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G E O L O G Y

Explosive-effusive volcanic eruption transitions caused 
by sintering
Fabian B. Wadsworth1*, Edward W. Llewellin1, Jérémie Vasseur2,  
James E. Gardner3, Hugh Tuffen4

Silicic volcanic activity has long been framed as either violently explosive or gently effusive. However, recent ob-
servations demonstrate that explosive and effusive behavior can occur simultaneously. Here, we propose that 
rhyolitic magma feeding subaerial eruptions generally fragments during ascent through the upper crust and that 
effusive eruptions result from conduit blockage and sintering of the pyroclastic products of deeper cryptic frag-
mentation. Our proposal is supported by (i) rhyolitic lavas are volatile depleted; (ii) textural evidence supports a 
pyroclastic origin for effusive products; (iii) numerical models show that small ash particles ≲10−5 m can diffusive-
ly degas, stick, and sinter to low porosity, in the time available between fragmentation and the surface; and (iv) 
inferred ascent rates from both explosive and apparently effusive eruptions can overlap. Our model reconciles 
previously paradoxical observations and offers a new framework in which to evaluate physical, numerical, and 
geochemical models of Earth’s most violent volcanic eruptions.

INTRODUCTION
Direct observations of eruptive behavior from Volcán Chaitén in 
2008 (1) and Cordón Caulle in 2011 and 2012 (2) revealed that effu-
sion of lava can be coincident with either sustained or intermittent 
explosive behavior: Gas and ash were discharged explosively from 
fractures within effusing lavas that filled the vent. These observations 
overturned the paradigm that silicic eruptions must necessarily be 
either violently explosive, producing ash-rich plumes that may en-
circle the globe and affect Earth’s climate (3) or effusive, producing lava 
flows locally at the vent (4). Understanding the controls on eruption 
style is a grand challenge of modern geoscience (5) because it is key 
to forecasting the evolution of the resultant volcanic hazard.

During the 2008 eruption of Volcán Chaitén, seismicity associated 
with brittle magma failure (6) continued after the Plinian explosive 
phase, through the hybrid effusive-explosive phase and into the ef-
fusive phase (7). These findings are at odds with conventional con-
ceptions of eruptive style transitions. Here, we propose a model that 
is consistent with available evidence and encompasses wide-ranging 
data and observations. In the framework of our model, explosive 
fragmentation of the magma may persist through all stages of a rhy-
olite eruption—explosive, hybrid, and effusive. Effusive lavas are the 
sintered products of volcanic ash and pyroclasts, and variations in 
style are a function of variable occlusion of the conduit by lava.

Foam or fracture outgassing?
In the crustal magma reservoir, rhyolite contains dissolved water, and 
magma ascent is driven by the growth of bubbles of gas that form 
when the water comes out of solution (8, 9). However, the initial 
water content of the magma is similar across all eruption styles 
[Fig. 1A; data from glass inclusion studies from 7 volcanoes (10–12)], 
indicating that initial water content does not determine whether 

magma erupts explosively or effusively. By contrast, the water con-
tent that remains dissolved in the erupted products (pumice, ash, or 
lava) is substantially lower for effusive eruptions than for explosive 
eruptions [Fig. 1B; data from 14 volcanoes (10, 12–19)]. The prod-
ucts of hybrid eruptions (2, 18)—those that simultaneously display 
both effusive and explosive characteristics—straddle the effusive and 
explosive fields. Counterintuitively, explosive products are domi-
nated by high-porosity pumice, demonstrating abundant degassing 
into bubbles, whereas effusive products are dominated by low-porosity 
lava with little direct evidence of bubble growth. A general model 
for the formation of effusive and explosive eruption products must 
therefore explain how the same magma, with initially high water 
content, can produce variably degassed high-porosity pumice and 
highly degassed low-porosity lava.

Previous models fall into two broad schools of thought. The first 
supports a permeable foam model, which contends that bubbles and 
pore space in the ascending magma connect to form a permeable 
network through which magmatic gas escapes, allowing the foam to 
collapse to produce a dense, degassed lava (8, 20, 21). However, densi-
fication of foams by collapse is a self-limiting process because per-
meability becomes negligible below 20 to 30 volume % (vol %) porosity 
(22, 23), preventing further gas escape. Even where magmatic foams 
are sheared, which enhances permeability even at lower porosities, 
the lowest porosity achieved experimentally (24) is 17 vol %, whereas 
natural glassy lavas commonly have porosity below 5 vol % (20). In 
the permeable foam paradigm, such low porosities require that lavas 
ubiquitously undergo repressurization to resorb bubbles (21), yet there 
is no independent evidence to support this conjecture. If repressuriza-
tion was the mechanism by which porosity was reduced to observed 
values, then diffusion of volatiles back into the melt would have oc-
curred, and the glass preserved in effusive lavas at Earth’s surface would 
not have such low dissolved water concentrations (Fig. 1) (21).

The second school of thought supports a fracture degassing model, 
which contends that the viscoelastic magma fractures repetitively as 
a result of high local strain rates at the margins of the conduit (9), 
allowing gas to escape through a transient fracture network; the frac-
tures then seal and heal to form a dense, degassed lava (17, 18, 25). 
This model requires very close fracture spacing (interfracture 
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distances as low as 10−5 to 10−4 m) to explain measured low vola-
tile concentrations in rhyolite lavas (17), but evidence for perva-
sive, closely spaced fractures in lavas is not always found (17, 26). 
Some fracture-degassing models allow for the shear-induced failure 
of melt in a conduit-margin annulus (9), allowing this region to degas 
efficiently before sintering and healing to form dense lava. Howev-
er, this leaves the larger conduit core magma (>76% of the volume; 
see Materials and Methods) to outgas by other means. Neither the 
permeable foam nor the fracture degassing model can thus fully explain 
the vesicle- and volatile-poor nature of rhyolitic obsidian lavas.

RESULTS
Cryptic fragmentation
We propose a conceptual model for the origin of effusive, explosive, 
and hybrid rhyolitic volcanism, in which effusive lavas are pro-
duced by sintering, in the shallow conduit, of the fragmentary products 
of deeper, cryptic fragmentation (Fig. 2). We start from the observa-
tion that the majority of studied silicic eruptions began with an ex-
plosive event (5) and evolved toward hybrid then effusive eruption 
styles (2). During the subaerially explosive phase, the volcanic conduit 
is filled, above the fragmentation level, with a turbulent, high-velocity 
dispersion of hot gas and fragmented blebs of high-viscosity magma 
(Fig. 2A). We propose that a proportion of these fragments stick to 
the conduit walls, where they sinter to form a low-porosity magma 
and are variably emplaced and removed in cycles of sticking and 
erosion (Fig. 2, B and C). As eruption rates wane, aggradation of 
sintered fragments dominates over erosion [c.f. (27)]. When suffi-
cient sintered magma aggrades in the shallow conduit, it may ex-

trude as lava, initially alongside, and subordinate to, the explosive 
products of continued deep fragmentation (Fig. 2C), but then as the 
primary eruptive product, as the shallow conduit becomes increas-
ingly plugged (Fig. 2D). Total occlusion of the conduit may suppress 
fragmentation entirely, ultimately terminating the eruption.

There is abundant textural evidence in support of this cryptic 
fragmentation model. Evidence for wholesale fragmentation followed 
by sticking and welding of tephra to the walls of the conduit is pre-
served in glassy fragments that are subsequently ripped out and 
erupted with the explosive products (Fig. 2E) (19); these fragments 
show evidence for repeated welding and remobilization over a wide 
range of depths in the conduit (19). Hybrid activity that follows on 
from purely explosive eruptions of rhyolite is dominated by fractures 
opening through an extruding lava (2), which transiently connect 
the gas-fragment dispersion to the surface, feeding pulsatory explo-
sive activity. The transport of the gas-fragment mixture through 
fractures is recorded by tuffisite veins within bombs that have been 
ejected from the vent before sintering completely (17, 25, 28) (Fig. 2F) 
or which are preserved in older, eroded conduit interiors (29). Tuffisites 
that intrude country rock adjacent to the conduit may constitute a sink 
for pressurized gas beneath the forming plug (30). Last, evidence for the 
sintering of fine-grained ash within apparently effusive rhyolite lava is 
provided by the 2011–2012 eruption of Cordón Caulle and older erup-
tions of the Mono Craters, United States (31). The walls of open frac-
tures, preserved directly over the vents (Fig.  2G), are plastered with 
partially sintered, fine-grained glassy ash particles, representing a snap-
shot of the process we invoke, operating at the shallowest possible level.

In-conduit outgassing, sticking, and welding of particles
Any convincing validation of the cryptic fragmentation model should 
pass three simple quantitative tests of feasibility. First, in the time and 
space available between magma fragmentation and Earth’s surface, 
the fragments that will sinter must be able to outgas to produce the 
observed low water content of rhyolite lavas. Second, conditions must 
be right for the fragments to stick to the walls of the conduit. Third, 
the captured fragments must be able to sinter to produce low-porosity 
lava that can then be extruded. We address each of these in turn.

First, we use a one-dimensional steady-state numerical eruption 
model (32) to assess conduit conditions during the explosive phase 
of a typical rhyolitic eruption, based on initial conditions for the 
well- studied 2008 eruption of Volcán Chaitén. We determine the 
depth of fragmentation, the concentration of dissolved water in 
the magma at fragmentation, and the pressure and velocity in the gas- 
fragment dispersion above fragmentation, as functions of depth (Fig. 3A). 
We use these parameters as inputs to a one-dimensional diffusion 
model, which calculates the residual water content of the fragments 
of magma as they ascend the conduit (see Materials and Methods 
and Fig. 3, B and C). We find that fragments with radius R ≲ 10−5 m 
can degas, during transport, to water contents consistent with those 
preserved in rhyolite lavas worldwide (Fig. 3D). This size, which is 
in the fine ash range of explosive eruptions (31), is consistent with 
particles observed to have sintered in natural obsidian pyroclasts 
(19) and lavas (Fig. 2G). The numerical eruption model does not 
capture the complex feedbacks among eruption rate, fragmentation 
depth, and pressure distribution that are anticipated as conduit oc-
clusion progresses. However, since occlusion is likely to reduce 
eruption rate, leaving more time for outgassing, the model is a con-
servative test: Even under conditions typical of sustained explosive erup-
tion, particles can outgas during transport from fragmentation to vent.

A

B

Fig. 1. The water content of erupted rhyolites worldwide. (A) The distribution 
of dissolved water measured in glass inclusions trapped in crystals for a range of 
rhyolite eruptions (213 data points) (10–12). Taken to represent the initial, domi-
nant volatile conditions for ascent, these values are similar in variance and mean 
value and do not vary substantially with eruptive style (we do not account for vol-
atile loss after entrapment). (B) The distribution of dissolved total water content 
remaining in the groundmass glass of eruptive products, in a second global database 
of rhyolite compositions compiled here (7430 data points) (10, 12–19, 46). Effusive 
eruption products have substantially lower water than explosive products; hybrid 
products fill the gap, forming a continuum. wt % is used to denote weight %.
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Second, molten fragments impacting a surface will tend to be 
captured in a range of regimes [i.e., sticking can occur in the high– 
or low–Ohnesorge and Weber number regimes (33, 34); see Materi-
als and Methods]. Capture is enhanced by the high angles of impact 
and the relatively low velocities in the boundary layer at the margins of 
a turbulent dispersion (35), although we do not explicitly model boundary 
layer processes here. Furthermore, direct experimental evidence shows 
that an aggrading layer can accumulate when viscous volcanic particles 
impact a solid surface (36).

Third, the time scale for sintering to a low-porosity, dense liquid 
lava is 102 < l < 104 s for the small particles that degas (see Materials and 
Methods), which is much shorter than the time scale over which 
lavas are extruded at Earth’s surface (37). The end result of sintering 
of crystal-poor rhyolite volcanic ash particles is a dense melt, nearly 

indistinguishable from magma that was never fragmented, except 
for the low water content. The equilibrium porosity resulting from 
complete welding at these conditions is ~3 vol % (23), consistent 
with the range of <5 vol % found in rhyolite lavas (20) and without the 
requirement for repressurization. The cryptic fragmentation model 
therefore passes the three fundamental feasibility tests.

DISCUSSIONS
Reconciling observations within the cryptic  
fragmentation model
The model explains an observation that is inconsistent with previ-
ous models. The permeable foam and fracture degassing models 
predict that the effusive products should ascend more slowly than 

Fig. 2. A new cryptic fragmentation model to explain the textural and chemical record of rhyolitic volcanism. (A to D) Schematic summaries of the cryptic fragmen-
tation model for rhyolitic volcanism. We note that this schematic is necessarily a simplification of what may be a more complex three-dimensional (3D) picture. Hydrostat-
ic considerations indicate that a pressure of just a few megapascals at the base of the aggrading mass (in C and D) is sufficient to drive effusion. Inset in (D) shows data for 
H2O from the shallow drilling of the Obsidian Dome (20), showing that shallowest apparently effusive eruptions are equilibrated below magmastatic conditions, at an 
approximate atmospheric pressure down to −50 m below the surface, a feature consistent with our model. (E to G) The textural record of fragmentation and welding in 
rhyolites. (E) Sintered fractures in the Mono Craters obsidian chips collected from fall deposits from a Plinian explosive volcanic plume. Photo credit: J. Gardner. (F) A 
partially welded tuffisite vein from a bomb at Volcán Chaitén. Photo reproduced with permission from (52). (G) Particles of <5 × 10−5 m plastered and sintered in an ap-
parently effusive lava. Photo credit: H. Tuffen.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of Texas A

ustin on N
ovem

ber 03, 2021



Wadsworth et al., Sci. Adv. 2020; 6 : eaba7940     23 September 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 7

the preceding explosive products. However, analysis of microlite 
populations in products of the ca. 1460 eruption of the Inyo volca-
nic chain (38) and 2008 eruption of Volcán Chaitén (1)—the two 
rhyolitic eruptions for which reliable estimates of ascent rate are 
available for both effusive and explosive components—show that the 
ascent rates overlap (Fig. 4). In our model, both explosively erupted, 
high-porosity, water-rich pyroclasts and effusively erupted, low- 
porosity, water-poor lavas may share the same eruptive history up 
to the shallowest part of the conduit—as part of a gas-ash dispersion. 
The former does not sinter, while the latter does, but as their diver-
gent passage from the shallowest conduit to surface is too brief to be 
recorded in microlite populations, both ultimately preserve the evi-
dence for similar average rates of decompression.

Our cryptic fragmentation model also provides a framework for 
understanding and interpreting recent, detailed, syn-eruptive ob-
servations of rhyolitic volcanism, which have demonstrated that 
apparently effusive events are punctuated by explosive activity and 
that this type of sustained hybrid behavior may be common (1, 2). 
The concentration of dissolved volatiles in the products of hybrid 
activity, such as the partially sintered ash-filled fracture (28) shown 
in Fig. 2F, straddles the range for the explosive and apparently effusive 
materials (Fig. 1B), supporting the generality of this interpretation. 
We propose that fracture formation and closing are characteristics 
of a mature rhyolite eruption, in which much of the shallow conduit 
has been occluded by aggradation of sintered and outgassed material. 
In this scenario, the tongue of lava effusing from the vent can be 
underlain by the gas-and-ash–filled conduit, which periodically “fracks” 
the lava (Fig. 2C). In addition, the extruding lava is sufficiently 
degassed that it is highly viscous and therefore prone to shear frac-
turing at the conduit walls (9, 29, 39) and tensile failure within 
domes (40). These ash-filled fractures are then advected out of the 

vent and downflow in the extruded lava, driven by pressure from 
the gas-ash dispersion (see Materials and Methods). Thus, this model 
explains the origin of both the gas-ash–rich explosive components of 
hybrid behavior and the welded textures preserved in apparently ef-
fusive lavas.

Further implications
The evolution of particle size distributions produced in large-scale 
explosive activity plays a central role in determining the evolution 
of the resultant volcanic hazards. Our model predicts that a propor-
tion of the smallest particles produced at fragmentation degas and 
stick to conduit walls during eruption. The predicted critical parti-
cle radius of ~10−5 m (Fig. 3) is consistent with the sizes of particles 
found incipiently sintered to proximal lava fracture surfaces (Fig. 2G) 
and with the approximate average size of particles found in moder-
ately welded tuffisite veins (28, 31). An implication is that the total 
particle size distribution produced at fragmentation is fractionated 
during transport in the conduit and that the componentry of fall de-
posits may not record the full distribution, complicating the links between 
explosivity, fragmentation efficiency, and ash dispersal hazards.

All numerical models for shallow ascent of silicic magma are 
currently predicated on the assumption that explosive eruptions re-
sult when the conditions for fragmentation by bubble overpressure 
are met, whereas effusive eruptions result when those conditions are 
not met (32). In turn, these models are used to interpret geophysical 
signals emanating from the shallow subsurface (41, 42) and under-
pin the starting conditions for models of lava advance or dome be-
havior. These models, numerical and conceptual, frame the community’s 
conceptions of how we might move toward eruption prediction. 
However, these models belie the data from rhyolitic eruptions col-
lected over the past few decades and, especially in light of the recent 

A B C D

Fig. 3. A quantitative test of the cryptic fragmentation model. (A) The output velocity u of a magma mixture rising to the surface of Earth, from a one-dimensional 
volcanic conduit model (32) for conduit radii H = 10 m and H = 25 m. The arrow marks fragmentation (see Fig. 2) and labels the mixture dissolved water content at that 
point, termed as Ci, which is used to initialize the particle-scale model. (B and C) The results of the particle-scale model above fragmentation in which the averaged bulk 
water concentration remnant to a particle 〈C〉 traveling through the velocity and pressure field toward the surface is tracked [H = 10 m (B) and H = 25 m (C)] where the upper 
arrow denotes the equilibrium value at the surface. (D) The value of water concentration 〈C〉 at the point where the particle reaches the surface as a function of the spher-
ical radius of the particle R. Large ash particles (R ≳ 10−4 m) preserve the water concentration at fragmentation and do not equilibrate during eruption, whereas small 
ash particles (R ≲ 10−5 m) thoroughly degas and are consistent with the mean water concentrations remnant in apparently effusive eruptions (histogram on right axis; 
see Fig. 1). Inset: the sintering time l at the surface of Earth for particles with the 〈C〉 predicted, showing that, once captured, the smallest particles can produce dense lava 
in under 1 hour; a time scale far shorter than dome extrusion times.
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observed eruptions, are incomplete. Our cryptic fragmentation model 
proposes that effusive silicic volcanism is a product of magma frag-
mentation at depth, such that our model allows all surface activity 
to be the product of fragmentation at depth. Our model also implies 
that the transition from explosive to effusive rhyolite activity is a 
top-down, extrinsic process related to sintering-driven pathway oc-
clusion and not one that is intrinsic to the magma properties or 
starting conditions. This opens up a new opportunity to build robust, 
predictive physical models for rhyolite volcanism on Earth. This new 
generation of models will need to address the potential for nonlinear 
feedbacks between the position of the fragmentation level, the rate of 
plug accumulation, and the pressure distribution in the gas-particle 
dispersion between the two. Coupled modeling of these processes 
may give a quantitative account of the conditions under which con-
duit occlusion by sintering of pyroclasts can control the evolution 
of rhyolitic eruptions from explosive, through hybrid, to effusive, 
and, ultimately, to cessation.

The analysis that we present focuses on rhyolitic eruptions. 
However, the discoveries of pervasive healed clastic textures within 
basaltic phreatomagmatic tephra (43), in dome-forming Volcán de 
Colima of intermediate composition (44), and in ash-venting during 
effusion of lava at Santiaguito volcano (45) suggest that cryptic frag-
mentation may be a more general characteristic of explosive volca-
nism and not solely confined to the silica-rich end of the magmatic 
spectrum.

MATERIALS AND METHODS
Database of water contents in rhyolitic glass
We compile a database of dissolved volatile concentration recorded 
in the glass preserved in either the groundmass of erupted volcanic 
materials (10–18, 46) or inclusions trapped in crystals (10–12). Ma-
terials are identified as effusive, hybrid, or explosive, depending on 
the description in the work originating the data. The hybrid classi-
fication is used for data collected either on bombs erupted explo-
sively (i.e., in an impulsive explosion) but which are interpreted to 
be pieces of lava that were in the process of being erupted effusively, 
or on effusive lavas that contain explosive features such as tuffisites. 
All data from obsidian chips found in fall deposits are classified as 
explosive. These data are reproduced in Fig. 1. This compilation is 
not designed to be exhaustive but focusses on data for which both 
effusive and explosive products were analyzed at sites where the bulk 
of the material had a substantial glass component and was therefore 
low crystallinity.

How much magma can fracture-degassing models account for?
The region of the conduit that can be fractured in the fracture- 
degassing model is confined to the portion of the conduit that experi-
ences strain rates sufficient to induce a brittle magma response to 
flow. For cylindrical conduits, this region occurs as an annulus at the 
conduit margins. Following Gonnermann and Manga (9), we com-

pute the cross-sectional area fraction of the conduit core that is not 
involved in this fractured region as F = (1 − bm0.1)2, where m is the 
viscosity and b is a coefficient associated with the magma rheology 
and is 0.01 (Pa ∙ s)−0.1. The higher the value m takes, the smaller this 
region will be; therefore, even taking a conservative m = 1011 Pa∙s, we 
find that F = 0.76, implying that only 24% of the cross-sectional area 
of the conduit can be degassed via fractures.

One-dimensional conduit and diffusion models
We use a versatile one-dimensional, steady-state test bed for volcan-
ic magma ascent problems (32). This code solves for the velocity u 
and pressure P of a magma parcel rising through Earth’s crust in a 
cylindrical conduit of radius H and includes a treatment of magma 
permeability and outgassing during transport. We use conditions 
relevant to the 2008 eruption of Volcán Chaitén. These include the 
conditions of the shallow magma storage region at initial pressure 
P0 = 120 MPa, depth Z0 = 5 km, zero crystal content (approximately), 
temperature T = 800 ° C, initial water saturated C0 = 4.47 weight % 
(wt %), and a straight-edged conduit shape of constant radius H = 
10 m or H = 25 m, values that bracket the observations at Earth’s 
surface [these input values are guided by the experimental campaign 
of Castro and Dingwell (1)]. We input the composition of the erupted 
glass (1), which is used to compute the temperature dependence of 
the magma viscosity. We use a fragmentation criterion of a consistent 
critical extensional strain rate of the magma (50). In all simulations, 
the model predicts that the magma fragments within the conduit. 
We also ran, but do not show results of, simulations with starting 
water contents equal to the mean values for each of the eruption types 
shown in Fig. 1A; again, in all simulations, the model predicts that 
the magma fragments within the conduit. The output of the model 
is used to (i) find the fragmentation depth and output the water 
concentration dissolved in the magma at that point, termed Ci, and 
(ii) compute u(z) and P(z) of the gas-ash-pyroclast dispersion between 
fragmentation and Earth’s surface. We then use a one-dimensional 
diffusion model to compute the evolution of water concentration in 
particles of different sizes that track through the velocity and pres-
sure field during transport above fragmentation. This is based on the 
Fick’s equation ∂C/∂t = ∇·(D∇C), in which D is the temperature- 
and concentration-dependent diffusivity of water in rhyolite liquids 
and is given by (51). We assume that the boundary of the particles 
is in equilibrium with output equilibrium C in the gas phase given 
by the ascent code and that the center of the particles is insulated. 
This problem is solved using an implicit finite difference scheme 
for a range of tracer particle radii 10−7 < R < 10−3 m, using tools 
developed by our group (52). We output the average water concen-
tration in the particle 〈C〉 by integrating across the particle radial 
profile C(r) as  〈C〉 =  ∫0  1    Cd  ̄  r   , where    ̄  r   = r / R . The capture of drop-
lets at the wall of the conduit is possible in a range of regimes (high 
or low Ohnesorge and Weber numbers).

Sintering to form dense effusive lava
For our model to be viable, once captured, there must be sufficient time 
for the particles to sinter to produce dense lava. The slowest process 
operative—and therefore the most conservative test of our model—
is viscous sintering under the action of surface tension at the inter-
faces between the captured particles, which acts on time scales l = 
R〈m〉/G, where 〈m〉 is the average viscosity of the particle and G is the 
interfacial tension (0.3 N m−1). The value of l can be computed by 
converting 〈C〉 and T at the surface to 〈m〉 using a viscosity model (53). 

Fig. 4. Ascent rates of subaerial rhyolites recorded by experimental petrology 
or direct observations of ascent, extrusion, or eruption rates (38, 48, 49). 
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The result of l on the order of less than an hour for the most de-
gassed particles (Fig. 3D) is far less than dome extrusion and cooling 
times of weeks to months (37). Any pressure on the droplets in ex-
cess of the gas pressure will accelerate this process (54, 55).

Secondary vesiculation
Our model result and the observation of natural, apparently effusive, 
rhyolite water contents suggest that surficial water can be up to C ≈ 
0.2 wt %. This represents a supersaturation at 1-bar pressure of 
DC ≈ 0.1 wt %. Given the long time scales involved in silicic lava 
emplacement relative to the time scales for degassing into growing 
bubbles, we can assume that equilibrium water will be reached be-
fore the lava cools. Assuming that all the excess water is available for 
bubble growth, then the pore volume fraction achievable by second-
ary vesiculation can be calculated from f = rDC/(100 rg + rDC) where r 
is the melt density and rg is the gas density in the pores. This results 
in an equilibrium secondary vesiculation of up to 76 vol % porosity. The 
portions of the captured particles that degas below C ≈ 0.2, which 
never decompress to 1 bar or which cool more quickly than bubble 
growth time scales, remain denser than this value.

Particle size distributions
Our Fig. 2G shows that the particle sizes that have stuck and welded 
on the incipiently sintered surfaces of fractures in rhyolite lavas are 
at maximum 10−5 m. Particles trapped in tuffisite veins at Panum 
rhyolite have an approximate mean radius of 2 × 10−5 m measured 
by x-ray computed tomography (31). Those trapped in tuffisite 
veins at Cordón Caulle (2011–2013) have a mean radius between 
5 × 10−6 m and 2 × 10−5 m measured in two dimensions using scan-
ning electron microscopy or estimated using porosimetry (47), and 
those trapped in tuffisites at Volcán Chaitén (2008) have a mean radius 
approximately 2 × 10−5 m measured using scanning electron micros-
copy (28). These are consistent with the particle size window we 
predict in our model to be the sizes that can degas and stick in the 
time available during explosive rhyolite eruptions (Fig. 3) of ≲10−5 m.
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