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The dichotomy between explosive volcanic eruptions, which produce pyroclasts, and effusive eruptions, 
which produce lava, is defined by the presence or absence of fragmentation during magma ascent. 
For lava fountains the distinction is unclear, since the liquid phase in the rising magma may remain 
continuous to the vent, fragment in the fountain, then re-weld on deposition to feed rheomorphic lava 
flows. Here we use a numerical model to constrain the controls on basaltic eruption style, using Kilauea 
and Etna as case studies. Based on our results, we propose that lava fountaining is a distinct style, 
separate from effusive and explosive eruption styles, that is produced when magma ascends rapidly and 
fragments above the vent, rather than within the conduit. Sensitivity analyses of Kilauea and Etna case 
studies show that high lava fountains (>50 m high) occur when the Reynolds number of the bubbly 
magma is greater than ∼0.1, the bulk viscosity is less than 106 Pa s, and the gas is well-coupled to 
the melt. Explosive eruptions (Plinian and sub-Plinian) are predicted over a wide region of parameter 
space for higher viscosity basalts, typical of Etna, but over a much narrower region of parameter space 
for lower viscosity basalts, typical of Kilauea. Numerical results show also that the magma that feeds 
high lava fountains ascends more rapidly than the magma that feeds explosive eruptions, owing to its 
lower viscosity. For the Kilauea case study, waning ascent velocity is predicted to produce a progressive 
evolution from high to weak fountaining, to ultimate effusion; whereas for the Etna case study, small 
changes in parameter values lead to transitions to and from explosive activity, suggesting that eruption 
transitions may occur with little warning.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The style of a volcanic eruption strongly influences the resul-
tant hazard (Blong, 2013; Cassidy et al., 2018). Eruption style varies 
over a broad spectrum, but the most fundamental distinction is be-
tween effusive and explosive eruptions (Gonnermann and Manga, 
2013). Effusive eruptions produce lava flows and lava domes and 
usually pose only a local hazard (Blong, 2013). Explosive erup-
tions produce pyroclastic material, which is ejected from the vent 
as a jet or plume (Walker, 1973), and may pose a local, regional, 
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or global hazard. For silicic eruptions there is a clear dichotomy 
between effusive and explosive activity (Woods and Koyaguchi, 
1994); even for hybrid eruptions, which exhibit simultaneous ef-
fusive and explosive activity, the component styles are clearly dis-
tinct and spatially localized (Castro and Dingwell, 2009; Schipper 
et al., 2013). At basaltic volcanoes, the distinction may be less 
clear.

Basaltic Plinian and sub-Plinian eruptions are unambiguously 
explosive, producing abundant fine ash (�60 μm) that feeds an 
eruptive column up to tens of kilometres in height (Coltelli et 
al., 1998; Houghton et al., 2004; Gonnermann and Manga, 2013). 
Basaltic eruptions producing only lava flows are unambiguously ef-
fusive. However, basaltic lava fountains, whilst generally described 
as explosive (Mueller et al., 2019; Polacci et al., 2019), form 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Field observations of lava fountains. Examples of (a) basaltic fluid-dominated and (b) ash-dominated lava fountaining, respectively. Image (a) shows a typical Hawaiian 
lava fountain from the eruption of Kilauea Volcano on the East Rift Zone at Kapoho, Hawaii on January 15, 1960 (Photo by Jerry P. Eaton, courtesy of U.S. Geological Survey). 
Image (b) shows a lava fountain from the Etna New South-East Crater on April 12, 2012 (Photo by Daniele Andronico, INGV Sezione Catania).
a spectrum from ash-dominated to fluid-dominated (Fig. 1) and 
so defy simple classification. Ash-dominated fountains are com-
posed mainly of solid clasts from hundreds of microns up to a 
few millimetres in size, produced by brittle failure of magma, 
and share many characteristics with sub-Plinian eruptions (Parfitt, 
1998; Houghton and Gonnermann, 2008). Fluid-dominated foun-
tains are composed mainly of fluidal clasts from a millimetre scale 
(Pele’s tears, Pele’s hair) up to centimetre or decimetre scale (spat-
ter and bombs) (Gonnermann and Manga, 2013; Cannata et al., 
2019), produced by ductile fragmentation in the fountain. The 
larger clasts may coalesce on deposition to feed rheomorphic lava 
flows. At the fluid extreme, a dome fountain (Takahashi and Griggs, 
1987) may produce almost no clastic material, and so must be con-
sidered effusive.

The degree to which a lava fountain is explosive or effusive is 
more than just a question of terminology. The nature and extent 
of the hazard a lava fountain poses depends strongly on the abun-
dance, size, and other physical characteristics of the clasts. Fine 
ash generated from the fountain may loft into a buoyant plume 
that poses a downwind respiratory or aviation hazard, whereas flu-
idal clasts that coalesce on deposition may feed a lava flow that 
poses a hazard to downslope communities and infrastructure. Fur-
thermore, the different clast characteristics suggest that different 
physical processes are responsible for their formation; it is unlikely 
that the same fragmentation process can generate such different 
pyroclastic materials as spindle bombs, scoria, Pele’s hair/tears, and 
fine ash. These important distinctions are obfuscated by the cur-
rent terminology.

Most research into magma fragmentation has focussed on the 
silicic case, in which brittle failure occurs when the magma is 
pushed into an unrelaxed state by high strain rates and high vis-
cosity (Sparks, 1978; Papale, 1999; Zhang, 1999; Gonnermann, 
2015). Fragmentation of basaltic magmas is less well understood, 
but two additional mechanisms have been proposed: inertial frag-
mentation (Mader et al., 1994; Mangan and Cashman, 1996; 
Namiki and Manga, 2008; Gonnermann, 2015); and fluid-dynamic 
breakup (Jones et al., 2019). We hypothesise that the style of 
fountaining depends on the dominant fragmentation style. This 
hypothesis is informed by observations at two case-study volca-
noes: Kilauea (Hawaii, USA) typically erupts low viscosity basalt 
(< 103 Pa s) (Moune et al., 2007; Andronico et al., 2009), producing 
fluid-dominated fountains (Fig. 1a); whereas Etna (Italy) typically 
2

erupts more viscous basalt (∼103 to 106 Pa s) (Giordano and Ding-
well, 2003; Vona et al., 2011; Kolzenburg et al., 2018), generating 
ash-dominated fountains (Fig. 1b) (Moune et al., 2007; Polacci et 
al., 2019). Furthermore, fluidal Pele’s hairs and tears were pro-
duced during the 2002-03 lava fountaining activities at Etna from 
low-viscosity crystal-poor magma (Andronico et al., 2009), while 
an ash column of 14-18 km height was generated during the un-
usually energetic 900 CE Kulanaokuaiki eruption at Kilauea (Fiske 
et al., 2019), suggesting that viscosity and ascent rate play an im-
portant role in determining fragmentation style.

Here we investigate our hypotheses by integrating all three 
fragmentation criteria (brittle, inertial, fluid-dynamic) into a 1D 
numerical conduit model for magma ascent, focussing our atten-
tion on two case studies: Kilauea and Etna. We vary key input pa-
rameters over a range of values that are consistent with each case 
study to discover general trends and thresholds. We then analyse 
how some initial conditions affect the style of activity. Finally, we 
provide some constraints on the style of activity as function of 
magma viscosity, ascent rates and outgassing.

2. Methods

2.1. 1D steady-state model for magma ascent

Here we summarize the 1D steady-state model for magma as-
cent in a cylindrical conduit described by La Spina et al. (2015, 
2016, 2017a), which explicitly accounts for the complex and non-
linear coupling of temperature changes, viscosity evolution, non-
ideal gas behaviour, outgassing and both disequilibrium crystallisa-
tion and exsolution.

In this model, the flow of the magmatic two-phase multicom-
ponent mixture is treated as a continuum, and each of the two 
phases and each component is characterized by the volume frac-
tion (αk), mass density (ρk), mass fraction (xk), velocity (uk), spe-
cific internal energy (ek), specific entropy (sk), pressure (Pk) and 
temperature (Tk). Below the fragmentation level, magma is a mix-
ture of a liquid phase (denoted by the index l), composed of melt, 
crystals and various dissolved gas components, and a gas phase 
(denoted by the index g), comprising bubbles of various exsolved 
gas components. Above the fragmentation level, the mixture con-
sists of a dispersed particle phase (still denoted by index l) and 
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a continuous gas phase composed of various exsolved gases. Since 
the gas mixture is always referred to as the exsolved gas phase, 
we can use, without ambiguity, the subscripts g1 and g2 to refer 
to the gas species considered here: H2O and CO2. The subscripts 
d1 and d2 are used to refer to those gas species when they are 
dissolved in the melt. The subscript m is used for the melt, and c
for the total crystal content. Within each phase, we assume that all 
components have the same pressure, temperature and velocity (i.e. 
Pm = Pc = Pdi = Pl and P gi = P g , and analogously for the tem-
perature and velocity). Furthermore, the saturation constraints of 
αl + αg = 1 and xl + xg = 1 hold all along the conduit. Using the 
notations described above, we can define the mixture parameters 
as follows:

ρ = αlρl + αgρg;
xl = αlρl

ρ
;

xg = αgρg

ρ
;

P = αl Pl + αg P g;
T = αl Tl + αg T g;
u = xlul + xgug;
e = xlel + xgeg;
s = xlsl + xgsg .

(1)

Relative motion between gas and liquid (or particle) phases is 
permitted, and pressures may differ between the gas and the liq-
uid (or particle) phases. The temperature of the two phases is 
assumed to be in equilibrium. This assumption is supported by 
Oppenheimer et al. (2018) which shows that the temperature dif-
ference between the gas phase and the melt phase is negligible for 
bubble radii smaller than 10 cm, which is typical of Strombolian 
activity and lava fountains at Etna (Polacci et al., 2006).

The conservation equations for the mixture mass and momen-
tum are:
∂ρu

∂z
= 0, (2)

∂

∂z

⎡
⎣ ∑

k=l,g

αkρku
2
k + αk Pk

⎤
⎦

= −ρg − f Dl

ρlu2
l

4r
(1− φ f ) − f Dg

ρgu2
g

4r
φ f , (3)

where g is the gravitational acceleration, r is the conduit radius, 
which is assumed to be constant, and φ f is a non-dimensional 
variable, which is 0 below the fragmentation level and 1 other-
wise. Furthermore, f Dl and f Dg are the Darcy-Weisbach friction 
factors, which are functions of Reynolds number and conduit wall 
roughness as per the empirically-derived Moody diagram (Weis-
bach, 1845; Brown, 2003).

The mixture energy equation has been derived following the 
formulation in Zein et al. (2010) and in Rodio and Abgrall (2015), 
including, also, heat loss due to gravitational force:

∂

∂z

⎡
⎣ ∑

k=l,g

αkρkuk

(
ek + Pk

ρk
+ u2

k

2

)⎤
⎦ = −ρgu. (4)

The variation in the liquid volume fraction (and thus also in the 
gas volume fraction) along the conduit is defined by the following 
balance equation:

∂ρuαl

∂z
= − 1

τ (p)

(
P g − Pl

)
. (5)

Here, the relaxation parameter τ (p) (m2 s−1) defines the dise-
quilibrium between the gas and liquid pressures. This parameter 
is expected to be a function of the bulk viscosity, both volumet-
ric fractions, and mixture density in the bubbly magma, and is 
3

assumed to be a very small constant (<< 1) in the gas/particle 
zone (La Spina et al., 2017b). In the bubbly magma, higher bulk 
viscosity leads to higher gas overpressure with respect to the sur-
rounding melt. For a crystallized andesitic magma, La Spina et al. 
(2017b) showed that the gas overpressure is negligible throughout 
most of the conduit, except for a few meters below the fragmen-
tation level, where the overpressure can reach up to 10 MPa. For a 
basalt, however, the viscosity is several orders of magnitude lower 
than a crystallized andesitic magma, which results in an overpres-
sure of several orders of magnitude lower than that found in La 
Spina et al. (2017b). Since in this work we focus on basaltic mag-
mas, it is reasonable to assume pressure equilibrium between the 
two phases, obtained by setting τ (p) = 10−5 m2 s−1.

The following balance equations determine the exsolution of 
each gas component and the corresponding dissolved contents:

∂αgiρgi ug

∂z
= 1

τ (e)

(
xmd
di

− xmd,eq
di

)⎛
⎝αlρl −

∑
j

αlρc jβ j

⎞
⎠ , (6)

∂

∂z

⎛
⎝

⎛
⎝αlρl −

∑
j

αlρc jβ j

⎞
⎠ xmd

di
ul

⎞
⎠

= − 1

τ (e)

(
xmd
di

− xmd,eq
di

)⎛
⎝αlρl −

∑
j

αlρc jβ j

⎞
⎠ , (7)

where xmd
di

is the mass fraction of the dissolved gas phase i with 

respect to the liquid crystal–free phase, while xmd,eq
di

is the value at 
equilibrium. The exsolution rate (and thus how close the dissolved 
gas mass fraction is to the equilibrium value) is controlled by the 
relaxation parameter τ (e) (s). This characteristic time is likely to be 
controlled by pressure, temperature, dissolved water content and 
bulk composition of the melt. Since experimental constraints on 
this characteristic time are lacking, following La Spina et al. (2016), 
we consider (as a first order approximation) disequilibrium exso-
lution assuming a constant characteristic time τ (e) = 1 s.

The variations of the volume fractions of each crystal compo-
nent are controlled by the following governing equation:

∂

∂z

(
αlρc jβ jul

) = − 1

τ (c)
αlρc j

(
β j − β

eq
j

)
. (8)

Here β j is the volume fraction of the crystal component j while 
β
eq
j is the same physical quantity at equilibrium. The disequilib-

rium crystallization process is controlled by the characteristic time 
τ (c) (s). Following Arzilli et al. (2019) we consider (as a first order 
approximation) disequilibrium crystallization assuming a constant 
characteristic time τ (c) = 10 s.

Finally, the following differential equation governs the relative 
motion of the gas with respect to the liquid phase:

∂

∂z

[
u2
l

2
− u2

g

2
+ el + Pl

ρl
− eg − P g

ρg
− (

sl − sg
)
T

]
=

− 1

τ ( f )

ρ

ρlρg

(
ul − ug

) − f Dl

u2
l

4αlr

(
1− φ f

) + f Dg

u2
g

4αgr
φ f . (9)

The degree of decoupling between the gas and the liquid phase 
is controlled by a relaxation parameter τ ( f ) (kg−1m3s). When this 
relaxation parameter is very small, the relative velocity approaches 
zero, whereas large values of τ ( f ) result in strong decoupling. The 
velocity relaxation parameter τ ( f ) adopted here is defined accord-
ing to the outgassing model described in the Supplementary Ma-
terials.
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2.2. Constitutive equations

The model presented above is expressed in a general formu-
lation, and can be used to describe magma ascent dynamics for 
a wide range of volcanoes (La Spina et al., 2015, 2016, 2019). 
In order to simulate the magma ascent dynamics at Kilauea and 
Etna we adopted specific constitutive equations (such as rheologi-
cal, solubility, crystallization, wall friction, and outgassing models), 
which are reported in the Supplementary Materials. Extending pre-
vious works (Aravena et al., 2017; Arzilli et al., 2019; La Spina 
et al., 2019), here we implemented three different fragmentation 
criteria: the brittle (strain-rate) criterion (Papale, 1999), the in-
ertial criterion (Namiki and Manga, 2008), and the fluid-dynamic 
breakup criterion (Jones et al., 2019).

For silicic magmas, magmatic failure is thought to occur when 
the Deborah number (De), which is the ratio between the Maxwell 
relaxation timescale (λr ) and the timescale of deformation (λd), is 
greater than 0.01 (Papale, 1999):

De = λr

λd
=

(
μ

G∞

)
(

1

γ̇

) = μγ̇

G∞
> 0.01, (10)

where μ is the magma viscosity, γ̇ is the strain rate and G∞ is 
the unrelaxed shear modulus at infinite frequency of the magma. 
This fragmentation mechanism is considered to be responsible for 
the formation of ash during Plinian and sub-Plinian eruptions, and 
is referred to as brittle fragmentation.

The low viscosity of basaltic magmas, however, makes the for-
mation of high strain rates necessary to trigger fragmentation dif-
ficult to achieve. Namiki and Manga (2008) proposed a new mech-
anism for basaltic magma fragmentation, based on the inertia of 
the magma generated by bubble expansion. They performed sev-
eral decompression experiments in a shock tube apparatus with 
an analogue material covering the viscosity range of basaltic mag-
mas (from 1 to 3 × 103 Pa s). With these experiments they found 
that fragmentation occurs when the expansion Reynolds number 
(Reexp) is in the order of unity (Namiki and Manga, 2008):

Reexp = ραl vexp L

μ
>∼ 1, (11)

where ρ is the density of magma, αl is the magma volume frac-
tion, vexp is the expansion velocity of the magmatic mixture, and L
is the characteristic length of expansion. The characteristic length 
is calculated as the distance from where the exsolution starts to 
the position of interest in the conduit. The expansion velocity is 
also calculated following Namiki and Manga (2008):

vexp = 1

2

L(Ph − Pl)

3μ(1/α2/3
g − 1)

, (12)

where Ph is the pressure where the exsolution starts, and Pl is the 
pressure at the position of interest in the conduit. Pele’s hairs and 
tears have been suggested to be examples of textures related to 
this type of fragmentation (Namiki and Manga, 2008; Gonnermann, 
2015), which is also considered to occur within the uppermost 
hundreds of meters of the conduit.

Recently, Jones et al. (2019) presented a new criterion for fluid 
dynamic break-up of thinning filaments of low-viscosity magmas. 
They introduced a modified Deborah number (De∗), which is de-
fined as the ratio of the dominant fluid instability timescale (λinst ) 
and the extensional timescale (λext ). Their experiments indicate 
that fluid dynamic break-up occurs when
4

De∗ = λinst

λext
= max(λcap, λvis)

λext
< 1, (13)

where λcap and λvis are capillary and viscous instability timescales, 
respectively. The extensional timescale is the reciprocal of the ex-
tension rate of the filament γ̇ext , which can be computed as

γ̇ext = −2

d

∂d

∂t
, (14)

where d the thickness of the filament. The dominant timescale of 
fluid instability is defined as the greater of the capillary instability 
timescale λcap = (

ρld3/σ
)1/2

and the viscous instability timescale 
λvisc = μld/σ . Jones et al. (2019) suggest that this mechanism may 
occur during magma ascent within the conduit or even above it, 
producing Pele’s hairs and tears.

3. Results and discussion

3.1. Initial conditions for the numerical simulations

We conduct simulations based on case study basaltic volcanoes 
from contrasting tectonic settings: Kilauea is a typical basaltic hot 
spot volcano erupting hot (∼1150◦C), crystal-poor magma; Etna is 
a typical arc basalt volcano erupting cooler (∼1100◦C), crystal-rich 
magma.

We perform two suites of numerical simulations. First, we per-
form runs for each of the two case study volcanoes using a set of 
reference parameter values (Table 1) to investigate the behaviour 
under each fragmentation criterion in turn. For numerical simula-
tions of the Kilauea test case, we considered a cylindrical conduit 
of 2 km depth (Ferguson et al., 2016) and 20 m radius. The magma 
chamber pressure and temperature are, respectively, 55 MPa and 
1150◦C (Garcia et al., 2000; Ferguson et al., 2016), while total 
water and carbon dioxide contents are, respectively, 0.7 wt.% and 
400 ppm (Sides et al., 2014; Ferguson et al., 2016). The initial phe-
nocryst content has been set to 0. For numerical simulations of the 
Etna test case we considered a cylindrical conduit of 9 km depth 
(Métrich et al., 2004; Corsaro et al., 2007; La Spina et al., 2016) 
and 25 m radius. The magma chamber pressure and temperature 
are, respectively, 250 MPa and 1090◦C (La Spina et al., 2016), while 
total water and carbon dioxide contents are, respectively, 3.4 wt.% 
and 4000 ppm (Métrich et al., 2004). The initial crystal content 
has been set to 0. Melt compositions used in the numerical sim-
ulations for Kilauea and Etna test cases are illustrated in Table 2. 
For Kilauea, the melt composition is obtained averaging the melt 
inclusion compositions for the 2008 and 2010 transient explosive 
eruptions at Kilauea presented in Sides et al. (2014). For Etna the 
composition is obtained by averaging the melt inclusion composi-
tions for the 2001 Etna eruption (LV2) presented in Métrich et al. 
(2004).

We then perform a sensitivity analysis that sweep over ranges 
of parameter values appropriate for each case study (Table 1) to 
investigate the sensitivity of predicted eruptive behaviour to each 
parameter. For the Kilauea test case, we considered the follow-
ing range of variables: 55-65 MPa for magma chamber pressure; 
1060-1160◦C for inlet temperature; 1-30 m for conduit radius; 
0.5-6 wt.% for total water content; 200-10000 ppm of total carbon 
dioxide, 0-20 vol.% of crystals. For the Etna test case we considered 
the following range of variables: 230-270 MPa for magma chamber 
pressure; 1050-1150◦C for inlet temperature; 1-30 m for conduit 
radius; 2-5 wt.% for total water content; 2000-20000 ppm of total 
carbon dioxide, 0-20 vol.% of crystals.

3.2. Numerical simulations of lava fountaining at Kilauea and Etna

Simulations assuming only the brittle criterion produce numer-
ical results that satisfies the boundary conditions at the vent for 
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Table 1
Parameter values for numerical simulations. The range of parameters for the sensitivity analysis has been chosen 
to include the reference values and to cover, at the same time, all the different regimes.

Parameter Kilauea Etna
Reference Sweep Reference Sweep

Temperature [◦C] 1150 1060 – 1160 1090 1050 – 1150
Initial crystal fraction [vol.%] 0 0 – 20 0 0 – 20
Initial H2O content [wt.%] 0.7 0.5 – 6 3.4 2 – 5
Initial CO2 content [ppm] 400 200 – 10,000 4,000 2,000 – 20,000
Conduit length [m] 2,000 2,000 9,000 9,000
Conduit radius [m] 20 1 – 30 25 1 – 30
Reservoir pressure [MPa] 55 55 – 65 250 230 – 270

Fig. 2. Numerical results for Kilauea and Etna reference test cases. Numerical solutions computed for Kilauea (blue lines) and Etna (red lines) test cases using the reference 
input parameters and assuming brittle fragmentation criterion. Here we illustrate the profile of (a) pressure, (b) temperature, (c) melt velocity and (d) gas-slip velocity (i.e. 
the difference in velocity between gas and melt), (e) gas volume fraction, (f) viscosity, (g) elongational strain-rate and (h) the Deborah number for the brittle fragmentation 
criterion. The blue lines represent the solutions computed for the Kilauea test case, the red lines those computed for the Etna case study. Black solid line is the threshold for 
the fragmentation criterion, whilst the black dashed line indicates atmospheric pressure. The grey region in panel (h) indicates where fragmentation should occur according 
to the brittle criterion. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
Table 2
Average composition of the melt inclusions for Kilauea 
and Etna used for the viscosity model and for the crys-
tallisation model. H2O and CO2 are missing from the 
table because they are set according to the initial con-
ditions chosen for each run.

Kilauea Etna

SiO2 50.85 47.33
TiO2 2.31 1.72
Al2O3 12.89 17.42
FeOtot 11.43 10.94
MnO 0.19 0.22
MgO 8.95 5.05
CaO 10.57 10.57
Na2O 2.20 3.78
K2O 0.38 2.27
P2O5 0.23 0.70
Total 100.00 100.00

both case studies (Fig. 2), but the fragmentation threshold (Deb-
orah number >0.01) is not met within the conduit. This scenario 
would conventionally be considered effusive; however, the simula-
5

tions reach a choked flow condition at the vent (i.e. ascent velocity 
equal to the speed of sound of the liquid/gas mixture) so that 
the pressure at the vent is many times higher than atmospheric 
pressure (Fig. 2a) – a condition generally associated with explosive 
eruption. This choked condition arises because the melt velocity is 
high throughout the conduit, reaching (at the vent of the conduit) 
∼60 ms−1 for Kilauea, and ∼75 ms−1 for Etna (Fig. 2c). These 
high ascent rates result in very short magma ascent times, i.e. 
∼3 min for Kilauea and ∼40 min for Etna. Furthermore, both tem-
perature profiles along the conduit show a continuous cooling from 
depth up to the surface (Fig. 2b), with a cooling rate for the Ki-
lauea test case about three times higher than for the Etna test case 
(∼0.1◦C s−1 for Kilauea and ∼0.03◦C s−1 for Etna). A similar result 
is obtained for the decompression rates, which are ∼0.35 MPa s−1

for Kilauea and ∼0.1 MPa s−1 for Etna, in agreement with previ-
ously reported data for lava fountaining (Ferguson et al., 2016).

For the Kilauea test case, numerical results indicate a stronger 
coupling between gas and melt compared to the Etna test case. In-
deed, the gas-slip velocity (i.e. the difference in velocity between 
gas and melt) for Kilauea reaches a maximum of ∼3 ms−1 at the 
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vent, whereas for Etna we find ∼200 ms−1 (Fig. 2d). Notwith-
standing the higher initial volatile contents of typical Etnean mag-
mas Métrich et al., 2004; Ferguson et al., 2016 that results in a 
greater volume fractions of bubbles (Fig. 2e), the melt velocity 
within the conduit for the Etna test case is mostly lower than 
for the Kilauea test case, mainly due to stronger friction with the 
wall of the conduit caused by the higher viscosities of typical Et-
nean magmas (Giordano and Dingwell, 2003; Vona et al., 2011; 
Kolzenburg et al., 2018). Indeed, numerical results show a mag-
matic viscosity for the Kilauea test case of about 102 Pa s, whereas 
for Etna it reaches ∼105 Pa s close to the vent (Fig. 2f), consis-
tent with typical viscosities of their magmas (Moune et al., 2007; 
Giordano and Dingwell, 2003; Andronico et al., 2009; Vona et al., 
2011; Kolzenburg et al., 2018). Finally, strain-rates calculated for 
both test cases show small values for most of the ascent of the 
conduit (between 10−5 and 10−2 s−1), with a sudden increase in 
the last few hundreds of meters (up ∼10 s−1), but still not enough 
to trigger brittle fragmentation (Fig. 2g,h).

Simulations assuming the inertial criterion or fluid-dynamic 
breakup criterion produce similar outcomes: for both canonical 
case studies, there is no numerical solution that satisfies the 
boundary conditions at the vent (either atmospheric pressure or 
choked flow condition). This is because, for both criteria and both 
case studies, the fragmentation threshold is exceeded as soon as 
the gas volume fraction in the system rises to >0.01, and remains 
above this threshold value for the rest of the magma’s ascent of 
the conduit. This implies that the gas would escape from deep in 
the conduit, leaving the melt behind and not resulting in an erup-
tion.

We infer, therefore, that neither the inertial nor fluid-dynamic 
criteria can apply during ascent of the conduit, otherwise gas 
would escape from deep in the conduit, suppressing any eruption. 
Furthermore, for our reference cases the conduit model indicates 
that no brittle fragmentation criterion is likely to be met within 
the conduit, hence these are not explosive eruptions in the conven-
tional sense (i.e. sub-Plinian or Plinian). However, magma arrives 
at the vent with a significant overpressure and with high velocity, 
hence the solutions do not represent conventional effusive erup-
tions either.

We therefore suggest that numerical solutions in which magma 
does not fragment in the conduit, but has a high exit velocity, 
represent a different style of activity with respect to the canoni-
cal explosive and effusive eruptions, and this is lava fountaining. 
This interpretation is consistent with the height calculated for the 
erupted jets in the reference case studies under a simple ballis-
tic assumption (Head and Wilson, 1987). We calculate a height of 
∼180 m for Kilauea and ∼290 m for Etna, both comparable with 
observed heights of lava fountains for these volcanoes (Andronico 
et al., 2008, 2009; Mueller et al., 2019).

Whilst the simulations imply that fragmentation does not occur 
within the conduit, that does not preclude fragmentation once the 
magma is ejected from the vent. Fig. 2h shows that the Deborah 
number increases very rapidly towards the vent for both reference 
case studies, approaching the critical value for the Etna case. When 
the magma exits the vent, it is both overpressured (Fig. 2a) and 
highly vesicular (Fig. 2e); consequently, the sudden decompression 
to atmospheric pressure will drive very rapid bubble expansion. 
For cases where the magma is already near the critical Deborah 
number at the vent, we hypothesise that this expansion may be 
enough to trigger brittle fragmentation generating fine ash. We fur-
ther hypothesise that brittle fragmentation is most likely to occur 
at the margins of the jet, where lava can expand into the sur-
rounding atmosphere unimpeded. Both hypotheses are consistent 
with observations of lava fountains at Etna, which often comprise 
a coherent central jet that is mantled with fine ash (Fig. 1b).
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For cases where the magma is far from meeting the brittle cri-
terion at the vent, fragmentation by the inertial or fluid-dynamic 
breakup criteria may still occur above the vent. Using Eq. (6) in 
Jones et al. (2019) we can estimate the conditions under which 
the fluid-dynamic breakup criterion may be met for a thinning, 
stretching filament of fluid lava in the jet. Assuming a fountain 
containing spherical clasts of 5 cm in diameter (Jones et al., 2019), 
we estimate that, for the Kilauea case, fluid-dynamic breakup 
should occur once filaments thin to ∼100 μm, producing small, 
fluidal pyroclasts consistent with typical Pele’s hairs dimensions 
(Moune et al., 2007). For the Etna case, fluid dynamic break-up 
should occur at ∼2 μm, too small to be consistent with Pele’s hairs 
or tears. Neither the brittle nor fluid-dynamic breakup criterion is 
able to explain the formation of larger fluidal spatter clasts. The in-
ertial criterion, which is based on expansion at the bubble scale, is 
also unlikely to be responsible for this larger-scale disruption. This 
leads us to conclude that an additional fragmentation mechanism 
is required to explain the formation of spatter.

3.3. Sensitivity analysis of controls on eruption style

To determine how eruptive style changes with pre-eruptive sys-
tem parameters, we perform a sensitivity analysis. This was done 
using the DAKOTA (Design Analysis Kit for Optimization and Teras-
cale Applications) toolkit (Adams et al., 2017), an open-source 
software developed at Sandia National Laboratories that provides 
a flexible and extensible interface between analysis codes and it-
erative systems analysis methods, such as uncertainty quantifica-
tion, sensitivity analysis, optimization and parameter estimation. 
For each test case, we performed 10,000 conduit model simula-
tions (assuming the brittle criterion for fragmentation), for which 
reservoir pressure, conduit radius, initial temperature, initial total 
(dissolved + exsolved) H2O and CO2 content, and initial crystal 
content at depth are uniformly varied within the ranges illustrated 
in Table 1.

Simulation results are categorised into four eruption styles. If 
the brittle criterion is reached in the conduit, the eruption is “ex-
plosive” (i.e. representative of sub-Plinian or Plinian activity). If 
the brittle criterion is not reached, the ballistic jet height is cal-
culated: “high fountain” denotes jet height is >50 m; “weak foun-
tain” denotes jet height is 0.1-50 m; “effusive” denotes jet height is 
<0.1 m. The boundary between high and weak fountains is taken 
from Sides et al. (2014), whilst the boundary with effusive simula-
tions is taken arbitrarily at 0.1 m. These boundaries, however, are 
not intended to be considered as hard borders between eruptive 
styles, but as a qualitative way to distinguish between different 
styles and establish general trends.

The sensitivity analysis shows that, among the input parame-
ters investigated here, the initial temperature, crystal content, and 
H2O content are the dominant controls on the style of activity for 
both Kilauea and Etna (Fig. 3a-c, Fig. 4a-c). High lava fountains are 
favoured at higher initial temperature and lower initial crystal con-
tent. This is because higher temperature and lower crystal content 
result in lower magma viscosity (Fig. 3d, Fig. 4d), allowing faster 
ascent from depth and higher melt exit velocities (Fig. 3e, Fig. 4e). 
As a result, mass eruption rates for high fountains show higher 
values compared to the other styles, including explosive eruptions 
(Fig. 3f, Fig. 4f). Conversely, at lower initial temperature and higher 
initial crystal content, viscosity is higher, and weak fountains and 
effusive eruptions become increasingly common. At lower initial 
temperature and higher initial crystal content we also generate ex-
plosive solutions, but only when initial H2O content is also high 
(Fig. 3a-c, Fig. 4a-c). This is because high H2O content drives rapid 
bubble expansion; when combined with higher viscosity melt, this 
leads to higher Deborah number, promoting brittle fragmentation 
(Arzilli et al., 2019).
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Fig. 3. Numerical results of the sensitivity analysis for Kilauea test case. Frequency of effusive (blue dots), weak fountain (green circles), high fountain (yellow diamonds), 
and explosive (red triangles) solutions for Kilauea test case resulting from the 10,000 runs performed in the sensitivity analysis. Specifically, we plot the number of solutions 
as function of: (a) the inlet temperature; (b) the initial crystal content; (c) the H2O content; (d) the viscosity at the fragmentation for the explosive simulations, otherwise 
at the vent; (e) the melt exit velocity; (f) the mass eruption rate; (g) the cooling rate; (h) the decompression rate. Since inlet temperature, initial crystal content and H2O 
content are inputs of the sensitivity analysis, results are normalized as a percentage such that the sum of frequencies is always 100 for (a-c); for all the other quantities, the 
sum of the frequencies is variable, and is expressed as raw number (i.e. out of 10,000 runs).
Numerical results show also that cooling rates for high foun-
tains are higher than those of the other styles of activity (Fig. 3g, 
Fig. 4g). Cooling rates within the conduit for high fountains range 
between 10−3 and 1◦C s−1, whereas for weak fountains they are 
between 10−4 and 10−2◦C s−1, for explosive eruptions they are 
between 10−5 and 10−2◦C s−1, and for effusive eruptions they are 
between 10−8 and 10−3◦C s−1. The higher cooling rates for high 
fountains are again a consequence of the high ascent rates asso-
ciated with the style of activity, because the lower ascent time 
inhibits syn-eruptive crystallisation and thus reduces the release 
of latent heat in the system (La Spina et al., 2015). This also ex-
plains the different decompression rates found in our sensitivity 
studies (Fig. 3h, Fig. 4h). Numerical results show decompression 
rates between 10−2 and 1 MPa s−1 for high fountains, 10−3 and 
10−1 MPa s−1 for weak fountains, 10−4 and 10−1 MPa s−1 for 
explosive eruptions, and 10−6 and 10−2 MPa s−1 for effusive erup-
tions.

Within the parameter space investigated here for both test 
cases (Table 1), only a small fraction of the solutions (∼1%) for 
the Kilauea case study are explosive (Fig. 3); all the remaining 
solutions represent either effusive activity or lava fountaining. In 
contrast, ∼15% of the solutions for the Etna case study are explo-
sive (Fig. 4). These findings are consistent with observations of the 
principal styles of volcanic activity at Kilauea and Etna: explosive 
eruptions that do not involve groundwater are very rare on Ki-
lauea (Garcia et al., 2000; Sides et al., 2014; Ferguson et al., 2016; 
Mueller et al., 2019), but Etna has produced at least 24 sub-Plinian 
eruptions and one Plinian eruption during the Holocene (Coltelli et 
al., 1998; Houghton et al., 2004). Specifically, for Kilauea, explosive 
eruptions are predicted for temperatures <1080◦C, initial crystal 
content �10 vol.%, and H2O content >3 wt.%. These pre-eruptive 
7

conditions fall far from typical values estimated for Kilauea (i.e. a 
temperature of ∼1150◦C, a crystal content <5 vol.%, and a H2O 
content �1 wt.%) (Garcia et al., 2000; Sides et al., 2014; Ferguson 
et al., 2016), suggesting that a high lava fountain is very unlikely 
to transition into an explosive sub-Plinian or Plinian eruption. For 
Etna, explosive eruptions require an initial temperature �1100◦C 
and a H2O content >2 wt.%. These pre-eruptive conditions are con-
sistent with those estimated numerically for the 122 BCE Plinian 
eruption at Etna (Arzilli et al., 2019).

Analysis of the numerical results shows that magma viscosity at 
the vent or fragmentation front is a powerful discriminant of erup-
tion style (Fig. 3d, Fig. 4d). We plot the Reynolds number of the 
liquid phase against viscosity (Fig. 5a,c) to explore the role of in-
ertia on eruption style. Parameters are taken at the fragmentation 
depth if the brittle criterion is met within the conduit, otherwise 
at the vent. The different eruption styles are grouped into clear 
fields, with limited overlap, showing that style is strongly influ-
enced by Reynolds number. High fountains are expected at higher 
Reynolds number and lower magma viscosities (Fig. 5a,c). Specifi-
cally, within the parameter space investigated for both Kilauea and 
Etna, high lava fountaining is predicted for bulk viscosity <106 Pa s 
and Reynolds number �0.1 (Fig. 5a,c). We also plot the gas-slip 
velocity (i.e. gas velocity minus melt velocity) normalized to the 
melt ascent velocity, both taken at the fragmentation depth if the 
brittle criterion is met within the conduit, otherwise at the vent, 
against viscosity (Fig. 5b,d) to explore the role of outgassing on 
eruption style. Again, results show that style is strongly affected 
by the degree of decoupling between gas and melt (Fig. 5b,d). For 
both Kilauea and Etna, high fountains are produced when the gas-
slip velocity is less than 10 times melt velocity, and this condition 
is typically met when viscosity <105 Pa s. For higher melt viscos-
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Fig. 4. Numerical results of the sensitivity analysis for Etna test case. Frequency of effusive (blue dots), weak fountain (green circles), high fountain (yellow diamonds), and 
explosive (red triangles) solutions for Etna test case resulting from the 10,000 runs performed in the sensitivity analysis. Specifically, we plot the number of solutions as 
function of: (a) the inlet temperature; (b) the initial crystal content; (c) the H2O content; (d) the viscosity at the fragmentation for the explosive simulations, otherwise 
at the vent; (e) the melt exit velocity; (f) the mass eruption rate; (g) the cooling rate; (h) the decompression rate. Since inlet temperature, initial crystal content and H2O 
content are inputs of the sensitivity analysis, results are normalized as a percentage such that the sum of frequencies is always 100 for (a-c); for all the other quantities, the 
sum of the frequencies is variable, and is expressed as raw number (i.e. out of 10,000 runs).
ity, numerical results show gas-slip velocity is �10-100 times the 
melt velocity (Fig. 5b,d) and eruptions display different styles of 
activity (explosive, effusive, or weak fountains), depending on the 
initial conditions of the magmatic system. Specifically, these results 
suggest, counterintuitively, that explosive eruptions do not always 
require strong coupling between gas and melt, and that it is possi-
ble to trigger brittle fragmentation even when the gas-slip velocity 
is 100 times the ascent velocity (Fig. 5b,d).

The region where fluid-dynamic breakup may occur above the 
vent is indicated in Fig. 5 for both case studies, following Jones 
et al. (2019). For magma viscosities typical of Kilauea (grey region 
in Fig. 5a,b), our model predicts that fluid-dynamic breakup will 
occur in most high fountains. This is consistent with Pele’s hairs 
and tears being typical pyroclastic products of lava fountaining at 
Kilauea (Moune et al., 2007). For magmatic viscosities typical of 
Etna (Fig. 5c,d grey region), fluid-dynamic breakup is predicted for 
only a small percentage of fountains, consistent with Pele’s hairs 
and tears being produced only rarely during lava fountaining at 
Etna. However, Pele’s hairs and tears may still be produced if the 
magma viscosity is sufficiently low; this was the case of the Etna 
2002-2003 eruption, in which Pele’s hairs were erupted together 
with crystal-poor sideromelane clasts, whereas ash was produced 
together with crystal-rich tachylite clasts (Andronico et al., 2009).

Our steady-state simulations cannot directly inform on tempo-
ral changes in eruption style. Nonetheless, we can use the map-
ping between system parameters and eruption style encapsulated 
in Figs. 3–5 to infer how eruption style is likely to evolve in re-
sponse to typical temporal trends in basaltic eruption parameters. 
For example, during the course of a high-fountaining eruption, the 
flux wanes with time, resulting in a decrease in Reynolds num-
ber. The Kilauea case study suggests that this causes a shift to 
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weak fountaining or effusive activity (Fig. 5a), consistent with ob-
servations (Garcia et al., 2000), whereas it is unlikely that high 
fountaining would evolve into a highly explosive sub-Plinian or 
Plinian eruption. The Etna case study also shows that fountain-
ing activities may evolve into effusive eruptions. However, if the 
magmatic system is in the right thermodynamic conditions, lava 
fountaining could evolve instead into a highly explosive eruption 
(Fig. 5c,d). This indicates that a modest shift in eruption rate or 
outgassing efficiency could cause a dramatic shift in eruption style. 
These shifts could be enhanced by feedback in the system. For ex-
ample, at higher viscosities (�106 Pa s), a decrease in the magma 
ascent rate as reservoir pressure decays gives more time for crys-
tals to grow during ascent. A small increase in crystal content can 
lead to a dramatic increase in viscosity (Vona et al., 2011), which 
may trigger brittle fragmentation within the conduit (Arzilli et al., 
2019).

4. Conclusions

In this work we investigate the parameters that control basaltic 
eruption styles using a numerical steady state model for magma 
ascent, and considering Kilauea and Etna as case studies. We im-
plement three fragmentation criteria (brittle, inertial, and fluid-
dynamics breakup criterion) in order to understand which condi-
tions lead to fragmentation of basaltic magmas.

Our results indicate that the inertial criterion and fluid-dynamic 
breakup criterion do not apply during ascent in the conduit be-
cause they predict fragmentation at very low gas volume fraction 
(<0.01), leading to gas escape at depth, leaving melt behind, and 
not resulting in an eruption. Our numerical results also highlight 
that, for some initial conditions, magma can arrive at the vent 
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Fig. 5. Correlation plots of Reynolds number and normalized gas-slip velocity as function of viscosity. (a, c) Reynolds number of ascent and (b, d) gas-slip velocity normalized 
by melt velocity as functions of viscosity for both Kilauea (top panels) and Etna (bottom panels) case studies. These parameters are all taken at fragmentation for the 
explosive simulations, otherwise at the vent. A smaller value for normalized gas-slip velocity means a stronger coupling between gas and melt, whereas a larger value 
indicates a greater decoupling. The grey shaded areas represent the range of viscosities expected for Kilauea and Etna magmas, respectively. Following Jones et al. (2019), we 
highlight the regions for which fluid dynamic break-up is obtained above the vent, once fluid magma is ejected into the atmosphere.
with a significant overpressure and with high velocity, but with-
out fragmenting inside the conduit. We thus suggest that this type 
of activity represents a different style with respect to the canon-
ical explosive and effusive eruptions, and we identify it with lava 
fountaining. We speculate that fragmentation may occur once the 
magma is ejected from the vent, by any of the three criteria, de-
pending on conditions. For cases where magma is already near the 
critical Deborah number at the vent, we hypothesise that the ad-
ditional expansion as the magma is ejected into the atmosphere 
may be enough to trigger brittle fragmentation generating fine ash. 
For cases where the magma is far from meeting the brittle crite-
rion at the vent, fragmentation by the inertial or fluid-dynamic 
breakup criteria may still occur above the vent, producing small, 
fluidal pyroclasts consistent with Pele’s hairs and tears. The iner-
tial and fluid-dynamic breakup criteria, however, are unlikely to 
be responsible for larger-scale disruption, such as the formation of 
larger fluidal spatter clasts. This leads us to conclude that an addi-
tional fragmentation mechanism is likely to be responsible for the 
formation of spatter.

We also perform a sensitivity study in order to investigate how 
eruptive style changes with pre-eruptive system parameters. Our 
results on Kilauea and Etna case studies show that high lava foun-
tains are favoured at higher temperatures and lower initial crystal 
content, hence at lower viscosity. Specifically, high lava fountains 
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occur when the Reynolds number of ascent is greater than ∼0.1, 
the magma viscosity is less than 106 Pa s, and the difference be-
tween the gas and the melt velocity is lower than the melt ve-
locity. Furthermore, owing to lower magma viscosities, high lava 
fountains show higher ascent rates and lower ascent times than 
explosive eruptions, resulting in higher cooling and decompression 
rates. Finally, we find that lower viscosity basalts, typical of Ki-
lauea, rarely produce explosive eruptions, whereas higher viscosity 
basalts, typical of Etna, may produce explosive, effusive, or foun-
taining activity over a small region of parameter space. Thus our 
results suggest that, unless there is a significant cooling of the 
magmatic system and a strong increase in volatile content, it is 
unlikely that lava fountains at lower viscosity basaltic volcanoes 
(similar to Kilauea) would evolve into a highly explosive eruption, 
whereas at higher viscosity basaltic volcanoes (such as Etna) tran-
sitions to and from explosive activity occur readily and potentially 
with little warning.

The simulations and analyses presented here demonstrate that 
basaltic eruptions show complex dependence on a range of frag-
mentation mechanisms, and that these mechanisms are not com-
pletely understood. Better understanding of basaltic explosive 
eruptions, their fragmentation mechanisms, and the transitions be-
tween different eruptive styles, is essential for mitigating the risk 
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associated with these usually quiet and gentle, but still potentially 
very dangerous, eruptions.
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