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Basaltic eruptions are the most common form of volcanism on Earth and planetary bodies. 24 

The low viscosity of basaltic magmas inhibits fragmentation1,2 and highly explosive activity, 25 

favouring effusive and lava-fountaining activity3, yet highly explosive, hazardous basaltic 26 

eruptions do occur4-8. The processes which promote fragmentation of basaltic magma remain 27 

unclear, and are subject to debate2,4-11. Crystallisation during magma ascent may significantly 28 

increase magma viscosity, leading to fragmentation11, but crystallisation in basaltic magmas 29 

has previously been thought to occur on timescales significantly longer than the minutes 30 

required for magma to ascend from a crustal storage chamber to the vent12, particularly in 31 

the case of highly explosive eruptions. Here, we use a numerical conduit model to show that 32 

rapid ascent of magma during explosive eruption produces large undercooling. Novel in situ 33 

experiments reveal that undercooling drives exceptionally rapid (~minutes) crystallisation, 34 

inducing a step-change in viscosity that triggers magma fragmentation. Experimentally-35 

produced textures are consistent with products of basaltic Plinian eruptions, supporting our 36 

conceptual model of rapid crystallisation-driven fragmentation. We apply the numerical 37 

model to investigate basaltic magma fragmentation over a wide parameter space and find that 38 

all basaltic volcanoes have the potential to produce highly explosive eruptions. The critical 39 

requirements are initial magma temperatures lower than 1100 °C in order to reach a syn-40 

eruptive crystal content of > 30 vol.%, and thus a magma viscosity ≥ 105 Pa s, which our 41 

results suggest is as a physical threshold for the fragmentation of basaltic magma. Our study 42 

provides both a demonstration and explanation of the processes that drive basaltic Plinian 43 

eruptions, revealing how typically effusive basaltic volcanoes can produce unexpected highly 44 

explosive, and hazardous, eruptions4-8,13,14. The remarkable insights provided by novel in situ 45 

observations of crystallisation provide a new research frontier for studies of crystal kinetics.  46 
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In volcanic conduits, the crystallisation kinetics of an ascending magma are driven by degassing 48 

and cooling15-16. Plagioclase and pyroxene crystallisation are sensitive indicators of magma 49 

dynamics in volcanic conduits12,17-20 and their kinetically controlled abundance can rapidly change 50 

magma rheology21-22. Our understanding of crystallisation kinetics in magmas is underpinned by ex 51 

situ crystallisation quench experiments. However, ex situ experimental approaches ubiquitously 52 

underestimate fast crystallisation kinetics in silicate melts because it is not possible to ascertain 53 

when crystals start to form, nor, how quickly they grew to the size preserved at the moment of 54 

quenching. 55 

A frequently used model which describes crystallisation as function of time is given by an 56 

exponential law12,16, where the rate of crystallisation is controlled by the characteristic time τ(c). The 57 

smaller τ(c), the faster crystals reach their equilibrium abundance. Furthermore, La Spina et al. (ref. 58 

12) showed that, following a thermal perturbation, the new equilibrium crystal abundance is 59 

achieved in ~5τ(c), and that τ(c) for plagioclase in basaltic magmas ascending during mild lava-60 

fountaining activity is ~1000 s.  61 

Plagioclase growth rates increase with magma ascent rate, as cooling and decompression rates 62 

increase23-26. However, the characteristic times of crystal growth during fast magma ascent have not 63 

been investigated due to the inherent limitations of ex situ experimental approaches. In order to 64 

quantify plagioclase and pyroxene crystallisation kinetics during rapid ascent of basaltic magma, we 65 

performed, the first in situ 4D (3D plus time) crystallisation kinetics experiments under fast cooling 66 

rates, using fast synchrotron X-ray microtomography. Our experiments provide the first estimation 67 

of the characteristic time for plagioclase and pyroxene crystallisation in basaltic magmas during a 68 

rapid and continuous increase of undercooling (where ∆T is defined as the difference between the 69 

highest temperature at which plagioclase and pyroxene is expected to crystallise and the 70 

temperature of the magma)17-20. Crystallisation experiments were performed in situ at beamline I12-71 

JEEP, Diamond Light Source, Harwell, UK, using a basaltic glass from the 2001 Etna eruption as 72 

the starting material (see Methods). We combined a bespoke high-temperature environmental cell27 73 
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with fast synchrotron X-ray microtomography to image the evolution of crystallisation in real time28 74 

in two experiments.  After 4 hours at sub-liquidus conditions (1170 °C and 1150 °C) the system was 75 

perturbed through a rapid cooling rate of 0.4 °C/s, inducing a sudden increase of undercooling (∆T). 76 

Our results show that plagioclase crystals only grew during this final stage of rapid cooling, 77 

specifically between 1112 and 1073 °C after a dwell time of 4 hours at 1150 °C (Fig. 1) and 78 

between 1092 and 1053 °C after a dwell time of 4 hours at 1170 °C (Extended Data Fig. 1a,b,c). 79 

Plagioclase crystals grew to equilibrium abundance in less than 90 seconds (Fig.1), i.e. between two 80 

3D scans. Following this initial burst of rapid plagioclase growth, dendritic pyroxene crystals began 81 

to nucleate heterogeneously on plagioclase and grew to their final size in the following 180 seconds 82 

(Fig. 1b,c; Extended Data Fig. 1d,e). 83 

The large ∆T reached in a relatively short time during our in situ 4D crystallisation experiments 84 

produced distinctive skeletal plagioclase crystals with swallow-tail morphology and dendritic 85 

pyroxene (Fig. 2a-c), similar to the skeletal plagioclase and dendritic pyroxene crystals observed in 86 

the products of explosive basaltic Plinian eruptions4-10, for example, Etna 122 B.C.4,5,9,10 (Fig. 2d).  87 

Heterogeneous nucleation of pyroxene on plagioclase (Fig. 1b) is observed to occur in ~180 s 88 

during our 4D experiments. These distinctive textures are also reported in products of the Fontana 89 

Lapilli (Nicaragua)8-10 and 1886 Tarawera (New Zealand) eruptions4,6,7. Therefore, all the studied 90 

examples of basaltic Plinian deposits show features that are consistent with the textures produced in 91 

our experiments. Furthermore, the signature skeletal and dendritic pyroxene is also observed in sub-92 

Plinian eruption (Yufune 2) products of Mt. Fuji (Japan)13.  93 

Plagioclase crystallisation occurred at ∆T between 75 and 155 °C, whilst pyroxene crystallised at 94 

∆T between 60 and 190 °C. This indicates that a rapid increase of ∆T (>60 °C) induces fast 95 

crystallisation. Since the equilibrium pyroxene crystal content is achieved within ~180 s, we can 96 

infer that the pyroxene characteristic time under large ∆T is < 40 s.  For plagioclase, where the 97 

equilibrium crystal content is achieved within 90 s the characteristic time is < 20 s. This is two 98 

orders of magnitude less than the characteristic time found by La Spina et al. (ref. 12) for effusive 99 
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and lava fountaining activities at Etna (Italy), Stromboli (Italy) and Kilauea (Hawaii), which 100 

involved much smaller ∆T (30-60 °C)12. The growth rate of dendritic pyroxene is 2x10-5 cm/s 101 

(Extended Data Table 1). Considering only the largest crystals, the plagioclase growth rate is 3x10-4 102 

cm/s, while the minimum growth rate is 3x10-5 cm/s (Extended Data Table 1). These growth rates 103 

are up to two orders of magnitude higher than those estimated by previous ex situ experimental 104 

studies at similar ∆T in basaltic melts23-25,29, presumably because of the inherent limitations of ex 105 

situ techniques.  106 

Large undercooling can produce significant syn-eruptive microlite crystallisation during rapid 107 

magma ascent17-20. This increase in crystallinity dramatically increases the viscosity of the magma2. 108 

This process has been proposed to explain explosive basaltic Plinian eruptions, supported by 109 

evidence of high microlite contents in basaltic Plinian eruption products4-10. However, no 110 

mechanism for exceptionally fast crystallisation has been proposed.  111 

Magma fragmentation in basaltic Plinian eruptions has been investigated with conduit models, 112 

where crystallisation has been assumed either to be constant30 or at equilibrium11. Recent results 113 

demonstrate that disequilibrium crystallisation plays a fundamental role in magma dynamics within 114 

the conduit12, but syn-eruptive disequilibrium crystallisation has not yet been considered for basaltic 115 

explosive volcanism11,30. 116 

We used the conduit model described by La Spina et al. (ref. 12, 16) to investigate the effect of 117 

our new experimentally constrained characteristic times for crystal growth with large undercooling 118 

on the ductile-brittle transition of basaltic magma. As a test case, we consider the 122 B.C. Etna 119 

basaltic Plinian eruption4,5,31. To model fragmentation we adopt the strain-rate criterion introduced 120 

by Papale (ref. 1): 121 ߛሶ = ݇ ீಮఓ                                                                           (1) 122 

where ߛሶ  is the elongational strain rate, k=0.01 is a constant, ߤ is the magmatic viscosity and ܩஶ is 123 

the elastic modulus at infinite frequency. The other constitutive equations are reported in the 124 
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Methods section. In Figure 3 we report the calculated plagioclase undercooling, crystal content and 125 

viscosity vs depth for τ(c) = 10 and 1000 s. Large undercooling is produced by adiabatic expansion 126 

of exsolved volatiles, and mitigated by the latent heat of crystallisation for τ(c) = 10 s (Fig. 3a). In 127 

the case of fast crystal growth (i.e. τ(c) = 10 s) our model predicts a rapid increase in viscosity at 128 

depths below 2 km (Fig. 3c), leading to fragmentation and explosive Plinian eruption. For τ(c) = 129 

1000 s, crystal growth is slow, and viscosity stays within the fragmentation threshold. In this case, 130 

the model predicts a lava fountain-type eruption.  131 

Having established a new model to explain basaltic Plinian eruptions, and inspired by the natural 132 

cases of strongly fragmented explosive eruptions such as Fuji13 and Etna 201314, we performed a 133 

sensitivity study with our numerical model to investigate the parameter space whereby basaltic 134 

fragmentation driven by rapid crystallisation may occur. We use the Etna 122 BC eruption as a test 135 

case. We focus on the behaviour of ΔT as a function of characteristic time of crystallisation, 136 

pressure, temperature and magmatic H2O content at the conduit inlet, conduit radius, and initial 137 

phenocryst content. A detailed description of the initial condition of the sensitivity study can be 138 

found in the Methods section. We performed each sensitivity study assuming a characteristic time 139 

of τ(c) = 10 s as observed in our experiments and τ(c) = 1000 s, as observed for Etna 2001 in mild 140 

explosive activity. We also examined τ(c) = 1 and 100 s for completeness.  141 

Our model shows that undercooling is principally controlled by τ(c), initial temperature and water 142 

content (Fig. 4a). ∆T at the point of fragmentation increases as initial temperature decreases (Fig. 143 

4b), meaning that cooler magma in the chamber is most likely to produce fragmentation during 144 

ascent and eruption (Fig. 4d). This is supported by estimates of pre-eruptive temperatures obtained 145 

for the Etna and Fontana Plinian eruptions, which range between 1000 and 1060 °C9. Furthermore, 146 

increasing the initial total H2O produces an increase of ∆T (Fig. 4c), because higher volatile content 147 

in the magmatic mixture leads to greater reduction in temperature through adiabatic gas expansion 148 

in the conduit. Again, this suggests that a cooling magma chamber undergoing fractional 149 
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crystallisation may increase H2O content in residual melt and produce a higher probability of an 150 

explosive eruption.  151 

Our model results show that a higher pre-eruptive crystal content results in a greater likelihood 152 

of explosive eruptions (Fig. 4e). However, products erupted from basaltic Plinian eruptions are 153 

characterized by a small phenocryst content (<10 vol.%)4,5,7-10,30. Therefore, our results highlight 154 

that it is the small τ(c) of syn-eruptive crystallisation that is the primary cause for an increase in the 155 

probability of magma fragmentation (Fig. 4f).  156 

When the syn-eruptive crystal content exceeds 30 vol.%, all numerical solutions generate an 157 

explosive eruption (Fig. 4f) due to viscosity exceeding a threshold of 105 Pa s and triggering 158 

fragmentation (Fig. 4g). Therefore, 105 Pa s is a physical threshold determining a drastic change in 159 

basaltic magma rheology and eruptive style, and is most likely to be exceeded when τ(c) is small 160 

(Fig. 4g). This threshold is one order of magnitude lower than previously reported for low-viscosity 161 

magmas1,32. 162 

Experimental and natural observations combined with a numerical model allow us to conclude 163 

that pre-eruptive temperatures <1100 °C favour the formation of highly explosive basaltic 164 

eruptions, such as Plinian volcanism, driven by fast syn-eruptive crystal growth under high 165 

undercooling. This implies that all basaltic systems on Earth have the potential to produce powerful 166 

explosive eruptions.  167 
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METHODS 168 

Starting material. The starting material, used for our crystallisation experiments, is a 169 

trachybasalt from the lower vents of the 2001 Mt. Etna eruption28,33. The anhydrous, glassy starting 170 

material was obtained by melting crushed rock samples in a Pt crucible. Melting was performed in a 171 

Nabertherm® MoSi2 box furnace at 1400 °C and at atmospheric pressure. The melt was left in the 172 

furnace for four hours to allow the melt to fully degas and to dissolve the crystals present.  The melt 173 

was then quenched in air to glass. This procedure was repeated two times to homogenise the melt. 174 

Finally, glassy cylinders 3 mm in diameter and 4 mm in length were drilled from the synthesized 175 

glass for in situ 4D crystallisation experiments. 176 

 The chemical composition of the glassy starting material has been analysed with a Jeol JXA 177 

8530 F microprobe in the facilities of the School of Earth and Environmental, Sciences, University 178 

of Manchester, UK, and are reported in Extended Data Table 2. Analyses were performed using a 179 

15 kV accelerating voltage, 10 nA beam current and beam size of 10 μm. Standards used for 180 

calibration were albite for Na, periclase for Mg, corundum for Al, fayalite for Fe, tephroite for Mn, 181 

apatite for P, sanidine for K, wollastonite for Ca and Si and rutile for Ti. Sodium and potassium 182 

were measured first to minimize loss owing to volatilisation. 183 

 184 

In situ synchrotron X-ray microtomography experiments. The experiments were performed 185 

at the beamline I12-JEEP34, Diamond Light Source, Harwell, UK. For these in situ crystallisation 186 

experiments, we used the high-temperature resistance Alice furnace35, which allows us to control 187 

cooling at 0.05 °C/sec to 0.4 °C/sec, and the P2R in situ rig27 for high speed rotation. The glassy 188 

cylinders were heated in situ in the Alice furnace up to 1250 °C for 30 minutes (Extended Data 189 

Figure 2). After the initial annealing period, crystallisation was induced by decreasing temperature 190 

from 1250 °C to 1170 °C or 1150 °C at ambient pressure, holding at the final temperature for 4 h28 191 

(Extended Data Figure 2). After this step, the system was perturbed by a rapid cooling at rate of 0.4 192 
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°C/s in order to investigate the rapid crystallisation in real time (Extended Data Figure 2), reaching 193 

high undercooling (up to ~200 °C) in a short time.  194 

The experiments were performed in phase-contrast mode, setting the sample-to-detector distance 195 

at 2300 mm in order to work in the edge-detection regime36 (Extended Data Table 3). The 196 

projections were acquired using a monochromatic X-ray beam with energy of 53 keV. In each scan, 197 

1800 tomographic projections were acquired by the detector with equiangular steps over a full 198 

rotation angle of 180° (Extended Data Table 3). The exposure time for the acquisition of each 199 

projection was 0.05 s (Extended Data Table 3), therefore, the temporal resolution of each scan was 200 

of 90 seconds. The isotropic pixel size is 3.2 μm. The detector was a high-resolution imaging PCO 201 

edge camera with optical module 3, corresponding to a field of view of 8.0 mm × 7.0 mm. Scan 202 

acquisition started before the end of the annealing, covering the cooling period between 1250 °C 203 

and the dwell temperatures (1170 and 1150 °C), the entire duration of the dwell time and the final 204 

rapid cooling rate of 0.4 °C/s.  205 

 206 

Image reconstruction and processing. Tomographic projections were reconstructed into 32-bit 207 

slices by using Diamond I12 in-house python codes, using the gridrec algorithm37,38 208 

(http://confluence.diamond.ac.uk/display/I12Tech/Reconstruction+ 209 

scripts+for+time+series+tomography)39,40. The pre-processing pipeline includes centre of rotation 210 

calculation39, zinger removal, blob removal40, and regularisation-based ring removal41.  211 

The reconstructed slices were converted to 8-bit raw format and stacked using ImageJ software42 212 

to obtain volumes in which the isotropic voxel has an edge size of 3.2 μm. Reconstructed volumes 213 

of experiments ET1150 and ET1170 were then cropped using Avizo® software v.8.0 (FEI 214 

Visualization Sciences Group) in order to select the volume of interest (VOI) (Extended Data Table 215 

3). In the experiment ET1150 plagioclase and pyroxene crystals nucleated and grew in a relatively 216 

large pocket of melt (Figs 1 and 2). Therefore, the VOI selected consists of a volume of melt where 217 

the rapid crystallisation of plagioclase and pyroxene occurred during the final rapid cooling rate of 218 
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0.4 °C/s.  In the experiment ET1170 plagioclase and pyroxene crystals formed in narrow layers of 219 

melt (Extended Data Figure 1), during rapid continuous cooling at a rate of 0.4 °C/s.  220 

Three-dimensional visualization (volume rendering) of the reconstructed volumes was obtained 221 

using the commercial software VGStudio 3.0 (Volume Graphics), which allowed us to make 3D 222 

textural observations of the plagioclase and pyroxene crystal morphologies (Fig. 2; Extended Data 223 

Fig. 1). Therefore, the reconstructed volume of each scan allowed us to quantify when and at which 224 

range of temperature plagioclase and pyroxene crystals were able to form.  225 

 226 

Image segmentation and analysis of plagioclase. Segmentation is the process that allows 227 

separation of objects from the background to obtain binary volumes containing only the feature of 228 

interest. Segmentation of plagioclase crystals from the glassy matrix was performed using the semi-229 

automatic volume segmentation43,44 in Avizo software v. 8.0 (Extended Data Table 3). This 230 

segmentation requires manual drawing of the outlines of crystals on the 2D slices. This is repeated 231 

every 5–10 slices, depending on the size of the crystal and the complexity of their shape, along the 232 

crystal length. The crystal shape is reconstructed automatically by the software through an 233 

interpolation procedure. The advantage of this technique is that the operator can obtain the real 234 

morphology of the object of interest by visual inspection43,44. 235 

The reconstructed 3D images were processed and analysed with the Pore3D software library, 236 

custom-developed at Elettra45. The Pore3D software allowed us to quantify the number of 237 

plagioclase crystals, the volume and the maximum length of each crystal, operating directly in the 238 

3D domain45,46. As we were able to obtain the 3D shape of plagioclase crystals and the real 239 

maximum axis length (L3D) we could calculate the growth rate (YL3D) of plagioclase crystals 240 

(Extended Data Table 1), using the experimental duration of growth (experimental duration). The 241 

growth rate was estimated using the following equation43: 242 

YL3D = (L3D*0.5)/tgrowth 243 



11 
 

where tgrowth is the time required for crystal growth. The microtomography images give us the 244 

opportunity to measure the volume of crystals. The volumetric growth rate (YV) was calculated 245 

(Extended Data Table 1) using the following relationship43: 246 

YV = (V*0.5)/texp 247 

where V is the volume of the crystal.  248 

 249 

Image analysis of pyroxene growth kinetics. Back-scattered electron (BSE) images were 250 

collected, using a JEOL JSM-6390LA FE-SEM at the School of Earth and Environmental Sciences, 251 

University of Manchester, Manchester, UK, in order to analyse the pyroxene morphologies and 252 

kinetics. We used an acceleration voltage of 15 kV and beam current of 10 nA. The sizes of 253 

dendritic pyroxene crystals were measured in the 2D domain, using BSE images and ImageJ 254 

software42, as pyroxene morphologies formed during continuous cooling are difficult to resolve and 255 

analyse in the 3D domain. The pyroxene growth rate is calculated by dividing the entire length of 256 

the dendritic crystal over the duration of the pyroxene growth (Extended Data Table 1), as dendritic 257 

crystals grow in one direction.  258 

 259 

Constitutive equations for the conduit model. In this work we use the 1D steady-state model for 260 

magma ascent described by ref. (12, 16, 47). The governing equations used in this work are reported 261 

in ref. (47). The application to a specific volcano is achieved by providing constitutive equations to 262 

describe the specific rheological, solubility, crystallisation, outgassing, and fragmentation behaviour 263 

of the system.  264 

Following ref. (48), the viscosity of the liquid phase is modelled as:  265 ߤ௟ = ௠௘௟௧ߤ ⋅  ,(௖௟ݔ)ߠ
where ߤ௠௘௟௧ is the viscosity of the bubble-free, crystal-free liquid phase and ߠ is a factor which 266 

increases viscosity due to the presence of crystals49. 267 

We use an empirical relationship to estimate ߤ௠௘௟௧ as a function of water concentration and 268 
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temperature, as in ref. (50) (based on the Vogel-Fulcher-Tammann equation):  269 

log(ߤ௠௘௟௧) = A + B(y, ௗಹమೀ௠ௗݔ )ܶ − C(y, ௗಹమೀ௠ௗݔ ),	 
where the viscosity ߤ௠௘௟௧ is in Pa s and T is the temperature in Kelvin. The parameter A is the 270 

logarithmic value of the viscosity at infinite temperature and it is assumed to be constant for all 271 

melts. The parameters B and C, instead, are functions of the melt composition y and of the dissolved 272 

water content ݔௗಹమೀ௠ௗ . In this work, we used the composition of the average melt inclusion 273 

composition (Etna 122 B.C.) from ref. (51). Furthermore, as crystallisation proceeds, viscosity is 274 

increased according to the empirical model described in ref. (52):   275 

ߠ = 1 + ߮ఋሾ1 − ,߮)ܨ ,ߦ  ,∗ሿ஻థ(ߛ
where   276 

ܨ = (1 − ݂ݎ݁(ߦ ቈ 1)2ߨ√ − 1)߮(ߦ + ߮ఊ)቉ ,				߮ = ቀ∑ 	௡೎௝ୀଵ ௖ೕ௟ݔ ቁ߶∗ . 
The fitting parameters ܤ, ,ߜ ,ߦ   chosen for this work are the same used in ref. (53). 277	and ߶∗ ߛ

The model proposed in this work takes into account two different gas components: water and 278 

carbon dioxide. The equilibrium profile of the dissolved gas content ݔௗ೔௠ௗ,௘௤ of component ݅ follows 279 

the Henry’s Law, i.e.  280 

ௗ೔௠ௗ,௘௤ݔ = ௜ߪ ൬ ௚ܲ,௜തܲ ൰ఌ೔, 
where ௚ܲ,௜ = ௚೔ߙ ௚ܲ ⁄௚ߙ  is the partial pressure of the ݅-th gas component expressed in ܲܽ, തܲ = 1 Pa 281 

is used to make the expression in the brackets adimensional, ߪ௜ is the solubility coefficient and ߝ௜ is 282 

the solubility exponent. We assume that the solubility parameter ߪ௜ and ߝ௜ are constant during the 283 

ascent. For this work we adopted the following parameters ߪுమை = 1.8911 × 10ି଺; ߝுమை = ஼ைమߪ 284 ;0.5257 = 2.2154 × 10ିଵଶ; ߝ஼ைమ = 1.075. In this work, we assume also equilibrium exsolution, which 285 

means that the dissolved volatile contents always follow the equilibrium profile. 286 
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The crystallisation model adopted here has been proposed in ref. (16). We consider the three 287 

different major crystal components erupted by Etna volcano: plagioclase, pyroxene and olivine. We 288 

assume that crystals stay coupled with the melt (i.e. no fractional crystallisation). For a better 289 

modelling of crystal nucleation and growth, we also assume that the equilibrium crystal contents are 290 

functions of temperature, pressure and dissolved water content. With these assumptions, the 291 

equilibrium mass fraction ݔ௖ೕ௟,௘௤ of crystal phase ݆ is computed using the polynomial function  292 

,∗ܲ)௖ೕ௟,௘௤ݔ ܶ∗, (∗ௗݔ = ௝,ଵ(ܲ∗)ଶߞ + ௝,ଶ(ܶ∗)ଶߞ + ଶ(∗ௗݔ)௝,ଷߞ + (∗ܶ)(∗ܲ)௝,ସߞ (∗ௗݔ)(∗ܶ)௝,ହߞ++ + (∗ܲ)(∗ௗݔ)௝,଺ߞ + (∗ܲ)௝,଻ߞ + (∗ܶ)଼,௝ߞ + (∗ௗݔ)௝,ଽߞ +  ,௝,ଵ଴ߞ
where ܲ∗ is the liquid pressure expressed in bars, ܶ∗ is the temperature expressed in Celsius degrees 293 

and ݔௗ∗  is the dissolved water concentration in weight percent. From ݔ௖ೕ௟,௘௤, the equilibrium crystal 294 

volume fraction ߚ௝௘௤ can be computed using the relation   295 

௝௘௤ߚ = ௖ೕߩ௖ೕ௟,௘௤ݔ௟ߩ . 
The parameters ߞ௝,௜ are calculated fitting the polynomial function over a large range of data obtained 296 

at different pressures, temperatures and water contents with alphaMELTS54, a command line 297 

version of MELTS55. As previously, we used the average melt inclusion composition (Etna 122 298 

B.C.) from ref. (51). 299 

The experimental phase diagram for Etna basalt erupted during the 122 B.C. eruption9 provides 300 

the plagioclase liquidus at different pressures and temperatures, whilst the conduit model is able to 301 

track temperature evolution within the conduit. Combining both of these data, we can estimate ∆T 302 

with respect to the plagioclase liquidus during magma ascent. 303 

For this work, since we are interested in the highly explosive activity, we assumed no relative 304 

velocity between gas and melt. Furthermore, as we indicated in the main text, we used as 305 

fragmentation model the strain-rate criterion introduced by ref. (1). 306 

  307 
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Initial condition for the sensitivity analysis. 308 

The range of input parameters adopted for the sensitivity analysis are the following: 140–160 MPa 309 

for the inlet pressure at 6000 m depth, 1050–1100 °C for the magma inlet temperature, 5–30 m for 310 

the radius of the conduit, 2.0–4.0 wt.% for the total water content, 0.1–2.0 wt.% for the total CO2 311 

content, 0–20 vol.% for the initial phenocrysts, and 1–1000 s for the characteristic time of 312 

crystallisation.  Since we do not know the probability distribution of the uncertain input parameters, 313 

we have assumed a uniform distribution within the aforementioned ranges. The sensitivity analysis 314 

was performed on using the DAKOTA toolkit (Design Analysis Kit for Optimization and Terascale 315 

Applications)56, an open-source software developed at Sandia National Laboratories that provides a 316 

flexible and extensible interface between analysis codes and iterative systems analysis methods 317 

such as uncertainty quantification, sensitivity analysis, optimization, and parameter estimation. 318 
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 503 

FIGURES 504 

Figure 1. Crystallisation through time. Reconstructed axial slices during continuous cooling at 505 

0.4 °C/s: (a) frame after 24 s from the onset of the cooling, in which the temperature ranges 506 

between 1144 and 1112 °C (average 1128 °C); (b) frame after 208 s, in which the temperature 507 

ranges between 1073 and 1034 °C (average 1054 °C); (c) frame after 392 s, in which the 508 

temperature ranges between 997 and 959 °C (average 978 °C). m = melt; plg = plagioclase; px = 509 

pyroxene. 510 

 511 

Figure 2. Plagioclase crystal morphology. (a) The 3D volume rendering of sample SS1150 shows 512 

the morphology and the spatial distribution of plagioclase crystals that formed during the rapid 513 

cooling at 96<∆T<155 °C. (b) 3D view of the plagioclase with swallow-tailed crystal morphology. 514 

(c) Back scattered electron image of plagioclase with swallow-tailed crystal morphology. (d) Back 515 

scattered electron image of plagioclase with swallow-tailed crystal morphology produced during the 516 

Etna 122 B.C Plinian eruption. Note heterogeneous nucleation of pyroxene around plagioclase, seen 517 

as a light-coloured halo, and similar to that seen in figure 1b.  518 

 519 
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Figure 3. Model results during magma ascent. (a) Undercooling as a function of depth, calculated 520 

for τ(c) = 10 (blue) and 1000 s (red). Cooling is driven by adiabatic expansion of gas, mitigated by 521 

latent heat of crystallisation particularly in the fast crystallising case. (b) Crystal content in vol%, 522 

demonstrating the rapid increase in crystal load when τ(c) = 10 s. (c) Magma viscosity, 523 

demonstrating that the higher crystal load produces 3-4 order of magnitude increase in viscosity, 524 

leading to fragmentation. 525 

 526 

Figure 4. Relationships between characteristic time, initial temperature, initial H2O content of the 527 

magma, syn-eruptive crystal content and magma viscosity and the undercooling of the system at the 528 

fragmentation level. These figures were calculated using repeated runs of the model while changing 529 

individual parameters to reveal the sensitivity of the system to each parameter. Likelihood of 530 

explosive eruption as a function of a specific parameter arises from the ratio between the number of 531 

model runs producing explosive eruptions divided by the total number of model runs used to test 532 

that parameter. Therefore, this is not a probabilistic assessment of eruption risk, but instead depends 533 

on the critical model parameters, which control when fragmentation occurs, and the calculated 534 

probabilities depend on the choice of upper and lower limits chosen for each investigated 535 

parameter. (a) Sobol index. (b) Undercooling vs magma temperature before ascent. (c) 536 

Undercooling vs the initial H2O content of the magma (dissolved and exsolved).  (d) Frequency of 537 

explosive eruptions vs magma temperature before ascent. (e) Explosion frequency vs initial 538 

phenocryst content. (f) Frequency of explosive eruptions vs syn-eruptive crystal content at the 539 

fragmentation level. (g) Frequency of explosive eruptions vs magma viscosity at the fragmentation 540 

level. 541 
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