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Terrestrial volcanic eruptions are the consequence of magmas ascending to the 21 
surface of the Earth. This ascent is driven by buoyancy forces, which are 22 
enhanced by the exsolution and suspension of magmatic volatiles that reduce the 23 
density of magma1. The development of vesicularity also greatly reduces the 24 
strength of magma2, a material parameter controlling fragmentation and thus 25 
explosive potential3. To date, the development of vesicularity in magmas has 26 
been viewed (both thermodynamically and kinetically) in terms of the pressure 27 
dependence of the solubility of water in the magma, and its role in driving gas 28 
saturation, exsolution and expansion during decompression. In stark contrast, 29 
consideration of any volcanic impact of the well-documented negative 30 
temperature-dependence of solubility has been largely ignored. Recently, 31 
petrological constraints have demonstrated that significant heating of magma 32 
may indeed be a common result of the latent heat of crystallisation4 as well as 33 
viscous5,6 and frictional7 heating in areas of strain localisation. Here, we present 34 
clear evidence, from both field and experimental observations, of magma 35 
vesiculation and fragmentation resulting from heating (rather than 36 
decompression). Textural analysis of volcanic ash from Santiaguito (Guatemala) 37 
reveals the presence of chemically heterogeneous filaments hosting micro-38 
vesicles. The textures mirror those developed by disequilibrium melting induced 39 
via rapid heating during fault friction experiments, demonstrating that friction 40 
can generate sufficient heat to induce melting and vesiculation of hydrated silicic 41 
magma. Remarkably, consideration of the experimentally-determined 42 
temperature- and pressure-dependence of water solubility reveals that, for many 43 
ascent paths, exsolution may be more efficiently achieved by heating than by 44 
decompression. We conclude that the thermal path experienced by magma 45 
during ascent is a first-order control on degassing, vesiculation, magma strength 46 
and the effusive-explosive transition in volcanic eruptions. 47 
 48 
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Volcanic eruptions result from magma buoyancy, largely powered by volatile 49 
exsolution. In standard models of magma ascent this exsolution is triggered by 50 
decompression8,9. Upon ascent, gas bubbles expand and pressure build-up may 51 
precipitate fragmentation and explosive eruption1. Yet the solubility, which sets the 52 
thermodynamic driving force for saturation and vesiculation in a volatile component 53 
has long been known to be a function of temperature as well10. Thus temperature 54 
changes may also generate magma vesiculation. Despite this, to date, no models of 55 
volcanic eruptions have explored the role of temperature in generating magmatic 56 
vesicularity. 57 
 58 
The thermal evolution of magma in volcanic conduits has received increased attention 59 
in recent years. Firstly, petrological studies have demonstrated that crystallising 60 
magmas can heat up significantly (e.g., ~100 °C) due to the latent heat liberated4 - a 61 
process acting across the entire magmatic column. Secondly, zones in which magma 62 
undergoes strain localisation during ascent also exhibit evidence of significant heating 63 
(up to ~250 °C) resulting from viscous energy dissipation5,6,11,12. Thirdly, the 64 
discovery of pseudotachylytes in erupted dome rocks13 and at the margin of lava 65 
spines7 indicates that fault friction can be an important contributor to the thermal 66 
budget of magma (locally up to ~1000 °C), exercising as a result a first-order control 67 
on volcanic eruption dynamics14. 68 
 69 
Evidence is mounting that magma ascent may commonly be controlled by strain 70 
localisation near conduit margins15. Such strain localisation in magmas has been 71 
proposed as a scenario leading to failure and potentially serving as a trigger for 72 
explosive eruptions16,17. Careful examination of shallow volcanic conduit structures 73 
lends support to these proposals18. Magmatic conduits/dykes are relatively narrow 74 
(tens of centimetres to a few meters) at depths of a few kilometres19, thus regions of 75 
strain localisation may represent an important mass fraction of ascending magma. At 76 
shallow depths, where conduits can be wider (meters to a few tens of meters), areas of 77 
strain localisation may not appear to be inevitable, yet the observation that shallow 78 
magma bodies are heavily fractured20, and the influence of such fractures on surficial 79 
magma behaviour21 suggest that strain localisation and its associated heat, may play a 80 
large role throughout the whole length of the magmatic column.  81 
 82 
Estimates of magma ascent rates vary widely. In general, explosive eruptions have 83 
been associated with high ascent rates, reaching up to a few meters per second prior to 84 
fragmentation9. During such rapid ascent, magma decompresses (1 m.s-1 corresponds 85 
to decompression of 0.02 MPa.s-1); simultaneously heat is generated in all areas 86 
where strain is localised, either by fault friction14 or viscous dissipation12. The 87 
material record of such heat may or may not be documented in the products of the 88 
subsequent volcanic explosions. The mineralogical assemblage can often preserve 89 
information related to such heating7,13, but if sufficient time is available then the 90 
assemblage will recover in response to the mean temperature and pressure conditions 91 
and evidence of fluctuations may be lost. The glassy state itself does not provide 92 
direct information from above the glass transition temperature; yet, indirectly, 93 
evidence of energy dissipation has been inferred from the morphology of the porous 94 
network preserved in glassy volcanic products5,6. Difficulty of preservation of 95 
evidence of heating in ascending magma, or indeed of the temperature history, is 96 
likely a major reason for its neglect in eruption models. 97 
 98 



Lavallée et al – Nature 2015 – Thermal vesiculation during volcanic eruptions 

 3 

Temperature and pressure both affect the solubility of water22-24 (the dominant 99 
volatile component of volcanic activity) in magma. For a calc-alkaline rhyolitic melt, 100 
the temperature- and pressure-dependence of water solubility can be estimated by24: 101 
 102 
!!!! = !"#.!"!!.!!!.!"#!!!.!""#!!.!

! + 0.0012439!!.!! (1), 103 
 104 
where  H2Ot is total dissolved H2O content (in wt.%), T is temperature (in K), and P is 105 
pressure (in MPa). Figure 1a shows that due to the strongly retrograde nature of the 106 
H2O solubility curve at low pressures, an increase in temperature is a driving force for 107 
vesiculation in this pressure range. This temperature-dependence is evidently large 108 
enough to have a significant effect on water saturation during magma ascent in 109 
conduits.   110 
 111 
The potential magnitude of water exsolution (ΔH2O) due to 1) decompression and 2) 112 
heating is analysed here at a magmatic temperature of 850 °C (Figure 1b). The 113 
comparison of the individual effects of decompression versus heating yields striking 114 
results. We find that heating events of hundreds of degrees, as described above, are a 115 
first-order driving force for significant exsolution and vesiculation. For an ascent rate 116 
of 1 m.s-1 (i.e., 0.02 MPa.s-1, capable of triggering explosive events), 1 K of heating 117 
has the potential to generate more water exsolution than 0.02 MPa of decompression 118 
from initial pressures greater than 13 MPa (Figure 1c); and further heating can be the 119 
main driving force for vesiculation. Expressing it in a different way, a decompression 120 
event exceeding 0.1 MPa (>5 m) would be required in order to exsolve more water 121 
than that exsolved by 1 °C of heating. We therefore conclude from this analysis that 122 
the thermal path of decompressing magma can significantly influence volatile 123 
exsolution. It is thus easy to envisage scenarios of heating-dominated or “thermal” 124 
vesiculation during magma ascent at moderate pressures, and below we provide 125 
evidence to support the assertion that such thermal exsolution also dominates during 126 
strain localisation in magma at shallower depths. 127 
 128 
We have examined eruptive products at the Santiaguito dome complex. The active 129 
Caliente lava dome offers one of the most spectacular displays of cyclic, piston-like 130 
eruptive activity ever recorded, commonly climaxing in gas-and-ash explosions along 131 
concentric fractures21,25,26 (Figure 2a). Proximal monitoring of this dome has revealed 132 
a regular (~26-minute) periodicity in ground inflation/deflation cycles27. At the 133 
expansion maxima, the propagation of arcuate faults across the dome´s surface is 134 
observed and the dome’s centre thrusts upward and collapses back, followed by dome 135 
deflation21. Gas-and-ash explosions occur episodically along the faults, coincident 136 
with very-long-period (VLP) seismic events, which have been interpreted to be 137 
associated with gas flow in fractures at the inflation maximum (Figure 2b)27. In the 138 
analysis that follows, the rates of inflation and deflation during ash release and the 139 
magnitude and rate of slip are of central importance. Ash ejection only occurs during 140 
the fastest inflation/deflation cycles (Figure 2b)27. In these cases, the arcuate faults 141 
undergo a metre of uplift and collapse within 1 second, corresponding to a slip rate of 142 
<2 m.s-1 (21). Importantly, these lava dome dynamics leave scars on the blocks forming 143 
the dome carapace, with frictional marks preserved as both striations and slickensides. 144 
 145 
Textural examination of volcanic ash collected upon deposition in November 2012 146 
and November 2014 provides several examples of the material consequences of such 147 
frictional processes (Supplementary Figures 1-4). The interstitial glass phase reveal a 148 
juxtaposition of chemically distinct mingled filaments with different shades of grey 149 
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on back-scattered electron (BSE) images obtained by scanning electron microscopy 150 
(SEM; Figure 2c; Supplementary Figure 3-4). The contacts between the light- and 151 
darker-toned filaments are diffuse and fluidal (unlike crystals with sharp and angular 152 
boundaries). The very fine nature of these filaments and the diffuse boundaries 153 
prevent us from using standard geochemical analysis techniques accurately, but the 154 
greyscale values observed (which reflect the atomic number and thus chemical 155 
variations within and between phases) provide clear evidence of chemical 156 
heterogeneity (Figure 2c; Supplementary Figure 4). These melt phases have evidently 157 
mingled with the original interstitial melt on timescales insufficient for 158 
homogenisation, presumably immediately before the fragmentation and eruption that 159 
locked in these dynamic features.  160 
 161 
The mingling textures exhibited by the Caliente ash mirror those of protomelts 162 
resulting from selective melting of individual crystals that have been observed in the 163 
products of frictional melting experiments28,29. Such experiments involve an 164 
extremely rapid heating rate (>tens to hundreds of °C.s-1) and therefore highly 165 
disequilibrium melting induced by fault friction28-30. We propose here that the 166 
Caliente ash samples contain volcanic pseudotachlyte; evidence of the syn-eruptive 167 
operation of frictional heating sufficient to generate melting in the piston-like events 168 
at Caliente dome. Notably, the protomelts present in the ash contain vesicles (as 169 
indicated by blue arrows on Figure 2c). As the crystalline phases present are 170 
anhydrous and thus cannot serve as a source of water for vesiculation, we suggest that 171 
vesiculation took place in the interstitial melt. If so, these frictional melts contain 172 
what may be the first well-documented evidence of thermal vesiculation in volcanic 173 
products.  174 
 175 
As an experimental demonstration of the feasibility of thermal vesiculation, we have 176 
performed fault friction experiments at conditions designed to simulate the piston-like 177 
gas-and-ash explosion events at Caliente21. During the experiment the flat ends of two 178 
hollow, cylindrical cores of a Caliente dome rock were pushed together at an applied 179 
normal stress of 6 MPa (representative of the depth of tilt and seismic sources27) and 180 
one core was rotated (against the other) at an equivalent velocity of 1 m.s-1 (see online 181 
Supplementary section and Supplementary Figure 5). Friction experiments on 182 
magmas have shown that under such conditions frictional melting takes place within 183 
as little as ~10 cm of slip13,14,28 confirming the feasibility of this process. 184 
 185 
As noted above, microscopic inspection of the fault products experimentally 186 
generated in the Caliente dome rock reveals the presence of multiple, chemically 187 
heterogeneous melt filaments extruded from crystals adjacent to the fault zones 188 
(Figure 2d; Supplementary Figure 6). In addition, we note that the interstitial glass of 189 
the host rock in the first 0.3-0.4 mm near the fault zone has partially vesiculated 190 
(Figure 2e; Supplementary Figure 7). To ensure that vesiculation resulted from 191 
substantial heat near the fault zone, we have tested the stability of dissolved water in 192 
this dome rock at background magmatic temperature by subjecting two small cores to 193 
850 ºC for 30 minutes and 15 hours, respectively. We observe that no water exsolved 194 
to form vesicles, even after a 15 hour dwell (Supplementary Figure 8). We conclude 195 
from these experiments that both the generation of crystal protomelts and the 196 
surrounding vesiculation result directly from the frictional work converted to 197 
significant heat during faulting events, and not due to residence at magmatic 198 
temperature. From the similarity of these experimental products of frictional melting 199 
to the natural samples of Caliente (described above) we deduce that the cyclic 200 
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phenomena observed during dome extrusion and explosions at Caliente occur in the 201 
presence of strain localisation, accompanied by thermal vesiculation.  202 
 203 
The occurrence of superheated vesiculation at Caliente can be assessed by modelling 204 
the conversion of mechanical work to heat (ΔT) during friction, using31: 205 
 206 
∆! = !!!! !

!!! !" (2). 207 

 208 
Considering Byerlee’s friction coefficient (µ) of 0.85 (at static conditions), a normal 209 
stress (σn) of 6 MPa(27), a slip velocity (V) of 1 m.s-1 for a duration (t) of 0.5 s(21), a 210 
density (ρ) of 2,630 kg.m-3 (by He-pycnometry), a specific heat capacity (Cp) of 900 211 
J.kg-1.K-1, and a thermal diffusivity (k) of 10-6 m2.s-1, uplift of the dome would 212 
generate a local temperature increase of 860 °C along the arcuate faults. Given that 213 
the magma already resides at ~850 °C(32), and that experimental work has shown that 214 
only moderate temperature increase occurs once frictional melt lubricates a slip 215 
zone13,14,28, temperature would not be expected to significantly exceed the melting 216 
temperatures of the main rock-forming minerals in the Caliente lava (labradorite and 217 
enstatite, which melt at >1300 and >1400 °C respectively30). This magnitude of 218 
heating would induce water exsolution from the melt in zones of strain localisation. 219 
Due to the current eruptive cycles and outgassing activity at Caliente, we consider the 220 
system to be open to an extent that allows for exsolution of any oversaturated volatile 221 
fraction; thus a total of 0.83 wt. % would be expected to remain in the magma at the 222 
point of fragmentation at 6 MPa (Figure 1a). Heating of ~550-860 ºC would induce a 223 
dramatic oversaturation in water of 0.26-0.35 wt. %. Faulting, creation of new surface 224 
area, and forced convection during frictional melting would all serve to minimise 225 
effective diffusion path lengths and enhance the completion of water exsolution. With 226 
such overheating, and thus heightened H2O diffusivity, the kinetic limitation to 227 
vesiculation (nucleation and growth) should also be easily overcome, promoting 228 
foaming. At a depth of ~300 metres such vesiculation would, in turn, reduce the 229 
strength of magma and thereby trigger fragmentation33. We therefore conclude that 230 
vesiculation can be induced by rapid heating in the conduit. 231 
 232 
Water is central to magma ascent dynamics and its contribution to magmatic and 233 
volcanic processes results from a combination of both pressure and temperature. 234 
Decompression is inevitable and acts throughout magma ascent. Here we argue that 235 
heating via both crystallisation and shearing processes are equally inevitable. More 236 
specifically, the magnitude of viscous and frictional heating may be prodigious, and 237 
thus exert a primary control on volatile exsolution. At the rates and magnitudes of 238 
heating discussed here, the solubility of water in a melt should be affected before heat 239 
loss by thermal conductivity to the cooler surroundings – whether in the core of the 240 
magmatic column (where further water may exsolve) or in the country rock – could 241 
serve to counteract local heating. Heating during magma ascent deserves adequate 242 
consideration in conduit transport and eruption models. 243 
 244 
The fact that temperature may dominate the dynamics of water saturation and 245 
vesiculation during magma transport in volcanic conduits is a wholly novel constraint. 246 
Clearly, efforts must be made to better constrain the thermal path of magmas during 247 
ascent. A thorough reassessment of strain localisation across deep dykes and shallow 248 
conduits should lead to the quantification of shear heating during magma transport. 249 
As a balance of heating and decompression dictates the driving force for degassing, 250 
the physico-chemical factors which ultimately control the explosivity of volcanic 251 
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events need to be re-evaluated in light of this. We now urge further development of 252 
this important concept in the simulation and analysis of magma ascent and eruption. 253 
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Figure Legends 384 
Figure 1. Water concentration in rhyolitic magmas. a) Thermobarometric limits on 385 
water concentration24 show that the heat induced by mechanical work (orange arrows) 386 
during magma ascent causes a decrease in water solubility (ΔH2O). This decrease in 387 
concentration may be related to an equivalent decompression (~ΔP). At Santiaguito, 388 
thermal input of, for example, ~600 °C due to short-lived faulting events may reduce 389 
water solubility by 0.28 wt.%. b) Water exsolution (ΔH2O) driven by thermal input 390 
(red curves) vs decompression events (blue curves) for an ascending magma at a 391 
nominal temperature of 850 °C. These heating and decompression events are 392 
computed as a function of melt pressure at which the event initiates in the magmatic 393 
column. c) Fraction of the total water concentration exsolved from the action of heat 394 
(left y-axis), versus that of decompression (right y-axis) for different decompression 395 
and heating events. The data shows that thermal input (which acts on a timescale of 396 
seconds) generally induces more water exsolution than decompression.  397 
 398 
Figure 2. Explosive eruptions caused by superheated vesiculation. a) Gas-and-ash 399 
explosion occurring along an arcuate fault on 10 November 2012 at Caliente dome, 400 
Santiaguito. b) Seismic signals (upper) and tilt data (lower) for explosive (red) and 401 
non-explosive (blue) inflation/deflation cycles associated with piston-like dynamics at 402 
Santiaguito27. The solid lines display the average of the 26-minute cycles over the 403 
five-day long dataset, whereas the shaded areas exhibit the spread in the data. Gas-404 
and-ash explosion cycles markedly differ from non-explosive cycles and are 405 
characterised by faster and stronger inflation/deflation as well as very long period 406 
(VLP) seismic events. c) BSE images showing heterogeneous protomelt filaments 407 
(yellow arrows) with different greyscale values (i.e., a proxy for chemistry) extruded 408 
from crystals present in a volcanic ash particle sampled on 12 November 2012; some 409 
protomelts host vesicles (blue arrows). d) BSE images showing the shearing of 410 
protomelts near the main frictional melt zone (FMZ) produced experimentally by fault 411 
slip. e) BSE image showing vesiculation of the interstitial melt near the experimental 412 
fault zone due to high local temperature.  413 
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METHODS (online) 420 
 421 
Volcanic ash sampling and analysis 422 
The ash samples were collected after each explosions from a location (14°44'35.11"N 423 
91°33'40.69"W) approximately 275 m ENE from the active Caliente vent. The ash 424 
was collected by spreading a clean, 1.4 m x 1.4 m synthetic sheet. We used a 425 
paintbrush to carefully brush deposited ash into sample bags. The sheets were 426 
thoroughly cleaned after each sample collection and laid out to collect the ash of 427 
subsequent events. Due to the proximity of the sampling location, we are very 428 
confident of the source and timing of the ash employed in this study.  429 
 430 
The grain size of the sampled volcanic ash was measured using a laser diffraction 431 
particle size analyser from Coulter. The density was determined on 25-mm diameter 432 
and 50-mm long rock cores using a 100cc helium pycnometer from Micromeritics. 433 
 434 
Scanning electron microscopic analysis and energy-dispersive x-ray spectroscopy 435 
Geochemical mapping across the natural samples and the experimental products was 436 
conducted in a Phillips XL 30 SEM using back-scattered electron (BSE) and energy-437 
dispersive x-ray spectroscopy (EDS) run on the Oxford Instruments INCA software. 438 
BSE images provide an excellent means to identify frictional melting textures as the 439 
grey value of each phase relates to the atomic number, or density of major elements 440 
representing the geochemical composition34. A dense phase consisting of heavy 441 
elements elastically reflects more electrons and thus shows up in light grey on a BSE 442 
image; conversely, an elementally light phase shows up in dark grey. 443 
 444 
EDS was used to map the chemical concentration of major elements present in the 445 
different phases observed by BSE imaging. The EDS system allows mapping of the 446 
distribution of these elements across the main phases. We employed an electron beam 447 
of 5.5 µm at 20 keV and 8 nA. For the purpose of this study, we monitored the 448 
distribution of Si, Mg, Fe, Ti, Na and Al. Comparison of BSE and EDS images verify 449 
that the filaments have different chemical compositions. 450 
 451 
Electron probe micro-analysis 452 
Geochemical analysis of the phases present in the natural samples and the 453 
experimental products was performed in a CAMECA SX 100 Electron Probe Micro 454 
Analyser (EMPA) at the Ludwig Maximilian University of Munich (Germany). 455 
Probing of the glass and mineral phases was done using a focussed electron beam of 456 
15 keV and 20 nA (Supplementary Figure 6). [Note that by using a focused beam on 457 
glass, the measured concentration of the alkalis, namely Na and K, are reduced by 458 
some 0.1-0.3 wt.% from what is likely to be present, however the filaments were too 459 
thin to be measured with a defocused beam, which would yield higher inaccuracy. 460 
Despite this, the results reveal the chemical distinction between the different phases.] 461 
In Supplementary Figure 6, we only present the chemical composition of the primary 462 
minerals and glass as well as that of the protomelts and main frictional melt from the 463 
experiments, as the phases were large enough to be analysed. In the natural ash, the 464 
filaments are rarely larger than 1 µm (see Supplementary Figure 2-4) and as such, 465 
EMP analysis was impracticable without a significant degree of contamination from 466 
surrounding phases, hence we used the greyscale in BSE images as well as EDS 467 
elemental maps to verify the occurrence of the same processes as observed in the 468 
experimental samples. 469 
 470 
 471 
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Fault slip experiments 472 
The friction experiment was conducted in a low- to high-velocity rotary shear 473 
apparatus at the University of Liverpool, designed by T. Shimamoto and built by 474 
Marui, Japan. The experiment was conducted on two hollow, cylindrical samples with 475 
outer and inner diameters of 24.99 mm and 15.86 mm, respectively (Supplementary 476 
Figure 5). The samples were axially loaded using an air actuator at a normal stress of 477 
6.0 MPa, as constrained by the depth of seismicity, and slip was applied on one 478 
rotating sample via a servo motor operated at 1200 rotations per minute, to induce an 479 
equivalent slip rate of 1 m/s, whilst the other sample was held stationary (see Hirose 480 
and Shimamoto35 for further detail of apparatus and method). After the test, the 481 
sample was cut and a thin section was prepared.  482 
 483 
Testing the stability of volatiles in the dome rock at eruptive temperature 484 
We conducted complementary experiments to test the ability of the rock to vesiculate 485 
at high temperature to ensure that foaming observed in the friction experiments results 486 
from the very high-temperatures achieved during fault slip, instead of simply because 487 
the rock used contains a concentration of water (quenched-in at high pressure) higher 488 
than that which is stable at atmospheric pressure. For this purpose, two small, 8 mm x 489 
8 mm cylindrical samples were heated to a magmatic temperature of 850 ºC and one 490 
was let to dwell for 30 minutes whilst the other was let to dwell for 15 hours. After 491 
the experiment, the samples were cut, polished and carbon coated for SEM analysis. 492 
 493 
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Supplementary Figure 1. Grain size distribution of 3 volcanic ash samples collected 500 
during November 2012. At this proximal sampling location (275 m from the vent), 501 
most of the ash recovered is below 200 µm in size and the dominant grain size peaks 502 
at around 50 µm. The measurements were made using a laser diffraction particle size 503 
analyser from Coulter. 504 
 505 
Supplementary Figure 2. Back-scattered electron image showing the different 506 
phases present in the eruptive products at Caliente. The dome rocks and the volcanic 507 
ash samples contain primarily plagioclase (Pl, dark grey), pyroxene (Px, mildly grey), 508 
iron oxides (Ox, light grey), apatite (Ap, very dark grey) and interstitial glass (Gl, 509 
dark grey). Note the absence of vesicles (black, rounded pores) in this dense ash 510 
fragment, which contains less than 2% pore space. Despite the fact that there are no 511 
vesicles in this ash particle, we note that the edge of the iron oxides and pyroxene 512 
crystals are not straight, but rather crenulated and somewhat diffuse. 513 
 514 
Supplementary Figure 3. Back-scattered images showing heterogeneous melt 515 
filaments present in volcanic ash erupted at Caliente on a-b) 13 November 2012, and 516 
c) 26 November 2014. The yellow box in (a) defines the region of interest displayed 517 
in (b). Evidence for high thermal input is best represented by the occurrence of 518 
frictional melting. The characteristic texture of frictional melting has been noted in a 519 
number of volcanic ash particles and from several eruptions (the main text refers to 520 
ash from 10 November 2012). The textures associated with frictional melting 521 
preserved in the ash erupted on 13 November 2012 and 26 November 2014, suggest 522 
that this dynamic of strain localisation in magma was active for at least two years. 523 
Supplementary Figure 4. Energy-dispersive x-ray spectroscopy (EDS) images 524 
showing the heterogeneous concentration of various elements in the melt filaments. a) 525 
Back-scattered electron image showing the area mapped by EDS. EDS maps show the 526 
distribution of b) Fe (in green), c) Ti (in blue), and d) Al (in red). Colour scale values 527 
represent x-ray counts per pixel for each energy band. During frictional melting of 528 
andesite and dacite, selective melting tends to affect the iron-titanium oxides more 529 
readily than silicate mineral phases due to their lower fusion temperature30. 530 
 531 
Supplementary Figure 5. Sample assembly setup during rotary shear experiments. 532 
The sketch also highlights the area sliced for thin section preparation. 533 
 534 
Supplementary Figure 6. Frictional melt chemistry. a) Back-scattered electron 535 
image of the different phases and textures observed in the products of the rotary shear 536 
experiments, along with eight numbered locations of geochemical analyses acquired 537 
with the EPMA and presented in b) the table of normalised geochemical composition 538 
of major elements. Comparison of the chemical analyses with the textures reveals the 539 
variable heterogeneity of the rock products by frictional melting. Analyses #1 and #2 540 
present pyroxene crystals in the seemingly undisturbed host rock and as fragments in 541 
the melt zone respectively; they do not show any degree of contamination. Similarly, 542 
#3 presents a Fe-oxide crystal and #6 and #8 present plagioclase crystals in the host 543 
rock which have not been chemically altered by the products of frictional melting. #4 544 
presents a protomelt consisting of orthopyroxene with high concentration of Fe-oxide. 545 
#5 also presents a protomelt but this time the chemical composition, and in particular 546 
the intermediate concentrations of MgO, CaO and FeO, suggests that it is a mixing 547 
products of molten plagioclase and orthopyroxene crystals in a ratio nearing 1:1. #7 548 
presents the geochemistry of the more homogenised central frictional melt zone, 549 
resulting from the mixing of the molten crystals described above. 550 
 551 
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Supplementary Figure 7. Vesicularity (blue arrows) gradient developed in the 552 
interstitial glass along the edge of the frictional melt zone (FMZ). We observe no 553 
vesicles in the interstitial glass away (>0.4 mm) from the slip zone, and hence no 554 
vesicles in the pre-experimental sample. 555 
 556 
Supplementary Figure 8. SEM images showing the texture of dome rocks 557 
unchanged from subjecting them to 850 ºC for a) 30 minutes and b) 15 hours. In 558 
either case, we note no new, spherical vesicles developed in the interstitial glass. This 559 
observation is consistent with the fact that the sample density did not change, as 560 
determined by helium pycnometry. This observation indicates that even at 561 
atmospheric pressure, water is unable to exsolve at magmatic temperature, suggesting 562 
that high heat input is necessary to lower the solubility and increase diffusivity to 563 
trigger vesiculation. 564 
  565 
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Supplementary Figure 1 566 
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Supplementary Figure 3 572 
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Supplementary Figure 4 575 
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Supplementary Figure 5  578 
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Supplementary Figure 7 583 
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