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Abstract 32 

While ascending in the plumbing system of volcanoes, magma undergoes decompression at rates 33 

spanning several orders of magnitude and set by a number of factors internal and external to the 34 

volcano. Slow decompression generally results in an effusive or mildly explosive expansion of the 35 

magma, but counterexamples of sudden switches from effusive to explosive eruptive behaviour 36 

have been documented at various volcanoes worldwide. The  mechanisms involved in this behavior 37 

are currently debated, in particular for basaltic magmas. Here, we explore the interplay between 38 

decompression rate and vesiculation vigour by decompressing a magma analogue obtained by 39 

dissolving pine resin into acetone in varying proportions. Analogue experiments allow direct 40 

observations of the processes of bubble nucleation and growth, flow dynamics and fragmentation 41 

that is not currently possible with magmatic systems. 42 

Our mixtures contain solid particles and upon decompression, nucleation of acetone bubbles is 43 

observed. We find that mixtures with a high acetone content, containing smaller and fewer solid 44 

particles, experience strong supersaturation and fragment under very slow decompressions, despite 45 

having low viscosity, while mixtures with lower acetone content, with more and larger solid 46 

particles, degas efficiently without fragmentation. We interpret our results in terms of delayed 47 

bubble nucleation due to a lack of efficient nucleation sites. We discuss how a similar mechanism 48 

might induce violent, explosive expansion in volatile-rich and poorly crystalline low-silica magmas, 49 

by analogy with the behaviour of rhyolitic magmas. 50 

 51 

Keywords: Magma fragmentation, basaltic magma, analogue laboratory experiments, slow 52 
decompression, bubble nucleation, explosive volcanic eruptions 53 
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Introduction 62 

Sudden decompression of magma, induced for example by the removal of mass from a volcanic 63 

edifice (flank collapse, landslides, glacier melting, lake drainage) has the potential to cause 64 

explosive eruptions, depending on the amount of decompression and the volatile content of magma. 65 

A link between explosive high-silica volcanism and slow decompression of magma (for example 66 

induced by effusive activity) has also been suggested by decompression experiments on rhyolite 67 

[Cashman et al., 2000, Castro and Gardner, 2008]. The established physical explanation of slow 68 

decompression as a trigger for explosive eruptions is 'viscous restraint': the induced expansion of 69 

gas bubbles might be resisted by high viscous stresses in very viscous magmas to such an extent 70 

that enough pressure builds up within the bubbles to eventually rupture their walls, resulting in 71 

explosive expansion. Additionally, laboratory experiments have suggested that high-silica explosive 72 

eruptions during slow decompression might also exhibit  'delayed bubble nucleation' [Sparks, 1978, 73 

Mangan and Sisson, 2000, Mourtada-Bonnefoi and Laporte, 2002, Pinkerton et al., 2002, Mangan 74 

et al., 2004, Mangan and Sisson, 2005]: the nucleation of gas bubbles during decompression may be 75 

retarded in poorly-crystalline magmas by a lack of efficient nucleation sites and slow volatile 76 

diffusivity, so that the magma becomes progressively supersaturated and eventually expands 77 

explosively once a supersaturation threshold is reached and bulk vesiculation is triggered. Hurwitz 78 

and Navon [1994] studied the efficiency of different types of crystals in facilitating gas exsolution 79 

in rhyolitic magma. They found that Fe-Ti oxides are very efficient sites of nucleation and their 80 

presence favours equilibrium degassing during decompression. On the contrary, magma with a low 81 

crystal content or containing crystals that are inefficient as nucleation sites, such as feldspar or 82 

quartz, requires large supersaturation to nucleate bubbles.  83 

Low-silica magmas can also erupt explosively. While the large majority of basaltic volcanic 84 

eruptions are effusive or mildly explosive, as in Strombolian or Hawaiian activity [Vergnoille and 85 

Mangan, 2000], basaltic volcanoes switch occasionally to explosive activity of greater intensity, up 86 
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to Plinian, sometimes with little warning [Williams et al., 1983, Walker et al., 1984, Coltelli et al., 87 

1998, Doubik and Hill, 1999,  Gurenko et al., 2005, Höskuldsson et al., 2007]. Significant effort has 88 

been made in the last few years to understand violent explosive basaltic eruptions, investigating the 89 

eruption products [Polacci et al., 2001, Polacci et al., 2003, Gurioli et al., 2008, Sable et al., 2009] 90 

and how the physical properties of low-silica magmas change with volatile content [Polacci et al., 91 

2006, Larsen, 2008, Metrich et al., 2009]. The physics of the expansion and fragmentation of 92 

bubbly, low-viscosity fluids upon decompression is still poorly understood; this has motivated 93 

experimental analogue studies [Namiki and Manga 2005, 2006, 2008] investigating the style of 94 

expansion of bubbly fluids as function of amount of decompression, decompression rate and 95 

conduit and magma parameters. Beside describing the phenomenology of the various expansion 96 

styles as function of vesicularity and decompression rate, those studies offer a quantitative physical 97 

model based on rates of bubbly liquid deformation for how sudden decompression may lead to the 98 

fragmentation of bubbly low-viscosity magma.  99 

The mechanisms by which slowly-decompressed basaltic magmas can erupt explosively remain 100 

unclear. Decompression rates of the order of 100 – 400 Pa s-1, typical of lava effusion, are not 101 

commonly assumed to be potentially hazardous: lava effusion, particularly at basaltic volcanoes, is 102 

considered a low-risk eruptive style, and the few laboratory experiments investigating the link 103 

between slow decompression and explosivity found that significantly higher rates were needed to 104 

observe fragmentation. Namiki and Manga [2006] decompressed at various rates bubbly fluids and 105 

observed fragmentation only for decompression rates larger than about 0.5 – 1 MPa s-1; Stix and 106 

Phillips [2012] obtained similar results for a set of volatile-bearing Gum Rosin and Acetone 107 

mixtures. However, counterexamples of slowly-decompressed basaltic systems which underwent 108 

violent explosive eruptions have been documented. Switches in the eruptive style in the sequence: 109 

Strombolian → effusive → high-energy explosive → effusive have been  inferred, for example, for 110 

the ~2000 BP eruption at Xitle volcano in the central Trans-Mexican Volcanic Belt [Cervantes and 111 
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Wallace, 2003]. They have also been observed at Stromboli volcano in 2003 and 2007 [Calvari et 112 

al., 2010] in the following sequence.  Lava effusion started from fissures which opened a few 113 

hundred meters below the summit, while the usual low-energy explosive activity ceased; lava 114 

effusion persisted for a few weeks, then suddenly an explosive paroxysmal event of unusual energy 115 

(a 1 km-sized eruption column) occurred, transporting to the surface magma with low crystallinity 116 

and high volatile content from a deep reservoir, not tapped during normal Strombolian activity. 117 

Such switches in erupting behaviour are still unexplained. For the eruption at Xitle, it has been 118 

suggested that a recharge event induced a sudden increase of magma overpressure in the conduit 119 

and an increased magma ascent rate [Cervantes and Wallace, 2003]. This mechanism is not fully 120 

satisfactory, at least for Stromboli, as lava flow certainly induced an increased ascent rate, but the 121 

lava flow rate was highest in the initial phase of the effusion, it subsequently decreased 122 

systematically and significantly, and was about an order of magnitude lower on the day of the 123 

paroxysm [Calvari et al., 2010]. Magma partitioning and simultaneous eruption of gas-rich magma 124 

from the vent and of gas-poor magma from a fissure at the base of the cinder cone, proposed by 125 

Krauskopf [1948] for Paricutin volcano, has also been suggested by Cervantes and Wallace [2003] 126 

for Xitle.  Although at Stromboli the lava was flowing from fissures located a few hundred meters 127 

below the summit craters, a partition mechanism can be excluded for the 2003 and 2007 paroxysms 128 

at Stromboli, as the Strombolian activity at the summit vents had stopped completely during lava 129 

effusion.  130 

A few studies have offered physical mechanisms for mild to intermediate explosive expansion 131 

styles at low-silica volcanoes. Namiki and Manga [2008] suggest that the stretching of the bubbly 132 

column of magma in the conduit during decompression-induced expansion (or 'inertial 133 

fragmentation') might explain explosive basaltic eruptions during slow decompression. Other 134 

existing conceptual models [Vergniolle and Jaupart, 1986, Parfitt and Wilson, 1995, Namiki and 135 

Manga, 2006] explain the generation of Hawaiian sustained lava fountaining and mild to 136 
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intermediate Strombolian isolated explosions [Aiuppa et al., 2011]. However, it is difficult to apply 137 

any of them, for example, to explain basaltic Plinian eruptions, or to sudden switches from effusive 138 

to explosive eruptive styles. Some authors suggest that the kinetics of bubble or crystal nucleation 139 

[Sable et al., 2006, Houghton and Gonnermann, 2008, Sable et al., 2009], or the dynamics of 140 

degassing [Schipper et al., 2010], may play a dominant role in explosive eruptions of basaltic 141 

magma, and indeed in supersaturated magmas large quantities of energy are stored in a metastable 142 

equilibrium and can be released over short time scales. However, a conceptual model of high-143 

energy explosive eruptions at basaltic volcanoes is still missing, and the fine-scale mechanisms able 144 

to cause the fragmentation of low-viscosity magma without any sudden decompression are poorly 145 

understood. 146 

We present here laboratory observations of the interplay between decompression and vesiculation 147 

rates from fast and slow decompression experiments using a magma analogue containing dissolved 148 

volatiles and solid particles. As expected, we observe that all mixtures fragment during sudden 149 

decompression, but some vesiculate violently and fragment during decompressions as slow as 50 - 150 

400 Pa s-1. Based on our observations, supported by elements of nucleation theory and published 151 

petrological laboratory experiments, we propose that slow decompression might induce strong 152 

supersaturation and potential explosivity in basaltic magma if bubble nucleation is delayed by lack 153 

of crystals to act as nuclei or by general inefficiency of nucleation, as has been proposed for 154 

rhyolitic magmas. Our experimental observations support the idea that delayed nucleation may turn 155 

slow decompression of magma (for example induced in the conduit by lava effusion) into potential 156 

explosive behaviour, provided the crystallinity of the magma is poor or inefficient as an adjuvant 157 

for bubble nucleation. Our experiments suggest a possible large-scale model for delayed bubble 158 

nucleation as a mechanism potentially leading to violent explosive eruptions at low-silica 159 

volcanoes, that we speculatively apply to the 2003 and 2007 paroxysms at Stromboli. 160 

 161 
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2. Experimental methods 162 

2.1 Magma analogue 163 

Gum Rosin – Acetone (GRA) mixtures of different initial acetone concentration (here 15 – 40 wt% 164 

acetone in Gum Rosin) were used as magma analogues, being prepared by solving brittle gum rosin 165 

blocks [Fiebach and Grimm, 2000] into acetone in a continuously stirred and sealed glass flask for 166 

about 24 hours. Macroscopically, GRA mixtures appear purely liquid, although occasionally we 167 

visually observed solid Gum Rosin particles in mixtures of lower acetone concentration (<30wt%). 168 

However, optical microscope images (Figs. 1A, 1B and 1C for pictures of droplets of 30wt%, 169 

35wt% and 40wt% GRA mixtures respectively), show that they do contain solid particles, which are 170 

the crystalline residues of the dissolution of Gum Rosin in acetone. The particle size is distributed 171 

according to a power law (Figs. 1D and 1E), with the deviation for smaller crystal areas at least 172 

partly related to the difficulty of counting particles at the resolution limit of an optical microscope 173 

(it is also conceivable that the dissolution process is more complete for the smaller particles, and 174 

that part of the deviation from a power law in Figs. 1D and 1E is real). These solid particles may be 175 

considered as analogues of crystals in magmas and span in size and number density a relative wide 176 

subset of that found for the solid phase in magmatic systems. The number density of crystals in 177 

GRA mixtures and the surface they offer as locus for nucleation are important parameters in this 178 

study but impractical to control, because they depend, along with acetone content, laboratory 179 

temperature and pressure, also on the initial size distribution of the crystals provided by the 180 

supplier, and on the history of the stirring process. As a result, the solid fraction can vary by up to 181 

one order of magnitude for the same acetone concentration, or even within the same sample of 182 

mixture, as observed in the optical microscope images (Tab. 1 and Figs. 1A-C), also due to 183 

gravitational segregation, which is very efficient for the largest particles. Consequently, we identify 184 

the mixtures by their acetone mass content, over which we have a much closer control, 185 

remembering the quantity and dimension of the particles is anti-correlated with acetone content in 186 
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the mixture. This anti-correlation means that we cannot explore a broad range of crystallinity for 187 

both low and high acetone content. 188 

If decompressed below the vapour pressure pB  of acetone at the relevant temperature (pB= 19.4 – 24 189 

kPa at 15 – 20 oC, see e.g. http://www.s-ohe.com/acetone.html), GRA mixtures experience acetone 190 

bubble nucleation and bubble growth, the mixture expands and the initial acetone content is reduced 191 

to a level depending mainly on the final pressure reached and on the history of decompression 192 

[Mourtada-Bonnefoi and Mader, 2004]. GRA mixtures with initial acetone concentration ~ 15 – 30 193 

wt% have often been used as a laboratory analogue for high-silica magmas in decompression 194 

experiments (Phillips et al. [1995], Lane et al. [2001], Blower et al. [2001] and [2002], Mourtada-195 

Bonnefoi and Mader [2004], Stix and Phillips [2012]) because of their large viscosity increase  – of 196 

several orders of magnitude – on reduction of acetone content (Fig. 1F and Tab. 1; see also Phillips 197 

et al., [1995]). Mourtada-Bonnefoi and Mader [2004] measured reductions of about 1/3 and 2/3 of 198 

the initial acetone content in decompression experiments resulting in non-explosive expansion and 199 

fragmentation, respectively, which for 15-25 wt% GRA mixtures at 18oC (the laboratory 200 

temperature during our experiments) corresponds to a viscosity variation from about 0.1-1 Pa s to 201 

about  102 – 106 Pa s (and up to 1013 Pa s for a stronger volatile depletion). The strong viscosity 202 

variation may be at least partially linked to the variation in solid fraction, and in terms of rheology 203 

GRA mixtures might behave as suspensions (Costa et al. [2009], Cimarelli et al. [2011]). The end-204 

product is a dry, strong foam similar to pumice. Blower [2001] and Blower et al. [2001, 2002] 205 

compared SEM images of natural pumice and fragmented 20wt%, 25wt% and 30wt%  GRA 206 

samples from fast decompression experiments, documenting polyhedral-shaped bubbles (with 207 

vesicularity of about 90%) with a power-law bubble size distribution, which they interpreted as 208 

originating from continuous nucleation processes in a highly supersaturated fluid, where slow 209 

diffusion limits the growth of nucleated bubbles so that new ones nucleate in the regions of the melt 210 

least depleted in volatiles. In this study we also explored the behavior of 35 – 40 wt% GRA 211 
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mixtures. Their initial viscosity (of the order of 10-2 Pa s, Fig. 1F) increases after the experiments to 212 

about 100-102 Pa s, and they retain enough acetone during degassing to maintain high mobility and 213 

scarce to absent polymerisation. The end-product of fragmentation is a bubbly liquid mass that 214 

becomes more diluted and flows down the glass tube walls when pressure returns to atmospheric 215 

and part of the acetone returns into solution. 30 wt% mixtures show an intermediate behavior (see 216 

Sect. 2.3 and 3.1 for more details). By way of comparison with initial and degassed viscosities of 217 

magmas, we estimate that to match the viscosity of degassed rhyolite and basalt  (about 108 – 109 Pa 218 

s and 101 – 102 Pa s, corresponding to 3-5wt% and 10-13 wt% for our GRA 18oC, respectively), and 219 

considering the previously observed reduction to 1/3 of the initial content of GRA mixtures after 220 

fragmentation, we require GRA with initial contents of 10-15 wt% and 30-40 wt% acetone, 221 

respectively (Fig. 1F).  222 

The diffusivity of acetone in 20 - 30 wt% GRA mixtures  at 20oC varies approximately linearly with 223 

acetone content from 0.28 to 2.8 x 10-11 m2 s-1 [Blower, 2001], which is comparable to the 224 

diffusivity of water in basaltic magmas at a temperature of about 900 - 1100°C and of 700 – 900°C 225 

in rhyolitic magmas, or to the diffusivity of CO2 at a temperature of 700 – 900°C in hydrated 226 

rhyolitic magmas and of 1200 -1400°C in basaltic magmas [Baker et al., 2005]. The surface tension 227 

of GRA is in the range 0.028-0.030 J m-2 [Phillips et al.,1995], higher than the surface tension of 228 

pure acetone at our experimental temperatures, which is about 0.023-0.024 J m-2. However, we 229 

observe that macroscopic (>~0.2 mm in radius) gum rosin crystals sinking in the mixtures are 230 

source of continuous bubble nucleation for p<pB (similar to that documented in Fig. 3B, Mourtada-231 

Bonnefoi and Mader [2004], for mustard seeds). These particles have the potential of reducing the 232 

effective surface energy in GRA mixtures and promoting bubble nucleation. This effect might be 233 

due to the particle shape becoming irregular above a critical particle dimension (see Fig. 1A). 234 

In summary, 15-23wt% GRA mixtures display both the rheological behavior of high-silica magmas 235 

during degassing and similar presence of more numerous and vesiculation-effective particles, while 236 



10 

30-40 wt% GRA mixtures behave more similarly to low-silica magmas.  237 

The acetone content in our mixtures leads to an expansion at fragmentation pressure which can be 238 

calculated as follows: the mixtures fragment at or below about 10 kPa. Given that the density of 239 

GRAs is about 1000  kg m-3 and that the molar mass of acetone is 0.058 g mol-1, 15 – 40 wt% 240 

GRAs contain about 2.5 – 6.9 moles of acetone per litre of mixture. At fragmentation pressure, if all 241 

acetone underwent phase transition (which is an overestimation in particular for slowly 242 

decompressed samples), approximating the expansion as isothermal and assuming the ideal gas law, 243 

we obtain 600 – 1600fold  expansion.  244 

At final pressure pf = 1 atm and for magma temperatures during eruption in the range 900 – 1500 K, 245 

our mixture expansion will be similar to that of 8 – 13 moles of gas in one litre magma, 246 

corresponding to a maximum total volatile content of about 5 – 9 wt% in magma with density 2500 247 

kg m-3. Keeping in mind that this represents an overestimation as not all acetone undergoes phase 248 

transition instantly and temperature drops during free expansion, this is a relatively large volatile 249 

content for low-silica magmas but reasonable for high-silica ones. The large volatile content  250 

guarantees that nucleation is not hampered in our experiments by lack of volatiles. 251 

Further  information about the magma analogue and additional scaling considerations can be found 252 

in Sec. 2.3 and Lane et al. [2001]. 253 

 254 

2.2 Experimental apparatus and procedure 255 

The decompression experiments were conducted in a classical shock tube apparatus (Fig. 2), 256 

consisting of a high pressure cylindrical shock tube made from a 40 mm (internal diameter) 257 

borosilicate glass tube (QVF) connected to a 0.6 m3 steel vacuum chamber via a pneumatically-258 

controlled sliding partition with an opening time of about 0.3 s. The vacuum chamber is evacuated 259 

by a 40 m3/h oil diffusion vacuum pump (Edwards) and is fitted with a vacuum breaker (Fluid 260 

Controls PLC) which can be set to leak atmospheric air into the chamber so that a prescribed linear 261 
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decompression rate is achieved. For some earlier experiments, a manual leak valve was used in 262 

place of the vacuum breaker, with the resulting decompression being only approximately linear. 263 

All experiments started with the GRA mixture at atmospheric pressure pA (initial pressure pi = pA 264 

≈105 Pa). We subjected the magma analogue to rapid decompression by first decompressing the 265 

vacuum chamber down to a desired final pressure pf  with the partition closed, before opening it 266 

rapidly. This created a decompression wave that propagated within the shock tube and 267 

decompressed the mixture at about 1 GPa s-1 (see also Spieler et al. [2004]). In contrast, by 268 

operating the vacuum pump from the start of the experiment with the partition open and controlling 269 

manually the leak valve, or setting the vacuum breaker, air was extracted slowly from the shock 270 

tube and we achieved very slow linear decompression rates (50-400 Pa s-1), significantly lower than 271 

those explored in previous GRA studies. A pressure transducer (Edwards active strain gauge) 272 

measured the pressure in the vacuum chamber with measurements logged using a National 273 

Instruments PCI board. We recorded the experiments using one high-speed video camera (up to 274 

2000 frames per second, Redlake Motionscope) and one conventional video camera (25 frames per 275 

second). 276 

 277 

2.3 Decompression rates 278 

The aim of this study was to explore the behavior of magma analogues for decompression rates 279 

slow enough that the time scale of decompression is comparable to the time scales of bubble 280 

nucleation and bubble growth by diffusion, because the effect of slow decompression on these 281 

processes is poorly understood. 282 

Classical theory for homogeneous nucleation predicts the following nucleation rates as a function of 283 

supersaturation: 284 

J=
2n0

2 VmD (σ /kT )1/2

a0
exp[− 16πσ3

3kT ΔP2 ]
(1) 285 
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where n0 is the number density of volatile molecules, Vm is the volume of a molecule, D is the 286 

volatile diffusivity in the mixture/melt, k is the Boltzmann constant, T is the absolute temperature, 287 

a0 is the mean distance between volatile molecules, σ is the surface energy and ΔP is the 288 

supersaturation pressure [Toramaru, 1995, Yamada, 2005, Mangan and Sisson, 2005] . Employing 289 

appropriate values for GRA mixtures (n0 =3.11 x 1027 m-3, Vm =1.22 x 10-28 m3, a0 =6.85 x 10-11 m 290 

and ΔP=20kPa) yields unrealistically low rates of the order of exp(-2.5 x 108) m-3 s-1. This means 291 

that GRA mixtures will require a very long time to nucleation if this occurs homogeneously. 292 

A quantity often used to characterise bubble growth through diffusion in magma is the Peclet 293 

number for volatile diffusion [Lensky et al. 2004, Toramaru 1995, Gonnermann and Manga, 2008]: 294 

Pedif=τdif/τdec    (2) 295 

It describes whether the time scale of diffusion of volatile into bubbles =(S-R)2/D, where S is the 296 

distance between bubble centers, R is the bubble radius and D is the diffusivity, dominates over the 297 

time scale of decompression τdec=pm/(dp/dt) (melt pressure divided by decompression rate). If 298 

Pedif>>1, supersaturation occurs. Assuming that bubbles nucleate immediately on our solid particles 299 

(S-R ~ interparticle distance, see Tab. 1), τdif~30 s (see Tab. 1). In our fast decompression 300 

experiments, τdec= ~ 10-4 s, so that supersaturation is expected. In the slow decompression 301 

experiments, τdec=pB/(dp/dt)~20-400 s, which is of the same order as τdif.  Hence, for our slowest 302 

decompression rates, slow decompression should be accompanied by supersaturation only if at least 303 

some of our particles are ineffective as nucleation sites. If the particles are all ineffective as 304 

nucleation sites, strong supersaturation is predicted. This is additional evidence for GRA mixtures 305 

that have a high acetone content and a low particle content behaving similarly to crystal-poor 306 

basaltic magmas during vesiculation, and for GRA mixtures that have a low acetone content but a 307 

high particle content behaving similarly to crystal-rich silicic magmas.  308 

3 Experimental results 309 
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3.1 Observations from fast decompression experiments: a regime diagram for GRA mixture 310 

behavior 311 

Upon fast decompression, GRA mixtures show a range of different styles of expansion depending 312 

on acetone content and final pressures pf (Fig. 3): 313 

1) Acetone exsolution/Bubble nucleation (occurring at 20.5 – 25.5 kPa across all acetone 314 

concentrations): a few bubbles form. They occasionally ascend, and burst at the surface. The 315 

mixture does not expand significantly. 316 

2) Boiling (occurring at pressures in the range 11 – 20.5 kPa for all mixture compositions): bubbles 317 

form continuously, coalesce, ascend and burst. The mixture expansion is very small (see movie at 318 

http://www.youtube.com/watch?v=VOJiZe_JlHA). 319 

3) Foaming (occurring only for 15wt% and 23wt% GRA at pressures in the range 1 – 9 kPa): the 320 

mixture rapidly forms bubbles at its surface to create a foam. The mixture/foam column expands at 321 

low energy, with velocities of the order of a few cm/s or slower. No fragmentation is observed (the 322 

foam does not separate into discrete pieces). Foaming is seen only for low acetone concentrations 323 

because on reduction of acetone content those mixtures become very viscous and inhibit the 324 

movement of bubbles, which become trapped, coalesce and expand (see movie at 325 

http://www.youtube.com/watch?v=hGTJHkIBLHo). For high acetone concentrations we see 326 

vigorous boiling at the same pressure, as more acetone is available in the liquid state to maintain 327 

low viscosity and high bubble mobility. Both foaming and vigorous boiling allow different degrees 328 

of permeable degassing of the mixtures. The progressive exsolution observed during foaming and 329 

vigorous boiling also shows how acetone undergoes phase transition gradually in GRA mixtures, 330 

over an extended time period, when below the boiling point. 331 

4) Fragmentation (occurring at p ~< 1 – 2 kPa for GRA <=30wt% and up to 10 kPa for 35wt% and 332 

40wt% GRA) : the mixture expands explosively at its surface and fragments. Bubbly pieces 333 

separate from the column and are ejected into the vacuum chamber. The column expands at 334 

http://www.youtube.com/watch?v=VOJiZe_JlHA
http://www.youtube.com/watch?v=hGTJHkIBLHo
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velocities of the order of 1-10 m/s (see movie at 335 

http://www.youtube.com/watch?v=U709K_MJQEQ).   336 

 337 

3.2 Observations from slow decompression experiments: evidence for delayed nucleation 338 

We performed 34 slow decompression experiments, which show some inherent variability, with 339 

very different outcomes following relatively similar decompression histories. A first general result 340 

is that we can divide our GRA mixtures into two groups according to their general behaviour. GRA 341 

mixtures of concentration <~ 30wt% behave in a fairly uniform and repeatable way; while low-342 

crystallinity 35wt% and 40wt% GRA mixtures show the least repeatable results.  343 

We performed three sets of experiments. During the first set we applied an approximately constant 344 

decompression rate and stopped the decompression after the first observation of bubble nucleation 345 

or expansion (see Fig. 4). While mixtures of concentration <=30wt% always showed nucleation at 346 

pressures 18 - 25.5 kPa, 35wt% and 40wt% concentrated mixtures in some cases did not. In those 347 

cases, we continued  the decompression, obtaining fragmentation at much lower pressures; within 348 

error, at the same value of 7-10 kPa for both 35wt% and 40wt% mixtures. During the second set of 349 

experiments, we focused on 35wt% and 40wt% mixtures. Instead of stopping the decompression 350 

after bubble nucleation, we continued the decompression until either fragmentation occurred, or 351 

pressures of about 5 kPa were reached. Sometimes we observed a few bubbles at pressures greater 352 

than 25 kPa, and these were interpreted as air bubbles because the pressure was significantly greater 353 

than acetone vapour pressure. When this occurred, we always observed acetone bubble nucleation 354 

at pressures 18.0 – 25.5 kPa followed by boiling. However, during about half of the experiments, 355 

we did not observe any bubbles nucleating at 25 kPa, nor boiling at 20 kPa or at lower pressures. 356 

The mixture remained stable and unchanged until pressures of about 7 to 10 kPa were reached, then 357 

the mixture fragmented (see Fig. 6A and movie at 358 

http://www.youtube.com/watch?v=hoOY9u68yHw). The fragmentation pressure was 359 

http://www.youtube.com/watch?v=U709K_MJQEQ
http://www.youtube.com/watch?v=hoOY9u68yHw
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approximately the same - within experimental uncertainties - not only for a specific GRA 360 

concentration but also across the range of concentrations 35wt% - 40wt%. The fragmentation 361 

pressure corresponds to that observed in fast decompression experiments (see Fig. 3). The movies 362 

reveal the primary mechanism of fragmentation in some of our experiments: no nucleation of 363 

bubbles is observed (Fig. 5A) until one single bubble appears at the surface (Fig. 5B), it expands for 364 

a fraction of a second until it is roughly 2 to 3 cm in diameter (Fig. 5C), then it explodes (Fig. 5D) 365 

and triggers fragmentation in the bulk of the mixture through a pressure wave  (see horizontal white 366 

arrows in Figs. 5D, 5E, 5F, 5I and Fig. 6). The fragmentation proceeds layer-by-layer [Cashman et 367 

al., 2000], with explosive expansion occurring on the surface layer of the mixture (inclined white 368 

arrow in Fig. 5E), and migrating downwards as a 'fragmentation layer'  (inclined white arrows in 369 

Fig. 5F, 5G and 5H) at approximately constant velocity (Fig. 5L) as the mixture is ejected upwards. 370 

Bubble nucleation is a local and unstable process, which becomes global only once energy is 371 

transferred to the bulk and periphery of the fluid mass, for example, mechanically through a 372 

pressure wave [Cashman et al., 2000]. In our experiments, the surface of the mixture is a favoured 373 

location for bubble nucleation and expansion; in magma, nucleation occurs internally in the melt 374 

with additional expenditure of energy. 375 

In Fig. 7A we display detailed observations from a few significant experiments. The blue curve 376 

(Exp J3, 40wt%) is representative of most of our experiments leading to fragmentation, with no 377 

bubble activity whatsoever observed, until the mixture fragments at about 8 kPa. The red and green 378 

curves correspond to experiments disrupted by the expansion of air bubbles prior to acetone 379 

nucleation. The violet and orange curves correspond to similar decompression rates leading to 380 

opposite results: the first one degassed efficiently and did not fragment, while for the second one we 381 

observed bubbles nucleating and later being reabsorbed, and no further nucleation was observed 382 

until fragmentation. We interpret this apparent lack of determinism as due to the intrinsic 383 

stochasticity of the bubble nucleation process. 384 
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We did not observe slow-decompression fragmentation in 30wt% GRA when decompressed 385 

manually. However, if the decompression rate is kept constant electronically using the vacuum 386 

breaker (third set of experiments), the same variability (or lack of reproducibility) of results is 387 

observed (Fig. 7B), except that very low pressures can be reached without any nucleation. When we 388 

reached the lowest pressure possible with our equipment without observing any exsolution, we 389 

applied a small vibration to the shock tube (the impact of a fingernail at the tube wall) and 390 

immediately observed very powerful fragmentation. In other words, it appears that highly localised 391 

accelerations (and possibly decelerations) during decompression can stimulate bubble nucleation. 392 

In summary, delayed nucleation, followed by fragmentation, is favoured in our experiments if the 393 

decompression proceeds at a regular rate, as we observed for a higher percentage of the 394 

experiments, and for the 30wt% mixture, if we used the vacuum breaker.  395 

  396 

4. Discussion of the experimental results 397 

In some of our slow-decompression experiments, nucleation is retarded until significantly below the 398 

boiling point, even if solid particles are present. Large supersaturation leads to explosive expansion 399 

in those cases. We interpret the permeable outgassing of <30wt% GRA as due to efficient and rapid 400 

nucleation, and the occasional explosive expansion of 30wt%, 35wt% and 40wt% mixtures as due 401 

to supersaturation accompanying a different nucleation mechanism, maybe homogeneous 402 

nucleation, maybe heterogeneous and delayed, as discussed below (a review of the physical 403 

homogeneous and heterogeneous mechanisms governing bubble nucleation is given by Cashman et 404 

al. [2000]). 405 

The solid particles of Gum Rosin contained in our 30wt%, 35wt% and 40wt% mixtures seem, in 406 

general, to be inefficient nucleation adjuvants, given that we observe nucleation to be delayed. This 407 

might arise from a particularly unfavourable wetting angle of acetone bubbles onto gum-rosin solid 408 

particles, due to the compositional similarity of the liquid part of GRA mixtures to the particles: the 409 
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liquid would strongly wet the particles, making them poor substrates for gas nuclei [Mangan et al., 410 

2004]. However, compositional similarity between the liquid and the solid phases should be higher 411 

for low acetone content, making supersaturation more likely for mixtures low in acetone; this is the 412 

contrary of what we observe, as nucleation results to be more efficient for our 23wt% and 30wt% 413 

mixtures. Higher compositional similarity might be counterbalanced by the availability of more, 414 

larger particles, which provide a higher number of nucleation sites or a larger total solid surface as 415 

support for nucleation. Therefore, it is plausible that heterogeneous and efficient nucleation takes 416 

place in <~30wt% GRA mixtures (where a great abundance of nucleation sites counterbalances 417 

their low efficiency); and either homogeneous nucleation, or heterogeneous but inefficient and 418 

delayed nucleation, for >~30wt% GRA mixtures, due to scarce and inefficient nucleation sites. The 419 

layer-by-layer explosive expansion we observe during fragmentation is consistent with large 420 

supersaturation of the mixture and a nucleation mechanism close to homogeneous [Toramaru, 1995, 421 

Cashman et al., 2000], with a pressure wave propagating through the supersaturated fluid triggering 422 

progressive mass vesiculation. 423 

Explosive expansion during slow decompression seems to occur at about the same pressure not only 424 

for a specific acetone concentration, but for all 30wt%, 35wt% and 40wt% GRA, at least for a 425 

similar decompression history. The linearity of the decompression rate (constant rather than 426 

accelerated or decelerated) seems to promote delayed nucleation in our experiments over a 427 

relatively large range of decompression rates. Our dataset does not allow us to resolve any possible 428 

dependence of the final fragmentation pressure on acetone concentration. It seems reasonable that 429 

this dependence is weak or absent, given that the solubility of acetone does not depend on 430 

concentration and all the acetone becomes potentially available for exsolution immediately below 431 

the boiling point of acetone, pB, so that the amount of supersaturation of the mixture has a dramatic 432 

increase as soon as p < pB, but it does not increase much thereafter. Since solubility laws in magma 433 

are generally progressive, with more and more volatiles becoming prone to phase change as 434 
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disequilibrium increases, it is possible that in volcanic systems the difference between saturation 435 

pressure and fragmentation pressure does depend on crystallinity or volatile content, as petrology 436 

experiments seem to confirm (see section 4.3). However, if the conditions are similar, our 437 

experiments indicate that fragmentation will be induced by a specific pressure differential. A regular 438 

decompression at approximately constant rate, such as that due to lava flow reducing pressure on 439 

the magmatic system below, causing magma to ascend slowly and unperturbed in the conduit 440 

(rather than convecting and mixing continuously) could be a promoting factor for delayed bubble 441 

nucleation. 442 

 443 

4.1 Comparison with decompression experiments on rhyolitic magmas. 444 

Bubble nucleation has been studied mostly in rhyolitic melts, to which most explosive eruptions are 445 

linked. In the last few years, a growing weight of evidence has suggested delayed bubble nucleation 446 

as a viable mechanism of explosive expansion of high-silica magmas.  447 

Mangan and Sisson [2000] decompressed rhyolite that had been remelted until crystal-free, in order 448 

to reach the conditions for homogeneous nucleation. They observed large supersaturation and noted 449 

that the pressure differential needed to nucleate bubbles depended on the mechanism of bubble 450 

nucleation (homogeneous, heterogeneous or a combination of them).  At a given decompression 451 

rate, they found that the abundance of nucleation-facilitating crystals controls degassing efficiency 452 

and the likelihood of strong supersaturation. They conclude that homogeneous nucleation tends to 453 

occur even in relatively crystalline rhyolites, containing up to 106 crystals cm-3. Our observations 454 

and interpretation of delayed bubble nucleation in our experiments are compatible with a similar 455 

mechanism. More observations are required to prove and constrain a relationship between 456 

decompression rate and critical crystallinity for analogue experiments.  457 

Mourtada-Bonnefoi and Laporte [2002] showed that  magma can reach high levels of 458 

supersaturation depending on gas content and crystallinity. The results of their decompression 459 
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experiments are that a smaller difference between saturation pressure and bubble nucleation 460 

pressure (60 – 160 MPa) is observed at high content of H2O (~7%), while if the content in water is 461 

lower (<5%) and crystallinity is low, very high levels of supersaturation (135 – 310 MPa) may be 462 

reached in the magma before nucleation occurs, sometimes explosively. Once started, the nucleation 463 

occurs in seconds to minutes. As mentioned above, in our experiments the solubility curve is 464 

roughly the same for the 30wt%, 35wt% and 40wt% GRA, which might be the reason why we 465 

observe the same supersaturation level Δp in all our fragmentation events, at least for a similar 466 

decompression history.  467 

Iacono Marziano et al. [2007] decompressed at varying rates K-phonolitic magmas from the 468 

Vesuvius AD 79 eruption and found that slow decompression rates (2.8, 24 and 170 kPa s-1) lead to 469 

bubble nucleation at the capsule-melt interface. They calculate surface tension values of about 470 

0.095 J m-2, more similar to values for rhyolite than dacite.  They conclude that decompression rates 471 

and magma crystallinity control the bubble nucleation mechanism. They infer that delayed 472 

disequilibrium degassing may have played a crucial role in that eruption. 473 

 474 

4.2 Application to basaltic magmas. 475 

While there is a relative abundance of published decompression experiments on remelted and 476 

rehydrated rhyolite samples and in general on high-silica magmas, no slow decompression 477 

experiments on basalts have been published to date, hindering possible comparisons between our 478 

results and petrological experiments, as well as direct links with basaltic volcanoes. Necessarily, our 479 

application to basaltic volcanic systems will be mainly of speculative character. 480 

In general, delayed bubble nucleation has been thought unlikely for low-silica melts, because they 481 

have larger diffusivity [Pinkerton et al., 2002] and a lower surface energy and hence a lower barrier 482 

to nucleation than high-silica melts, so that bubbles tend to form early during ascent and volatiles 483 

tend to exsolve efficiently [Mangan et al., 2004]. On the other hand, the presence of crystals in 484 
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basaltic magma has a smaller disruptive power than for high-silica magmas: network-modifying 485 

cations and dissolved volatile molecules are very efficient in disrupting the strongly linked 486 

framework of highly polymerised melts, but less so in low-silica compositions [Mangan and Sisson, 487 

2005]. The wetting angle of bubbles onto the same type of crystals is larger for high-silica magmas 488 

than for low-silica, where it is small (but non-zero, as bubbles still tend nucleate on crystals, see for 489 

example Mangan et al. [2004], Fig. 2). Hence, the distinction between homogeneous and 490 

heterogeneous nucleation becomes blurred for such less polymerised, low-silica magmas, as 491 

Mangan and Sisson [2005] demonstrated for dacite as opposed to rhyolite. Therefore, it seems 492 

reasonable that the nucleation-facilitating effects of a low energy barrier to nucleation in low-silica 493 

magmas could be compensated by a diminished efficiency of crystals in supporting nucleation, 494 

making delayed bubble nucleation a viable mechanism for high-energy explosive eruptions of 495 

volatile-rich, poorly crystalline basalts. Our experimental results, where delayed bubble nucleation 496 

and mass vesiculation occurred more frequently on low-viscosity magma analogues, with a 497 

molecular structure that does not tend to polymerise such as that of GRA with high acetone content, 498 

support this argument. Experimental data for basalts are needed in order to confirm or exclude this 499 

hypothesis.  500 

 501 

4.3 Comparison with published experimental studies on slow decompression of magma 502 

analogues  503 

Analogue experiments on the effects of decompression rate may be divided into two categories: 504 

those which use volatile-bearing fluids as the magma analogue, where bubble nucleation takes place 505 

during the experiments (e.g. Phillips et al. [1995], Lane et al [2001], Stix and Phillips [2012]), and 506 

those which use bubbly fluids, where pre-existing bubbles are introduced into the fluid before the 507 

experiment starts (e.g. Namiki and Manga [2006]). None of the published experiments of either 508 

type has evidenced any explosive behaviour during decompressions as slow as in our experiments. 509 
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We now compare our observations with those from previous studies.  510 

If decompressed at slow decompression rates in the laboratory, bubbly fluids expand with various 511 

non-explosive styles [Namiki and Manga, 2006], which we also observe when nucleation is 512 

efficient, and describe generically as 'foaming'. Since we find that bubble nucleation (not studied in 513 

those experiments, which involved pre-existing bubbles) controls fragmentation during slow 514 

decompression, our experiments complement previous findings, rather than conflicting with them. 515 

However, Namiki and Manga [2006] find that the height of the bubbly column is an important 516 

parameter for the outcome of slow decompression; they suggest from theoretical arguments that if 517 

the bubbly column in a volcanic conduit reaches height > 1 km, then decompression rates typical of 518 

lava effusion (102 – 103 Pa s-1) may lead low viscosity magma to non-equilibrium expansion. It is 519 

challenging to compare that theory with our observations as we do not know how much of the 520 

initial acetone exsolves, and at what rate, during expansion. Nucleation has been in fact observed to 521 

take place progressively in GRA mixtures, as happens for magma undergoing sudden 522 

decompression (Blower et al., 2001, 2002). 523 

Stix and Phillips [2012] decompressed GRA mixtures at very slow rates (down to 20 – 80 Pa s-1), in 524 

apparatus similar to ours but with acetone concentration in the range 15 – 30wt%. They observed 525 

different degassing styles at different pressures but no fragmentation in any of the experiments. 526 

However, they did not explore 35wt% and 40wt% mixtures, which are the ones in which we 527 

observe fragmentation if decompressed at those rates. Also, they did not apply a constant 528 

decompression rate either manually or with a vacuum breaker and their decompression rate was not 529 

constant but decreasing with time. 530 

Air bubbles present in our mixtures seem to suppress supersaturation and favour diffuse nucleation, 531 

probably because these air bubbles represent stable nuclei of gas accumulation and, by growing, 532 

they release free energy. This is consistent with results from Mourtada-Bonnefoi and Mader [2004], 533 

who also used GRA mixtures and found that nucleation is very efficient if solid particles of various 534 



22 

materials are present in a magma analogue. In the light of our results, those experiments did not 535 

observe any large deviation from equilibrium probably because the particles added to those GRA 536 

mixtures were efficient nucleation sites or were trapping tiny air bubbles, or just because in those 537 

experiments <30wt% GRA mixtures were used. 538 

Additional analogue experiments could be designed in order to improve the similarity to magma, 539 

for example, it could be attempted to dissolve two different volatile species into Gum Rosin, in 540 

order to check whether the resulting solubility law is more progressive. In order to clarify the 541 

nucleation dynamics in GRA solutions, experiments could also be designed to explore more in 542 

detail the properties of GRA mixtures, for example surface energy and wetting angles. Also, it 543 

would be desirable to measure the wetting angle of acetone bubbles on gum-rosin particles 544 

immersed in fluid GRA mixtures (see for example Mangan et al. [2004]). This requires microscope 545 

images of the mixture at the exsolution pressure of acetone (20-25 kPa), as acetone is liquid if 546 

pressure is atmospheric. An experiment could also be designed to study the end products of 547 

fragmentation during slow-decompression versus foaming resulting from efficient nucleation and 548 

degassing. 549 

 550 

5. Formulation of a conceptual model of delayed bubble nucleation in low-silica volcanic 551 

systems 552 

In summary, our analogue experiments suggest that the idea that crystal-poor low-silica magma, 553 

carrying insufficient and inefficient bubble nucleation sites, may build up large supersaturation if 554 

slowly decompressed, should be further investigated.   555 

We propose the following conceptual model of delayed, non-equilibrium degassing of a high- and 556 

low-silica volcano as a possible explanation for a sudden change in the eruptive regime, from 557 

effusive to explosive. During effusive activity, the magma ascending in the conduits is 558 

decompressed at a slow rate, and volatile-rich, crystal-poor magma will feed the conduits from 559 
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below. With slow ascent rates, the flow will have low Reynolds numbers even for low viscosities, 560 

so that no turbulent mixing can promote bubble nucleation. If crystallinity is very low and if the 561 

crystals present are of the nucleation-inefficient types, the ascending magma may undergo delayed 562 

nucleation, supersaturating progressively and becoming increasingly metastable. Magma could 563 

supersaturate even in presence of exsolved bubbles, provided their number density is small and the 564 

magma is not sufficiently depleted in volatiles through diffusion. Mass vesiculation is triggered 565 

either when this magma batch reaches a specific Δp (which could correspond to reaching a specific 566 

level in the plumbing system) or when it reaches a specific location where its periphery comes into 567 

contact with stored magma with a high crystal content, for example in a shallow reservoir. This 568 

contact may induce bubble nucleation at the periphery of the magma batch, and be rapidly 569 

transmitted as a pressure wave throughout the whole volume of supersaturated magma, and cause 570 

an explosive expansion of the magma column in volatile-coupled conditions. The explosive 571 

expansion may be accompanied or followed by mass crystallisation, due to a sudden drop of the 572 

liquidus temperature (Hort, 1998). The fragmentation surface propagates downward, layer-by-layer, 573 

until the batch of supersaturated magma is exhausted. The power of the explosive expansion 574 

depends on the level of supersaturation Δp and on the volatile content. The duration of the explosive 575 

expansion depends on the mass or height of column of supersaturated magma available and on the 576 

geometry of the plumbing system (the total energy will depend on the three factors). The reason 577 

why explosive basaltic eruptions are observed only episodically may ultimately result from the low 578 

likelihood of many simultaneous conditions that need to be satisfied for the mechanism to occur. 579 

We expect this mechanism to be generally relatively short-lived and isolated (once the magma batch 580 

is exhausted or the reservoir is empty, the explosive expansion ceases, and before a new explosive 581 

eruption occurs, the system needs first to regain stability and to accumulate volatile-rich magma, 582 

and then to undergo slow decompression) and to produce materials tapped directly from deeper 583 

reservoirs. This is consistent to what observed during the last ten years of close observation at 584 
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Stromboli, where the usual mildly explosive activity is associated with high porphiritic magma 585 

from the upper reservoir, containing nucleation-facilitating crystals such as titanium and iron 586 

oxides, and where paroxysms, and to some extent major explosions, are associated with low 587 

porphiritic blond magma from a deep reservoir, where nucleation-facilitating crystals are not found 588 

(e.g. Métrich et al. [2001], Pichavant et al. [2009]). 589 

Earthquakes or any other form of pressure wave shaking supersaturated basaltic magma stored in 590 

conduits may also trigger delayed nucleation (similar to the explosive expansion of our 591 

supersaturated mixture resulting from the impact of a fingernail on the shock tube); if this occurs, 592 

the intensity of the response of the magmatic system should depend on the degree of 593 

supersaturation reached. 594 

 In the case of sudden decompression, mass vesiculation and crystallisation occur releasing at once 595 

the energy provided by the decompression, while in case of slow decompression the energy is 596 

stored slowly in the magma and released later in a short time interval as a cascade effect.  597 

 598 

6. Conclusions 599 

The conceptual model presented here is consistent with the physics of phase transition in multi-600 

component mixtures and compatible with observations from published results on decompression of 601 

re-melted magma samples. It offers a possible explanation for high-energy low-silica explosive 602 

eruptions, which remain unexplained. Although petrological studies are required to demonstrate that 603 

delayed bubble nucleation followed by explosive expansion can really apply to basaltic systems in 604 

general and specifically to a given eruptions at a given volcano, this model suggests that 605 

decompression due to lava effusion, which is generally considered a low-risk eruptive style, can 606 

potentially trigger powerful explosive eruptions. The eruption process would actually be  triggered 607 

when decompression starts, but an explosive eruption would only occur when sufficient magma has 608 

spilled from the conduit [Calvari et al., 2010], that the pressure drop exceeds that capable of being 609 
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sustained by delayed nucleation, with the extruded magma volume being a proxy for the pressure 610 

differential Δp required for fragmentation. 611 
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 857 
Sol  Density   Viscosity   Particle   Mean  858 
        Number   InterParticle859 
  860 
        Density  Distance  861 
(wt %) (kg*m^-3)  (Pa*s)  (mm-2)   (mm)   862 
15  1150 +/- 50  12.95 +/- 0.1  ---  ---  863 
23  1020 +/- 50  0.36  +/- 0.02  ---  --- 864 
30  1000 +/- 45  0.0695+/- 0.0013  450  0.03 +/- 0.01 865 
35   924 +/- 30  0.026 +/- 0.005  120  0.04 +/- 0.01866 
  867 
40    900 +/- 30   0.012 +/- 0.001   25  0.1  +/- 0.02868 
  869 
gum rosin  ~1100 870 
pure  ~790             ~0.0003   871 
acetone     872 
 873 
 874 

Tab. 1: Densities, viscosities and crystallinities of GRA mixtures and acetone. The uncertainties are 875 

representative of the variability of the solutions' characteristics for different stirring time and 876 

laboratory temperature. The particle number density and the mean inter-particle distance were 877 

estimated by counting the particles in the region bordered in white in Fig. 1A, 1B and 1C for  878 

30wt%, 35wt% and 40wt% GRA respectively. A detailed particle size distribution is reported in Fig. 879 

1 for a wider set of mixtures and particle dimensions. 880 
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Fig. 1: A, B and C) Optical microscope image of a droplet of 30wt%, 35wt% and 40wt% acetone 899 

GRA mixtures. The average dimension and number density of the solid particles contained in the 900 

mixtures anticorrelate with acetone content. See Tab. 1 for the physical properties of the mixtures 901 

and for an estimate of their crystallinity estimated in the square regions of the images bordered in 902 

white. D) Particle size distribution for eight samples with acetone concentration  30wt%, 35wt% or 903 

40wt%. The size distribution is approximately a power law across all acetone concentrations. The  904 

uncertainty on the number of particles is low for high acetone concentration (40wt%) and much 905 

larger for low acetone concentration (30wt%), for which it is underestimated, in particular for small 906 

size particles, as overlapping particles were neglected. E) Cumulative area covered by the particles 907 

for the same image area. The cumulative area is increasingly underestimated for lower acetone 908 

concentrations (or higher particle content) as overlapping particles were counted only once. F) 909 

Viscosity of GRA mixtures as a fucntion of acetone content for 18, 20, 25, 30 and 40oC. The data 910 

are from this study (Tab. 1) , from Phillips et al. [1997] and from Mourtada-Bonnefoi and Mader 911 

[2004]. For comparison, the viscosity variation of basalt at 1200oC and rhyolite at 850oC as a 912 

function of water content are shown (Shaw [1972]). Partially redrawn from Phillips et a. [1995], 913 

Fig. 2. 914 

 915 

Fig. 2: Shock-tube apparatus. A shock tube, containing the sample, is connected to a steel vacuum 916 

chamber via a pneumatically-controlled sliding partition. The vacuum chamber is evacuated by a 917 

vacuum pump and is fitted with a vacuum breaker which can be set to leak atmospheric air into the 918 

chamber so that a prescribed linear decompression rate is achieved. An approximately linear 919 

decompression rate can also be achieved through a leak valve operated manually. Pressure is 920 

measured at three locations: vacuum breaker, between leak valve and vacuum chamber, and within 921 

the shock tube. 922 

 923 

Fig. 3: Summary of the results from sudden decompression experiments, showing the phase 924 

behaviour of the mixture as a function of acetone concentration and total decompression. For Δp 925 

>≈14± 2 kPa (hence at a pressure of about 9± 2 kPa), mixtures >=35wt% GRA expand explosively; 926 

mixtures <= 23wt% GRA expand significantly but non-explosively. In order to induce 927 

fragmentation in the latter, a decompression of about 21± 2 kPa needs to be applied. 928 

 929 

Fig. 4: Summary of the results from slow decompression experiments. All experiments started at 930 

atmospheric pressure. The mixture was decompressed at about 100 - 400 Pa s-1. The typical 931 

behaviour of the mixtures was to show acetone exsolution in the pressure range 20-25 kPa. 932 

Mixtures 30wt%, 35wt% and 40wt% sometimes did not display that behaviour, and we observed 933 
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fragmentation at about 7 - 10 kPa. We always observed nucleation at pB for < 30% mixtures 934 

decompressed slowly. 935 

 936 

Fig. 5: A to H) Frame-by-frame illustration of fragmentation during slow decompression 937 

experiment J3 (40wt% GRA). Nothing is observed until pressure reaches about 6 kPa or 60 mbar 938 

(the display in each image shows the pressure in mbar, for example 61.1 mbar in image A and 73.2 939 

mbar in image H). Then a big bubble appears (arrowed in image D) and explodes (arrowed in image 940 

E), triggering the fragmentation of the first layer of material. Fragmentation continues on a layer-941 

by-layer fashion (see inclined white arrow indicating the level of the fragmentation layer) until the 942 

whole mixture has fragmented. I) The expansion of the mixture is plotted in pink squares (J3, 943 

40wt%%) and yellow circles (J10, 35wt%%). The velocity of expansion of the ejected fluid is about 944 

07. - 1 m/s, with the mixture having higher volatile content (J3) showing the highest energy 945 

expansion, as expected. L) Downward migration of the fragmentation layer (see bottom of shock 946 

tube in panels F, G and H) occurring at about 2-5 cm s-1. Light blue squares and green circles mark 947 

data from experiments J3 and J10 respectively.  948 

 949 

Fig. 6:  Frames from the high speed camera movie for experiment J3, recorded at 500 frames per 950 

second. The expansion velocity is very high (see Fig. 5) but lower than the one observed during fast 951 

decompression experiments. In the first frames (#352 and 354) a big bubble can be seen to grow 952 

and burst. In frame #358 fragmentation starts.  953 

 954 

Fig. 7: A) The decompression history during five runs of the experiments is plotted in different 955 

colours. The acetone content for the individual runs is indicated in the inlet, along with the 956 

description of the symbols used to indicate naked-eye observations at distinct times and 957 

corresponding pressures. The blue curve (Exp J3, 40wt%%) is representative of most of our 958 

experiments leading to fragmentation. The decompression rate was about 200 Pa s-1 in the region of 959 

interest (< 30 kPa) although it was somewhat irregular. We observed no activity until the 40wt%% 960 

mixture eventually fragmented at about 8 kPa. The red and green curves in Fig. 7A correspond to a 961 

decompression rate of about 100 Pa s-1. The expansion of air bubbles prior to acetone nucleation 962 

was noted during both of these experiments. The violet and orange curves correspond to similar 963 

decompression rates of about 200-250 Pa s-1 and to a 40wt%% (J5)  and 35wt%% (J10) acetone 964 

concentration respectively. The first one degassed efficiently and did not fragment, while for the 965 

second one we observed bubbles nucleating at about 25 kPa, then those bubbles were reabsorbed 966 

and no further nucleation was observed until fragmentation occurred at 7.5 kPa.  B) Decompression 967 

history for 9 of the slow decompression experiments using solutions with 30% acetone (top-left 968 
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corner), 35% acetone (top-right corner) and 40% acetone (bottom-left corner). For each experiment,  969 

the pressure at which bubbles were observed is indicated, being either air bubbles, acetone 970 

exsolution, boiling or fragmentation. Decompression rates vary between -0.10 and -1.2 kPa s-1. Very 971 

low pressures can be obtained without any nucleation by controlling the decompression 972 

electronically. 973 
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