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Abstract

Primary magma fragmentation :~» “luid-dominated” (as opposed to “ash-
dominated”) lava fountains involve ~ the hydrodynamic breakup of a jet of magma.
Lava fountains partly resen.'e i~dustrial liquid jets issued from a nozzle into a
guiescent atmosphere, o.> wnich there is a vast literature. Depending on the
internal liquid proper:~s, ;10zzle diameter and ejection velocity, liquid jet breakup
in industrial applicctions occurs in four regimes: (I) coarse laminar breakup
(Rayleigh regime); (1) transition region between laminar and turbulent breakup
(first wind-induced regime); (lIl) turbulent breakup at the jet surface and unstable
but intact liquid core (second wind-induced regime); (IV) fully turbulent fine spray

(atomization regime).

Ductile magma breakup associated with regimes IlI, Ill and IV have been

reproduced during the initial expansion of experimental magma fragmentation



pulses as part of this study. In each experiment, volcanic rocks were re-melted at
1200°C, then fragmented through the injection of compressed argon gas within a
few tens of milliseconds. Three compositions were used: olivine-melilitite, alkali
basalt, and basaltic trachy-andesite. Each composition was ejected at 3 and
10 MPa gas driving pressure, yielding exit velocities between 11-13 and 33-44
m/s, respectively. The ultramafic magma ejected at high speed developed quickly
into a fully developed spray (regime IV), whereas the oosaltic trachy-andesite
ejected at low-speed initially expanded as a cobz-e.:! magma mass before
breaking into coarse domains (regime Il). The chserved variability among the
experiments is linked to the relative balance ai.~ong surface tension, viscosity,
density, jet diameter and ejection velc-itv of the magma versus external
aerodynamic effects acting on the ; st surface. These factors, particularly viscosity
and exit velocity, are also likely *o control jet breakup regimes in natural lava

fountains and some Strombe!iar. rulses.

Keywords: hydrodynan.ic breakup; magma fragmentation; lava fountains;

fragmentation expe iments; breakup regimes
1. Introduction

Hawaiian style lava fountains are a common type of subaerial eruption (Parfitt and
Wilson, 2009; Taddeucci et al., 2015). These fountains typically involve volatile-
rich mafic magmas, last several minutes to several days, and consist of jets that
can rise from meters to several hundred meters into the atmosphere (Cashman
and Scheu 2015; Taddeucci et al., 2015; Calvari et al., 2018; Mueller et al., 2018).

La Spina et al. (2021) distinguish lava fountains as “fluid-dominated”, when mainly



characterized by ductile (hydrodynamic) fragmentation, and “ash-dominated”,
when more ash is generated through brittle fragmentation. Since our experiments
reproduced hydrodynamic breakup processes, this work focuses on “fluid-

dominated” lava fountains.

Lava fountains can be seen as a natural example of liquid jet breakup (Eggers and
Villermaux, 2008). There is a vast literature on the hydrodynamic breakup of liquid
jets in industrial and commercial applications, such as .~k ;et printers or diesel
engines. This previous work has shown that four jet I rea.‘up regimes exist, ranging
up to full sprays; the controls on these regimes - > w2ll known (Reitz and Bracco,
1986; Eggers and Villermaux, 2008; Biroul. and Lekic, 2009; Lefebvre and

McDonell, 2017 and references therein).

This study aims to better understand cuntrols on lava fountains by comparing them
with jet breakup phenomena d cu.»2nted for industrial applications. We introduce
a modified version of the Oi.mesorge diagram and illustrate the effect of changing
each of the important para Meters. We then present ejection experiments involving
fragmentation of remol’en volcanic rocks (referred as to informally “magma” for
simplicity); these c.periments resemble lava fountain pulses. We changed only
two parameters, magma composition and ejection velocity, between each run, but
accessed three of the four regimes of jet breakup. Those same three regimes also

appear to be present in examples of natural lava fountains.

The rest of this paper is organized as follows. We start with a review of liquid jet
breakup mechanisms and regimes in industrial and commercial applications

(section 2). In the methods (section 3), the tested materials and experimental setup



are presented. Next comes the description of the physical properties of the
magmas (section 4). In section 5, the results of the experiments are presented,
using the high-speed video footage. Finally, section 6 discusses the similarities
between industrial liquids jets and our magma jets, before drawing a comparison

with natural lava fountains.

2. Review of liquid jet breakup in industrial and co nm >rcial applications

The breakup of liquid jets ejected from a nozzle k:'s been the subject of scientific
research for over 130 years, vastly exploited for ~everal industrial and commercial
applications (Eggers and Villermaux, 200¢ - 3iiouk and Lekic, 2009; Lefebvre and
McDonell, 2017). The studied fluius ¢ par different rheological behaviors (e.g.
inviscid, Newtonian and non-ix=wtonian), viscosities over several orders of
magnitude and varied ejection \ elacities (McCarthy and Molloy, 1974; Reitz and
Bracco, 1986; Eggers anc' Vihcrmaux, 2008; Birouk and Lekic, 2009; Clasen et al.,
2012; Lefebvre and Mr.Donell, 2017). There are also different ejection
configurations: clacsic studies involved liquids issued vertically downward into a
guiescent atmosphere, although other setups have also been used (Eggers and
Villermaux, 2008; Wang et al., 2012; Jones et al., 2019). Beyond the internal
properties of the liquid jet and its flow regime before and at the nozzle exit, the
shape of the nozzle and the characteristics of the surrounding medium are the
other main control factors dictating the disintegration of a liquid jet. The
surrounding medium, when involving gasses, can be of three types: i) quiescent

air/gas (Reitz and Bracco, 1986; Chigier and Reitz, 1996); ii) a coaxial flow issued



from an annular orifice fixed around the liquid nozzle, ejecting gas in the same
direction as the liquid jet (Chigier and Reitz, 1996); iii) a crossflow which blows
air/gas perpendicularly to the liquid jet ejection axis (Sallam et al., 2004; Cao et

al., 2007).

2.1.Why liquid jets break up

Given the very large number of combinations of eje :teu liquid properties and
surrounding medium configurations, a unified des~r. ticn of the breakup process
is not possible. For the purpose of assessing *1e )t breakup mechanisms in our
experiments and in nature, we consider i the rest of this section the basic
downward ejection of a liquid jet from . 'o1.2 pipe at constant velocity into quiescent
air at atmospheric pressure (Birouk <nd Lekic, 2009; Lefebvre and McDonell,
2017). As the jet moves away f'v™ the nozzle, the competition between forces
within the liquid and extern.! aerodynamic forces at the jet surface will generate
wave-like disturbances. C ~ce a critical wave amplitude is reached, the liquid jet
breaks up into fi'>m~nts and drops; this is known as primary breakup. Secondary
breakup of the new.y formed drops and threads into smaller fragments might occur
if the primary drops are still large enough (Birouk and Lekic, 2009; Lefebvre and
McDonell, 2017), and sufficient time and travel distance are given. In a state of
equilibrium, the internal pressure distributed at the liquid surface is equal to the
sum of external aerodynamic and surface tension pressures (Lefebvre and
McDonell, 2017). As the latter is inversely proportional to the drop size,

aerodynamic effects acting on a relatively large liquid drop will be stronger than



surface tension pressures, leading to deformation and breakup. As the newly
formed drops become progressively smaller, surface tension pressure will
increase relative to the aerodynamic pressures, until the critical drop size is
reached. Beyond this size, surface tension pressures will be able to accommodate
any destabilizing effect by aerodynamic forces, and no further breakup will occur

(Lefebvre and McDonell, 2017).

2.2.Jet breakup regimes

Several time and length scales are related in a ¢ ymg.'ex manner during the breakup
process of liquid jets. Time scales of ea’iy thinning and breakup of an initially
coherent liquid volume into threads .- u-ops varies strongly depending on the
liquid's material properties, the eiectior, \selocity, and the surrounding medium. The
disintegration may affect the v'hu,» mass at once, or it may be initially limited to
the surface of the jet. Over . 2 past four decades, the investigation into this variety
of conditions has led fo v 2 identification of different breakup regimes. Several
regime classifice ‘o1 s h ave been used. Since each regime is generally defined by
a similar set of co..dJitions regardless of the classification method, we will briefly

introduce the main two classifications before describing each regime.

2.2.1. Jet stability curve classification

The relationship between ejection velocity and the intact length of the liquid jet
(distance from the nozzle exit to the point of primary breakup) constitutes the basis
of the stability curve classification of jet breakup regimes (Fig. 1a). For the simplest

case of a liquid issued downward into the atmosphere, a progressive shift in the



expansion and fragmentation of the liquid is observed when increasing ejection
velocity (Fig. 1b). At the lowest ejection velocity, the liquid jet is unable to form a
coherent liquid jet and breaks up into drops upon exiting the nozzle because of
liquid inertia and surface tension; this is known as the dripping region (not shown).
For larger ejection velocities, a fully formed liquid jet is established and four main

breakup regimes exist, as described below.

2.2.2. Ohnesorge classification

The velocity of the liquid influences its interne: tivw regime (i.e. laminar,
semiturbulent or turbulent) before it emerges v (e nozzle, contributing to its
final disintegration once in the air, along with aercdynamic forces. A low velocity
will favor a laminar regime, along with th= ausence of any asperity inside the pipe
(Lefebvre and McDonell, 2017). Incio sing liquid velocity and pipe roughness will

instead enhance liquid instabilit';, fa *oring a turbulent regime.

When a liquid is injected inv'de a pipe, its velocity profile (and flow regime) is not
instantaneously fully deve'oped, and it takes some time before it reaches that
state. At the inlet ~f (he nipe we have a “hydrodynamic entrance region”, where the
velocity profile of t..e liquid is not yet developed because of viscous forces in the
liquid are enhanced by the wall of the pipe. The length of the hydrodynamic
entrance region can be estimated for cylindrical pipes as function of Re (even for
the turbulent case). By flowing towards the outlet of the pipe (i.e., the nozzle), the
liquid progressively stabilizes until the velocity profile is fully developed; this is

known as the “fully developed region”. In classic atomization experiments, a long



tube is normally used to ensure the stability of the liquid within a specific regime

before it emerges from the nozzle.

The development of internal disturbances within the liquid jet also depends on its
internal properties; liquids with different densities (p), viscosities (1) and surface
tensions (o) issued with the same velocity (v) will break up differently from one
another. During the flow of liquid jets, aerodynamic pressures at the air-liquid
interface compete with internal pressures (dependent or. .hy.ical properties of the
liquid such as surface tension and viscosity), cefo'ming the liquid surface
(Lefebvre and McDonell, 2017). If aerodynam.. tc ces dominate over surface
tension, this state of disequilibrium ultimatelv le ads :0 the breakup of the jet. These
variables are typically combined into twc dinicnsionless parameters, the Reynolds

) ) "y vd v2d
number for Newtonian viscosities Re -- pT and the Weber number We = pa ,

where d is a characteristic lenath v sually represented by the nozzle diameter. Both
Re and We quantify the relctive importance of a fluid's inertia, relative to its

viscosity and surface te::siun, respectively. A third dimensionless parameter widely

used in jet breakup -tudies, the Ohnesorge number, is a ratio of the first two: Oh =

vWe 7 . )
Re — Jood The traditional Ohnesorge diagram plots Oh versus Re and shows

the four breakup regimes (Fig. 1c).

On this diagram, viscosity has opposite effects on Oh versus Re, making it difficult
to visualize the effect of viscosity on regime changes. Since viscosity is a very

relevant parameter when dealing with magmas, we introduce an alternative way



to assess regime transitions in liquid jet breakup, obtained by comparing We and

Re (Fig. 1d). Now the viscosity appears only in the x axis, so increasing the

viscosity produces a simple leftward trend on the diagram, progressively crossing

regime boundaries. The regime boundaries in this new diagram decay with We ~

Re0-5,

2.2.3. The four jet breakup regimes

The four main jet breakup regimes are, for increasing ecctio. velocities:

Laminar flow region of the stability curve c'acsification (Rayleigh’s regime
in the Ohnesorge classification) — At ~2lau rely low ejection velocity, the
liquid jet is initially in a predominant ie ninar flow state. Surface tension and
liquid inertia dominate the br_cku process, with negligible aerodynamic
effects, resulting in small surface disturbances that fragment the liquid jet
into drops (regime | on #iy. 1). In this regime, there is a direct relationship
between longer threcds and ejection velocity. After breakup, the width of
the drop might be \;enerally larger than the nozzle diameter but within the
same orc'~r of magnitude.

Transition i.gion (first wind-induced regime) — At higher ejection velocity,
the liquid jet develops internal turbulence that is transmitted towards the
gas-liquid interface. Aerodynamic effects are no longer negligible,
enhancing wave disturbances at the liquid surface that contribute to the
ultimate breakup of the jet (regime Il in Fig. 1). This regime is characterized
by an inverse relationship between ejection velocity and intact length of the

liquid jet. The size of the newly formed fragments is still within the same



order of magnitude as the initial liquid jet, and breakup still occurs at a
certain distance from the nozzle exit.

[ll.  Turbulent flow region (second wind-induced regime) — In this regime,
aerodynamic forces at the gas-liquid interface become important on the
breakup process, relative to internal turbulence in the liquid jet. Surface
wave disturbances cause the disintegration of the liquid jet relatively closer
to the nozzle exit, although there is still an intact (u.fragmented) portion to
the jet near the nozzle. The length of the drop< ¢=1.25 to again increase with
increasing velocity (regime Ill in Fig. 1a). The size of the newly formed
drops is now much smaller than the nozz. diameter (Fig. 1b).

IV. Fully developed spray region (2t iization regime) — At extremely high
ejection velocities (up to, ar. 1 b.zyond the speed of sound), the flow is fully
turbulent. Also, strong aer. dynamic forces at the jet front cause the violent
disintegration of the "~u.1 jet very close to the nozzle. The length of the
newly formed druns progressively decreases with increasing ejection
velocity (regi~e * in Fig. 1), and their size will be up to several orders of

magnitude s maller than the nozzle diameter (Fig. 1b).

Regime transitions can also be obtained by keeping the velocity constant but
changing one of the other main parameters. Increasing either the liquid density or
the nozzle diameter leads to both higher We and Re, promoting the fine
disintegration of the liquid jet (Fig. 1d). Increasing surface tension leads to a lower
We, shifting the jet towards the Rayleigh regime. Increasing viscosity reduces Re,

again enabling the transition toward the Rayleigh regime (Fig. 1d).



3. Methods

Magma fragmentation experiments were carried out at the Physikalisch
Vulkanologisches Labor (PVL) in the University of Wirzburg (Germany). Discrete
upward moving pulses of artificial ‘magma’ were produced and filmed. This allowed

access to three breakup regimes (ll, lll and V).

3.1. Tested materials

The magmas fragmented in the experiments v erc generated from three volcanic
rock materials, ranging from ultramafir. t¢ intermediate compositions (Fig. 2a).
They include: i) Hohenstoffeln, a den<2 olivine-melilitite with ~ 38 wt.% SiOz from
a lava lake in the Tertiary Hegau "‘olcanic field in Germany (Zimanowski et al.,
1997; Hobiger et al., 2011); 1) Rstein, a thick and dense alkaline basalt lava flow
with ~ 45 wt.% SiO2 frcm the Rhon volcanic field, Germany (Zimanowski et al.,
2004; Durig et al. 26..2); w) Sommata, a basaltic trachyandesite lapilli-size scoria
deposit with ~ 54 wi1.% SiO2 from the island of Vulcano in the Aeolian archipelago,
Italy (Buttner et al., 2002; Hobiger et al., 2011; De Astis et al., 2013). Despite the
Sommata material being scoriaceous, after remelting it also produced a dense
(bubble-poor) magma, like the other two materials. All the original rock materials
contained a variable amount of phenocrysts, at least some of which survived the

re-melting process (see below).



3.2. Experiment setup and timeline

The selected volcanic rocks were re-melted and then fragmented using two
different experimental setups. The reason for using two different setups is that
these experiments were part of a larger program, which also involved
phreatomagmatic experiments. Out of this larger program, for this paper, we
selected six successful gas-driven hydrodynamic fragmentation runs covering

three magma compositions and two driving pressures.

Regardless of the experiment configuration (detaile(r be'ow), preparation for each
run involved placing a set amount of granulated *vok \aside a 5 cm (inner diameter)
steel crucible. The granules were heated to +20C°C within one hour, using an
induction furnace (Figs. 2b, c). Such ragi1 heating might leave some crystals in the

magma.

The first experimental setup, in o’1.>21ly known as the “blowout” (detailed in Buttner
et al., 2006), was used fc- the “high speed” runs (Fig. 2b). About 200 g of
granulated material was « mployed in each run. A fixed volume of compressed
argon at 10 MP~7. (170 t ars) was suddenly introduced through a hole at the base
of the crucible by cpening a valve. This rapidly pushed the magma upward as a
plug, causing hydrodynamic fragmentation at the gas-magma plug interface within
the crucible. In almost all the experiment runs, the arrival of the magma plug at the
crucible opening coincided with the argon gas laterally piercing through the
magma, leading to droplet generation (Fig. 2d). As will be seen below, this gas
piercing phase is relatively minor in terms of volume of fragmented magma. Further

and complete fragmentation of the perturbed magma plug occurred in the



atmosphere, and this is the liquid jet breakup part that we are interested in for this

paper.

The other setup ("injection type" configuration; e.g., Zimanowski et al., 1997), was
used for the lower pressure experiments (Fig. 2c). Each run employed 255 g (=
10 g) of granulated volcanic rock. A discrete volume of compressed argon gas at
3 MPa (30 bars) was injected directly within the magma through a J-shaped steel
pipe mounted on a servo drive. The injected gas pust.c uie magma upwards,
again causing expansion and hydrodynamic fragmet itat »n both within the crucible
and in the atmosphere (Zimanowski et al., 1997, For both setups, ejection from
the crucible and associated fragmentation of the magma was completed within

50 and 80 ms, respectively.

3.3.Video footage analysis

The free air fragmentaticn p.ase of each run was recorded using high-speed
cameras, as detailed n. Zimanowski et al. (1997). We employed 2000 and 5000
frames per secon! tuv capture the 10 MPa and 3 MPa series, respectively. The
experiments were also filmed from various angles using regular video cameras.

Repulsion force and pressure were recorded.

Analysis of the high-speed video footage allowed to investigate thinning and
breakup processes of the magma during each run. The average ejection velocity
of the coherent magma plug was tracked at the crucible exit using a combination

of Adobe lllustrator® and Phantom Camera Control (PCC) software®. The



measurements were obtained by tracking the visible, coherent portion of the
magma plug at the beginning of the free air expansion, over a time interval of 1.5
ms. The travelled distance corresponded to three and about seven frames,
respectively for the 10 MPa and 3 MPa series. The minor gas piercing phase had
a much higher velocity but this is not relevant for studying liquid jet breakup

regimes.

4. Experimental parameters and physical prop2i‘ies of the magmas

Similar to industrial liquids, jet breakup in magn.> is governed by its main internal
properties, and the violent interaction of th= m.agma with a quiescent atmosphere,

influenced by ejection velocity.

4.1. Temperature
Magma temperature grea.'vinfluences viscosity, and to a lesser extent density and
surface tension (Walke- and Mullins, 1981; Shimozuru, 1994). All experiments

were carried out at *'1e same initial temperature of 1200°C.

4.2.Crystallinity and bubbles
An estimate on the amount of crystals present in our magmas just before the onset
of the experiments comes from the analysis of 2D cross-sectional slices of quickly

cooled ash patrticles. Average crystallinity for our six samples ranges from 0 to ~ 9



vol.%. Similarly, the average amount of bubbles in the magmas was low (0.9-
18.7%). A detailed characterization of the crystals and bubbles in the artificial
pyroclasts will be provided by Comida et al. (in prep.). These narrow intervals are
unable to explain the dramatic change in fragmentation behavior observed during

the experiments.

4.3.Ejection velocity

By using two driving pressures for each of the testea magmas, we anticipated that
each driving pressure would correspond to 1 cuvrtain ejection velocity for all
magmas. Indeed, the coherent portion of each magma plug considered in this
study shows roughly similar exit velc..es for a certain driving pressure (Table 1).
The average exit velocity of the 10 MF > series is 38 m/s, which is 3.2 times faster

than that of the 3 MPa series (- .. m/s).

4.4, Surface tensior

Available empirical 7 values for Hohenstoffeln and Billstein (Koopmann, 2004)
along with another basalt and some more felsic compositions (Murase and
McBirney, 1973; Walker and Mullins, 1981) are presented in Fig. 3a. At 1200°C,
all of these magmas have surface tensions between ~ 330 and 350 mN/m, a very
limited range. So differences in surface tension must not be the controlling factor

in explaining the different fragmentation behavior of our three magmas.



4.5.Bubble-free density

The available bubble-free density (o) data for two of our tested magmas, along
with other compositions, are presented in Fig. 3b. Hohenstoffeln (olivine-melilitite)
and Sommata (basaltic-trachyandesite) range between ~ 2920 and ~ 2500 kg/m?3
at 1200°C (Buttner et al., 1998, 2002), and Billstein is assumed to have an
intermediate density value, similar to the Galapagos olivine basalts (Fig. 3b).
Again, this is a limited range. In our experimental 1~agmas, the average
vesicularities only account for few vol. %, therefore 2~t.Cily does not explain the

different fragmentation behavior.

4.6.Viscosity

Unlike the previous parameters, n van vary by several orders of magnitude
between different magmas. The.ofore, it has the potential to be one the main
factors controlling jet brea.up processes (Clasen et al.,, 2012; Lefebvre and

McDonell, 2017).

First, even for a s ~cinic magma composition, n depends on temperature (Sonder
et al., 2006), proportion of bubbles (Wallace et al., 2015), and crystal content and
shape (Mader et al., 2013). In our fragmentation experiments, however, the target
temperature was the same for all magmas (section 4.1), while both crystal and
bubble contents of the tested magmas were low (section 4.2), therefore accounting

for only minor effects on viscosity.



Second, magmas behave as non-Newtonian (shear-thinning) fluids, where n is

dependent of the shear rate (y) at a certain temperature (Sonder et al., 2006;

Hobiger et al., 2011). This non-linear dependency is expressed as T = noym,

where m is the power-law coefficient for a specific non-Newtonian material at a
given temperature and o is the consistency (which differs from viscosity by the
power of m). For shear-thinning fluids, mis less than 1, apnroaching 1 at increasing
temperatures (for reference, m = 1 in Newtonian fluids,). .\l our magmas exhibit
shear thinning behavior in viscometry experimerts, ".e. equilibrium viscosity
decreases with increasing rates of deformation /scnuer et al., 2006, Hobiger et al.,
2011). Data from viscometry experiments for our three magmas at 1200°C are
reported in figure 3c, with viscosity prong, *ssively decreasing from top to bottom in

each line because of the increasing < ear rate. In particular, at the highest shear
rates experienced in viscomet'y ~xueriments (y = ~ 20 s, bottom end of each

data line in Fig. 3c), n progressively increases with SiO2, with values of 21, 28 and
45 Pa.s, respectively for 1 'onenstoffeln, Billstein and Sommata. Since the shear
rates during the frec ai' expansion phase are believed to be much higher in the
current fragmenta.un experiments than in viscometry experiments, the shear
thinning behavior is likely to become even more pronounced, leading to even more
different n values among the magmas, with the lowest for Hohenstoffeln. This is
compatible with the different jet breakup regimes (and pyroclast shapes, Comida

et al., in prep) observed in the experiments, as detailed in the next sections.



5. Magma breakup in experiments

Compared to jet breakup for industrial liquids, the disintegration of the magma plug
in our experiments is more complex. First, the magma is ejected from a relatively
short crucible as a discrete batch by pressurized gas, whereas classic liquid jets
are issued from a long pipe at constant rates over a certain amount of time. In our
case, the assumption of a long pipe is not satisfied, so that the velocity profile of
the magma plug is not likely to be fully developed wh~.. it reaches the crucible
opening. Second, our magmas are non-Newtonian i1qu.-s. Third, a portion of the
magma fragmentation takes place inside the ~..cicle, before the magma even
exits it (Caffier, 1998). Fourth, gravity slows dec-.vn u.2 upward moving magma plug
and drops, whereas industrial liquid jetc are classically issued downwards. Fifth,
the jet breakup of the magma plug ~1d especially the drops beyond the field of
view of the high-speed camera il >e cooled in the atmosphere, influencing their

rheology.

Nonetheless, the physics L jet breakup still applies, allowing a detailed description
of the extra-cru>ibi> fragmentation process in our experiments. The breakup
dynamics of the r..agma plug immediately above the crucible opening can be
regarded, in fact, as the first moment of a sustained liquid jet issued from the
nozzle. Despite the discrete supply of magma being ejected from the crucible, the
1.4 height/diameter ratio of the crucible allowed the bulk propulsion of the magma
plug with minor deformation (Fig. 4). Moreover, the use of the same crucible size
and geometry throughout the entire experiments series imparted same initial

configuration, therefore highlighting the role of magma composition and driving



pressure during the early stage of the free-air expansion. The momentum provided
by the argon “hammer” to the magma plug results in the hydrodynamic breakup of
the material above the crucible, similarly to the onset of a sustained liquid jet.
However, since the assumption of a long pipe is not satisfied, the applicability of
the jet breakup theory to the intermediate and late stage of the experiments cannot

be guaranteed.

In comparison with a natural lava fountain, our experim~..*s are partly similar to a
single fragmentation pulse, as discussed further ir sestion 6. There is also an
apparent resemblance to Strombolian dynamics, Juc to the discrete nature of the
ejection process and the way the magma is ‘ragiaented by gas injection in the
crucible. Nonetheless, there are several iftc.ences between our experiments and
Strombolian-style explosions: i) May~1a breakup in the latter occurs through the
central rupture of the magma fiim ¢t the top of a gas slug (Gonnermann 2015),
whereas in the experiments > magma exits mostly as a plug which is then
fragmented in the atmoshcve; i) the near absence of bubbles within the magma
plug in the expermets leads to the exclusive generation of achnelith-like
fragments, wherea; Strombolian pulses commonly generate scoriaceous
particles. Our intent is to compare classic liquid jets to lava fountain pulses. To
describe magma breakup in our experiments, we first deal briefly with in-crucible

fragmentation, then asses the free-air expansion.

5.1.In-crucible magma fragmentation



The first stage of magma fragmentation in the experiments is in-crucible
fragmentation (Zimanowski et al., 1997). The steel crucible is of course opaque,
so the video documentation does not cover in-crucible events. However, injection-
type runs (Fig. 2c) are similar to molten-fuel coolants (MFCI) experiments, except
for the initial fine fragmentation unique to MFCI. So the documentation of MFCI
experiments with transparent crucibles (Zimanowski et al., 2015), plus analogue
experiments (Zimanowski et al., 1991, 1995, 1997) and the ~retical considerations
(Reitz and Bracco, 1986; Caffier, 1998; Eggers and “.!'e.7.1aux, 2008; Birouk and
Lekic, 2009), help reconstruct in-crucible events for gas-driven hydrodynamic

magma fragmentation.

As the pressurized argon gas is injecte> eluwer at the base of (10 MPa series) or
within (3 MPa series) the magma, the 'atter is pushed upward and laterally against
the crucible walls, starting th~ ciection process (Fig. 4a). Rayleigh-Taylor
instabilities form at the intenc~e between the magma and the gas (Fig. 4a)
(Zimanowski et al., 1921). The wavelike motion of the unstable magma-gas
interface, enhancec by the high density contrast between the two fluids, causes
magma droplets to o 2tach once the amplitude reaches a critical level; this is a type
of hydrodynamic fragmentation (Caffier, 1998; Eggers and Villermaux, 2008) (Fig.
4b). This process continues either until the magma plug is completely fragmented,
or exits the crucible. A certain degree of brittle fragmentation might occur within
the crucible at very high driving pressures (Zimanowski et al., 1997). The observed
near-absence of primary brittle fragments in the ejecta from the current

experiments (Comida et al., in prep) indicates either i) experimental conditions



below the critical stress required for brittle fragmentation (Jones et al., 2019), or ii)
effective reannealing of small brittle fragments within the hydrodynamic field

(Zimanowski et al., 1997).

The amount of fragmentation produced within the crucible depends on ejection
velocity and internal magma properties (Zimanowski et al., 1991; Caffier, 1998).
For a same magma composition, a larger velocity will enhance in-crucible
fragmentation, as the higher acceleration is direct'y vioportional to larger
disturbances at the gas-magma interface (Caffier 1+98; Sallam et al., 2004;
Lefebvre and McDonell, 2017). For a sen.» gjection velocity, magmas
characterized by lower silica contents are also more prone to in-crucible
fragmentation, as a lower viscosity enniances surface tension-dominated

hydrodynamic breakup (Clasen et ai., 2012).

5.2.Free-air expansion ar fu.al fragmentation

5.2.1. Preamble

Figures 5 to 10 shoi / the visible portion of the experiments. The initial conditions
that cause the magma plug to expand in the atmosphere are acquired during
acceleration within the crucible. The violent push exerted by the pressurized argon
gas generates internal turbulence within the magma volume, initially partly damped
by the confined geometry. Once the front of the magma plug surpasses the
crucible opening, the sudden pressure release allows its full expansion. Ideally,

the magma plug should expand upward and radially from the crucible opening.



Nevertheless, an uneven spatial distribution of the pressurized argon at the gas-
magma interface resulted in the asymmetric uncorking of the magma plug. This
gas piercing phase can be observed in both 3 and 10 MPa experiment series (Figs.
5 to 9) except for the Sommata 3 MPa run (Fig. 10), where the more cohesive
structure of the magma plug prevented this phenomenon. In the 10 MPa series,
the gas piercing phase mostly occurred on the left (relative to the viewing direction
of the camera) (see 1 and 2 ms frames in Figs. 5, 7 and S, whereas in the 3 MPa
series the “L” shape of the injection pipe resulted in the rcbound and piercing of
the gas to the right (see 3 and 1.6 ms frames in ~igs. 6 and 8, respectively). In
what follows, we ignore these asymmetric uncork..>yg artefacts produced by the gas

piercing effect in order to investigate the ie* or:akup phenomena.

5.2.2. Early stage of the jet

The initial interaction of the =till coherent portion of the magma at the non-driven
(top) surface is with the stagnant atmosphere. Because of its inertia, the
atmosphere star's .0 irapinge on the magma surface, creating Rayleigh-Taylor
wave disturbance. (Lefebvre and McDonell, 2017). A good example of this
process is captured during the Billstein 3 MPa at 5 ms (Fig. 8). Simultaneously,
possible internal turbulence within the magma plug transmits to the surface,
amplifying the disturbances (Lefebvre and McDonell, 2017). Later on, small drops
are finally detached from the magma surface and rapidly propelled in the
atmosphere once the amplitude of the wave disturbances reaches a critical level

(Eggers and Villermaux, 2008; Birouk and Lekic, 2009; Lefebvre and McDonell,



2017). The amount of early-detached droplets from the plug surface is directly

proportional to ejection velocity and inversely proportional to magma viscosity.

The vertical velocities of the magma plug in the early stage of the jet phase are
presented in Table 1. At one extreme, the Sommata 3 MPa magma plug exits the
crucible as a coherent mass with an average velocity of 13 m/s. The plug expands
in the air and beyond the field of view as a mushroom head shape with no relevant
detachment of small fragments, except for some frag~.onwction induced by the
magma flowing through the induction coil which exte 1ds slightly above the crucible
(Fig. 10). On the other hand, the Hohenstoffelr. 29/ 1Pa magma plug exits at an

average velocity of 44 m/s, and starts fragmer.ang .mmediately (Fig. 5).

The visual appearance of the initiall car.orent portion of the magma plug once it
begins to expand in the atmosphere p: 2vides a unique opportunity to constrain its
breakup regime. Starting with t1€ | 'ohenstoffeln 10 MPa run, the magma appears
to be within regime IV (spra,/atumization) (Birouk and Lekic, 2009; Lefebvre and
McDonell, 2017), beceuse ~f the ease with which it breaks up into abundant drops

several orders of me 1ni.ude smaller than the crucible diameter (Fig. 5, 12—20 ms).

Both Billstein 10 MPa and Hohenstoffeln 3 MPa runs are likely to be somewhere
around the V-1l (atomization — second wind-induced breakup) boundary, with the
following observable characteristics: i) the size of the abundant detached droplets
is still several orders of magnitudes smaller than the magma plug diameter; ii) the
intact length is longer than what is observed for the Hohenstoffeln 10 MPa (Fig. 6,

15 ms; Fig. 7, 8 ms).



Compared to what is described above, Sommata 10 MPa and Billstein 3 MPa
appear to be completely within regime Ill, because of the relatively smaller amount
of detached drops and the length of coherent strips of magma observable in the
video footage (Fig. 8, 5—-15 ms; Fig. 9, 12—20 ms). Unlike industrial liquids or our
two more mafic magmas, Sommata is much more viscous, and breaks up as
threads instead of drops, but this will be discussed in more detail elsewhere

(Comida et al., in prep).

Finally, Sommata 3 MPa is thought to be well withir: reg¢time 1l (first wind-induced
breakup), due to the early fully coherent appeara.~ce of the magma plug (Fig. 10,
3-10 ms). When that plug eventually starts ‘0 a.sintegrate, some of the initial
separating domains are within the sar-e uider of magnitude than the crucible

diameter (Fig. 10, 15 ms).

These different fragmentation r<..‘'mes for different runs translate into different
grain size distributions, with Hohenstoffeln runs producing finer-grained pyroclasts
than Sommata runs (Com:Ja et al., in prep). This is due to a shorter time allowed
for fragmentatior. in ‘'aw:2r breakup regimes as well as prolonged thinning at higher

silica compositions which delays final breakup.

5.2.3. Intermediate and final stages of the jet
In the intermediate stage, further upward and away from the crucible, the magma
progressively decelerates due to gravity. Prolonged flow of argon from below

continues to provide partial thrust to the yet unfragmented, but unstable, portion of



the magma mass, which moves toward different directions as several lobes or

even threads, each one with a different velocity.

The final upward stages of the experiments involve the thinning (stretching) and
secondary breakup of the now several thousand newly formed drops and
filaments, depending on the magma composition. For the front part of the magma
jet, this portion of the fragmentation process occurred outside the field of view of
the high-speed camera, but the process can be clearly vserved in the tail of the

jet (Figs. 5-7-9, 20-32 ms; Figs. 6-8-10, 30-55 ms).

6. Discussion

6.1.Jet breakup regimes in the expcrir.ients

In the previous section we visue:'v associated a breakup regime to each of the
experimental runs. Observc 1 regimes during initial expansion beyond the crucible
range from a spray (reg.me V) for Hohenstoffeln at 10 MPa to the first wind-
induced breakup regin e (regime II) for Sommata at 3 MPa. Only gas driving
pressure and remcl*2n material were changed between each run, not the crucible
geometry. Therefore, the parameters left that change the Weber and Reynolds
numbers, and are suspected to be responsible for the observed variety in breakup

regimes, are ejection velocity and magma viscosity.

In order to take into account the non-Newtonian (shear-thinning) nature of our

tested magmas, we calculated Reynolds numbers specifically for power-law fluids



2—m_dm 1-m

(from Madlener et al., 2009): Re,} = %fm, with f,,, = 7. Available
0

(3-m+1)
4m

m values at 1200°C for Hohenstoffeln, Billstein and Sommata magmas are 0.61,

0.56 and 0.89, respectively (Sonder et al., 2006; Hobiger et al., 2011).

For each run, the values of the physical parameters used to compute both We and
Rep are presented in Table 1. We consider the early stage of the free air expansion
of the coherent magma plug, so we assume that the relevai.* characteristic length
(i.e., our “nozzle diameter”) is the inner diameter of u.> crucible, 5 cm. We used
the same surface tension value for all runs, for ~implicity (recall that surface
tensions vary very little between magmas, ser. k.. 3). Density among the three
magmas varies within a limited range. V/e ~=culated an overall ejection velocity
for the coherent portion of the md.'t plug, focusing on the first 1.5 ms after a

traceable part becomes visible. Me.ma viscosity is the major unknown, since:

0] Magmas (especic'ly r:ohenstoffeln and Billstein) display non-Newtonian
behavior, but ti.~re are no instantaneous viscosity measurements at the
relevant, rery high shear rates (which themselves are unknown).

(i) A single vilue of viscosity cannot be assumed for an unstable mass of
magma propelled at high speed into the atmosphere. For individual runs,

viscosity may be changing over time and space.

For illustration purposes, we used all available rheology data for our magmas
generated through viscometry experiments at 1200°C (Sonder et al., 2006;
Hobiger et al., 2011). We hope that the correct instantaneous viscosity for each

run is within the utilized range, especially close to the highest shear rates, but we



cannot be certain of that. The actual values of viscosity during fragmentation are

likely to be, in fact, lower than those attained in the viscometry experiments.

The two dimensionless numbers are plotted in our modified Ohnesorge diagram
(Fig. 11). Hohenstoffeln 10 MPa is visually (on the high-speed video) in regime 1V
(Table 1), and indeed plots there on the We-Re diagram (Fig. 11). Billstein 10 MPa
and Sommata 10 MPa are qualitatively observed to be somewhere between
regimes IV and Il and within regime lll, respectively, Lot plot completely within
regime V. A better fit exists for Hohenstoffeln 3 MFa, v hich plots ‘correctly’ near
the IV-1ll boundary (Fig. 11). However, both Bills.oin 3 MPa and Sommata 3 MPa
visually appear to be within regime Ill and Il. rzspe ctively, but on the diagram fall

between regime IV and lll, and inside re-ime 1ll.

There are two main explanations for he discrepancies that occur between the
observed regimes on the high-spoed videos and where the experiments plot on
Fig. 11. First, the regime hoondaries in the diagram may not be fully applicable to
magmas and/or our expe, mental design, since they were defined from data on
diesel sprays us~. 1 1.~ in'ernal combustion engines (Lefebvre and McDonell, 2017).
Specifically, our Wceoer numbers are higher, because of the larger density, surface
tension and jet diameter relative to typical industrial applications. Secondly, our
Reynolds numbers are also likely to be different (shifted to lower ranges), because
of magma viscosity values between four and five orders of magnitude higher than
diesel fuels or water. Determination of jet breakup regime boundaries at higher We
values and perhaps lower Re values should be the focus of future work. For

example, analogue fluids with rheological behavior, viscosities, densities and



surface tensions similar to our magmas, could be investigated in jet breakup

experiments to verify and extend the regime boundaries.

6.2.Jet breakup regimes in Hawaiian eruptions

Rather than dense magma being pushed up and fragmented by suddenly injected
pressurized argon gas as in our experiments, in natural 1..:7a fountains, a magma
column is rapidly accelerated upward by exsolved vnlctile gases coupled to the
magmatic melt (Parfitt, 2004; La Spina et al., 2C'1). vur experimental transient
magma jets last less than 1 s (Zimanowski el !, 1997), whereas natural lava
fountains episodes can be sustained for se \/re | hours to a few days (Gonnermann
and Manga, 2013; Taddeucci et 7., 01v). But despite the apparent “steady”
appearance of some lava founta.» phases, they are actually produced by the fast
repetition of discrete pulses Taddeucci et al.,, 2015). In this regard, our
experiments might be reg~rded as comparable to a single pulse of a lava fountain,
and to some extent to & instant in the emission of an industrial liquid jet breaking

up within a certain “eyune.

Strong (i.e., high mass eruption rate), high and narrow lava fountains partly
resemble full sprays, hence liquid jets in regime IV. Examples from Hawaii include
the Pu'u 'O'0 (Kilauea) 1983 eruption episode 23 (Fig. 12a), or Kilauea Iki 1959

episodes 1 and 3 (Fig. 12b, c).

Some weaker and lower fountains characterized by a more compact profile might

be in regime Ill, with many clasts forming but an intact (unfragmented) liquid core



near the vent that is either observable or at least plausible (the external fragmented
part of the fountain tends to hide the coherent internal part, if present). Examples
include Bardarbunga-Holuhraun (Iceland) 2014 (Fig. 12d), or the Lower East Rift

Zone (Kilauea) 2018 fissure 22 (Fig. 12e).

Jet breakup characteristics similar to regime Il might be seen where very weak
fountains feed lava flows. Fragmentation is coarse, and the weak jet might be
largely unfragmented when first exiting the vent. Most c!as.3 probably coalesce
back together upon landing. An example is the Lcwer East Rift Zone (Kilauea)

2018 fissure 8 (Fig. 12f, g).

Regime I-type jets probably do not occu. »1 Hawaiian eruptions because they
would be largely dampened by gravi*y. Sc regime | and the even weaker dripping
regime are likely replaced by lava oc.zing from the vent without fragmentation

(Parfitt, 2004; Gonnermann an i 'v.~nga, 2013).

6.3.Controls on natuic.' lava fountains

Although La Spina =’ al. (2021) focus on high Re as leading to strong lava fountains
in their simulations, our work suggests that high We values are also important to
reach regime IV. This leads us back to figure 1d, which can be used to qualitatively

discuss the controls on natural lava fountains.

6.3.1. Ejection speed



In general, a certain mass discharge rate will be needed to reach and stay within
the fountaining style. In the initial stage of a fountain pulse, assuming both conduit
diameter and viscosity to be constant, increasing ejection velocity would result in

a shift towards the atomization regime (regime 1V).

6.3.2. Conduit size

All else being equal including the ejection speed, a lairger conduit diameter (and
therefore a high mass eruption rate) would favor development of internal
turbulence within the flow, and would therefor2 piomote the transition to higher
regimes. However if the mass ejection re.e is fixed, a smaller conduit favors a
higher ejection velocity. This is why fi_ re = that evolve to cylindrical conduits favor

fountaining (Jones et al., 2017).

6.3.3. Viscosity

On the contrary, a’« \.~ciease in magma viscosity (e.g., a slightly more silicic
chemical composititn, or a slightly lower magma temperature) would cause a
fountain pulse to begin in a lower regime, with less or no atomization. Alternatively,
a magma with a higher viscosity would require a larger ejection velocity in order to

produce and sustain a lava fountain, relative to an ultramafic or hot mafic magma.

6.3.4. Bubbles and density



In lava fountains, the abundance of gas bubbles introduces some contrasting
phenomena. From a jet breakup perspective, a higher volume fraction of bubbles
would decrease the bulk density of the magma, therefore theoretically promoting
the transition towards the Rayleigh regime (Fig. 1d). However, this effect of gas
bubbles on density is likely cancelled by magma acceleration in the conduit, so

that the net effect of more bubbles is probably higher We and Re.

6.3.5. Surface tension

Like in industrial liquids, the hydrodynamic br2ak.p of natural magmas in lava
fountains is strongly influenced by surfacr. 2nsion, with which the other internal
properties and aerodynamic effects co.pote. Although surface tension varies only
within a limited range in magmas, othe.” variables vary greatly and dictate whether
the effects of surface tension \/il' ('~minate or not. During the climax of large lava
fountain episodes, surfare tension is overwhelmed by ejection velocity and
aerodynamic effects, typical for regime IV (atomization). By contrast, magma
fragmentation in el tive ly low and weak fountaining episodes would be dominated

by surface tension.

6.3.6. Temporal evolution and regime transition
Throughout a whole fountaining episode or even eruption, an overall decrease in
magma temperature over time combined with increased crystallization and

decrease in volatiles would impede late pulses to attain highest breakup regimes



relative to the earlier pulses (Cashman and Scheu, 2015; Taddeucci et al., 2015).
Moreover, possible drainback of colder, crystallized and degassed lava into the
vent would decrease the overall magma temperature, contributing to the transition

to lower regimes (Wallace et al., 1998).

7. Conclusions and outlook

After reviewing the breakup of liquid jets in industrial an. ~cmmercial applications,
we ejected remolten volcanic rocks from a crucible '1siig compressed gas, leading
to the formation of transient ‘magma’ jets. Changirg the gas driving pressure and
the magma compositions in the experimer.'s le d to three different regimes of liquid
jet breakup. Our modified Ohnesc.ge diagram plotting We versus Re and our
experimental “fountain pulses” =suggest how the relative competition among
different internal magma proner ies and external aerodynamic effects might lead
to various jet breakup reg'me.. Magma viscosity and ejection velocity seem to be
the main factors contron:ne regime transitions, because these parameters can vary
by several orders m nagnitude. A higher ejection velocity will result in higher
internal turbulence and strong external aerodynamic effects, leading to the fine
primary breakup of the magma, within the atomization/spray regime. Lower
ejection velocities allow surface tension to play a bigger role, dampening
atomization. Magma viscosity has the reverse effect. a lower viscosity favors

sprays.



A preliminary examination of natural lava fountains suggests that these three
regimes might also occur in Hawaiian eruptions. Lava fountain pulses might be
potentially regarded as discrete jets with breakup behaviors ranging from regime
Il (very weak fountains at the head of lava flows) to regime Il (moderate fountains
with a perturbed but intact liquid core) and regime IV (fully developed sprays in

strong fountains).

This study represents only a first, preliminary attempt t7 characterize jet breakup
mechanisms of discrete pulses such as those oc :uriing in lava fountains and
Strombolian eruptions. Significant future work i ~a.ranted. First, calculating We
and Re requires correct input parameters. A l.ey i_sue is the magma rheological
response over milliseconds, at very higi. deformation rates. Instantaneous
viscosity values needed for Re calc.'ations of transient magma jets seem to be
different from those obtained thrz'1g:> chemical models or viscometer experiments.
Then there is potential to fur'ne. improve our We-Re diagram to better fit conditions
in lava fountains. Regime transitions in various conditions including high We and/or
low Re could be a:ce~sed through fragmentation experiments using analogue
liquid materials abl: to mimic some aspects of magma behavior, minus the
challenges involved in working with molten rock. Finally, high-speed video analysis

of actual lava fountains could then be used to validate the diagram.
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Fig. 1. Four liquid jet breakup regimes occ Ir .n industrial applications: | — Rayleigh
regime, Il — First wind-induced reo’me, . — Second wind-induced regime, 1V —
Atomization regime. (a) Jet stehility curve displaying the relationship between
intact length before primary b.eakup and ejection velocity of the liquid jet; after
Lefebvre and McDonell (20.7). (b) Visual representation of the liquid jet within
each regime, for a jet ‘ssued downward in a stagnant atmosphere. One way to
transition from u1.» \2gime to another is to change the ejection velocity, which
corresponds to difterent intact length for primary breakup (vertical red bars); after
Chigier and Reitz (1996) and Lefebvre and McDonell (2017). (c) Traditional
Ohnesorge classification determined through the relationship between the
Ohnesorge and Reynolds numbers; after Lefebvre and McDonell (2017). (d)
Modified “Ohnesorge” diagram showing the Weber and Reynolds numbers.
Colored arrows illustrate the effect of varying the main parameters. The power

decay of the regime boundaries is ~ Re05.



Fig. 2. Magma compositions and experimental setups. (a) Total alkalis vs. silica
diagram (Le Bas et al., 1986). Data for Hohenstoffeln and Sommata from Hobiger
et al. (2011) and Billstein from Zimanowski et al. (2004). (b) Schematic drawing of
the “high-speed” (10 MPa) blowout type experiment setup. (c) Schematic drawing
of the “low-speed” (3 MPa) injection type experiment setup. Schemes modified
from Austin-Erickson et al. (2008). (d) Frame of an experiment run (Billstein 10
MPa) at the beginning of the free air expansion, showiny *he portion of the melt
affected by gas piercing (on the left) and the still cohzr=i.t portion of the melt plug

(on the right).

Fig. 3. Physical properties of the tested maymac.. (a) Temperature-dependent
surface tensions of Hohenstoffeln (olivire-n<lilitite) and Billstein (alkaline basalt)
magmas, along with other reference "naterials: i) Columbia River (basalt), ii) Mt.
Hood (andesite), iii) Newberry (r>70..*e). Surface tension for all material shows little
variation at 1200°C. (b) Buobi>-tree density versus silica for Hohenstoffeln and
Sommata (basaltic trachycndesite), along with other reference materials: i)
Galapagos (olivine asalt), i) Columbia River (basalt), iii) Mt. Hood (andesite), iv)
Newberry (rhyolite). t can be assumed that Billstein has an intermediate density
between Hohenstoffeln and Sommata, similar to Galapagos. (c) Viscosity versus
silica trends for the tested magmas at 1200°C. Vertical lines show the effect of
different shear rates on equilibrium viscosities in viscometry experiments; Data
sources: (1) Koopmann (2004); (2) Murase and McBirney (1973); (3) Walker and
Mullins (1981); (4) Buttner et al. (1998); (5) Buttner et al. (2002); (6) Hobiger et al.

(2011); (7) Sonder et al. (2006).



Fig. 4. Initial movement of the magma plug and in-crucible fragmentation for the
blowout-type setup. At tO, pressurized argon gas is injected at the base of the
magma. Rayleigh-Taylor instabilities appear at the gas-magma interface. At t1, the
wave disturbances reach a critical amplitude, and droplets are detached. This
continues until the disturbed magma plug surpasses the crucible opening. In-

crucible fragmentation depends on driving pressure and magma composition.

Fig. 5. Time-lapse of the Hohenstoffeln 10 MPa run, er..hacizing the entire free-
air fragmentation and expansion of the magma. Tim: be‘ween each frame is 4 ms
from the first appearance of the magma front at t',c i ucible opening, plus a special

frame at 1 ms to show the location of the gas p.erci g and coherent portions of the

magma plug.

Fig. 6. Time-lapse of the Hohenstoffel. 3 MPa run. Time between each frame is 5
ms, plus a special frame at 3 < *o show the location of the gas piercing and

coherent portions of the magma plug.

Fig. 7. Time-lapse of tho Rillstein 10 MPa run. Time between each frame is 4 ms,
plus a special fran.~ a. 2 ms to show the location of the gas piercing and coherent

portions of the magma plug.

Fig. 8. Time-lapse of the Billstein 3 MPa run. Time between each frame is 5 ms,
plus a special frame at 1.6 ms to show the location of the gas piercing and coherent

portions of the magma plug.



Fig. 9. Time-lapse of the Sommata 10 MPa run. Time between each frame is 4 ms,
plus a special frame at 2 ms to show the location of the gas piercing and coherent

portions of the magma plug.

Fig. 10. Time-lapse of the Sommata 3 MPa run. Time between each frame is 5 ms,
plus a special frame at 3 ms, although for this run that was no visible gas piercing

effect.

Fig. 11. Modified “Ohnesorge” diagram showing tl'e Veber and Reynolds
numbers, applied to the early stage of the jet phase -ur.ng free air expansion, for
each experimental run. See text and Table 1 t.r how each experiment was

positioned on this diagram.

Fig. 12. Potential examples of brec«ur regyimes in lava fountains: (a)-(c), regime
IV, (d)-(e) regime lll, (f)-(g) regin.> Il. (a) Episode 23, Pu'u 'O'6 eruption (Kilauea),
July 28, 1983 (Hawaii, U.S A) (redit: U.S. Geological Survey/photo by J.D.
Griggs. (b) Episode 1 of the Kilauea Iki eruption, November 18, 1959 (Hawaii,
U.S.A). Credit: U.S. C¢~0'ogical Survey. (c¢) Episode 3 of the same eruption,
November 29, 1922, Credit: U.S. Geological Survey. (d) Bardarbunga-Holuhraun
eruption, September 13, 2014 (lceland). Credit: Tom Pfeiffer /
www.volcanodiscovery.com (used with permission). (e) Fissure 22, Lower East Rift
Zone (Kilauea), May 21, 2018 (Hawaii, U.S.A). Credit: U.S. Geological Survey. (f)
Fissure 8, Lower East Rift Zone (Kilauea), (Left) June 7, 2018. (g) Same eruption,

June 9, 2018. Credit: U.S. Geological Survey.



Table 1 Physical parameters of the magma plug among different experiments, for the purpose of calculating
the Weber and Reynolds numbers during the early stage of the jet phase, and observed breakup regime on
high-speed videos

Run Crucible Surface Density Ejection Dynamic Weber Reynolds Observed

diameter tension (kg/m®) velocity viscosity number number®  regime

(m) (N/m) (m/s)® range
(Pa*s)
10 MPa - -
series
8.t X 523 —
Hohenstoffeln 0.05 ~0.33 ~2920 44 21-3%s v
10° 8547
45x 530 —
Billstein 0.05 ~0.33 ~2700@ 33 28— 322 (\VATI
10° 6097
49X 109 —
Sommata 0.05 ~0.33 ~2500 N0 45 -106 11
10° 257
3 MPa series - - - - - - - -
5.4x 77 -
Hohenstoffeln 0.05 ~0.33 ~0°0 11 21 -343 (\VATI
104 1251
5.0 x 109 —
Billstein 0.05 ~0.52 ~2700@ 11 28 — 322 11
104 1257
6.4 X
Sommata 0.05 ~0.33 ~2500 13 45 -106 35-83 Il
104

(}) Values of ejection velocity refer to the coherent portion of the magma plug upon exiting the crucible
(%) Density of a similar magma composition at 1200°C (Galapagos alkali-olivine basalt, Murase and
McBirney, 1973)

(®) For power-law fluids, calculated using Rep (from Madlener et al., 2009)
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Please find below the highlights of the work.

e Lava fountain pulses can be regarded as transient jets of magma

e Jet breakup regimes might occur in lava fountains, similar to classic liquid
jets

e Viscosity and ejection velocity of the magma control hydrodynamic breakup
processes



