccias associated with ignimbrites (see also Simmons 
et al. 2016). My results show some of the details involved 
in this process of pyroclastic current generation due to lithic 
entrainment.

Conclusions

This study has taken a simple approach, within a multiphase 
fluid dynamic framework, to explore the effects of entrain-
ment of granular debris into sustained volcanic jets such 
as would, in the absence of debris interaction, produce 
buoyant eruption columns (Fig. 6). The results indicate that 
debris is not immediately, homogeneously mixed into a jet 
but instead forms a dense sheath or collar around the jet. 
The inner portion of the dense sheath is dragged upward by 
the erupting mixture, while less momentum is imparted to 
the outer portion. The presence of the sheath of entrained 
debris violates some of the key assumptions that comprise 
standard eruption column models, such as the top-hat pro-
file for density and velocity that is commonly used in 1-D 
models. The dense sheath inhibits entrainment of air into 
the eruptive mixture, which may explain signs of column 
instability such as increased stratification in fallout deposits 
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when lithic content increases. Furthermore, the dense sheath 
can collapse from a range of elevations to feed pyroclastic 
currents which would be expected to have different initial 
kinetic energies as they impact the ground. The transition 
from fallout-producing buoyant column to collapsing behav-
ior can be related to debris entrainment without any changes 
in primary eruption parameters such as vent size, exit veloc-
ity, or gas content. Boiling-over behavior, an extreme form 
of gargle dynamics (Valentine and Cole 2021), can also be 
caused by entrainment of large volumes of debris, including 
recycled previously erupted material. When entrained debris 
is relatively fine-grained such that it can couple well with the 
erupting mixture, complex overpressured jet processes can 
occur due to the pinching effect of debris at the base of the 
jet, although these processes are highly transient. Increas-
ingly coarse debris can cause collimation of the jet within 
the sheath of entrained material (Fig. 6).

The results presented here suggest that accounting for the 
effects of debris entrainment is likely important for theoreti-
cal assessment of many natural eruption sequences. Addi-
tionally, hazard scenarios at volcanoes that potentially could 
experience sub-Plinian to Plinian activity might benefit from 
exploration of the effects of debris entrainment and recy-
cling. Violent Strombolian activity, consisting of smaller 
scale sustained eruption columns (Pioli et al. 2008; Valen-
tine and Gregg 2008), could also experience the modeled 
phenomena, for example as scoria avalanches from crater 

walls into a vent. Additional work should explore processes 
that might result from polydisperse debris mixtures, extend 
the modeling to higher altitudes for some scenarios such as 
the collimated jets in order to assess potential transitions to 
buoyant behavior, and conduct three-dimensional modeling 
to capture potential circumferential variability such as might 
result from introduction of debris on one side of a jet but 
not the other.

Appendix

Modeling approach

The governing equations are conservation of mass, 
momentum, and energy for a carrier gas phase and for 
one or two fields of dispersed particles. The equations are 
written in an Eulerian framework for both the gas and the 
particle fields, which are treated as overlapping continua 
with volume fractions within a control volume that sum 
to unity. Gas and particle fields interact with each other 
through momentum transfer (drag) and heat transfer. More 
details can be found in Benyahia et al. (2012), Sweeney 
and Valentine (2017), and Valentine and Sweeney (2018). 
The governing equations are as follows (nomenclature in 
Table3):

(1)
�

�t

(

�g�g
)

+
�

�xj

(

�g�gUgj

)

= 0.

(2)
�

�t

(

�m�m
)

+
�

�xj

(

�m�mUmj

)

= 0.

(3)�

�t

(

�g�gUgi

)

+
�

�xj

(

�g�gUgjUgi

)

= −�g

�Pg

�xi
+

��gij

�xj
−

M
∑

m=1

Igmi + �g�g
gi.

(4)

�

�t

(

�m�mUmi

)

+
�

�xj

(

�m�mUmjUmi

)

= −�m

�Pg

�xi
+

��mij

�xj
+ Igmi −

M
∑

l=1

Imli + �m�mgi.

Fig. 5  Snapshots from three simulations with different debris par-
ticle sizes, at 40  s, showing bulk density of eruptive particles (left-
hand column), debris particles (center), and vertical component of 
gas velocity (right-hand column). a Eruptive and debris particles 
the same size (dp =  10−4 m, where dp is the particle diameter), show-
ing collapsing tendrils and good coupling of all particles and gas. b 
Debris particles dp =  10−3 m, showing collimated jet with debris par-
ticles remaining in the dense sheath and falling back from a range of 
heights, and distinction between upward flow (red) in jet core and 
downward flow (dark blue) along margins in the gas velocity plot. c 
Debris particles with dp =  10−2  m show similar jet collimation with 
upward flow in core and downward flow along margin. In both b and 
c, the downward marginal flow is dominated by the coarser debris 
particles

◂

Fig. 6  Diagram qualitatively 
summarizing jet behaviors as a 
function of debris (or recycled) 
volume relative to eruptive dis-
charge rate. As debris volume 
increases for a given discharge 
rate, behavior depends also on 
the debris grain size which can 
result in boiling-over behavior 
(fine particles) or collimated jets 
with marginal collapses (coarse 
particles)

Debris or recycled volume relative to discharge rate
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Constitutive models that describe interphase heat and 
momentum transfer, and intraphase heat transfer and 
stress, are found in Syamlal et al. (1993), Syamlal and 
Pannala (2011), Benyahia et al. (2012), and Sweeney and 
Valentine (2015, 2017). Valentine and Sweeney (2018) 
include information related to model validation. In this and 
similar gas-particle multiphase approaches, stresses within 
the particle phase (Eq. 4) are modeled as a function of the 
so-called granular temperature (a.k.a. granular energy), 
which is a measure of the fluctuation of particle veloci-
ties. Here, I use an algebraic approximation for granular 
temperature rather than a full conservation equation (see 
Benyahia et al 2012; Breard et al. 2019; Valentine 2020). 
Additional volcanological applications of the MFIX code 
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can be found in Dartevelle (2004), Dartevelle et al. (2004), 
Dufek and Bergantz (2007a, b), Dufek and Manga (2008), 
Dufek et al. 2009), and Breard et al. (2018, 2019).
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