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1.  Introduction
Explosive basaltic volcanism can generate ash-rich plumes that can cause significant local and regional disrup-
tion (Andronico et al., 2015; Barsotti et al., 2010; Scollo et al., 2013). Many of these plumes are characterized 
by a hot inner core that is defined as a lava fountain. These lava fountains, that are defined as sustained ejections 
of hot pyroclasts (Taddeucci et al., 2015), can rise to hundreds of meters, or even kilometers above the volcanic 
vent (Calvari et al., 2018). The climactic phases of these eruptions, where the lava fountain and tephra plume 
co-exist, are referred to as paroxysmal eruptions (Alparone et al., 2003). Such eruptions have occurred at volca-
noes including Mount Etna (Italy), Izu Oshima (Japan) and Villarrica (Chile; Calvari et al., 2018; Mannen, 2006; 
Romero et al., 2018). While the dynamics of ash-rich, buoyant plumes are well studied, the impact of a hotter, 
coarser, inner core inside the plume needs to be considered (e.g., first phase of the 2010 eruption of Eyjafjal-
lajökull, Iceland; Kaminski et al., 2011). In this study, we focus on the interaction between lava fountains and 
buoyant ash-rich plumes and the implications for estimating eruption source parameters (ESPs). In particular, we 
investigate lava fountains coexisting with ash-rich plumes that originate from a single summit crater as opposed 
to long eruptive fissures.

The numerous paroxysmal eruptions at Mount Etna are characterized by lava fountains combined with ash-rich 
plumes. Between 2011 and 2015 Mount Etna produced more than 50 eruptions (Calvari et al., 2018; Freret-Lorgeril 
et al., 2018). These eruptions occurred at the summit and formed the New South East Crater; a significant build of 
over 200 m in just three years (Behncke et al., 2014; De Beni et al., 2015). The eruptions typically start with Strom-
bolian activity that transitions into sustained lava fountains (Alparone et al., 2003; Behncke et al., 2014). Lava flows 
are commonly observed during the Strombolian activity (Behncke et al., 2014; Calvari et al., 2018). Ash emissions 
become sustained to form volcanic plumes (see Figure 1) that can rise up to 15 km a.s.l (above sea level) and can 
disperse ash over hundreds of km (Azzopardi et al., 2013; Poret, Corradini, et al., 2018; Corradini et al., 2018). 
Sustained activity lasts on the timescales of hours. The ash generated by Etna's explosive activity poses a threat to 
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airspace and local communities (Andronico et al., 2015; Horwell et al., 2017; 
Scollo et al., 2013). At Mount Etna, it is the responsibility of the Istituto Nazi-
onale di Geofisica e Vulcanologia, Osservatorio Etneo (INGV-OE), to monitor 
Etna's eruptions to help mitigate the associated risk. Remote sensing, visual 
observations and modeling are used to determine the dispersion of volcanic ash 
(Scollo et al., 2009, 2013, 2019). Over the years, the INGV-OE has gathered 
a plethora of data on these types of eruptions, making Mount Etna the ideal 
candidate to test and validate models for such type of activity.

A key tool in understanding the dynamics of volcanic plumes are integral 
plume models. These are based on the theory of buoyant plumes from a 
maintained source formulated by Morton et al. (1956). Additional volcano-
logical processes, such as being initially driven by momentum and particle 
fallout, have been applied to improve the suitability of integral plume models 
to volcanic plumes (Bursik, 2001; Woods, 1988; Woods & Bursik, 1991). 
They are used to study the relationship between ESPs and atmospheric con-
ditions, and top rise height, neutral buoyancy height and parameter profiles 
(e.g., temperature, velocity) of a plume (Devenish, 2013; Girault et al., 2014; 
Costa, Suzuki, et al., 2016). Due to the success of using integral plume mod-
els to describe volcanic plumes, they are used operationally in volcano obser-
vatories to better determine the mass flow rate (MFR) of an eruption in real 
time for an observed plume height (Durig et al., 2015; Scollo et al., 2019). 

Nonetheless, these models have mostly been calibrated on silica-rich volcanic plumes, while their applicability 
to basaltic plumes requires further study.

Integral plume models have previously been applied to tephra plumes that are coupled to lava fountains through 
a series of adaptations. One such adaptation is the change from a circular to linear vent geometry to better model 
plumes from fissure fed fountains of the Laki 1783 eruption (Stothers et  al.,  1986; Woods, 1993). However, 
tephra plumes from paroxysmal eruptions can occur from a circular summit crater. Additionally, Parfitt and Wil-
son (1999) demonstrated the successful ability of applying an integral plume model to match independent meas-
urements of the dynamics of a lava fountain-tephra plume system in Hawaii. By using basaltic ESPs, including 
a realistic coarse grain-size distribution (GSD), and accounting for dynamic disequilibrium of different particle 
sizes at the source (Wilson & Walker, 1987; Woods & Bursik, 1991), the behavior of a lava fountain is more ac-
curately represented in the model. More recent studies have focused on modeling larger sub-Plinian plumes that 
are coupled to large lava fountains by only modeling the plume portion of the system (Glaze et al., 2017). The 
integral model is applied to the plume above the lava fountain and the ESPs are adapted to account for how much 
solid mass has been lost from the system in the lava fountain region. This is achieved by using an effective volatile 
content, which is determined by using a partitioning factor and the bulk volatile content of the magma (Kaminski 
et al., 2011). However, this approach does not explicitly consider the lava fountain and tephra plume interaction 
and therefore the impact of the lava fountain on plume rise is not completely determined.

We first show that the use of a standard integral model is inadequate to simulate coupled lava fountains - tephra 
plumes. To fully investigate the effect of a lava fountain on a volcanic plume, we therefore develop a new, 1D inte-
gral coaxial, buoyant plume model that simulates interaction between an inner, circular plume (representing the lava 
fountain) and an outer, annular-shaped, buoyant plume through the processes of entrainment and particle fallout. 
We will refer to this model as the double plume model in what follows. We then explore the effect of varying source 
conditions, such as the initial GSD, and the size of a lava fountain on MFR estimates with the new double plume in-
tegral model. Finally, we apply the model to the August 29, 2011 eruption of Mount Etna, where a transitional tephra 
plume (Scollo et al., 2019), that is, a plume only moderately affected by wind, was coupled with a lava fountain.

2.  Applicability of a Standard Integral Model to Coupled Lava Fountains - 
Tephra Plumes
Before applying the new double plume model to plumes coupled with lava fountains from paroxysmal eruptions, 
we determine the suitability of a standard integral model for simulating these plumes. We use the integral model 
of Degruyter and Bonadonna (2012), that has been adapted to account for particle sedimentation during plume 

Figure 1.  The August 29, 2011 eruption of Mount Etna captured from the 
ECV camera, located 27 km from the summit (Scollo et al., 2014). Source: 
INGV-OE.
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rise following the approach of Ernst et al. (1996) and Bursik (2001). Hereinafter, this will be referred to as the 
standard integral model to distinguish from the double plume model. To explore the applicability of the stand-
ard integral model to tephra plumes that coexist with a lava fountain, we randomly sample the parameter space 
defined in Table 1 to invert the ESPs from the observed plume height. The ESPs that we vary include initial 
velocity, gas mass fraction, temperature and MFR. We treat the initial gas mass fraction and exit velocity as in-
dependent of each other and keep the entrainment coefficients in the model fixed at 0.1 and 0.5 for the radial and 
wind entrainment coefficients, respectively, as these are the values used in operational modeling by INGV-OE 
(Scollo et al., 2019) and also supported by several studies (Aubry et al., 2017; Devenish, Rooney, Webster, & 
Thomson, 2010; Michaud-Dubuy et al., 2020). The initial GSD used is dependent on the eruption that we are 
modeling. If a field-derived GSD is available, we use this GSD as the initial GSD. Otherwise, we use a log-nor-
mal GSD with a median grain-size of 0.5 phi and a standard deviation of 1.5 phi in accordance with the values 
used in operational modeling by INGV-OE (Scollo et al., 2019). Atmospheric conditions (wind, temperature and 
pressure) are determined from the ECMWF ERA Interim, Daily data sets (Dee et al., 2011) for each eruption 
examined in this section. In this section only, we do consider the effect of wind on the rise height of the buoyant 
tephra plume. We follow a similar procedure to the approach of Mastin  (2014), Devenish  (2016) and Scollo 
et al. (2019) by calculating the final plume height both in the presence of wind (Zwind) and without wind (Zno wind). 
When considering the presence of wind, the final plume height, is considered to be the sum of the center-line 
height and the plume radius. We choose the minimum plume height to avoid the case of a bent over plume going 
higher than a plume without wind

final wind no windmin( , ).Z Z Z� (1)

2.1.  Gas-Thrust Region

We first explore the relationship between the lava fountain and the gas-thrust region of a buoyant tephra plume. 
A lava fountain is defined as a vertical jet of coarse material that is driven by kinetic energy and reaches its final 
height once this kinetic energy is completely exhausted. This height can be derived from Bernouilli's equation and 
is given as U2/(2g) where U is the velocity at the source and g is gravitational acceleration. This is often referred 
to as the ballistic height (Bonaccorso et al., 2014; Head & Wilson, 1989). In contrast, the gas-thrust region is the 
negatively buoyant lower region of a plume that is driven upwards by the initial momentum. Once the buoyancy 
becomes positive, that is, where the bulk density of the plume equates to that of the ambient density, the gas-
thrust region stops and the convective region begins (Carey & Bursik, 2015). Although a lava fountain and the 
gas-thrust region are different, the terms have sometimes been used interchangeably. Thermal camera images 
at Mount Etna, show a hot core extending far above the incandescent region seen by the naked eye and this has 
previously been interpreted as the lava fountain (Calvari et al., 2018). The height of this thermally-saturated re-
gion, defined by different thresholds depending on the camera in question (Calvari et al., 2018), has often been 
equated to the gas-thrust region of the plume (Calvari et al., 2018; Vulpiani et al., 2016;). We demonstrate the 
clear difference between the height of the gas-thrust region and the height of the lava fountain in Figure 2. The 
height of the gas-thrust region is determined with the standard integral model as the height at which the modeled 
plume becomes less dense than the surrounding fluid (i.e., the point where the modeled plume becomes buoy-
ant) for ESPs that reproduces the observed plume height (9–9.9 km a.s.l; Corradini et al., 2018; Freret-Lorgeril 

ESP Standard integral model

Total MFR (kg s−1) 103–107

Temperature (K) 900–1,200

Velocity (m s−1) 75–200

Gas mass fraction 0.01–0.03

GSD Derived from tephra deposit if available or log-normal GSD used in operational modeling

Abbreviation: MFR, mass flow rate.

Table 1 
ESPs for Monte​Carlo Simulations Using the Standard Integral Model Used in Figures 2 and 3



Journal of Geophysical Research: Solid Earth

SNEE ET AL.

10.1029/2020JB021360

4 of 27

et al., 2021) of the August 29, 2011 paroxysmal eruption at Mount Etna. The 
ballistic heights range between 287 and 2,039 m due to the velocity range 
in the parameter space. These are consistent with the observed range from 
thermal camera-imaging by Calvari et al. (2018), while the gas-thrust region 
is significantly lower. This is further supported by recent analyses that have 
decoupled the gas-thrust region from the vertical ballistic region detected by 
radar (Mereu et al., 2020). Hence, a standard integral model does not capture 
the lava fountain height appropriately.

2.2.  Mass Flow Rate

Discrepancies exist between the initial MFR determined from the plume 
tephra deposit and those calculated from the plume height (Figure 3). We 
have again used the standard integral model to show that the MFR calcu-
lated from the maximum plume height is greater, by up to two orders of 
magnitude, than those determined from the field deposits for Etna eruptions 
between 2000 and 2016. This suggests that the well-established relationship 
between plume height and initial MFR (Degruyter & Bonadonna, 2012; Gi-
rault et al., 2014; Gouhier et al., 2019; Mastin et al., 2009; Sparks et al., 1997; 
Woodhouse et al., 2013) could differ for paroxysmal eruptions at Mount Etna. 
In the majority of these calculations, the maximum, rather than the mean 
plume height, was considered owing to a lack of available data. However, for 
the August 29, 2011 and the November 23, 2013 eruptions of Mount Etna, 
we also plot the results when using the mean plume height. Whilst this has 
partially resolved the conundrum for the November 23, 2013 eruption, the 
discrepancy still exists for the August 29, 2011 eruption. These discrepancies 
highlight the need for further investigation of tephra plumes that are coupled 
to lava fountains and how they differ from more typical plumes. As a result, 
we develop a model that can be used to simultaneously capture the lava foun-
tain and tephra plume height and relate these heights to the field deposit.

3.  Model
3.1.  Description

We present an integral model of a coaxial double plume. The underlying 
principles follow those of commonly used integral plume models, which are 
based on the buoyant plume theory developed by Morton et al. (1956). The 
distinctive feature is to explicitly treat the dynamics of a dense core at the 
source and how it feeds an ash-rich outer rim through mass, momentum, 
and enthalpy exchange. Double plume models, using buoyant plume theo-
ry, are used to better represent the complex characteristics of a plume with-
out drastically increasing the computational expense. They are commonly 
used to better represent turbulence in a plume by having a counter-flowing 
plume surrounding the rising plume (Bloomfield & Kerr,  2000; Mcdou-
gall, 1978, 1981). A counter-flowing double plume model has been applied 
to volcanic plumes in a still atmosphere and can better capture complex flow 
patterns of a volcanic plume and the MFR in the umbrella region of a volcanic 
plume (Devenish & Cerminara, 2018). Such models have also been applied to 
submarine eruption plumes (Mittal & Delbridge, 2019). The study of coaxial 
plumes ranges from theoretical studies to application to plumes from cooling 
towers (Li & Flynn, 2020; Li et al., 2018: Morton, 1962). The model that we 
present takes inspiration from the coaxial models in the literature (Devenish 
& Cerminara, 2018; Li et al., 2018) to create a coaxial double plume model 
for a tephra plume that is coupled to a lava fountain.

Figure 2.  A comparison between the modeled gas-thrust region (green) of 
a buoyant tephra plume and the observed (red) thermally-saturated region 
for the August 29, 2011 paroxysmal eruption of Mount Etna, Italy (Calvari 
et al., 2018). The calculated ballistic height is also plotted (blue). The error 
bars are defined with the minimum, average and maximum heights (if 
available) to show the variability of the height of the feature in question.

Figure 3.  A comparison between the MFRs determined from the tephra 
deposits associated with plume sedimentation with those determined from 
the observed plume height, using a standard integral model, for paroxysmal 
eruptions of Mount Etna between 2000 and 2016, whose plume tephra 
deposits have been characterized. The model is that of Degruyter and 
Bonadonna (2012), but adapted to account for sedimentation from the plume 
margins. Data sources: 1 Edwards et al. (2018), 2 Andronico et al. (2015),  
3 Corradini et al. (2016), 4 Andronico et al. (2018), 5 de Michele et al. (2019), 
6 Poret, Costa, et al. (2018), 7 Corradini et al. (2018), 8 Freret-Lorgeril et al. 
(2021), 9 Andronico, Scollo, Cristaldi, and Lo Castro (2014), 10 Calvari 
et al. (2011), 11 Andronico, Spinetti, et al. (2009), 12 Andronico, Scollo, 
Lo Castro, et al. (2014), 13 Andronico, Scollo, et al. (2009), 14 Andronico 
et al. (2008) 15 Scollo et al. (2007).
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We assume that the plume is composed of two regions; the double plume region where a lava fountain and plume 
coexist, which transitions into a single plume at higher altitudes (Figure 4). The double plume region is treated 
as two separate plumes that are coupled; an inner circular plume that is surrounded by an outer annular plume, 
which hereinafter will be referred to as the inner plume and the outer plume. The inner plume is representative of 
the hot inner core (the lava fountain) and the outer plume is the ash laden buoyant plume observed in coupled lava 
fountain–tephra plume eruptions. This allows for a better description of the different source conditions between a 
lava fountain and a tephra plume compared to a standard integral model. The initial MFR is split at the source into 
two portions; one for the inner plume (Mi0) and one for the outer plume (Mo0). We quantify the mass partitioning 
through the ratio ɛ = Mi0/(Mi0 + Mo0); the greater the value of ɛ the greater the relative proportion of MFR in the 
inner plume. At the height where the rise velocity or the solid phase MFR of the inner plume becomes negligible, 
that is, top of the lava fountain, the plume transitions to a single plume description. The initial source conditions 
of the inner and the outer plume are independent of each other. The initial gas mass fraction and velocity of each 
plume are also independent of each other as we do not impose a choked vent (Woods & Bower, 1995). A common 
assumption for large, ash-rich silicic eruptions is to assume choked vent conditions, whereby the exit velocity is 
equal to the sound velocity of the mixture (e.g., Girault et al., 2014). We do not impose this restriction here as this 
condition is not necessarily met for eruptions with low initial MFR that co-exist with lava fountains. A schematic 
of the model setup can be seen in Figure 4a. To simplify the problem to one-dimension, we assume the following.

1.	 �The plume rise timescale for both the inner and the outer plume is less than the timescale of mass injection 
and, therefore, the plume is sustained

2.	 �The turbulent eddy turnover time is less than the timescale of plume rise
3.	 �The rate of entrainment into the plume is proportional to the velocity of the plume
4.	 �The pressure inside the plume is in equilibrium with the atmospheric pressure
5.	 �Plume properties are self-similar at a given height for which we assume a top-hat profile
6.	 �The vent is circular

Figure 4.  (a) Schematic of the double plume model that shows the coordinate system and what each part of the model 
represents. (b) Detailed schematic of the control volume of the double plume model. The coupling of the inner and the outer 
plumes is highlighted by the arrows.
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We consider the plume to consist of three phases – dry air, water vapor and solid mass. These phases are ex-
changed between the inner and outer plumes, and the surrounding atmosphere via entrainment and particle fall-
out. Figure 4b shows the direction and the type of coupling that can happen between the atmosphere, the inner and 
the outer plume. The plume velocities are related to the rate of entrainment via a set of entrainment coefficients. 
The rate of entrainment from the atmosphere to both the outer plume and the single plume is described by λ and 
χ. α and β are used to determine the rate of entrainment from the outer plume to the inner plume, and vice-ver-
sa, in the double plume region of the model. We follow the same notation for the entrainment coefficients as 
Bloomfield and Kerr (2000), who determined the values of α, β, and λ as 0.085, 0.147, and 0.147, respectively, 
for a double plume from the fitting of numerical models to small-scale experiments. The entrainment velocities 
are calculated as shown by Equations 2–4 that have been modified to take into account large density difference 
between the plume and the surrounding fluid (Devenish & Cerminara, 2018; Morton, 1965; Ricou & Spald-
ing, 1961; Rooney & Linden, 1996):


 


 
   

 

0.5

,oB
o

aB
u� (2)


 


 
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 

0.5

( ) ,IB
I o

oB
u u� (3)


 


 
  

 

0.5

,oB
o

IB
u� (4)

where u is the plume velocity and ρ is the bulk plume density. Table 3 defines the subscripts. We use the values 
of 0.147 and 0.147 for the β and λ, respectively, from Bloomfield and Kerr (2000) in the double plume region of 
the double plume model. We further assume that re-entrainment of solid particles does not occur, and gas phases 
are not entrained into the inner plume (α is set to 0). This results in a decrease of the MFR of the inner plume 
with height, and therefore also a decrease in plume radius with height, which matches the observed structure of 
lava fountains.

The conservation of mass, momentum and specific enthalpy are solved in the model for the inner, outer and single 
plume. The definition of each variable is listed in Table 2.

3.2.  Governing Equations of the Double Plume Region

The conservation of mass flow rate for dry air (d) and water vapor (v) for the inner plume (denoted by subscript I, 
see Table 3) are defined by Equations 5 and 6, where the left-hand side is the rate of mass flow rate change with 
height of the respective phase. The sink and sources compose the right-hand side of the equations. These are the 
same for both the dry air and vapor phase. The first term is the source of the respective phase of material entrained 
from the surrounding outer plume, while the second term is the MFR loss of the respective phase from the inner 
plume due to entrainment to the outer plume.

 
     

2( ) 2 2Id I I
Od I Id I

d u r r r
dz

� (5)

 
     

2( ) 2 2Iv I I
Ov I Iv I

d u r r r
dz

� (6)

In the inner plume, the change of the solid MFR is described by Equation 7. The change of the MFR of the solid 
phase is described by amount of solid MFR lost from particle fallout. The conservation of mass flow rate for the 
solid phase is solved for each grain-size in the model.




  
2

1

( ) ni
Is I I Isi

Gauss
i I

d u r Mp
dz r� (7)
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Symbol Definition Value Units

Z vertical coordinate – m

γ radius – m

U velocity – m s−1

ρB bulk density – kg m−3

ρl density of liquid phase in plume 1,000 kg m−3

ρs density of solid phase in plume 2,000 kg m−3

μ entrainment velocity/rate of entrainment – ms−1

W settling velocity of a particle – m s−1

renv radius of the support envelope – m

g gravitational acceleration 9.81 m s−2

CB bulk specific heat capacity – J kg−1 K−1

CB specific heat capacity of dry air 998 J kg−1

Cv specific heat capacity of water vapor 1,952 J kg−1

Cs specific heat capacity of solids 1,250 J kg−1 K−1

θ temperature – K

n mass fraction – –

ɛ mass partition ratio between inner and outer plume – –

M mass flow rate – kg s−1

E enthlapy flow rate – J s−1

P pressure (assume plume is at pressure equilibrium with the atmosphere) – Pa

Rg specific gas constant – J kg−1 K−1

Rd specific gas constant of dry air 287 J kg−1

Rv specific gas constant of water vapor 461 J kg−1K−1

P probability of particle fallout for entraining plume 0.27 –

pgauss probability of particle fallout for plume that does not entrain – –

d diameter of grain-size – m

v dynamic viscosity – kg m s−1

α entrainment coefficient describing entrainment from outer to inner plume 0 –

β entrainment coefficient describing entrainment from inner to outer plume 0.147 –

λ entrainment coefficient describing entrainment from ambient to outer plume 0.147 –

Χ entrainment coefficient describing entrainment from ambient to single plume 0.1 –

H1 height of the tropopause 11,000 m

H2 height of the stratosphere 20,000 m

ωtrop temperature gradient in the troposphere −0.0065 K m−1

ωstrat temperature gradient in the stratosphere −0.002 K m−1

θao initial temperature of the atmosphere 280 K

Table 2 
Definitions of Symbols
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We consider grain-sizes from −9 phi to 10 phi, with a spacing of half a phi, 
where phi is defined as log2D with D being the diameter of the particle in 
meters. Details of the description of particle fallout from the inner plume can 
be found further in Section 3.4.

For the outer plume (denoted by subscript O) in the double plume region, 
the processes that control the change in mass flow rate are the same as in the 
inner plume. An additional entrainment term is present in the conservation of 
mass flow rate for dry air and water vapor (third term in Equations 8 and 9) 
for the entrainment of mass from the atmosphere into the outer plume. An 
additional term is also present in the conservation of mass flow rate of the 
solid phases as a source term for the particles that move from the inner plume 
into the outer plume (second term, Equation 10).

  
      

   
2( ( ) ) 2 2 2Od O O I

Od I Id I O ad
d u r r r r r

dz
� (8)

  
      

   
2( ( ) ) 2 2 2Ov O O I

Ov I Iv I O av
d u r r r r r

dz
� (9)


 


    

2

1 1

( ( ) ) n ni i
Os O O I Osi Osi Isi

Gauss
i iO O I

d u r r w M Mp p
dz u r r� (10)

The change in the momentum flow rate is described by Equation 11 for the inner plume and by Equation 12 for 
the outer plume. The momentum flow rate is increased from the material added to the plumes via entrainment 
(for dry air and water vapor) and from buoyancy. For the inner plume, these are described by the first, second and 
fifth term in Equation 11, respectively, and by the third, fourth, and fifth term in Equation 12, respectively. The 
outer plume has the additional source of momentum from the solid particles that fall from the inner to the outer 
plume depending on the relative settling and plume velocity (seventh term, Equation 12). The loss of momentum 
flow rate from the plumes is via the processes of entrainment of dry air and water vapor and particle fallout. These 
refer to the third, fourth and sixth term in Equation 11 for the inner plume and the first, second, and sixth term in 
Equation 12 for the outer plume.

d r u

dz
r u r u r u r uIB I I

Od I O Ov I O Id I I Iv I I
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(

2
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dz

2
)
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The left-hand side of Equations 13 and 14 shows the variation with respect to height of the enthalpy flow rate of 
the volcanic mixture of the inner and outer plume, respectively. As in the conservation of momentum flow rate for 
both the inner and the outer plumes (Equations 11 and 12), the change in the enthalpy is caused by the enthalpy 
gained from the addition of mass flow rate into a plume via entrainment and particle fallout. While the enthalpy 
flow rate is reduced by entrainment of material from the plume, change due to conversion to gravitational poten-
tial energy and particle fallout.

d r u C

dz
r C r C r CIB I I IB I

Od I d O Id I d I Ov I v O

( ) 
          

2

2 2 2  

22
2

2

   






Iv I v I IB I I
aB

IB

s I
Is I Ir C u r g C

d u r

dz
 

( )
� (13)

Subscript type
Subscript 
symbol Definition

Location O Outer plume

I Inner plume

A Atmosphere

Phase D Dry air

V Water vapor

S Solid

B Bulk

Entrainment α Entrainment from outer to inner plume

β Entrainment from inner to outer plume

λ Entrainment from ambient to outer plume

χ Entrainment from ambient to single plume

Grain-size i Grain-size class i

Table 3 
Definitions of Subscripts
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d r r u C
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The total mass flow rate and mass fractions for each phase (both for the inner or the outer plumes) are given by 
Equations 15 and 16 to 18, respectively,

  d v sM M M M� (15)


 

d
d

d v s

Mn
M M M� (16)


 

v
v

d v s

Mn
M M M� (17)


 

s
s

d v s

Mn
M M M� (18)

where Md, Mv and Ms are the mass flow rates of the dry air, water vapor and solid phases.

The material properties of the plume are described by the following constitutive equations, which once again 
apply to both the inner and outer plume. The mixture heat capacity (CB) is

 


 
.d d v v s s

B
d v s

M C M C M CC
M M M� (19)

From this, the plume temperature (θ) can be found from

 
1 ,
B

E
C M� (20)

where E is the enthalpy flow rate.

The bulk density of the plume (Equation 23) is calculated from the bulk gas constant (Equation 21) and the den-
sity of the gas phase mixture in the plume (Equation 22) using the ideal gas law.

   
           

1v v
g v d

v d v d

n nR R R
n n n n� (21)




g
g

P
R� (22)


 


 

   
 

1
( )v d s

B
g s

n n n� (23)

We use the ode15s solver in MATLAB to solve the governing equations for the inner and outer plume together 
to be able to include the entrainment of the inner plume to the outer and vice-versa (Shampine & Reichelt, 1997; 
Shampine et al., 1999). The ordinary differential equations (ODEs) solved are Equations 5–14 along with the 
closure Equations 15–23.

3.3.  Transition From the Double Plume to the Single Plume

The initial double plume of the model stops when the inner plume velocity approaches 0 m s−1. The inner plume 
is stopped earlier if the solid MFR in the inner plume becomes negligible. Additionally, in the case where a given 



Journal of Geophysical Research: Solid Earth

SNEE ET AL.

10.1029/2020JB021360

10 of 27

grain-size is no longer supported by the inner plume, the simulation is paused, and the corresponding MFR of 
that grain-size is removed from the system. Associated momentum and enthalpy related to the fallout are also 
removed. The system of equations is then continued from the height where it was halted. When either of these 
conditions are met, the inner plume disappears, and the outer plume governing equations change to those of just 
a single plume.

Two end member situations exist for the treatment of any solid material remaining in the inner plume once it has 
stopped. The solid phase MFR in the inner plume can either be completely removed from the system or can be 
added to the single plume. However, due to the dependence on grain-size, it is unlikely that the total solid phase 
MFR of all sizes present in the plume would be incorporated into the single plume. Therefore, a support envelope 
approach can be implemented, whereby grain-sizes that can no longer be supported by the plume are removed 
(Carey & Sparks, 1986).

Equations 24–28 are the governing equations of the single plume model.


  

2( ) 2d
ad

d ur r
dz

� (24)


  

2( ) 2v
av

d ur r
dz

� (25)




 
2

1

( ) ni
s si si

i

d ur w Mp
dz ur

� (26)

The rate of mass flow rate change in the single plume is governed by the entrainment of the ambient fluid (right-
hand side, Equations 24 and 25) and particle fallout (right hand-side, Equation 26). Subsequently, the rate of mo-
mentum flow rate change is due to particle fallout, as well as buoyancy (2nd and 1st terms, Equation 27, respec-

tively). We describe the rate of entrainment from the ambient into the single plume region as 
 


 
   

 

0.5
B

aB
E u  , 

where χ is the entrainment coefficient describing the proportionality between the entrainment rate and plume 
velocity and is equal to 0.1 (Degruyter & Bonadonna, 2012; Devenish, Rooney, Webster, & Thomson, 2010; 
Morton et al., 1956).

    
2 2 2

2( ) ( )( )B s
aB B

d r u d urg r u
dz dz

� (27)

In a similar suit as Equation 27, the rate of enthalpy flow rate change is controlled by the change in mass flow 
rate (entrainment, 1st–2nd term, and particle fallout, 4th term, in Equation 28) and conversion to gravitational 
potential (3rd term, Equation 28).

 
          


   

2 2
2( ) ( )2 2B B aB s

ad d a av v a B s
B

d r uC d urr c r c ur g C
dz dz� (28)

This system of governing equations, along with the closure Equations 15–23, are solved with the ode45 MAT-
LAB solver and terminate when the plume velocity approaches 0 m s−1.

3.4.  Particle Sedimentation

To account for sedimentation from the margins of a volcanic plume, we follow the method described in 
Bursik (2001), Girault et al. (2014) and Girault et al. (2016). The conservation of mass flow rate of the solid 
phase of a buoyant plume (Equations 10 and 26) contains an additional sedimentation term to account for the 
loss of the solid phase MFR from the plume. The loss of particles from a plume is assumed to be proportional to 
the MFR of particles (Ernst et al., 1996; Woods & Bursik, 1991) and can be mathematically described for each 
grain-size class (i) as

  ,Mi si idM M wp
dz r u� (29)
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where u is the velocity of the plume, r is the plume radius and Ms is the MFR of the solid phase (s) at grain-size i 
at height z. p is defined as the probability of particle fallout from the margins of a plume. This has been previously 
determined from laboratory experiments and modeling as 0.27 for buoyant plumes (Ernst et al., 1996). The final 
parameter required to calculate the change in MFR associated with a grain-size at a given height is the settling ve-
locity of the grain-size (wi). As the behavior of settling particles is described by different settling laws in different 
flow regimes, the settling velocity for a given spherical grain-size is dependent on the Reynolds number as given 
by Bonadonna et al. (1998) and Bonadonna and Phillips (2003).
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The particle Reynolds number is calculated as Rei = (diwiρB/ν) where di is the diameter of a spherical particle, wi 
is the settling velocity of the particle of size i and ν is the dynamic viscosity of the fluid the particle is settling in. 
We choose to follow the approach of Woods and Bursik (1991) and use the ρB in the calculation of the Reynolds 
number and in Equation 30. This is because the lava fountains and dense tephra plumes in this study are parti-
cle-dense and consist of large particles. As a result, the surrounding clasts contribute to the drag exerted on other 
particles in the plume whilst the fluid displaced by a particle in the plume is likely to be a mixture of the solid 
and gas phases.

In the case of a lava fountain, we assume that the entrainment of the gas phases from the outer to the inner plume 
is negligible such that α = 0. This causes the radius of the inner plume to reduce with height, which agrees with 
visual observations. This change in radius geometry results in the sedimentation scheme of Ernst et al. (1996) not 
being applicable to the inner plume as it would result in no fallout. The Ernst et al. (1996) sedimentation scheme 
also assumes that the solid particles are fully coupled to the gas. As the GSD of the material composing lava foun-
tains are coarse, this is not a valid assumption. Instead, we use a new method to determine how much MFR is lost 
from the inner plume from particle fallout based on the particle settling velocity and the Gaussian plume velocity 
profile. We adapt the approach of Carey and Sparks (1986) to determine when a given grain-size is no longer 
supported by the plume – the support envelope. The ratio between the area under the Gaussian velocity profile 
and the area under the Gaussian velocity profile where a clast is no longer supported by the plume is calculated 
(Equation 31). This replaces the geometrical term and the velocity ratio in Equation 29 as pGauss.

  ,si si
Gauss

dM Mp
dz r� (31)

where − pGauss is

 
    

 
1 erf 2 env
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rp
r� (32)

with renv being the radius of the support envelope, which is calculated as follows (Rossi et al., 2019):
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The addition of the solid phase material to the outer plume is dependent on the Gaussian center-line velocity of 
the outer plume and the settling velocity of the grain-size. We use the Gaussian center-line velocity as that is the 
highest velocity within the plume. If the Gaussian center-line velocity is greater than the settling velocity of a 
particle, the MFR of that particular size can be supported by the outer plume. The MFR, along with the associated 
momentum and enthalpy flow rates, is added to the outer plume. Conversely, if the settling velocity of a given 
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particle size is greater than that of the Gaussian center-line velocity, the mass, momentum and enthalpy related to 
it are removed from the whole system. This can be turned on or off in the double plume model.

3.5.  Coupling Between the Inner and Outer Plumes

The interaction between the two regions of the double plume depends on the degree of coupling between these 
two flows. Coupling between the lava fountain and the tephra plume is quantified by the amount of mass, mo-
mentum and enthalpy that is exchanged between the two. One way this occurs is via entrainment, where gas can 
be entrained from the ambient to the tephra plume, from the tephra plume to the lava fountain and from the lava 
fountain to the tephra plume. This mechanism of coupling has been well studied and parameterized for single 
buoyant plumes (Morton et al., 1956). For coaxial integral plume models, entrainment coefficients have been de-
fined by Bloomfield and Kerr (1998); Bloomfield and Kerr (2000) and Devenish, Rooney, and Thomson (2010). 
Another process that allows for coupling between the lava fountain and the tephra plume is particle fallout. Ma-
terial falling from the lava fountain can potentially enter the tephra plume. If no coupling is present, the plumes 
behave independently of each other and plume dynamics will be very similar to that of a single plume. However, 
observations suggest a certain level of coupling is present.

The extent of coupling between tephra plumes and lava fountains via particle fallout is not fully understood. Ob-
servations of tephra plumes above lava fountains in Hawaii show that wind can affect the finest particle (Head & 
Wilson, 1989). In contrast, the lava fountains at Mount Etna are characterized by much larger quantities of ash, 
which co-exist with a lava fountain rather than only originating from above it (Figure 1). Additionally, during 
strong winds, the central portion of the lava fountain appears to not be significantly affected by wind, while the 
tephra plume can be bent in the direction of the wind. However, a correlation has been suggested between the 
height of the lava fountain and the height of the volcanic plume (Calvari et al., 2018). Further research is required 
to understand the extent and the impact of different levels of coupling between a lava fountain and a tephra plume.

To be able to explore the potential range of coupling and its impact on plume dynamics, we examine two end-mem-
ber scenarios of coupling between the inner and outer plumes due to solid mass transfer. For both scenarios, the 
inner and outer plumes interact by gas being entrained from the inner to the outer plume. Particle fallout from the 
inner plume is added to the outer plume if the settling velocity of a given size is lower than the Gaussian center-
line velocity of the outer plume for both scenarios. These scenarios are the following:

1.	 �Fully coupled – Any solid phase MFR remaining in the inner plume once it has stopped is added to the single 
plume region depending on the ratio between the settling velocity and the outer plume center-line velocity. 
The MFR related to the gas phases left in the inner plume once it has stopped are also added to the start of the 
single plume region.

2.	 �Moderately coupled – Any solid phase MFR remaining in the inner plume once it has stopped is not added 
to the single plume region source, corresponding to the solid MFR sedimenting to the ambient and being re-
moved from the plume system. The MFR related to the gas phases left in the inner plume once it has stopped 
are not added to the start of the single plume region.

3.6.  Atmospheric Conditions

The atmospheric conditions that are used in the model include the pressure, density and temperature. We assume 
the atmosphere is only composed of dry air and there is no humidity. Wind is not accounted for. Unless other-
wise specified, we use a representative temperature profile of standard atmosphere in an intermediate climate as 
defined by Woods (1988),
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where θa0 is the initial atmospheric temperature, H1 and H2 are the height of the tropopause and the height of 
the stratosphere, respectively. ωstrat and ωtrop are the temperature gradient in the troposphere and the stratosphere, 
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respectively. These are set to the same values used by Woods (1988). The specific heat capacity (CaB) of the 
atmosphere is equal to Cd, the specific heat capacity of dry air, as we do not consider the humidity and vapor 
phase of the atmosphere. Following the same assumption, ρaB and ρad is given in Equation 35 by using the ideal 
gas law. The atmospheric hydrostatic pressure is described as

 


  ,aB ad
d a

P
R� (35)

  .aB
dP g
dz� (36)

4.  Results
4.1.  The Impact of a Lava Fountain on Plume Rise

We present results on the impact of a hotter, coarser-grained inner core, that does not entrain surrounding gas 
phases, on the overall rise of a volcanic plume. We compare results from the double plume model, where the 
initial condition of the inner plume resembles the characteristics of a lava fountain, to those of a plume where a 
lava fountain is not present. The latter is modeled using the standard integral model. The ESPs and atmospheric 
conditions used are identical to those used for the double plume model.

We randomly sample a parameter space that consists of initial velocity, temperature, gas mass fraction, GSD, 
MFR and partition coefficient (ɛ), to assess the impact of a lava fountain on plume height. The ranges for each 
variable are listed in Table 4a; Glaze et al., 2017; Métrich & Rutherford, 1998;; Métrich et al., 2004; Parfitt & 
Wilson, 1999; Poret, Costa, et al., 2018; Spilliaert et al., 2006). However, we impose that the inner plume is 
always hotter, coarser-grained and contains a lower initial gas mass fraction than the outer plume, mimicking 
lava fountain characteristics (Parfitt, 1998). The vent height is set at 0 m a.s.l. As we do not imply choked vent 
conditions, we allow the initial velocity to vary, independently of the initial gas fraction, between the values of 
75 and 200 m s−1. This range agrees with average velocity estimates of tephra plumes that are coupled to lava 
fountains as determined by radar (Freret-Lorgeril et al., 2018). By allowing the initial source parameters to vary 
over wide ranges and independently of each other, we can explore the whole range of potential implications of a 
lava fountain on the rise of a tephra plume.

Figure 5 shows the relationship between the initial MFR and the overall plume height in a still standard atmos-
phere in an intermediate climate. The MFR for the double plume model refers to the combined MFR of both the 
inner and outer plumes at the vent. The two double plume scenarios are shown by the colored markers whilst the 
standard integral model is also plotted (black markers). Regardless of whether the lava fountain and tephra plume 
are moderately or fully coupled (blue and red markers respectively, Figure 5), a plume coupled to a lava fountain 
can reach a greater variation of heights than the standard integral model for a given initial MFR. This is indicated 
by an r2 of 0.986 for the double plume model (both scenarios) compared to an r2 of 0.996 for the standard integral 
model output for the fitting of a power law to the MFR as a function of height. The overall trend between the two 
coupling scenarios of models is the same. The variation in the initial source parameters allows for a wider range 
of heights than a plume surrounding a lava fountain can reach compared to the standard integral model for the 
same initial MFR. This indicates the source conditions are an important control of plume height of tephra plumes 
coupled with lava fountains. However, we do see for a higher initial MFR, a plume coupled to a lava fountain can 
generally reach greater heights than for a plume without a lava fountain. For a plume coupled to a lava fountain 
with a high initial MFR, the tephra plume could support a greater proportion of the fallout from the lava fountain. 
The mass partitioning and the GSD introduce two important new degrees of freedom compared to the standard 
integral model. We explore these separately in the next sections to further investigate their control on plume rise 
compared to a plume without a lava fountain.

4.1.1.  Sensitivity of Plume Rise to the GSD of the Lava Fountain

The effect of the initial GSD of the lava fountain (i.e., the inner plume) on plume rise is important to understand. 
First, this is because the GSD of a lava fountain is a major characteristic and distinguishes it from typical tephra 
plumes (Mueller et al., 2019; Parfitt, 1998; Parfitt & Wilson, 1999). Second, GSD is a first order control on the 
extent of particle fallout (Bursik et al., 1992; Sparks et al., 1992). The size of a particle controls its settling ve-
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locity, which in turn contributes to how much solid material falls out and if it is subsequently supported by the 
surrounding outer plume. Few studies exist of GSDs from field deposits of lava fountains (Andronico, Scollo, 
Cristaldi, & Lo Castro, 2014; Edwards et al., 2018; Parfitt, 1998). It is not possible to fully constrain this param-
eter in real time (Scollo et al., 2019). This results in the lava fountain GSD being poorly constrained and a large 
source of error.

To explore the sensitivity of the model to different GSDs, we vary the initial GSD of the lava fountain for four 
different sized hypothetical eruptions. The eruption sizes that we consider have initial MFRs of 103 kg s−1, 104 kg 
s−1, 105 kg s−1 and 106 kg s−1. First, we determine the impact of a GSD composed of a single size on plume rise 
to clearly see the effect (Figure 6), and then with a log-normal GSD to better represent GSDs observed from real 
eruptions (Figure 7; Costa, Pioli, & Bonadonna, 2016; Pioli et al., 2019). All other ESPs are kept constant (veloc-
ity, temperature, gas mass fraction, ɛ) and are listed in Table 4b. The GSD of the outer plume is kept constant as 
a log-normal distribution with a median grain-size of 0.5 phi and a standard deviation of 1.5 phi, which is similar 
to the default value that is set to forecast tephra fallout in near real time (Scollo et al., 2019). This is also used as 
the initial GSD for the standard integral model. We compare results from a standard integral model to the double 
plume model for the two different coupling scenarios previously defined in Section 3.5.

For a lava fountain where the initial GSD consists of a single particle size, the final plume height is lower than 
that predicted by the standard integral model for lava fountain grain sizes coarser than approximately −6 phi 
(Figure 6). An initial coarse single-size GSD leads to significant fallout from the inner plume. Large particles 
that have fallen out are not supported by the outer plume and are, therefore, completely removed from the system 
when they fall from the lava fountain. The associated loss of mass, momentum and enthalpy from this process 

ESP Inner plume Outer plume Standard integral model

a)

Total MFR (kg s−1) 103–107 103–107

Temperature (K) 1,200–1,500 900–1,200 900–1,200

Velocity (m s−1) 75–200 75–200 75–200

Gas mass fraction 0.01–0.03 0.03–0.05 0.03–0.05

ɛ 0–1 N/A

GSD log-normal, median between −7 and −1 log-normal, median between inner median and 6 log-normal, median between 
inner median and 6

b)

Total MFR (kg s−1) 105 105

Temperature (K) 1,500 1,200 1,200

Velocity (m s−1) 100 100 100

Gas mass fraction 0.01 0.03 0.03

ɛ 2
3

E N/A

GSD log-normal, median −7/−3 log-normal, median 0.5 log-normal, median 0.5

c)

Total MFR (kg s−1) 9 × 103 − 106 9 × 103 − 106

Temperature (K) 1,200–1,500 900–1,200 900–1,200

Velocity (m s−1) 75–200 75–200 75–200

Gas mass fraction 0.01–0.03 0.03–0.05 0.03–0.05

ɛ 0.74 N/A

GSD Hawaiian GSD1 Etna GSD2 Etna GSD2

Table 4 
Source Conditions Used for the Results Presented in This Work (a) ESPs for the General Simulations in Section 4.1, (b) ESPs for Simulations in Section 4.1.1, 4.1.2 
and 4.2, (c) ESPs for the August 29, 2011 in Section 5, Mount Etna Case Study Monte Carlo Simulations, Where 1 Refers to (Parfitt, 1998) and 2 Refers to (Freret-
Lorgeril et al., 2021)
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results in the plume not reaching the same heights as the standard integral 
model despite having a hotter inner core. As the initial single-size GSD of the 
inner plume becomes finer, less fallout occurs leaving more mass, momen-
tum and enthalpy in the whole plume system for it to go higher. The inner 
plume loses the majority of its solid phase MFR by the time the velocity 
reaches approximately 0 m s−1. As a result, there is nothing left in the inner 
plume once it has stopped to add to the start of the single plume region. The 
different coupling schemes (solid blue and dashed red lines, Figure 6) thus 
become unimportant.

For the case when the lava fountain is composed of a single-size GSD be-
tween −6 and −4 phi (depending on the eruption size), with moderate cou-
pling between the lava fountain and tephra plume, the final height of the 
plume decreases as the GSD becomes finer (solid blue line, Figure 6). As the 
GSD becomes finer, less fallout from the inner plume occurs. This results 
in the amount of MFR left in the inner plume, once the inner plume has 
stopped, increasing as the single-size GSD becomes finer. If this MFR is not 
added to the start of the single plume region, it is lost from the system. As a 
result, the initial mass, momentum and enthalpy of the single plume region 
is reduced. In the case of full coupling between the inner and outer plume 
(dashed red line, Figure 6), the final plume height remains constant, or de-
creases slightly, depending on the eruption size. This is because the majority 
of the mass, and related enthalpy and momentum is added to the start of the 
single plume region. As a result, the overall mass, enthalpy and momentum 
flow rates in the whole system is close to constant, so the final height of the 
plume does not significantly change.

The same behavior is observed when a log-normal GSD is used, rather than a GSD composed of only one grain-
size, for the inner plume. The median of the log-normal GSD of the inner plume is varied between −7 and −2 
phi and the standard deviation is kept constant at 0.75 phi (red lines, Figure 7b). We keep the inner plume GSD 

narrow to agree with observations of ultra-proximal deposits from Hawaiian 
lava fountains (Parfitt,  1998). When the lava fountain GSD is coarse, the 
double plume final height is lower than predicted by the standard integral 
model. As the GSD becomes finer, less material is lost from the system due 
to lower fallout occurring. This allows the plume to rise higher until the GSD 
becomes so fine that material that falls out of the inner plume is supported 
by the outer plume. At this point the coupling mechanism at the top of the 
plume becomes important. If any material left in the inner plume once it has 
stopped is not added to the source of the single plume region (moderately 
coupled), the single plume region starts with the same mass, momentum and 
enthalpy as the top of the outer plume. The inner plume mass, momentum 
and enthalpy flow rates at the point where it stops is lost from the system and 
the final height of the plume decreases as the GSD becomes finer. On the 
other hand, if the material of the inner plume is added and can be supported 
at the top of the double plume region (dashed red line, Figure 7) the overall 
plume height does not significantly vary as the median of the grain-size de-
creases. The overall mass, momentum and enthalpy flow rates of the system 
is generally conserved. The behavior of the plume from varying the GSD is 
the same for eruptions of different sizes as defined by the initial MFR.

4.1.2.  Impact of Lava Fountain Size on Plume Rise

To vary the size of the lava fountain in the model, the partition ratio, (ɛ), 
is varied between 0.25 and 0.9. The bigger ɛ, the more of the initial MFR 

Figure 5.  A comparison of the maximum height that plumes with different 
initial MFRs can reach between a standard integral (black markers) and a 
double plume model (colored markers). Two different coupling scenarios of 
the double plume model are presented; red markers refer to when the MFR 
is included in the start of the single plume region depending on the velocity 
(fully coupled) and blue markers where any MFR at the top of the lava 
fountain is completely removed (moderately coupled; see Section 3.5 for more 
details). MFR, mass flow rate.

Figure 6.  The effect of varying the single-size GSD of the inner plume on 
the overall plume height for four initial MFRs. For each MFR, the results of 
the standard integral model (black line) and the two scenarios of the double 
plume model, listed in Section 3.5, (dashed red and solid blue, respectively) 
are shown. MFR, mass flow rate.
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partitioned into the inner plume, thus forming a larger lava fountain. The 
other source conditions (velocity, temperature, gas mass fraction, and GSD) 
are kept constant and can be found in Table 4b. We examine the effect of 
different sizes of lava fountains on the two coupling scenarios, moderately 
and fully coupled (Section 3.5).

An increase in the size of a lava fountain, when the inner plume has a log-nor-
mal GSD with a median of −3 phi, results in the tephra plume rising higher 
compared to when the lava fountain is small and to a standard volcanic plume. 
This is true for both the moderately and fully coupled scenarios (Figure 8a, 
solid blue and dashed red lines, respectively). As the lava fountain increases 
in size, the amount of fallout from the inner plume becomes proportionally 
larger compared to what is in the outer plume. When the fallout is composed 
of predominately finer particles (Figure  8a), the sedimenting particles be-
come a source of mass, momentum and enthalpy for the outer plume. With 
larger lava fountains, this contribution of the hot material becomes the dom-
inant component of the solid phase MFR in the outer plume rather than the 
original solid phase MFR erupted at the vent. The mass, momentum and en-
thalpy of the outer plume increases considerably resulting in a higher buoyant 
plume compared to if a lava fountain was not present.

In contrast, when the initial GSD of the inner plume is coarser (log-normal 
GSD with a median of −7 phi, we find a dependence on the initial MFR. For 
initial MFRs 105 kg s−1 or below, an increase in the size of a lava fountain 
results in the plume rising to lower heights with respect to the standard in-
tegral model. If the lava fountain consists of predominately large particles, 
much of the fallout from the inner plume is not supported by the surrounding 
plume. The sedimenting particles from the lava fountain are lost from the 
system, therefore the associated mass, momentum and enthalpy are also lost. 
The lower levels of mass, momentum and enthalpy being added to the outer 
plume results in the plume being unable to rise to heights similar to or great-
er than the standard integral model (Figure 8b). The two different coupling 
approaches are the same as large amounts of fallout results in the majority of 
the solid phase MFR of the inner plume being lost before the inner plume ve-
locity approaches 0. Little or nothing is present to add to the start of the single 
plume region, and therefore the coupling mechanism becomes unimportant. 
However, when the initial GSD of the inner plume is coarse and the initial 
MFR is high (i.e., 106 kg s−1), we see the same behavior as we did when the 
GSD of the inner plume was finer. Plume height increases as the lava fountain 

size increases because the overall larger initial MFR of the eruption results in the velocity profile of the outer 
plume decreasing at a slower rate with height compared to an eruption with a lower initial MFR. As a result, more 
of the fallout from the inner plume can be supported by the outer plume and the lava fountain acts as a source of 
mass and energy. As the lava fountain size increases, this source to the outer plume increases and therefore the 
plume can reach greater heights. This supports the results of a coupled plume going higher than a standard plume 
at high initial MFRs as seen in Figure 5.

4.2.  Characteristics of a Coupled Lava Fountain–Tephra Plume

The inclusion of a lava fountain affects not only the rise height of the plume, but also its dynamics. Figures 9 
and 10 show the velocity, temperature, radius, and density profiles for the double and single plume region, re-
spectively. We compare two cases: when the GSD of the inner plume is coarse (Figures 9b and 10b) and when the 
GSD is fine (Figures 9a and 10a). Coarse and fine refer to log-normal distributions where the median grain-sizes 
are −7 and −3 phi, respectively. The standard deviation is kept constant at 0.75 phi. The other source conditions 
are kept constant and are shown in Table 4b. The initial MFR was set to 105 kg s−1 and 2/3 of this MFR is par-
titioned into the inner plume. Both the coupling scenarios of the double plume model and the standard integral 

Figure 7.  (a) The effect of varying the median size of the GSD of the inner 
plume on the overall plume height for the four initial MFRs investigated. 
For each MFR, the results from the standard integral model (black line) and 
the two scenarios of the double plume model, that are listed in Section 3.5, 
(dashed red and solid blue, respectively) are shown. (b) The GSDs of the inner 
(red) and the outer (blue) plume. The median size of the inner plume GSD, 
which correlates to the x-axis in (a), is referenced in the top right corner of 
each plot. MFR, mass flow rate.
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model are plotted. As both scenarios only differ in the treatment of the initial 
conditions of the single plume, both scenarios are the same for the double 
plume region. Reference to the dynamics of the inner and outer plumes in 
Figure 9 refers to both scenarios. We consider representative characteristics 
for two end-member scenarios and therefore cover the range of plausible 
outcomes.

4.2.1.  The Height of the Double Plume Region

A key feature of the dynamics of the inner plume is that its height is much 
lower than that of a typical tephra plume. The height of the inner plume (i.e., 
the lava fountain) is controlled by its initial velocity and the extent of particle 
fallout. As the lava fountain never becomes buoyant, the maximum height 
it can reach is the ballistic height. If the inner plume loses the majority of 
its mass as it rises via the process of particle fallout, the solid phase MFR 
becomes negligible, and the lava fountain never reaches the ballistic height. 
When the GSD of the inner plume is fine, the inner plume height is compara-
ble to the ballistic height (Figure 9a). The height of the inner plume is 516 m, 
while the height of the calculated ballistic height is 510 m for the source con-
ditions defined in Table 4b. These heights are not comparable to the height of 
the gas thrust region (6–8 m) of the surrounding tephra plume or to the height 
of the gas-thrust region in a tephra plume without a lava fountain (25 m). 
However, when the GSD is coarse, the inner plume stops rising before the 
ballistic height is reached as the solid material in the plume is depleted (Fig-
ure 9b). Therefore, the dominant controls on the height of the inner plume 
(i.e., the lava fountain) differ to those of the surrounding plume, which in 
turn results in different dynamics between the inner and outer plume.

4.2.2.  The Dynamics of the Double Plume Region

The dynamics of a lava fountain differs to those of the surrounding tephra 
plume (Figure 9) as, unlike the outer plume, the inner plume does not entrain 
the surrounding gas. The inner plume does not become buoyant as its density 
is always higher than that of the surrounding plume; it is a negatively-buoy-
ant plume. The decrease of MFR due to the lack of entrainment into the inner 
plume and particle fallout results in the radius of the inner plume to decrease 
with height, while the velocity of the inner plume continuously decreases as 
it rises. The lack of entrainment of colder gas also causes very little cooling 
of the inner plume. In contrast the outer plume cools significantly and in-
creases in width as it entrains the colder ambient gas. Once enough gas has 

been entrained and heated, the buoyancy is reversed causing an increase in the velocity of the outer plume. These 
characteristics of the outer plume are comparable to those of the standard integral model, with a slight difference 
due to the different entrainment coefficients used in the respective models.

The amount of sedimentation from the inner plume also plays a role in the dynamics of the inner plume and of the 
surrounding outer plume. When fallout is low (Figure 9a), the inner plume stops due to its velocity approaching 
0 m s−1, which causes the plume radius to diverge. The gas phase in the inner plume is depleted before all the solid 
mass has fallen out of it, causing the bulk plume density to tend toward that of the solid phase. However, when 
fallout is high (Figure 9b), the plume stops before the plume radius diverges as the solid material in the plume has 
completely fallen out. Initially, before significant amount of entrainment occurs into the outer plume, high fallout 
from the inner to the outer plume causes the temperature of the surrounding tephra plume to increase. The gas 
phase becomes the dominant phase of the inner plume, and therefore reduces the bulk density of the inner plume 
toward that of the gas phase. At the very top of the inner plume, the bulk density appears to increase. This is an 
artifact caused by the model as the radius of the inner plume becomes narrower than the diameter of the smallest 
grain-size present in the inner plume. The choice of the initial GSD can result in significant difference in the 
dynamics of the inner plume and influences the dynamics of the surrounding tephra plume.

Figure 8.  The effect of lava fountain size on the height of the coupled tephra 
plume (colored lines) compared to those of a standard integral model (black 
dotted line) for four different eruption; (a) shows the example of when the 
inner plume is initiated with a fine GSD, (b) shows the example of when the 
inner plume is initiated with a coarse GSD.
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4.2.3.  The Dynamics of the Single Plume Region

In the single plume region, there is little difference in dynamics between a 
tephra plume coupled to a lava fountain, for either coupling scenario, and 
a standard tephra plume (Figure 10), with the largest difference seen most 
strongly just above the lava fountain. There, the velocity of the plume increas-
es before decreasing again. This is because the rate at which momentum in 
the plume increases is greater than that of the MFR. The radius, temperature 
and density of the single plume region follow the same general behavior as 
the plume without a lava fountain. The radius of the single plume starts wid-
er, before becoming narrower with height, compared to the standard integral 
model. The density of the outer plume is lower than that of the standard 
modeled plume.

The small differences in the dynamics of the single plume region in the doule 
plume model, compared to the standard integral model, depend on the cou-
pling scenario and how much material is left in the inner plume once it has 
stopped. When the initial GSD of the inner plume is coarse (Figure 10b), high 
sedimentation results in the single tephra plume being slightly colder, denser 
and wider as it rises compared to the standard integral model. No difference 
exists between the moderately and fully coupled double plume scenarios (sol-
id dark blue vs. dotted red lines, Figure 10a) as nothing is left at the top of 
the inner plume to add to the start of the single plume. In contrast, when the 
initial inner plume GSD has a median grain-size of −3 phi (Figure 10a), the 
difference between the double plume model and the standard integral model 
is more significant; especially toward the top of the plume as it rises higher. 
In the case where the double plume and single plume region are fully cou-
pled, the single plume starts off with higher mass, momentum and enthalpy 
flow rates as the majority of the material left at the top of the inner plume is 
added to the start of the single plume. This results in a discontinuity in the 
transition of the outer plume to the single plume. The single plume is slightly 
hotter and less dense than that of the plume without a lava fountain and a 
surrounding tephra plume that is moderately coupled to a lava fountain.

5.  Case Study: The August 29, 2011 Paroxysm of Mount 
Etna, Italy
To understand the dynamics and the source conditions of volcanic plumes 
coupled with lava fountains, we apply the investigated integral plume mod-
els (double and standard) to the August 29, 2011 eruption of Mount Etna. 
This eruption produced a transitional (Scollo et al., 2019) ash-rich plume that 
reached a maximum height of 9.6 ± 0.3 km a.s.l (Corradini et al., 2018) and 
a mean height of 9 km a.s.l (Freret-Lorgeril et al., 2021). Thermal cameras 
recorded a thermally-saturated region above the vent with an average and 

maximum height of 453 and 1,080 m a.v.l, respectively (Calvari et al., 2018). The climactic phase of the eruption 
began at 03:50 GMT and lasted for 63 min (Freret-Lorgeril et al., 2018). Analysis of the field deposit determined 
a MFR of 3–4 × 104 kg s−1 (Freret-Lorgeril et al., 2021), and will hence be referred to as the plume tephra deposit 
MFR. The most proximal sample site of this field analysis was located 0.7 km from the vent. The GSD has been 
determined from analysis of the plume tephra deposit based on two different approaches, that is, based on ob-
served data only or on a combination of observed and synthetic data (Figure 11; Freret-Lorgeril et al., 2021). The 
specific plume dynamics, and the availability of the observations, results in this eruption being an ideal example 
to analyze with the double plume model.

We take a Monte Carlo approach to invert the initial MFR of the August 29, 2011 eruption of Mount Etna using 
the double plume and standard integral model. Observations of both the plume and lava fountain heights are 

Figure 9.  The dynamics (velocity, temperature, radius, and density) of the 
inner and outer plume (with the moderately and fully coupled scenarios 
overlapping) in the double plume region compared to those of the standard 
integral model. (a) The example of when the inner plume is initiated with a 
fine GSD and (b) is the case when the inner plume is initiated with a coarse 
GSD. The standard integral model is shown (dotted black line) for comparison 
and the modeled surrounding plume in the double plume is also plotted for 
completeness.
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used to constrain the new double plume model, whereas the standard integral 
model can only be constrained by the plume height. By varying the selected 
ESPs (velocity, temperature, gas mass fraction, and MFR) of the plume mod-
els and comparing the modeled lava fountain and/or plume-top heights with 
observations, we can invert for the initial MFR. The observed lava fountain 
height is taken to be that of the saturated region in thermal camera images 
(Calvari et al., 2018). If the determined heights of the double plume region 
and the overall plume lie between the reported mean and maximum heights 
(Corradini et al., 2018; Calvari et al., 2018; Freret-Lorgeril et al., 2021) of the 
lava fountain and tephra plume, respectively, the simulation is recorded as a 
match. This procedure allows the range of initial MFRs that resulted in the 
observed plume and lava fountain heights to be determined.

The range of source conditions for the Monte Carlo simulations to determine 
the MFR range for the August 29, 2011 Mount Etna eruption are reported in 
Table 4c. For the double plume model, the inner plume is always hotter and 
contains a lower fraction of initial gas to represent a lava fountain. The par-
tition ratio (ɛ) is kept constant at 0.74. This value is determined by the ratio 
between the estimated MFR of the cone deposit and the MFR of the cone 
deposit plus the MFR of the plume tephra deposit for the August 29, 2011 
paroxysmal eruption of Mount Etna. The value of the MFR of the plume 
tephra deposit is reported in Freret-Lorgeril et al. (2021). The MFR of the 
cone deposit is calculated by taking the reported cone volume and total lava 
fountaining duration between 2011 and 2012 from Behncke et al. (2014), and 
assuming a density of the cone deposit of 1,800 kg m−3 (Mulas et al., 2016). 
Both the inner and outer plumes start with the same initial velocities. The 
standard integral model uses the same initial temperature, gas mass fraction 
and velocity as the outer plume. For each run, the atmospheric temperature 
and pressure profiles are taken from the ECMWF ERA Interim, Daily data 
sets for the location of Mount Etna on the August 29, 2011. The partition 
ratio (ɛ) and initial GSDs are also kept constant.

We use two different GSDs, as determined by Freret-Lorgeril et al. (2021) 
from the plume tephra deposit of the August 29, 2011 Mount Etna eruption, 
as the initial GSD of the outer plume. These two GSDs refer to a GSD only 
based on deposit sampling and a GSD based on a combination of deposit 
sampling and synthetic data used to fill the gap between field samples. Each 
GSD is used to initialize a simulation. We use the two reported GSDs to 
investigate the sensitivity of the plume rise to GSD calculation by different 
approaches; where all the samples are used to create the GSD and where 
synthetic data are also used. We assume that the wider field-based GSD is 
only representative of the outer plume as it does not contain any data from 

the proximal cone deposit as the most proximal sample (∼700 m from the vent) lies out of the circumference of 
the cone as outlined by Behncke et al. (2014). The cone deposit is thought to be predominately composed of the 
tephra that has fallen out from the lava fountain (Behncke et al., 2014; Head & Wilson, 1989). As no GSDs exist 
from the cone deposit of Mount Etna, we use the GSD from the 1956 Kilauea Iki, Hawaii eruption (Figure 11), 
which does include an estimation of the most proximal cone deposit (Parfitt, 1998). The 1956 Kilauea Iki, Hawaii 
eruption was a coupled lava fountain–tephra plume, but the tephra plume was not of the same scale of those ob-
served at Mount Etna, Italy as the plume height was much lower (Parfitt & Wilson, 1999). To initiate the standard 
integral model, we use the GSD derived from the plume tephra deposit as we do for the outer plume. This is 
because the standard integral model is modeling a tephra plume rather than a tephra plume and a lava fountain; 
therefore the initial GSD should only reflect the material in the plume tephra deposit. All the initial GSDs used in 
the modeling are plotted in Figure 11 and range from −9.5 phi to 4.5 phi with a spacing of 0.5 phi. Results of the 
MFR at different heights in the plume for each of the Monte Carlo simulations are shown on Figure 12.

Figure 10.  The dynamics (velocity, temperature, radius, and density) of the 
surrounding tephra plume for two examples, where one has a fine and the other 
has a coarse initial GSD for the inner plume, (a) and (b), respectively). The 
two different coupling scenarios are shown; solid blue line for the moderately 
coupled case and dotted red line for the fully coupled case. The standard 
integral model is shown (dotted black line) for comparison.
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The double plume model, regardless of the GSD used to initiate the outer 
plume, requires a slightly higher initial MFR to reach the same height as 
the standard integral model (Figure 12). This is because the inner plume is 
initiated with a coarse GSD (black line–Figure 11). In the cases where the 
initial GSD of the inner plume is coarse that is, as in a lava fountain, much 
of the fallout from the inner plume is not supported by the outer plume and 
is subsequently removed from the system. This results in the plume reaching 
lower heights than the standard integral model despite starting with overall 
more enthalpy within the inner plume as fallout removes much of the availa-
ble enthalpy completely from the system.

Despite these differences in the initial MFR determined from the double and 
standard integral model, neither correspond with the MFR from the plume 
tephra deposit for the August 29, 2011 eruption. Figure 12 shows that the 
modeled MFRs at source (black and colored dots) are an order of magnitude 
higher than those determined from the plume tephra deposit and eruption du-
ration (orange line). This is a feature that is often observed with coupled lava 
fountain-tephra plumes at Mount Etna, Italy (Figure 3). The double plume 
model does not reach the observed height of the tephra plume produced by 
the August 29, 2011 eruption with the MFR from the plume tephra deposit. 
This suggests that the additional heat from the hotter inner core (the lava 
fountain) does not result in the tephra plume going higher for a given MFR 
compared to a plume that does not have a lava fountain. The modeled MFR 
of the source, for the double plume model, best fits the sum of the MFR from 

the cone deposit and the MFR from the plume tephra deposit. This suggests that a considerable amount of the 
erupted material for this eruption is deposited in the proximal cone deposit.

While the plume tephra deposit MFR does not correspond to the MFR at the source of the plume, it does match 
with modeled MFRs just above the top of the lava fountain in the double plume model. Figure 12 highlights that 
the plume tephra deposit MFR (orange line) overlaps with the MFRs from the start of the single plume (colored 
open circles). As there is not a source of solid MFR in the system, the overall solid MFR in the double plume 
can only remain constant or decrease with plume rise. Significant levels of fallout occur of coarse material in the 
region where a lava fountain is present. This causes the solid MFR to decrease drastically in this zone to a value 
that is comparable to the MFR determined by the field deposit analysis.

6.  Discussion
6.1.  What Controls the Effect That a Lava Fountain has on Buoyant Plume Rise?

The extent to which a lava fountain affects the rise of a buoyant tephra plume depends on the amount of coupling 
between the tephra plume and the lava fountain. The greater the degree of coupling, the greater amounts of mass, 
momentum and enthalpy the lava fountain can provide to the rising tephra plume. This can result in the surround-
ing tephra plume reaching higher altitudes compared to those without these additional sources. Instances of high 
coupling include when fallout from the lava fountain is high, and this fallout is incorporated into surrounding 
plume or is transferred to the single plume region when the lava fountain stops. High fallout generally occurs 
when the initial GSD is coarse. The larger the solid particles in the plume, the more likely the velocity of the inner 
plume will not be high enough to support their rise and will subsequently sediment from the plume (Figures 6 
and 7). If there is not any coupling between the lava fountain and the tephra plume, the lava fountain acts as a 
sink for the system. This occurs when the amount of fallout is really high, and the material is not supported by the 
surrounding plume, or when the fallout is low and the material is removed from the system when the lava fountain 
stops. These results lead to the conclusion that the initial GSD of a lava fountain is one of the most important 
controls on the extent of impact a lava fountain has on the rise of the surrounding tephra plume. Regardless of the 
type of coupling scenario, the effect on plume rise is greater when more of the overall initial MFR is partitioned 
into the lava fountain compared to the surrounding tephra plume (Figure 8).

Figure 11.  The initial GSDs used to model the August 29, 2011 eruption at 
Mount Etna, Italy. The inner plume initial GSD (black line) is kept constant, 
while the initial outer plume GSD (colored lines) is varied for each of the two 
Monte Carlo simulations.
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6.2.  What is the Relation Between Tephra Deposits and Coupled Lava Fountain–Tephra Plumes?

The MFR at the vent of a tephra plume coupled to a lava fountain, when determined from the numerical mod-
eling, is different from the MFR calculated from the plume tephra deposit. For the case study explored in Sec-
tion 5, the modeled MFR at the vent, from the double and standard integral models, are an order of magnitude 
larger than the MFR determined from analysis of the plume tephra deposit. The same pattern is seen with multiple 
other eruptions at Mount Etna, Italy (Figure 3). However, as Figure 12 highlights, the plume tephra deposit MFR 
for the August 29, 2011 eruption better correlates with modeled values of the MFR at the start of the single 
plume just above the lava fountain (Figure 12). This indicates that the plume produced a significant fallout in the 
proximal region.

Considering the differences between the MFR at the source and the MFR derived from the plume tephra deposit, 
an important question to ask is which MFR should be used to determine subsequent dispersion of the tephra in 
the atmosphere. MFR is a key input of volcanic dispersion models. However, significant uncertainty exists in 
determining its value for an eruption (e.g., Bonadonna et al., 2015). The MFR determined by a standard integral 
model overestimates the amount of ash that reaches the top of the plume and can be dispersed from the volcano. 
The same is true for the MFR at the source of the double plume model. It would be more suitable to use the solid 
MFR at the NBL, as determined from the double plume model, as a source term for further investigations into 
distal atmospheric dispersion, as this represents the erupted material that reaches the umbrella cloud. This value 
could be similar to the value derived from the plume tephra deposit but is different from the total initial MFR as 
determined from the standard integral model or from the combined cone and plume tephra deposit, which main-
ly depends on the spatial distribution of the tephra samples (Andronico, Scollo, Cristaldi, & Lo Castro, 2014). 
However, the MFR from the plume tephra deposit can also be an overestimation of what reaches the top of the 
plume (Figure 12). Therefore, while the new double plume model offers more insight into the MFR distribution 
in the tephra plume, in such cases, care is required on using MFRs from different heights in the plume to examine 
distal ash dispersion.

Figure 12.  The modeled MFRs from the different Monte Carlo simulations when the model is constrained by the observations of the August 29, 2011 eruption 
of Mount Etna. The range of MFRs determined from the plume tephra deposit is marked with the orange dashed lines (Freret-Lorgeril et al., 2021). The burgundy 
lines refer to the MFR from the cone deposit plus from the MFR of plume tephra deposit; that is, an estimation of the total MFR of the explosive material from the 
eruption. Black markers refer to constrained model runs from the standard integral model and colored markers to model runs of the double plume model matched to 
the observations. The different colors of the markers refer to the initial GSD used for the outer plume in the double plume model. Red refers to the GSD used for the 
outer plume, where only the sampled points are used to create the GSD, and the green markers refer to a GSD where synthetic data is used to compensate for the lack of 
medial data to create the GSD. The different marker shapes refer to the location in the plume of the MFR; solid dots refer to the source, open circles to the start of the 
single plume just above the lava fountain, squares to the neutral buoyancy level (NBL) and stars to the top of the single plume. A schematic of the plume, that shows the 
different locations of the MFR values in the plume, is shown on the right-hand side of the figure.
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6.3.  Limitations of the Model

6.3.1.  Unaccounted-For Processes

We focused this study on the coupling of a lava fountain to the plume, but there are of course a series of additional 
processes that can further influence plume dynamics that were not directly accounted for. We discuss the most 
important ones and their potential impact here. Heat transfer processes such as thermal disequilibrium are not 
modeled. Thermal disequilibrium can exist at variable levels between particles larger than −2 phi and the gas 
phase (Woods & Bursik, 1991). For the GSD of the 1956 Kilauea Iki, Hawaii eruption, that is used as the initial 
GSD of the lava fountain for August 29, 2011 Mount Etna case study, this equates to ∼98% of the material in 
the field deposit. This could mean that the heat transfer between the lava fountain and the surrounding plume is 
overestimated. However, as the extent of thermal disequilibrium is dependent on grain-size and a large amount 
of the coarse particles are removed completely from the system by particle fallout from the lava fountain, the 
significance of the reduction in heat transfer is assumed to be limited. Another unaccounted process is secondary 
fragmentation within the lava fountain, which could result in additional material being added to the surrounding 
plume.

Wind could also play a vital role on the rise of plumes that contain a lava fountain. Increased entrainment and 
bending of the plume from wind can reduce the overall height a standard tephra plume can reach. Its effect has 
been accounted for in standard integral model and has been studied in detail (Bursik, 2001; Carazzo et al., 2014; 
Degruyter & Bonadonna, 2012, 2013; Girault et al., 2016; Woodhouse et al., 2013). While it is reasonable to 
expect a similar effect for the tephra plume above the lava fountain, the impact of wind on the region of the tephra 
plume that coexists with the lava fountain is less clear. An increase of entrained fluid from the atmosphere into 
the tephra plume could affect its ability to support sedimenting material from the inner plume. High wind could 
also increase the stability of the tephra plume as has been highlight in standard tephra plumes by Degruyter and 
Bonadonna (2013).

6.3.2.  Parameter Uncertainty

Another consideration of this study should be the values of the entrainment coefficients used in the integral 
plume models. While there has been an extensive amount of research of which values to use in standard integral 
models (Aubry et al., 2017; Aubry & Jellinek, 2018; Devenish, Rooney, Webster, & Thomson, 2010; Suzuki & 
Koyaguchi, 2015), including using varying entrainment coefficients that are dependable on the Richardson num-
ber (Carazzo et al., 2008; Kaminski et al., 2005), considerable uncertainty on their values remains. Entrainment 
coefficients for double plumes have been determined from large eddy simulation of Boussinesq plumes (0.05, 
0.8, and 0.01 for α, β, and λ, respectively; Devenish, Rooney, & Thomson, 2010). They have also been calculated 
from the fitting of theoretical modeling to experiments of Boussinesq fountains (0.085, 0.147, and 0.147 for α, β, 
and λ, respectively; Bloomfield & Kerr, 2000). The coefficients from these different studies differ to each other 
and therefore lead to a difference in plume dynamics (Devenish & Cerminara, 2018). The plume height modeled 
by a double plume model is sensitive to the values chosen for the entrainment coefficients (Li & Flynn, 2020; Li 
et al., 2018). Given the importance of the values of the entrainment coefficients, and the structure of a coupled 
lava fountain–tephra plume being different to experimental Boussinesq fountains (hotter, coarser, and co-flow-
ing), further experiments and analysis of real eruptions are needed to better constrain their values.

Even though the source conditions are a major control on the extent of coupling between a lava fountain and a 
tephra plume, the characterization of the GSD and lava fountain size of a coupled lava fountain–tephra plume 
system are poorly constrained. Such source parameters are difficult to determine. Field analysis of the proximal 
deposit is challenging after an eruption due to the difficult accessibility and deposit correlation (Andronico, 
Scollo, Cristaldi, & Lo Castro, 2014; Behncke et al., 2014). Frequent eruptions at volcanoes such as Mount Etna, 
make it difficult to determine one eruption deposit from another in the very proximal region. As a result, analysis 
of the GSDs and of the erupted material has not been carried out on the very proximal deposits of fallout forming 
the scoria cone from the lava fountains that occurred between 2011 and 2016. Further information on the GSDs 
of the inner plume would provide a better description of the initial grain-size characteristics of the lava fountain 
and would improve the reconstruction of coupled lava fountain–tephra plumes. Field studies of proximal cones 
produced by coupled lava fountains - tephra plumes should be carried out to determine the GSD of the lava foun-
tain. To better determine the amount of erupted mass of the lava fountain, remote sensing methods, such as radar, 
could also be used to define the MFR partition ratio ɛ between the lava fountain and the surrounding tephra plume 
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(Freret-Lorgeril et al., 2018). High accuracy Lidar surveys (Fornaciai et al., 2010; Scollo et al., 2012, 2015) and 
Unmanned Aerial Vehicles investigations (De Beni et al., 2019) after individual eruptions could also provide 
details on the characteristics and the volume of the cone deposits to better estimate the partition ratio of the initial 
MFR.

7.  Conclusions
We have developed a novel model for buoyant tephra plumes associated with a lava fountain, which indicates that 
lava fountains do affect the characteristics of buoyant tephra plumes. Results show that the type and extent of the 
effect on a plume from a coupled lava fountain is predominantly dependent on the amount of the initial MFR that 
is partitioned into the lava fountain in relation to the surrounding tephra plume and the GSD of the lava fountain. 
The presence of a lava fountain increases the variability of the MFR-plume height relationship, compared to 
those without. When a greater fraction of the overall initial MFR is partitioned into the lava fountain and if the 
fountain is composed of coarse material, the lava fountain acts as a sink of mass, momentum and enthalpy of the 
overall plume system. In this scenario, a higher MFR at the source is required to reach the same height as a plume 
without a lava fountain.

Our investigations show that while the lava fountain is momentum driven, it cannot always be assumed to be 
at its maximum ballistic height due to particle fallout and entrainment processes. In contrast, the height of the 
gas-thrust region of a tephra plume is not equal to the ballistic height since the plume becomes buoyancy driven 
before the latter is reached. Care and further work are needed to determine if the lava fountain height can be used 
to determine the exit velocity of the surrounding buoyant tephra plume.

The discrepancy between the MFR determined from plume height and the MFR determined from the field deposit 
could be explained by the change in the solid MFR with height, that is captured by the new double plume model. 
For the August 29, 2011 Mount Etna eruption, the MFR derived from the plume tephra deposit does not equate to 
what is erupted at the vent, but to what is still in the plume above the lava fountain. When a lava fountain is com-
posed of coarse material, a larger majority of the tephra falls out of the lava fountain and does not reach the top of 
the plume. This highlights the importance of characterizing the near vent deposit when determining MFRs from 
the tephra deposit to ensure that the total erupted volume is not underestimated (Andronico et al., 2015; Behncke 
et al., 2014; De Beni et al., 2015; Freret-Lorgeril et al., 2018; Spanu et al., 2016). Furthermore, MFRs determined 
from a standard integral model could overestimate the amount of tephra that is released in the atmosphere during 
paroxysmal eruptions. It is important to choose the right modeled MFR from the double plume model, and to 
consider what the tephra deposit represents, for further use in atmospheric dispersion models, as what is erupted 
at the vent is not always comparable to what is released in the atmosphere.

One crucial issue for further work is to constrain key controls to correctly determine the effect of the lava fountain 
on plume rise. Further field and remote sensing analysis of the proximal cone deposit is needed to improve the 
estimate of the initial GSD and the initial mass partitioning between the lava fountain and tephra plume. Inclusion 
of wind and thermal disequilibrium in the double plume model would allow the effect of these processes to be 
explored and will further improve the applicability of the model.

Data Availability Statement
Access to the model code used to generate the data in this manuscript can be downloaded from https://zenodo.
org/badge/latestdoi/313691946.
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