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            Abstract
Terrestrial volcanic eruptions are the consequence of magmas ascending to the surface of the Earth. This ascent is driven by buoyancy forces, which are enhanced by bubble nucleation and growth (vesiculation) that reduce the density of magma1. The development of vesicularity also greatly reduces the ‘strength’ of magma2, a material parameter controlling fragmentation and thus the explosive potential of the liquid rock3. The development of vesicularity in magmas has until now been viewed (both thermodynamically and kinetically) in terms of the pressure dependence of the solubility of water in the magma, and its role in driving gas saturation, exsolution and expansion during decompression. In contrast, the possible effects of the well documented negative temperature dependence of solubility of water in magma has largely been ignored. Recently, petrological constraints have demonstrated that considerable heating of magma may indeed be a common result of the latent heat of crystallization4 as well as viscous5,6 and frictional7 heating in areas of strain localization. Here we present field and experimental observations of magma vesiculation and fragmentation resulting from heating (rather than decompression). Textural analysis of volcanic ash from Santiaguito volcano in Guatemala reveals the presence of chemically heterogeneous filaments hosting micrometre-scale vesicles. The textures mirror those developed by disequilibrium melting induced via rapid heating during fault friction experiments, demonstrating that friction can generate sufficient heat to induce melting and vesiculation of hydrated silicic magma. Consideration of the experimentally determined temperature and pressure dependence of water solubility in magma reveals that, for many ascent paths, exsolution may be more efficiently achieved by heating than by decompression. We conclude that the thermal path experienced by magma during ascent strongly controls degassing, vesiculation, magma strength and the effusive–explosive transition in volcanic eruptions.
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                    Figure 1: Water concentration in rhyolitic magmas.[image: ]


Figure 2: Explosive eruptions caused by superheated vesiculation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Grain size distribution of three volcanic ash samples collected during November 2012.
At this proximal sampling location (275 m from the vent), most of the ash recovered is below 200 μm in size and the dominant grain size peaks at around 50 μm. The measurements were made using a laser diffraction particle size analyser from Coulter.


Extended Data Figure 2 BSE image showing the different phases present in the eruptive products at Caliente.
The dome rocks and the volcanic ash samples contain primarily plagioclase (Pl, dark grey), pyroxene (Px, light grey), iron oxides (Ox, white), apatite (Ap, very dark grey) and interstitial glass (Gl, dark grey). Note the absence of vesicles (black, rounded pores) in this dense ash fragment, which contains less than 2% pore space. Despite the fact that there are no vesicles in this ash particle, we note that the edge of the iron oxides and pyroxene crystals are not straight, but rather crenulated and somewhat diffuse.


Extended Data Figure 3 BSE images showing heterogeneous melt filaments present in volcanic ash erupted at Caliente.
a, b, 13 November 2012; c, 26 November 2014. The yellow box in a defines the region of interest displayed in b. Evidence for high thermal input is best represented by the occurrence of frictional melting. The characteristic texture of frictional melting has been noted in a number of volcanic ash particles and from several eruptions (the main text refers to ash from 10 November 2012). The textures associated with frictional melting preserved in the ash erupted on 13 November 2012 and 26 November 2014, suggest that this dynamic of strain localization in magma was active for at least two years.


Extended Data Figure 4 EDS images showing the heterogeneous concentration of various elements in the melt filaments.
a, BSE image showing the area mapped by EDS. EDS maps show the distribution of Fe (b, in green), Ti (c, in blue), and Al (d, in red). Colour-scale values represent X-ray counts per pixel for each energy band in the line type Ka1. During frictional melting of andesite and dacite, selective melting tends to affect the iron-titanium oxides more readily than silicate mineral phases owing to their lower fusion temperature30.


Extended Data Figure 5 Sample assembly setup during rotary shear experiments.
The sketch also highlights the area sliced for thin-section preparation.


Extended Data Figure 6 Frictional melt chemistry.
a, BSE image of the different phases and textures observed in the products of the rotary shear experiments, along with eight numbered locations of geochemical analyses acquired with the EPMA. b, Normalized geochemical composition of major elements for each analysis. Comparison of the chemical analyses with the textures reveals the variable heterogeneity of the rock products by frictional melting. Analyses 1 and 2 present pyroxene crystals in the seemingly undisturbed host rock and as fragments in the melt zone respectively; they do not show any degree of contamination. Similarly, analysis 3 presents a Fe-oxide crystal and analyses 6 and 8 present plagioclase crystals in the host rock which have not been chemically altered by the products of frictional melting. Analysis 4 presents a protomelt consisting of orthopyroxene with high concentration of Fe-oxide. Analysis 5 also presents a protomelt but this time the chemical composition, and in particular the intermediate concentrations of MgO, CaO and FeO, suggests that it is a mixing product of molten plagioclase and orthopyroxene crystals in a ratio nearing 1:1. Analysis 7 presents the geochemistry of the more homogenized central frictional melt zone, resulting from the mixing of the molten crystals described above.


Extended Data Figure 7 Vesicularity gradients developed in the interstitial glass along the edge of the FMZ.
Blue arrows indicate vesicles. We observe no vesicles in the interstitial glass away (>0.4 mm) from the slip zone, and hence no vesicles in the pre-experimental sample.


Extended Data Figure 8 SEM images showing the texture of dome rocks unchanged by subjecting them to 850 °C.
a, Heat applied for 30 min. b, Heat applied for 15 h. In either case, we note no new, spherical vesicles developed in the interstitial glass. This observation is consistent with the fact that the sample density did not change, as determined by helium pycnometry. This observation indicates that even at atmospheric pressure, water is unable to exsolve at magmatic temperature, suggesting that high heat input is necessary to lower the solubility and increase diffusivity to trigger vesiculation.
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        Editorial Summary
A new model for magma eruption
Yan Lavallée et al. have developed a new model for explosive events at lava domes based on new and previously uninterpreted field observations and experiments. They present evidence of magma vesiculation (development of bubbles) and fragmentation resulting from heating — rather than decompression, as is usually assumed. Textural analysis of volcanic ash from Santiaguito, Guatemala, indicates that melting was induced by rapid heating, as also observed during fault friction experiments, demonstrating that friction can generate sufficient heat to induce melting and vesiculation of hydrated silicic magma. They conclude that the thermal path experienced by magma during ascent can be a first-order control on degassing, vesiculation, magma strength and the effusive–explosive transition in volcanic eruptions.
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