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ARTICLE INFO ABSTRACT

Keywords: Several mechanisms have been proposed to allow highly viscous silicic magma to outgas efficiently enough to
Cf’fqén Caulle volcano erupt effusively. There is increasing evidence that challenges the classic foam-collapse model in which gas es-
Slhc‘_c X capes through permeable bubble networks, and instead suggests that magmatic fracturing and/or accompanying
gzg;i:ruptlon localized fragmentation and welding within the conduit play an important role in outgassing. The 2011-2012
Outgassing eruption at Cordén Caulle volcano, Chile, provides direct observations of the role of magmatic fractures. This

Explosive-effusive eruption exhibited a months-long hybrid phase, in which rhyolitic lava extrusion was accompanied by vigorous

Conduit model gas-and-tephra venting through fractures in the lava dome surface. Some of these fractures were preserved as
tuffisites (tephra-filled veins) in erupted lava and bombs. We integrate constraints from petrologic analyses of
erupted products and video analyses of gas-and-tephra venting to construct a model for magma ascent in a
conduit. The one-dimensional, two-phase, steady-state model considers outgassing through deforming permeable
bubble networks, magmatic fractures, and adjacent wall rock. Simulations for a range of plausible magma ascent
conditions indicate that the eruption of low-porosity lava observed at Cordén Caulle volcano occurs because of
significant gas flux through fracture networks in the upper conduit. This modeling emphasizes the important role
that outgassing through magmatic fractures plays in sustaining effusive or hybrid eruptions of silicic magma and
in facilitating explosive-effusive transitions.
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1. Introduction

Silicic volcanic eruptions involving highly viscous dacitic to rhyolitic
magmas exhibit a wide range of explosivity and mass discharge rates,
both between different eruptions and during a single eruption (Cassidy
et al.,, 2018). These eruptions cause a variety of threats to humans,
infrastructure, and the environment (Major and Lara, 2013; Elissondo
et al., 2016). Understanding the conditions under which different types
of eruptive activity occur is thus important in assessing potential erup-
tive hazards as well as how these hazards might evolve during an
eruption (National Academies of Sciences, 2017).

As magma ascends, decompression drives the exsolution of
magmatic volatiles into a fluid phase and leads to the expansion and
coalescence of bubbles (Gonnermann and Manga, 2007) (Fig. 1). In most
cases, magma is sufficiently volatile-rich that decompression to atmo-
spheric pressure without outgassing would yield porosities approaching
100% (Wallace et al., 2015). However, as magma rises, increasing vol-
ume and buoyancy lead to increased magma ascent velocities and
decompression rates, which can eventually cause sufficiently high strain
rates to induce conduit-spanning brittle fragmentation, particularly in
more viscous silicic magmas (Papale, 1999). For an effusive eruption to
occur, some amount of outgassing, i.e., decoupling of the gas phase from
the melt, will generally need to occur during magma ascent (Eichel-
berger et al., 1986). In high viscosity silicic magma, the rates of magma
ascent are typically faster than the rates at which bubbles buoyantly rise
through melt, so outgassing must occur via permeable flow of gas either
upward through the magma column or outward through the adjacent
wall rock (Woods and Koyaguchi, 1994; Okumura et al., 2008) (Fig. 1).
In contrast, mafic magmas typically have viscosities many orders of
magnitude lower than silicic magmas, which results in significantly
different ascent dynamics (Gonnermann et al., 2013). Outgassing in
mafic magma can be more readily facilitated by buoyant bubble rise

Table 1
Conduit magma ascent model parameters.

Parameter  Default value Description

g 9.8 m/s? Gravitational acceleration

Cs 411 x 10°° Gas (H,0) saturation constant

Hg 1 x 107> Pas Gas (H0) viscosity

R 462 J/(kgK) Specific gas constant for H,O

T 1173 K Magma temperature

Cinitial 4 wt% Initial (total) volatile (H,O) content

Qinitial 1 x 10* kg/s Initial total (volatiles + melt) vertical
mass flux

Ppase 82 MPa Pressure at base of conduit

Pam 0.1 MPa Atmospheric (vent) pressure

Pm 2400 kg/m® Melt density

b 1078892 Bubble network permeability constant

n 2 Bubble network permeability constant

TNeompact 2.8 Bubble network permeability constant

Derie 0.7436 Bubble network percolation threshold

Ck 1.353 1/m Bubble network inertial permeability
constant

die 8.175m Bubble network inertial permeability
constant

N¢ 10 Number of fractures

Ce 0.25 Fracture wall roughness height scale
constant

Thase [solved to fit boundary Base conduit radius

conditions]

L 3000 m Conduit length

Tfiare 30 m Vent flare radius

Zfiare —250 m Vent flare depth

Brmax 85% Maximum porosity threshold

Grent 25% Final (vent) porosity threshold

Zcompact —250 m Compaction threshold depth

kw 107 % m? Wall rock permeability

L, 100 m Wall rock pressure diffusion length
scale

Pw 2800 kg/m* Wall rock density
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through the melt, and if fragmentation occurs it usually involves fluid-
dynamical breakup rather than brittle processes (Gonnermann, 2015).
We thus only address silicic volcanism here.

Permeable bubble networks will naturally develop when porosity
exceeds the percolation threshold (around 75% without shear or as low
as 30% during shear), and hysteresis-dependent bubble-network
permeability during magma compaction (or foam-collapse) allows
permeability to remain elevated as porosity decreases (Okumura et al.,
2008, 2009; Gonnermann et al., 2017). Shear localization may focus
permeable gas escape pathways near conduit walls and either help or
hinder overall outgassing depending on ascent rate (Okumura et al.,
2009, 2013).

1.1. Magmatic fractures

There is increasing recognition that extrusion of outgassed silicic
lava can also involve gas escape facilitated by brittle failure of magma
through magmatic fragmentation and/or fracturing, which has been
inferred from seismicity (Tuffen et al., 2008), petrology (Unwin et al.,
2021), and visual observations of the recent rhyolitic eruptions of
Chaitén (2008-2011) and Cordén Caulle (2011—-2012) volcanoes, both
in Chile (Castro et al., 2012; Schipper et al., 2013). Here we will use the
term fragmentation to refer to disaggregation of magma into discrete
particles, and the term magmatic fracturing to refer to opening of cracks
in the magma column, though the processes associated with both can be
similar. Fragmentation does not necessarily lead to a fully explosive
eruption since it can be followed by welding (Gonnermann and Manga,
2003; Tuffen et al., 2003; Vasseur et al., 2013; Kendrick et al., 2016;
Saubin et al., 2016; Kolzenburg et al., 2019; Lamur et al., 2019; Wads-
worth et al., 2020). Here we use the term welding (also referred to as
sintering in some publications) to refer to the adhesion and eventual
fusion that occurs when the surface of a hot magma particle or the
surface of a magmatic fracture contacts other magmatic surfaces or
conduit wall rock (Vasseur et al., 2013; Gardner et al., 2018). Frag-
mentation can also be localized, e.g., constrained within magmatic
fractures (Castro et al., 2014; Black et al., 2016; Kendrick et al., 2016;
Saubin et al.,, 2016) (Fig. 1). Magmatic fractures can form due to
localized fragmentation, shear stress at the conduit margins, or tensile
stress caused by flow divergence (e.g., from a widening conduit,
expanding lava dome/flow, or accelerating magma ascent) (Gonner-
mann and Manga, 2003; Tuffen et al., 2003; Neuberg et al., 2006;
Okumura et al., 2010; Heap et al., 2015).

Chaitén and Cordén Caulle volcanoes have provided unprecedented
context for how fractures relate to eruption dynamics (Castro et al.,
2014; Saubin et al., 2016; Paisley et al., 2019a, 2019b; Schipper et al.,
2021). Both eruptions involved initial fully explosive (Plinian to sub-
Plinian) phases (Castro et al., 2013; Schipper et al., 2013; Tuffen
et al., 2013). The explosive phases then transitioned to hybrid (or
simultaneous) explosive-effusive activity, during which time extrusion
of low-porosity lava was accompanied by weaker gas and tephra venting
from fractures in the lava dome/flow surface (Figs. 1, 2). At Chaiten this
was followed by a final fully effusive phase, in which lava emission
occurred without any visible tephra venting.

Fractures can be preserved as tuffisites, which are tephra-filled veins
found within and around dissected or intercepted volcanic conduits.
Henceforth we will use the term tuffisite to refer to ‘internal’ tuffisites
that form within magma rather than ‘external’ tuffisite veins emplaced
into adjacent wall rock (Unwin et al., 2021). Tuffisites are now recog-
nized and documented in many eruptions including Cordén Caulle
volcano (Schipper et al., 2021) (Fig. 1), Chaitén (Saubin et al., 2016),
Mono Lake, USA (Black et al., 2016), Colima, Mexico (Kendrick et al.,
2016), Mule Creek, USA (Stasiuk et al., 1996); Torfajokull, Iceland
(Tuffen and Dingwell, 2005; Berlo et al., 2013); and Unzen, Japan
(Noguchi et al., 2008). These systems exhibiting magmatic fractures
encompass a wide range of eruptive conditions: total eruption volumes
from 0.002 to >20 km3, eruption rates from <0.1 to >70 mg/s,
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phenocryst content from 1 to 50 vol%, and initial magmatic HyO content
from 2 to 7 wt%. Fracturing may be ubiquitous in silicic systems, just not
yet searched for or not well preserved in the full eruption record.
Geochemical evidence such as trace element heterogeneities, as well as
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Fig. 1. Conceptual model of the hybrid
phase of the Cordén Caulle volcano eruption.
A. Sketch of proposed near-vent fracture
network geometry. B. Video frame outlining
locations of visible lava dome surface vent-
ing at Cordon Caulle volcano on January 10,
2012. C. Photo showing a tuffisite vein cut-
ting through pumice. D. Thin section of two
overlapping tuffisite veins cutting through
obsidian. E. Thin section of fractures cutting
through banded obsidian and pumice. F.
Sketch of bubble network deformation/
collapse. G. Sketch of fracture welding and
tephra sintering within fractures. H. Sketch
of fracturing and localized fragmentation
within fractures. I. Sketch of bubble network
percolation onset. J. Sketch of growing iso-
lated bubbles at depth. K. Conduit-scale
conceptual model sketch. L. Numerical
model sketch.

Fig. 2. Location and main features of the
Puyehue Cordén Caulle volcanic complex,
including the 2236 m a.s.l. Puyehue volcano
stratocone and the Cordén Caulle volcano
fissure system (~1500 to 1793 m a.s.]) that
sourced the 2011-2012 eruption. A. False-
colour satellite image from NASA's Earth
Observing-1 (EO-1) Advanced Land Imager
during the hybrid eruption phase on January
26, 2012 (Allen and Simmon, 2012). Red
square indicates the observation point from
which videos used in this work were taken.
B. Post-eruption photo from a light aircraft
on December 5, 2017. C. Photo from
January 12, 2012, of the hybrid eruptive
phase. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)

textural evidence such as vesicle morphologies and remnant clasts, both
suggest that at least some silicic lava consists entirely of fractured and/
or fragmented material that has undergone varying degrees of welding
and subsequent deformation (Tuffen et al., 2003; Gonnermann and
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Manga, 2003; Castro et al., 2012, 2014; Paisley et al., 2019a; Wadsworth
et al., 2020).

1.2. Open questions

While conduit-scale models have shown that stress states during
magma ascent could induce magmatic fracture formation (Gonnermann
and Manga, 2003), no conduit-scale models have explicitly accounted
for gas flow through fractures. Models of gas transport from melt to
magmatic fractures via chemical diffusion have shown that very close
fracture spacing (on the order of 0.01-1 mm) would be required for
fractures to facilitate a rate of magma outgassing consistent with
observed rates of outgassed lava extrusion (Castro et al., 2012; Pallister
et al., 2013). However, if fractures intercept permeable magma then gas
transport rates to fractures could be greatly increased (Castro et al.,
2014). Additionally, although many conduit-scale models have consid-
ered permeable gas escape through bubble networks and wall rock
(Woods and Koyaguchi, 1994; Jaupart, 1998; Slezin, 2003; Melnik et al.,
2005; Kozono and Koyaguchi, 2009a, 2012; Degruyter et al., 2012; La
Spina et al., 2017; Manga et al., 2018), hysteresis-dependent bubble
network permeability during magma compaction has only been
considered in limited scenarios (Michaut et al., 2009; Wong et al., 2017).

There are thus still key limitations in both our conceptual and
quantitative understanding of fracture-mediated outgassing in hybrid/
effusive silicic eruptions. Three important questions are: (1) Can out-
gassing, solely via permeable bubble networks in magma and/or via
adjacent permeable wall rock, permit eruption of low-porosity lava? (2)
If not, could enhanced outgassing via magmatic fracture networks
facilitate eruption of low-porosity lava, without requiring full conduit-
spanning brittle fragmentation? (3) How do factors such as magma
discharge rate and conduit geometry affect the answers to these
questions?

We address these questions by combining models of magma ascent in
volcanic conduits with available constraints on eruption parameters. We
focus primarily on the 2011-2012 Cordén Caulle volcano eruption,
where video of surface fracture venting provides additional constraints.
We compile existing observations of this eruption with new video ana-
lyses of gas and tephra venting and use these to inform a 1D (one-
dimensional), two-phase steady-state model of magma ascent that ac-
counts for gas escape through permeable bubble networks, magmatic
fractures, and wall rock (Fig. 1). This model allows us to examine
whether outgassing through magmatic fractures is required to facilitate
the observed eruption of low-porosity lava at Cordén Caulle volcano,
quantify the amount of outgassing that these fractures would need to
accommodate, and obtain some bounds on fracture onset depth and
fracture widths. We then extrapolate the results of this case study to
address the importance of magmatic fractures in outgassing and eruptive
dynamics more generally.

2. Background on the 2011-2012 Cordén Caulle volcano
eruption

The 2011-2012 Cordén Caulle volcano eruption in the Southern
Volcanic Zone, Chile, is among the largest eruptions of the 21st century
to date, emitting about 1 km? of rhyolite tephra (Pistolesi et al., 2015),
emplacing a 0.8 km? laccolith and a 0.6 km® lava flow (Castro et al.,
2016; Delgado et al., 2019; Delgado, 2021) (Fig. 2), and causing a wide
range of economic, health, and environmental impacts (Wilson et al.,
2013; Elissondo et al., 2016; Forte et al., 2018). Magma was stored 2.5 to
10 km deep at temperatures of 870 to 920 °C (Castro et al., 2013; Jay
et al., 2014; Seropian et al., 2021). Pyroxene-hosted melt inclusions in
the pyroclasts record pre-eruptive (storage) volatile contents up to 3.9
(£0.7) wt% H>0 and 220 ppm CO; (Jay et al., 2014). Residual bulk and
groundmass glass HoO contents reported for 2011-2012 erupted prod-
ucts were uniformly low (< 0.35 wt%) and almost completely outgassed
to atmospheric pressure for all eruptive phases (Schipper et al., 2013;
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Castro et al., 2014). Rare mafic enclaves found in erupted products
suggest that the erupted crystal-poor rhyolite was fed from a basaltic
mush with minor direct mafic recharge. These basaltic magmas brought
in a deeper supply of melt, volatiles, and heat, which likely influenced
the generation of an eruptible magma body in the mid-upper crust
(Winslow et al., 2022).

After two months of precursory seismic activity, the eruption began
on June 4, 2011, with a fully explosive (sub-Plinian, VEI ~4-5) phase
(Castro et al., 2013). The climactic part of this phase lasted one day and
produced eruptive columns reaching up to 14 km above the vent and
mass flow rates of ~107 kg/s (Bonadonna et al., 2015). The explosive
phase continued for ten days at decreasing intensity. Emplacement of a
~ 200 m deep laccolith occurred primarily between June 8 and July 3 at
a magma flux of up to 150 m3/s (~10° kg/s) (Castro et al., 2016; Del-
gado, 2021). The hybrid eruptive phase was marked by the onset of
extrusion of mostly outgassed rhyolite lava on June 15th, with an
extrusion rate of 40 m3/s (Bertin et al., 2015). The maximum extrusion
rate of 70 m®/s occurred 8 days later on June 23. Extrusion continued for
nine months at an average rate of 17 m%/s, the time period we primarily
focus on due to available video from January 2012 (Schipper et al.,
2013). Lava extrusion was accompanied by passive outgassing of the
lava flow (Tuffen et al., 2013) and persistent vigorous gas and tephra
venting of varying intensity (Figs. 1, 2), with characteristics typically
associated with weak explosive activity such as semi-continuous tephra
jetting, ejection of ballistic material, and Vulcanian-like blasts (Schipper
et al., 2013). During this period eruptive columns were < 6 km high
(SERNAGEOMIN-OVDAS, 2010-2012) with a mass rate of ejection <<
10° kg/s (Bonadonna et al., 2015). Extruded lava continued to flow at
least until January 2013 despite magma supply ceasing in late March
2012 (Tuffen et al., 2013).

The 2011-2012 Cordén Caulle volcano eruption emitted a wide
spectrum of pyroclastic material —from very fine ash to meter-size
bombs— as well as lava (Figs. 1, 2). Neither bulk rock SiO2 concentra-
tion (69.5 to 71 wt%) nor phenocryst content (< 5%) showed significant
variations among the different eruptive products and phases (Castro
etal., 2013; Jay et al., 2014; Alloway et al., 2015; Schipper et al., 2019).
In contrast, the groundmass of eruptive products was variably crystal-
line. While pyroclasts were microcryst-free, the microcryst content of
lava groundmass was more variable (between 20 and 90 vol%) (Schip-
peretal., 2015, 2019). Porosity in lavas ranged from 0 to 48% (Schipper
et al.,, 2015, 2019), while pumices generated during the initial sub-
Plinian activity showed values between 62 and 92% (Pistolesi et al.,
2015). Tephra emitted during the hybrid eruption phase was mainly
pumiceous, with porosities between 32 and 67% and a tube-like fabric
(Schipper et al., 2013). Bombs and lavas erupted during the hybrid
phase showed complex and heterogeneous juxtaposition of textures and
volatile trace element depletion trends, which were indicative of out-
gassing processes occurring between the shallow conduit (<200 m, so
above the laccolith) and the surface environment (Paisley et al., 2019a).
Bomb textures contained breccias and tuffisite veins with variable size,
porosity, degree of oxidation, and welding (Fig. 1 C-E). Although
texturally distinct, both recorded the development of permeable path-
ways for gas (Paisley et al., 2019b). These textures were also preserved
in situ in the vent area, where dome-like lava bodies with high-density
fracture networks can be observed.

3. Methods
3.1. Video analyses

To help constrain magma ascent dynamics, we estimate gas and
tephra venting velocities and the number of actively venting fractures
from videos of the eruptive plumes. We re-analyze videos that were
originally analyzed by Schipper et al., (2013); a 5-min nighttime video
collected on January 4, 2012, and a 25-min daytime video collected on
January 10, 2012. Venting characteristics likely evolved over the
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duration of the hybrid phase of this eruption, but this is the only time
span for which we have video. The videos were collected at 0.04 s frame
rates with a stationary Canon XF105 camera 3.5 km from the vent
(Fig. 3). Correlating the dome in the videos with satellite imagery in-
dicates that each pixel corresponds to ~0.2 m.

In the nighttime video we manually track 20 individual ballistic
particles, which can be clearly identified due to their incandescence,
from frame-to-frame (Fig. 3C). Since these particles may be moving
slower than the surrounding gas flow, they provide only a rough lower
bound on gas venting velocities. We do not attempt to account for mo-
tion perpendicular to the camera frame, which may cause particle
speeds to be underestimated. In the daytime video we manually track
the locations of actively venting surface fractures over time (Fig. 3B). We
also estimate gas and tephra venting velocities using an optical flow
feature tracking method (Sun et al., 2008) that tracks brightness pat-
terns in groups of pixels between frames. We again do not attempt to
account for motion perpendicular to the camera frame, but take several
steps to isolate regions of the velocity field that best represent actual
venting velocity. We analyze only a sub-frame of the video that en-
compasses the near-vent region (Fig. 3B). We also consider only the
vertical component of velocities, since the initial venting from most
fractures is primarily vertical before wind shear and eddies introduce
significant horizontal components. We then only keep vertical velocities
above a threshold of 3 m/s (blue vectors, Fig. 3B), which we infer is a
minimum feasible venting velocity based on visual assessment of this
video and based on the manually tracked ballistic particles from the
nighttime video. We finally examine only upper quantiles of the
thresholded vertical velocity values (75th and 99th quantiles, Fig. 3A).
We note that while these steps help isolate the parts of the velocity field
in the video that best represent venting velocities, in some frames near-
vent parts of the eruptive plumes are obscured, and even where near-
vent parts of eruptive plumes are visible the video will only capture
the flow exterior which will be slower than the cross-sectionally aver-
aged flow velocity.

3.2. Model of magma ascent in the conduit

We turn to models of magma ascent in a conduit to examine the role
of outgassing through magmatic fractures in facilitating eruption of low-
porosity lava at Cordén Caulle volcano. We do not attempt to evaluate

Journal of Volcanology and Geothermal Research 430 (2022) 107617

every process occurring during magma ascent, but rather focus on those
most relevant to quantifying overall gas flux through the conduit and
adjacent wall rock. We also do not attempt to address the complicated
and often poorly constrained mechanics governing when and where
fractures form and how they evolve (Gonnermann and Manga, 2005;
Farquharson et al., 2017). Instead, we assume a fracture count and solve
for the fracture onset depth and depth-varying fracture widths that
could allow sufficient outgassing to permit the observed eruption of low-
porosity lava. We can then compare the results of this modeling to other
observational constraints on fracture network geometry and to gas-and-
tephra venting velocities. Full model details are provided in the ap-
pendix; here we provide a conceptual summary, discuss important as-
sumptions, and show the main governing equations.

We use a steady state model. Some amount of unsteadiness is evi-
denced by temporal variation in gas-and-tephra venting and intermit-
tent explosions observed at Cordén Caulle volcano and other silicic
eruptions (Michaut et al., 2013; Schipper et al., 2013; Johnson et al.,
2014). Additionally, at least over small spatial scales, fracture network
structures are likely not steady due to intermittent fracture formation
and welding, as suggested by textures and diffusion timescales (Castro
et al., 2014; Paisley et al., 2019a, 2019b). However, at Cordén Caulle
volcano the observed relative stability in lava extrusion rate and gas/
tephra plume height over timescales of months, as well as the stability of
large surface fractures over at least timescales of hours, suggest that a
steady-state approximation may be reasonable for at least some tem-
poral and spatial scales.

We assume a conduit geometry that is cylindrical at depth with a
vent radius that flares outward approaching the surface (Fig. 1). This
flare allows for flow divergence as would occur in a growing lava dome/
flow. We assume the conduit extends 3 km beneath the surface, which is
consistent with the shallower estimates of magma storage depth (Castro
etal., 2013; Jay et al., 2014). We do not consider any potential influence
of the shallow laccolith (Castro et al., 2016) since it was emplaced prior
to much of the hybrid phase we focus on, but note that it could have still
been interacting with subsequent ascending magma as a source or sink
for heat, melt, and/or volatiles. However, we expect this would probably
not fundamentally change our results, since most outgassing occurs
within the upper several hundred meters of the conduit (e.g., Figs. 4, 8).
A dike-like magma pathway that only focuses to a narrow conduit at
shallow depths has also been proposed at Cordén Caulle volcano (Castro
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: 99 Quantile

Mean Vertical Velocity Quantile (m/s)

Fig. 3. Video analysis of surface fracture venting during the
extends o hybrid phase of the 2011 Cordén Caulle volcano eruption. A.

58 m/s Optical flow data from video on January 10, 2012, showing
quantiles between each video frame pair (every 0.04 s) of all
vertical velocities above a 3 m/s threshold. B. Velocity field
showing a relatively intense burst (at 40s, black arrow) from a
fracture near the edge of the vent. Blue vectors highlight re-
gions that exceed the 3 m/s vertical velocity threshold, solid
black lines show mostly visible surface fractures, and dashed
black lines show partly obscured surface fractures. C. Trajec-
tories of ejected ballistic particles during a burst captured in
nighttime footage on January 4, 2012, along with the source
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fracture location (yellow line). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to
the web version of this article.)
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the prescribed total porosity threshold ¢yesh. D. Widths of the conduit (2r). E. Velocity of melt up,, gas in bubbles ug, and gas average ug. F. Vertical gas fluxes

through bubble networks, as well as lateral gas flux to the wall rock g, and cumulative wall rock gas flux (which indicates the additional amount of gas flux that
would be occurring through the conduit in absence of losses to the wall rock). In all plots the horizontal black line indicates vent flare depth and the blue line
indicates percolation depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2013); but we also expect this would not fundamentally change
our results due to the predominance of shallow outgassing.

We use a 1D model, assuming a Poiseuille flow profile to account for
viscous drag between the ascending magma and the conduit walls. We
note that radial variations in strain rate and magma properties (viscos-
ity, porosity, etc.) might contribute to several potentially important ef-
fects not considered here. Strain rate can directly influence permeability
of bubble networks, effective magma viscosity, and fracture formation,
all of which can also influence each other (Gonnermann and Manga,
2003; Llewellin and Manga, 2005; Okumura et al., 2009, 2010). For
example, it has been proposed that shear localization near the conduit
walls could enhance outgassing along the conduit margins but not
necessarily allow outgassing in the center of the conduit (Shea et al.,
2012; Okumura et al., 2013). However, several mechanisms could act to
balance this. Less efficient gas escape in the center of the conduit could
lead to higher gas overpressures there, which could promote fracturing
and hence more efficient gas flow in the center of the conduit. Addi-
tionally, depending upon the flow regime, decreasing porosity due to
extensive compaction and/or welding could increase magma viscosity in
the conduit margins (Llewellin and Manga, 2005) and thus redistribute
shear strain more evenly.

Our model allows relative motion between melt and gas phases
(Fig. 1) but assumes that pressure in both phases is the same at a given
depth (Yoshida and Koyaguchi, 1999; Kozono and Koyaguchi, 2009a;
Degruyter et al., 2012). This assumption cannot be accurate in detail,
and neglects some potentially important processes. Pressure gradients
between fractures and the adjacent melt would generally be needed to
drive gas flow into the fractures, and could also drive localized frag-
mentation at fracture walls (Forte and Castro, 2019) that contributes to
fracture growth and introduces tephra to the fractures (Saubin et al.,
2016). Such pressure differences would also drive fractures to widen/

propagate or narrow/close (Anderson, 2017).

We include both viscous and inertial drag forces on the melt resulting
from gas flow through bubble and fracture networks. We include
hysteresis-dependent bubble network permeability (Gonnermann et al.,
2017) during magma compaction. We neglect particles (ash and/or
larger pyroclasts) within the gas phase. For small volume fractions and
sizes of particles (Stokes number < 1), particle-laden gasses will essen-
tially behave like gasses with increased density (Marble, 1970), and thus
produce higher drag force for a given speed. We also include gas loss to
adjacent permeable wall rock, which is parameterized based on the
difference between the conduit pressure and lithostatic pressure as well
as an assumed host rock permeability and pressure diffusion length scale
(Jaupart and Allegre, 1991). While this is highly simplified, by testing a
wide range of host rock permeabilities we can explore conditions that
could permit a significant amount of gas loss through host rock.

We assume a uniform temperature of 900 °C, within the inferred
storage temperature range (Castro et al., 2013; Jay et al., 2014) and
matching the temperature of advancing lava as inferred from rheological
models (Farquharson et al., 2015). We note that cooling during magma
ascent could significantly increase melt viscosity (Hess and Dingwell,
1996). However, for the later stages of the eruption the surrounding wall
rock would already be hot, and heat lost to the wall rock and from gas
expansion would be partially offset by heat generated from crystalliza-
tion and viscous dissipation (Burgisser and Degruyter, 2015).

We assume equilibrium gas exsolution. Diffusion timescales
(lengthz/diffusivity) for rhyolite melt with a bubble spacing of
~107°-10%m (Saubin et al., 2016) and diffusivity of ~1077-10"° m?/s
(Ni and Zhang, 2008) will be ~1072-10! 5. Our simulations involve
magma ascent rates of ~1072-10° m/s (conduit ascent timescales of
~103-10° s), which suggests the equilibrium solubility assumption is
reasonable. We neglect volatile species other than H20, as H2O is the
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largest volumetric gas component at shallow depths in this system
(Schipper et al., 2019). We also neglect crystals, given the relatively
small crystal contents (<5 vol% phenocrysts and up to 25 vol% micro-
crysts) of near-vent Cordon Caulle volcano lava (Castro et al., 2013;
Schipper et al., 2015) and limited constraints on microcryst formation
depth. Crystal contents of up to 25 vol% could increase effective magma
viscosity by roughly a factor of two (Caricchi et al., 2007), though this is
small compared to the multiple orders of magnitude increases resulting
from volatile exsolution (Hess and Dingwell, 1996). Crystallization can
also drive volatile exsolution, but decompression will be the primary
driver of exsolution at shallow depths in an ascending magma column
with relatively small crystal contents (Westrich et al., 1988).

3.3. Model governing equations and boundary conditions

Gas mass conservation in the vertical (z, positive upward with origin
at ground level as in Fig. 1) direction is given by:
d

d dC
iz (PuAd) = —A( = D)p,i0n i — . M

where u, is average gas velocity (including both bubbles and fractures),

un, is melt velocity, ¢ is total porosity or gas volume fraction (including
both bubbles and fractures),A is conduit cross-sectional area, py is gas
density, pp, is melt density, Cq is dissolved volatile mass fraction, and g,
is gas mass flux through the conduit wall parameterized based on the
difference between the conduit pressure and lithostatic pressure (Jau-
part and Allegre, 1991) (appendix A6). Melt mass conservation
(assuming constant pp,) is given by:
dC,

d
Pugs (A1 = 8)) = AL = B)p, @

Gas momentum conservation is given by:

dutg

Aqﬁp% dz

= 7A¢ (i:; + pgg> - Fmg (3)

where Fy is the total drag force per unit length between melt and gas (in
both bubble and fracture networks, section 3.4), P is pressure (assumed
to be the same in melt and gas), and g is gravitational acceleration. Drag
between gas and conduit walls is neglected due to being negligible
compared to other drag forces (Degruyter et al., 2012). Melt momentum
conservation is given by:

du,,

dp
A(l — —=—A(l - — Fug — Fow
( ¢‘)P,,,um dZ ( q)) (dZ + ng> + mg mw (4)

where F,, is drag force per unit length between melt and the conduit
walls, given by the Poiseuille flow approximation Fy, = 8Apmty/r? for
conduit radius r and magma viscosity .

We prescribe total mass flux at the base of the conduit ginitiql, pressure
at the top of the conduit Pg,, and pressure at the base of the conduit
Ppase, then solve for a base conduit radius that satisfies these conditions.
Conduit base pressure or mass flux could also be used as free parameters
(Mastin, 2002), but here we solve for radius as it is more poorly con-
strained than the other two parameters at Cordén Caulle volcano.

3.4. Model partitioning of gas between bubble networks and fractures

We next need to obtain Fpg, which depends on effective magma
column permeability. Without introducing physical equations governing
the opening and evolution of fractures, it is necessary to either prescribe
fracture network geometries empirically, or to set some other criterion,
such as a target effective permeability of the magma column, and then
calculate fracture depths and widths that produce this criterion. There
are some constraints on fracture network geometry and permeability
structure from the morphology and permeability of tuffisites in
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pyroclasts and dissected conduits (Castro et al., 2014; Heap et al., 2019),
but the general distribution of these properties with depth are poorly
known.

We thus prescribe porosity thresholds, which provides the most
direct way to have simulations that produce eruption of low-porosity
lava. We enforce that porosity at any depth stays beneath 85%,
because porosities significantly higher than 85% are rare in silicic lavas
(Gonnermann et al., 2017) due to the fact that brittle fragmentation
would typically occur by this point (Polacci et al., 2004). In detail,
fragmentation depends upon factors such as strain rate and bubble
overpressure (Gonnermann, 2015), but a porosity threshold is a prac-
tical approximate fragmentation criterion that can produce comparable
results to commonly used strain-rate or overpressure criteria in perme-
able conduit magma ascent models (Degruyter et al., 2012). Above a
prescribed compaction threshold depth, we smoothly taper the 85%
porosity threshold down towards a prescribed vent porosity threshold
(Fig. 6).

We then solve for values of Fy, that keep porosity from exceeding the
prescribed porosity threshold. For an assumed fracture count and frac-
ture wall roughness, we next solve for fracture onset depth, depth-
varying fracture width, and depth-varying partitioning of gas flux be-
tween fractures and bubble networks that produces these values of Fyg
by balancing drag pressure between fractures and bubble networks. We
neglect the dependence of lateral gas flux on lateral gas pressure gra-
dients and permeability (which is potentially anisotropic) (Farquharson
and Wadsworth, 2018). This is justified by the assumption that where
bubble network permeability is low enough to hinder lateral gas flux
into the modeled vertical fractures, a feeder network of fractures could
facilitate this lateral gas flux (Fig. 1).

4. Results
4.1. Tephra venting characteristics

Over the 25 min daytime video, continuous tephra venting occurred
from 4 to 8 distinct surface fractures with a combined visible length of
20-40 m (Fig. 3). Additional active surface fractures are inferred to be
present from the plume structure but are obscured behind the dome
and/or eruptive plume. Some fractures were not active over the whole
timespan, consistent with previous analysis (Schipper et al., 2013), and
the location of active fractures shows a net southward migration over
this video. There are also intermittent changes in the venting intensity at
each fracture, often as bursts ejecting lava bombs or other visible bal-
listic particles and/or incandescent lava fountaining. These bursts often
correspond to a decrease then subsequent increase in plume brightness
suggestive of changing tephra content. The bursts are somewhat irreg-
ular, ranging from 5 to 20 s long and occurring at 20-60 s intervals.

An example optical-flow-derived velocity field from the daytime
video is shown in Fig. 3B. The highest vertical velocities typically occur
near surface fracture openings; the rest of the velocity field represents
wind and plume turbulence, much of which is excluded by our 3 m/s
vertical velocity threshold. Fig. 3A shows quantiles of the thresholded
vertical velocities over time. The 99th quantile exhibits isolated values
up to 88 m/s but is typically between 5 and 25 m/s (Fig. 3A). We expect
this quantile provides the best lower bound estimate on gas and tephra
venting velocity, since it captures velocities in jet-like regions of erup-
tive plumes near surface fracture openings where these regions are
visible. However, in many frames these regions are obscured, which we
expect causes many of the lower velocities in the timeseries. The 75th
quantile yields more consistent but slower velocities between 5 and 10
m/s (Fig. 3A). This quantile often captures upward motion of turbulent
eddies in higher parts of the eruptive plumes, so we expect it is less
representative of venting velocities than the 99th quantile but include it
as a more conservative lower bound.

We can also compare the optical flow velocities to the 20 manually
tracked incandescent ballistic particles from nighttime video, which
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provide a rough lower bound on gas venting velocity since they might be
moving slower than the surrounding gas flow. The particles have an
average vertical velocity of 13 + 2 m/s and a maximum vertical velocity
of 33 m/s, which suggests that the higher values of the 99th quantile
velocities from the optical flow measurements are reasonable. Overall,
the limitations of the available data preclude a detailed resolution of gas
and tephra venting velocities, but suggest that these velocities are
consistently at least 5 m/s, and are likely greater than tens of m/s over
much of the recorded time.

4.2. Magma ascent dynamics without fractures

Fig. 4 shows an example simulation with our reference parameters
that are assumed to be most representative of the hybrid phase of the
Cordén Caulle volcano eruption, but with vent porosity threshold ¢yene
left at 85%. Here exsolution occurs beneath the base of the conduit.
Overpressure begins driving some gas loss to the wall rock at ~3000 m
depth, though not in sufficient amounts to keep porosity from increasing
significantly during magma ascent. Porosity reaches the percolation
threshold of 74% (Gonnermann et al., 2017) at 226 m depth, shortly
after the prescribed vent flare depth of 250 m. Following the onset of
percolation, gas begins flowing faster than the adjacent melt, which
allows porosity to increase less rapidly. Magma pressure begins
decreasing more rapidly, becoming sub-lithostatic at ~180 m depth at
which point gas loss to the wall rock ceases. Porosity reaches 84% at the
vent, just beneath the prescribed fragmentation threshold of 85% and
much higher than typical observed lava porosities at Cordén Caulle
volcano of 0 to 48% (Schipper et al., 2015, 2019). By the time magma
reaches the vent, about 18% of its gas has been lost to the wall rock.

We note that over certain regions of the conduit, the magma
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overpressure (relative to lithostatic pressure) exceeds several MPa,
which could be enough to fracture the wall rock (Unwin et al., 2021).
However, overpressures depend strongly on the assumed value of
conduit base pressure Pp. and the lithostatic pressure profile Py,
which in reality would generally increase more rapidly with depth than
our profile due to increasing rock density with depth. We do not consider
wall rock fracturing, but note that it could change the effective conduit
geometry, result in external tuffisite vein emplacement, and increase the
effective permeability of the nearby wall rock to facilitate additional gas
loss. Our simulations with higher values of k, (discussed later) in
combination with the relatively short pressure diffusion length scale we
assume do provide an approximate means of accounting for increased
gas loss due to a highly fractured wall rock.

To gain a sense for how low the value of lava porosity could feasibly
become without enhanced fracture-mediated outgassing, we can
consider different parameter choices that would promote more efficient
outgassing through the wall rock and bubble networks. Fig. 5 shows an
example simulation with our reference parameters changed so that
initial mass flux giiiq has been reduced to 10? kg/s, wall rock perme-
ability k,, has been increased to 1072 m?, and (Byene has been left at 85%
(a side by side comparison is shown in Fig. A2). Here gas loss to the wall
rock is sufficient to keep porosity from increasing significantly until a
depth of ~400 m, when the rate of gas exsolution begins exceeding the
rate of gas loss. Magma pressure becomes sub-lithostatic at ~250 m
depth, at which point gas loss to the wall rock ceases. Pressure becoming
sub-lithostatic at shallow depths is actually a feature of all of our sim-
ulations, and indicates an important limitation to wall rock mediated
outgassing. Porosity reaches the percolation threshold at 204 m depth,
after which the rate of porosity increase begins slowing down substan-
tially. From ~150 to 60 m depth, porosity actually decreases by about
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4%. However, porosity then begins increasing again, despite the hys-
teresis that allows bubble network permeability to remain elevated
during compaction and the flow divergence induced by an increasing
conduit radius. By the time magma reaches the vent, 29% of its gas has
been lost to the wall rock, and porosity reaches 76%. Thus even under
conditions much more favorable for outgassing via permeable bubble
networks and wall rock, low porosity lava is still not produced.

4.3. Magma ascent dynamics with fractures

Fig. 6 shows an example simulation with our reference parameters
where vent porosity threshold ¢yen is set to 25%, a typical value of
observed lava porosities at Cordén Caulle volcano (a side by side com-
parison is shown in Fig. A2). Here we assumed 10 conduit-spanning
fractures of equal width, which is very roughly consistent with the
configuration of actively venting fractures at the lava dome surface seen
in video. However, fracture density and size distribution likely vary over
depth (e.g., Fig. 1). We note that the exact characteristics of fracture
networks obtained in our model will depend strongly on fracture count,
as well as the somewhat arbitrarily prescribed functional forms of vent
flare geometry and porosity threshold and the assumed fracture wall
roughness.

In this simulation exsolution still occurs beneath the base of the
conduit, and magma overpressure begins driving some gas loss to wall
rock at a depth of ~2000 m. Porosity reaches the percolation threshold
of 74% at 226 m depth and continues increasing. Porosity then reaches
the prescribed threshold value of 80% at a depth of 185 m, at which
point fractures are introduced. The fractures need to widen rapidly to
accommodate increasing gas flux, and by ~160 m depth more gas flux is
occurring through fractures than through the bubble network. By the
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time magma reaches the vent, 18% of its gas has been lost to the wall
rock, and 99.9% of the remaining gas flux is flowing through fractures.
Fracture width and gas velocity in fractures both reach their maximum
values at the vent of 7 cm and 54 m/s, respectively.

4.4. Overview of magma ascent under different eruptive conditions

To examine results more systematically, we run simulations over a
range of different model parameter combinations and plot several
important properties from each simulation. Fig. 7 shows fracture width
and gas velocity in fractures at the vent, Fig. 8 shows the depths of
percolation onset and fracture formation, and Fig. 9 shows the per-
centage of gas flux occurring through fractures at the vent and lost to the
wall rock during magma ascent.

We note that there are some cases where our numerical methods do
not find solutions meeting the prescribed porosity thresholds, which
could be due to either numerical stiffness or to non-existence of solu-
tions. A rigorous analysis of the existence of solutions for this highly
non-linear model is beyond the scope of this work, but we discuss the
implications below. We also note that some simulations result in gas
velocities in fractures that approach the sound speed for pure H,O vapor
at 900 °C of 840 m/s. This could produce choked flow conditions, for
which our model will not be accurate. Although including particles in
our simulations would decrease the gas velocities predicted, a particle-
laden gas could have appreciably slower sound speeds. We thus
conservatively suggest that any solutions resulting in gas velocities
greater than several hundred m/s should be considered potentially
unphysical or unrealistic. We also note that due to the nonlinearity of the
model it is possible that multiple solutions sometimes exist, though
testing suggests that this is not the case for parameters of interest.
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The main finding of this parameter search is that in all regions of the
parameter space where our numerical methods find solutions that meet
the prescribed porosity thresholds, magmatic fractures are required
except where vent porosity is allowed to reach 85% (Fig. 7). Addition-
ally, in most of the parameter space the majority of the overall gas flux at
shallow depths needs to occur through fractures (Fig. 9). This parameter
search thus indicates that a significant amount of enhanced outgassing
(e.g., via fractures) would be required to produce the erupted lava at
Cordén Caulle volcano which had 0 to 48% porosity (Schipper et al.,
2015, 2019).

We can also compare these simulations to gas vent velocities inferred
from video, which are on the order of tens of meters per second. How-
ever, we emphasize that we are considering only order-of-magnitude
comparisons due to the limitations of venting velocity estimates from
video, the limited time over which video is available, the assumption of
pure gas rather than a gas-particle mixture in our simulations, and the
assumptions of fracture network geometry and wall roughness in our
simulations. Our simulations can produce velocities on the order of tens
of meters per second for many parameter combinations except those
involving mass fluxes substantially outside the inferred range of
10*-10° kg/s, vent flare radii of less than ~20 m, vent porosities greater
than ~75%, or fracture counts greater than ~30 (Fig. 7).

We can also approximately compare our simulations to constraints

10

from tuffisites, which indicate fracture widths on the order of tens of cm
(Heap et al., 2019; Paisley et al., 2019b) and fracture depth extents of at
least 200 m beneath the vent (Schipper et al., 2013; Castro et al., 2016;
Paisley et al., 2019b). Our simulations can produce fracture widths on
the order of tens of cm for most parameter combinations except those
involving mass fluxes substantially outside the inferred range of
10%-10° kg/s or vent porosities greater than ~75% (Fig. 7). Fracture
onset depth in our simulations depends largely on the prescribed
porosity threshold compaction depth and the prescribed vent flare depth
(Fig. 8), and both parameters have minimal impact on other observables
(Fig. 7). Setting both depth parameters to values beneath ~200 m will
produce fracture onset depths beneath 200 m. However, we note that
the fracture onset depth in our simulations only provides a minimum
bound on the possible depth extent of fractures, which in turn means
that our simulations do not rule out shallower vent flare depths or
compaction onset depths.

4.5. Detadils on the effects of different eruptive conditions on magma
ascent

In this section we address the effects of different model parameters in
more detail. We vary the conduit base (or shallow reservoir) pressure
Ppase from 71 to 94 MPa, extending both below and above expected
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Fig. 8. Depths of fracture onset and bubble network percolation onset for different parameter values. In each plot all parameters except the two being varied are
fixed to default values, which are indicated by black lines. Red crosses indicate simulations where the numerical methods did not find a solution meeting the porosity
thresholds, black circles indicate solutions with no fractures, black stars indicate solutions with fractures where the percolation threshold was never reached, and
black dots indicate solutions with fractures where the percolation threshold was reached. Colored contours are linearly interpolated between simulations. Petro-
logically inferred tuffisite depths at Cordon Caulle volcano (which provide a lower bound on fracture depths) are up to 200 m. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

lithostatic pressure of 82.5 MPa (for a crustal density of 2800 kg/m>).
Results near the ends of this range may be unrealistic, as significant
overpressures would drive fracturing of the wall rock (Unwin et al.,
2021) and significant underpressures might not hold the conduit open.
We also note that in these simulations mass flux is prescribed indepen-
dently of conduit base pressure; if conduit base radius were instead
prescribed then conduit base pressure would be a dominant control on
mass flux (Mastin, 2002) and have a larger impact on simulation results.
Increasing conduit base pressure causes shallower percolation and
fracture onset depths (Fig. 8). Increasing overpressure also drives more
gas loss to the wall rock, particularly at higher wall rock permeabilities,
and thus reduces the percentage of gas flux in fractures (Fig. 9).

We vary mass flux ginitig from 102 to 108 kg/s, encompassing the
10%-10° range of previous estimates for the hybrid/effusive phase
(Bertin et al., 2015). Increasing mass flux increases the velocity of gas in
fractures at the vent and increases vent fracture width (Fig. 7).
Increasing mass flux also increases the percentage of gas flux in frac-
tures, while generally decreasing the percentage of gas lost to the wall
rock (Fig. 9). At mass fluxes <10° kg/s, solutions are found inconsis-
tently, though we expect this is largely due to numerical issues rather
than the non-existence of solutions. For mass fluxes above 10* kg/s,
fractures are needed even to keep vent porosity at 85%. For mass fluxes
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above 10° kg/s, gas velocity in fractures approaches or exceeds the
sound speed for a particle-laden gas, suggesting such simulation results
may be unphysical or unrealistic.

We vary initial HyO contents Cinirigr from 1 to 8 wt%, encompassing
the inferred storage value of 3.9 wt% (Jay et al., 2014). Increasing initial
volatile contents increases the velocity of gas in fractures at the vent and
increases vent fracture widths (Fig. 7). Increasing initial HoO contents
also causes deeper percolation and fracture onset depths (Fig. 8), as well
as deeper exsolution depths (not shown). Increasing initial HoO contents
generally decreases the percentage of gas flux in fractures but increases
gas loss to the wall rock (Fig. 9). For initial HyO contents >5 wt%,
fractures are needed even to keep vent porosity at 85%.

We vary vent flare radius rfqr. from 10 to 50 m, encompassing the
estimated dome radius of 25-40 m (Schipper et al., 2013) since this
parameter is meant to account roughly for the flow divergence that
could occur in the lava dome/flow. We note that combinations involving
large flare radii and short flare depths could produce significant radial
components of velocity that would violate the unidirectional flow
assumption in our model. The main impact of increasing vent flare
radius is to decrease the velocity of gas in fractures at the vent (Fig. 7).
Given that increasing vent flare radius thus generally facilitates more
efficient outgassing, it is somewhat counterintuitive that fractures are
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needed even to keep vent porosity at 85% for flare radii of 40 m or
larger, but not for smaller radii. We attribute this finding largely to the
chosen reference values of vent flare depth and porosity threshold
compaction depth.

We vary vent flare depth zaqr. and porosity threshold compaction
depth Zcompace from 50 to 450 m, encompassing petrologic bounds on
tuffisite depths of >200 m (Schipper et al., 2013; Castro et al., 2016;
Paisley et al., 2019b). These parameters primarily influence fracture
formation depth and percolation onset depth (Fig. 8). In cases where the
vent flare depth is shallower than the porosity threshold compaction
depth, porosity reaches the prescribed threshold before exceeding the
bubble network percolation threshold (Fig. 8), which means that no gas
flow occurs through the bubble networks. We expect these simulations
are not realistic since there would be no mechanism to efficiently route
gas into fractures. A very dense fracture network could serve this pur-
pose, but is not explicitly considered in our modeling. However, we
expect the relation between percolation onset and vent flare depth
suggests that flow divergence plays an important role in facilitating
fracture-mediated outgassing.

We vary prescribed magma porosity at the vent ¢ en: between 15 and
85%, with 85% serving as an approximate brittle fragmentation crite-
rion (Polacci et al., 2004). Lava porosities at Cordén Caulle volcano
ranged from 0 to 48% (Schipper et al., 2015, 2019), but the lowest end
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member values are not representative of the flow as a whole. Addi-
tionally, we note that the porosity-permeability relations used here may
not be accurate for porosities much lower than 20% (Gonnermann et al.,
2017), since due to the inefficiency of permeable flow in low porosity
bubble networks, further compaction might occur primarily by localized
fracturing/fragmentation and welding. Increasing vent porosity does
not have a large impact on simulation results until vent porosity ap-
proaches ~75%. At this point increasing vent porosity decreases the
velocity of gas in fractures at the vent, decreases vent fracture widths,
and decreases the percentage of gas flux in fractures (Figs. 7, 9). At vent
porosities of 85%, fractures are not needed except for mass fluxes >10%,
initial HoO contents >5 wt%, or vent flare radii >40 m.

We vary fracture count Ny from 3 to 300. The number of active large
surface fractures inferred from Cordén Caulle volcano video is approx-
imately 10, but fracture density may vary with depth, and a higher
density of smaller fractures may be required to efficiently feed gas into a
few larger fractures (e.g., Fig. 1) (Gonnermann and Manga, 2005).
Increasing fracture count decreases gas velocity in fractures at the vent
and decreases vent fracture widths (Fig. 7), but does not appreciably
impact the percentage of gas flux in fractures (Fig. 9). For combinations
with higher mass fluxes (> ~10° kg/s) and larger fracture counts (>
~30), solutions are not found. In these cases we expect solutions do not
exist because the width of each fracture is limited by the number of
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fractures present (for a given conduit width), and for the large wall
roughness scale we assume, narrow fractures are not able to facilitate
efficient outgassing. This is also why we do not show solutions with
fracture counts >300, for which solutions often do not exist. However,
this does not indicate that higher fracture densities are not possible,
since fracture widths and wall roughness are likely variable.

We vary wall rock permeability k, from 107! to 107'2 m?% This
encompasses the range of typical shallow crustal permeabilities
(Manning and Ingebritsen, 1999) and also the range of tuffisite fill
permeabilities which is relevant since early pyroclast breccia will be
acting as effective wall rock for much of the eruption (Heap et al., 2019).
Increasing wall rock permeability primarily decreases the percentage of
gas flux in fractures and increases the percentage of gas lost to the wall
rock (Fig. 9). High wall rock permeabilities combined with high initial
H,0 contents or low mass flux can result in up to 82% of gas being lost to
the wall rock, but gas losses are usually <40% (Fig. 9).

5. Discussion

5.1. Role of magmatic fractures in facilitating hybrid eruption at Cordon
Caulle volcano

Other studies have suggested that magmatic fracturing and/or
fragmentation were involved in the Cordén Caulle volcano eruption and
are required to explain particular textural and geochemical observations
(Castro et al., 2014), but the importance of such processes on overall
eruption mechanics has been poorly constrained. Our simulations
demonstrate that outgassing through permeable bubble networks and
conduit wall rock (Eichelberger et al., 1986) could not have permitted
the extrusion of low-porosity silicic lava that occurred during the later
hybrid phase of the eruption (Fig. 7), and that a significant amount of
enhanced outgassing needs to have occurred by some other mechanisms.
We then show that outgassing through magmatic fracture networks that
are consistent with available constraints on fracture depths and widths
(from analysis of tuffisites) can allow sufficient enhanced outgassing to
facilitate the observed eruption of low-porosity lava and match gas-and-
tephra venting velocities obtained from video analysis at Cordén Caulle
volcano. Demonstrating that magmatic fractures can explain these ob-
servations does not rule out other scenarios that could result in
enhanced outgassing, such as the occurrence of conduit-spanning brittle
fragmentation and a gas-dominated flow regime beneath an effusively
erupting magma plug (Wadsworth et al., 2020), but indicates that such
scenarios are not necessary to allow a hybrid or effusive eruption over a
certain range of mass fluxes.

We can gain additional insight from considering the progression of
the Cordén Caulle volcano eruption sequence, which began as fully
explosive and only transitioned to hybrid once mass flux decreased
beneath ~10° kg/s (Bertin et al., 2015; Coppola et al., 2017; Jay et al.,
2014). In our simulations, for mass fluxes > ~10° kg/s erupting low
porosity lava with outgassing through magmatic fractures would require
gas velocities exceeding the sound speed for a particle-laden gas, indi-
cating such scenarios are unphysical or unrealistic. These unrealistic gas
velocities suggest that a mass flux of ~10° kg/s is around the limit at
which fracture-mediated outgassing could have facilitated a hybrid or
effusive eruption, as opposed to a fully explosive eruption. Furthermore,
it is notable that the Cordén Caulle volcano eruption transitioned from
fully explosive to hybrid around this threshold of ~10° kg/s, despite our
simulations indicating that fully explosive behavior could be sustained
down to mass fluxes as low as 10 kg/s without enhanced outgassing.
That the eruption transitioned to hybrid behavior around this 10° kg/s
threshold suggests that magmatic fractures developed in such a way as
to facilitate the transition close to the threshold where transition was
possible. Finally, our finding that outgassing through magmatic frac-
tures is still required to enable eruption of low porosity lava for mass
fluxes as low as 10 kg/s is consistent with observations that hybrid
eruptive behavior with tephra venting continued approaching the end of
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the Corddn Caulle volcano eruption, despite decreasing inferred mass
flux (Jay et al., 2014; Coppola et al., 2017).

5.2. Implications for effusive eruptions more generally

While we have focused primarily on simulations of the hybrid phase
of the Cordon Caulle volcano eruption, our model should be able to
inform other silicic eruptions given appropriate choices of conduit ge-
ometry, mass flux, reservoir pressure, and magma properties. The sim-
ulations in Fig. 7 do not consider a full range of parameter combinations
that might be relevant for other eruptions, but cover a wide enough
range of parameters to permit some extrapolation. The finding that
fractures are not required to keep porosity beneath an approximate
fragmentation threshold of 85% except where mass flux is >10* kg/s
suggests that enhanced outgassing (beyond permeable bubble networks
and/or wall rock) is not necessarily required to prevent fully explosive
eruptions at mass fluxes <10* kg/s. However, effusive eruption of lava
with porosities approaching 85% is uncommon (Gonnermann et al.,
2017), and our simulations show that enhanced outgassing (e.g., via
magmatic fractures) is required to produce lava with porosities of 75%
or less down to mass fluxes as low as 10 kg/s. The eruption record shows
that there are effusive components in most silicic eruptions with magma
ascent rates less than ~1-10 cm/s, which corresponds to mass fluxes less
than ~10%-10° kg/s (Cassidy et al., 2018). Our results thus suggest that
enhanced outgassing may be required to explain the effusive component
of most intermediate mass flux eruptions (~10-10° kg/s). Additionally,
our simulations indicate that over most of this range of mass fluxes,
magmatic fractures can facilitate the required amount of enhanced
outgassing to facilitate hybrid or effusive behavior without needing to
invoke additional outgassing mechanisms (Wadsworth et al., 2020).

Another important question is under what conditions effusive erup-
tions (and/or explosive-effusive transitions) can occur. Previous models
of permeable magma ascent that did not consider fractures have
demonstrated that mass flux is a dominant control on whether effusive
eruptions can occur (Kozono and Koyaguchi, 2009b; Degruyter et al.,
2012), which is roughly consistent with the eruption record (Cassidy
et al., 2018). However, the overlapping ascent rates inferred between
explosive and effusive eruptions in the eruption record (Cassidy et al.,
2018) suggest mass flux is not the only relevant parameter, and have
even been used to argue against outgassing as the mechanism driving
explosive-effusive transitions (Wadsworth et al., 2020). Our results
suggest that magmatic fractures need to be considered to obtain a more
accurate understanding of the transition between explosive and effusive
activity, as there is a multiple order of magnitude range in mass fluxes
(~10-10° kg/s) over which either explosive or hybrid/effusive erup-
tions could occur depending upon how much outgassing occurs through
magmatic fractures (as well as other eruptive conditions).

In the absence of caldera collapse, mass flux will typically decrease
over the course of a sustained eruption as the reservoir pressure driving
magma ascent decreases (Huppert and Woods, 2002), making transi-
tions from explosive to hybrid or effusive behavior generally more likely
as an eruption progresses. However, other parameters could also evolve
over the course of a sustained eruption. In particular, our simulations
show that a widening vent can make fracture-mediated outgassing much
more efficient and could thus potentially promote explosive-effusive
transitions. Decreasing magma pressure as an eruption progresses
could decrease conduit and/or vent width. Alternately, erosion could
increase vent width during explosive phases of an eruption (Mitchell,
2005), and also during hybrid activity as indicated by the larger
amounts of oxidized lithic fragments in bombs ejected during later times
in the Cordén Caulle volcano eruption (Paisley et al., 2019b). Addi-
tionally, once a hybrid or effusive eruption is ongoing a growing lava
dome would also increase effective vent width. This dome growth could
thus help promote stability of a hybrid/effusive eruptive phase,
although explosive dome collapse events indicate that a growing lava
dome alone does not ensure full stability.
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The importance of magmatic fractures emphasizes the need to
develop a better understanding of the formation and evolution of frac-
ture networks in ascending magma. Such an understanding is important
for determining both what controls explosive-effusive transitions and
what drives unsteady venting during hybrid eruptions. Additional work
is also needed to address the possibility of producing hybrid/effusive
eruptions with conduit-spanning brittle fragmentation and a gas domi-
nated flow regime at depth (Wadsworth et al., 2020), as opposed to our
model of a melt-and-fracture dominated flow regime. We are not aware
of any observations or analysis that necessitate a gas dominated flow
model for hybrid/effusive eruptions, and our simulations suggest this
would not be necessary except possibly at mass fluxes greater than ~10*
kg/s, but conduit-scale modeling has not yet been conducted to under-
stand the mechanics of such a scenario. It is possible that early stages of
lava extrusion occurring alongside or following a primarily explosive
eruptive phase involve a gas-dominated flow regime, but that this
transitions to the melt-and-fracture dominated flow we envision for
sustained hybrid/effusive eruptions.

6. Conclusions

Our model of magma ascent in a conduit, combined with constraints
from petrologic and video data, show that outgassing through perme-
able bubble networks and/or wall rock would not be sufficient to
generate the observed flux of dense, gas-poor rhyolitic lava erupted
during the later phases of the 2011-2012 Cordén Caulle volcano erup-
tion. However, enhanced outgassing through magmatic fractures can
facilitate the observed dense lava production and is consistent with
constraints on fracture network geometries inferred from textural and
geochemical analysis of tuffisites as well as with gas-and-tephra venting
velocities inferred from video analysis.

Exploration of a range of conditions relevant to many silicic erup-
tions reveals that outgassing through permeable bubble networks and
wall rock generally cannot generate lava at the low porosities typically
observed. However, there is a wide range of conditions over which gas
escape through fractures could permit hybrid/effusive eruption of dense
lava. We thus infer that outgassing through fractures likely plays an
important role in many hybrid/effusive silicic eruptions, and in facili-
tating explosive-effusive transitions. Our results highlight the impor-
tance of considering fractures both in magma ascent models and when
interpreting the eruption record, as well as the need to develop a better
understanding of magmatic fractures.

Appendix A. Appendix
A.1. Conduit radius and porosity threshold

Conduit radius is given by (Figs. 3, 4):

7 = Tpase if 2 < Zare

7= Tfare + (rﬂm-e - rlm.\'e)Sin< ) if 2> Zjare

—<Zflare
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(A1)

(A2)

where conduit flare radius rgare and conduit flare depth zg4re are prescribed, and the value of conduit base radius rpqs. that meets the prescribed pressure
boundary conditions is solved iteratively (appendix A7). This choice of function ensures that conduit radius and its derivative with respect to depth are

both continuous.
Porosity thresholds ¢myesn are given by (Fig. 6):

q)thre\'h = d)mwr 1f < Zcom/ma

. Tz
q)t/)re,rh = d)vem + ((b\'('nl - q)max)Sln (7

> ifz > Zcompact
_zzcompact

(A3)

(A4)

where maximum porosity ¢max, vent porosity dyens, and porosity threshold compaction depth z¢ompac: are all prescribed. This choice of function ensures
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that the porosity threshold and its derivative with respect to depth are both continuous.
A.2. Partitioning of gas flow between fractures and bubble networks

We assume no fractures are present when ¢ < ¢resh, S0 gas flow initially only occurs through bubble networks (Fyg = Fgp). If ¢ approaches dresh,
we require that Fy,,; takes on whatever value is required such that d$/dz = dresn/dz in the governing equations. This is implicitly invoking the
presence of fractures to increase the effective permeability of the magma column such that sy is not exceeded.

For an assumed fracture count, we calculate fracture widths and the gas partitioning between bubble networks and fractures that produce the
required values of Fig (if any such partitioning exists):

Fung = Fugy (Mgm ¢b) + Fongr ("‘s/'7 q)f) (A9)

where ug, and ug are gas velocities in bubble networks and fractures, respectively. Gas volume fractions in bubble networks ¢ and fractures ¢s can be
expressed as ¢p = Ap/Aand ¢y = Ag/A, for cross sectional areas in bubble networks A, and fractures Ay. Because gas volume fraction in bubbles and
fractures is related by ¢p + ¢p/=¢, there are three unknown variables in this expression: ug, ug, and ¢r. We need two additional equations to close this
system. The second equation enforces mass conservation of gas:

dug = byutgy + Pyity (A6)

For the third equation, we need a way to relate gas drag forces between the bubble networks and fractures. The most realistic approach would be to
introduce both vertical and lateral mass and momentum balance equations governing gas flow through fractures and gas flow in/out of fractures,
analogous to classical dual-porosity models for fractured media used in hydrogeological models (Gerke and van Genuchten, 1993). However, this
would require additional assumptions about fracture growth and properties that are currently poorly constrained. Here, owing to the high perme-
ability of bubbly magma and fractures, we assume that lateral gradients in pressure will remain small, meaning that pressure gradients in both
fractures and the bubbly magma will be similar, and largest in the vertical direction. We thus make the approximation that drag pressure is equal
between gas in fractures and bubble networks

Fugy  Fugr

A

By neglecting inertia, the pressure gradients in both the bubble networks and fractures will be consistent with the solution to the governing egs.
A.3. Bubble network drag force

We use Darcy-Forchheimer drag for force per unit length of gas flowing through bubble networks (Rust and Cashman, 2004; Degruyter et al.,
2012):

H, P
Frugp = (k_.g + k—j [tgp — 1t

)A%(l — &) (g — 1) (A8)

where |, is gas viscosity. Bubble network permeability is a function of bubble network porosity relative to the melt (not including fractures) ¢pr = $p/
(¢p + (1 — ¢)). This relation depends upon the compaction and growth history of the bubble network. We use the equation for Darcy permeability k;
from percolation theory (Blower, 2001; Gonnermann et al., 2017):

kl = kmin if ¢hi.&r < q)('n't (Ag)
¢\
ki = b(dy, — i) <m) if &y 2 Py and Py > Py (A10)
br
. ¢'b 2/3 ¢b- Ncompact )
ki = b(dy, (v) — deir) <m> ( o, (’y) > if @y, < iy and iy > ey (A11)
where kyin assigns small values (< 101 m?) that prevent numerical issues which arise if permeability is too small, ¢ is the percolation threshold,

$nist is the maximum porosity previously reached during ascent (defined as ¢pis: = max (¢pp(y)) for all y in the interval —L <y < z), and b, n, Ncompac are

constants. We use values of b, 1, ncompace and drie from Medicine Lake Volcano rhyolitic pumice (Gonnermann et al., 2017). For these values, once the

percolation threshold has been exceeded, during compaction (¢p- < dnisr) permeability at a given porosity will remain higher than during initial growth

(dbpr > dnisp) and will depend on p;se (Fig. A1). We note that although this expression was derived for compacting bubble networks, compacting welded

material exhibits qualitatively similar hysteresis (Farquharson et al., 2017) but may follow a different functional form. We do not introduce a separate

gas-melt Stokes drag regime at low porosities, since we found this had a negligible impact on our simulation results but increased computation times.
Inertial permeability kj is given empirically:

ky = cpky +di (A12)

where cx and di are constants obtained empirically by fitting Medicine Lake Volcano rhyolitic pumice, but this relation also fits samples from other
settings well (Gonnermann et al., 2017).
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Fig. Al. Bubble network Darcy permeability as a function of porosity. The solid black line shows permeability during bubble growth, and the two colored lines show

permeability during compaction starting from two example porosities.

A.4. Fracture drag force

Force per unit length between magma and gas in fractures is given by (Munson et al., 1994):

Fogr = Prp, (ug/ — u,,,) |ug/ — Uy, [fF = 2N,prg (ug/ — um) |ugf — Uy, [ﬁ: (A13)

where Py is fracture cross sectional parameter, which we use the assumption of thin fractures to approximate as Py = 2Ny, for number of fractures Ny

and average fracture length L. For simplicity we assume that all fractures span the diameter of the conduit, so Ly =zr/2. The Darcy friction factor fp is

given by the laminar-turbulent approximation (Munson et al., 1994):

fo =foo +1p (A14)

where fpg is the laminar Darcy friction factor, which we approximate as (Duan et al., 2012):
12

foo = 4N, K (A15)
DO — f
Pl = | /WiLr S Ty (14w L) (1 = 192/25 (wy/Ly) tanh (xLy /207 )
where m is the Reynolds number for the fracture length scale |/Af = |/wyL; and fracture width wy. We approximate the turbulent Darcy
e m

friction factor fp* as (Duan et al., 2012):
-2

10/9
) rells— P (A16)

Py ter — ttm| /WLy

£y = 4N, 3.6log,, 0.2047<

€
V' wrks

where e is fracture wall roughness height scale. The roughness height scale could vary with depth and fracture width and in general is not well
constrained. Here we assume roughness height scale is a constant factor of the fracture length scale € = c. \/wf_L , for a prescribed fracture wall
roughness height scale constant c.. We note that for thin fractures these roughness height scales can be greater than the actual fracture width, but this
is not inconsistent given the parameterization in Eq. (A15). It might seem simpler to set € = c.wy, but for the friction parameterizations used this would
result in drag force that does not decrease monotonically with increasing fracture width. We set cc to a relatively high value of 0.25. The high value
provides an approximate way to account for flow resistance that would arise from complicated fracture networks geometries (rather than just
contiguous parallel planes), and ensures that the hydraulic conductivity of fractures is not overestimated compared to bubble networks.

A.5. Magma properties
We use Henry's law for equilibrium water solubility:

S, = c; VP (A17)

where c; is a saturation constant (Burnham and Jahns, 1962). We also introduce an additional minor amount of persistent exsolved gas that both
approximates the presence of other gasses like CO; that would start exsolving beneath our model domain (Newman and Lowenstern, 2002; Schipper
et al., 2019) and improves numerical stability. Dissolved water is then given by:
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Cy = S, if S\, < Cinitiat — Cpermanent (A18)

Ca = Cinitiar it Syv > Cinitiat — Cpermanent (A19)

where Ciniriqr is initial total water content and Cpermanent is the small amount of persistent gas (0.1 wt%). We use the ideal gas law for gas density:

P
= A20
b= R 7 (A20)
where Ry is the specific gas constant for H>0 and T is temperature. We note that at greater depths within the conduit, exsolved H»O will actually be a
supercritical fluid with higher density than indicated by the ideal gas law. We assume constant density for the melt.
We assume constant and Newtonian gas viscosity. We use an empirical function for the Newtonian viscosity of hydrous leucogranitic melts (Hess
and Dingwell, 1996):

9601 — 2368In(100C,)
T — (195.7 + 32.25In(100C,) )

logio(,,) = —3.545 + 0.8331n(100C,) + (21)

The impact of bubbles on effective magma viscosity can be significant, though less than the multiple orders of magnitude arising from volatile
exsolution (Hess and Dingwell, 1996). Additionally, the magnitude and sign of the impact of bubbles on effective magma viscosity depends on strain
rate (Llewellin and Manga, 2005), which would make the effective magma viscosity non-Newtonian and inconsistent with our Poiseuille flow
assumption. For simplicity we thus neglect the impact of bubbles on effective magma viscosity.

A.6. Gas flux through conduit walls

Mass flux of gas through the conduit walls/host rock is approximated as (Jaupart and Allegre, 1991):
gw =0if P < Py, (A22)

<kw(P — Pin) ki (P — Puy)

Py .
w = 271, =
q nr.d 0 min L p

8

> if P > Py, (A23)

where k,, is wall rock Darcy permeability (assumed constant), k;is magma Darcy permeability (Egs. (A9)-(A11)), L, is an assumed wall rock pressure
diffusion length scale, and Py is lithostatic pressure which we approximate assuming a uniform wall rock density p,:

Py = —p,,82 (A24)

The minimum condition ensures that excessive amounts of gas are not lost to the conduit walls when permeability of the magma column would be a
limiting factor. When ¢< 10~> we downscale g,, to keep ¢ > 0 during integration. This treatment of wall rock gas loss neglects inertial permeability,
which is valid in the limit of slow lateral gas flow. Lateral gas velocity will decay approximately inversely with distance away from the conduit (as a
simple radial mass conservation formulation would show), so the slow lateral gas flow assumption is likely valid except possibly very near the conduit.
This approach additionally neglects overpressure-induced fracturing of conduit walls (Jaupart, 1998; Unwin et al., 2021), which could allow addi-
tional gas flow depending upon the size and spacing of these fractures and the permeability of any magmatic material that fills them. Lastly, the
assumption of uniform wall rock density may underestimate lithostatic pressure (and hence overestimate wall rock gas loss) at depth if density in-
creases with depth.

A.7. Numerical methods

We numerically integrate Py, ¢, and volatile flux (within the conduit, so excluding wall rock gas loss) g, over depth starting from the base of the
conduit. Integration is done with a modified version of MATLAB's ode23s stiff differential equation solver that stores variable histories and allows us to
account for permeability hysteresis. All integration variables are scaled and shifted so that their attainable values range between one and two, and for
all of the scaled integration variables we use an integration error tolerance per depth increment of 10~%. Integration steps are informed by Jacobians
(e.g., (dPy,/dz)/dPy, (dP,/dz)/d¢, and etc.) which we estimate using first order finite difference approximations with directionality and step sizes
adjusted based upon the state of the integration variables to ensure stability. While we have chosen these integration methods based on extensive
testing, the equations can be very stiff, so in some cases integrations do not complete due to numerical issues.

Within each integration step the linear system of governing equations (Egs. (1)-(4)) are solved for dPy/dz, d¢/dz, duy,/dz, and dug/dz. Above

depths where the chosen porosity threshold has been met (meaning fractures are present) we use MATLAB's fzero iterative nonlinear root finding
algorithm to solve for the value of Fpg that meets the condition:

di(/) _ d¢lhres/1

e & + Xe*‘l’(‘i’*%/mh) (A25)

within a tolerance of 107> m™!, where y and v are small constants (10~ and 107 respectively) such that the exponential term enforces a gradual
convergence to the threshold that increases numerical stability. We then use two nested applications of fzero to solve the system of three equations
governing partitioning of gas flow between bubble networks and fractures for ug, ug;, and ¢y, with a tolerance of 10735 Pa on the pressure balance
between bubble networks and fractures, and a tolerance of 103> N/m on the total gas drag force per unit length. For numerical stability we impose the
limit that fractures cannot occupy >99% of the total porosity. In some cases even with all gas flow occurring through fractures a low enough value of
Fpg cannot be reached to satisfy the porosity threshold, in which case we stop that integration.
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To meet the atmospheric pressure condition at the top boundary, we use an alternating bisection/secant shooting method (which can increase
convergence rates) to iteratively repeat integrations with different values of base conduit radius rp.s.. We set initial feasible bounds on rpgs using
Poiseuille flow calculations. We assume an acceptable solution has been reached when Pgy, < Py < 2Pg, and —2 < 2 < 2. In some cases the shooting
method does not converge to a solution because values of 45, that over and under-shoot the top boundary condition (or that do not satisfy the porosity
threshold) are separated by less than our chosen threshold of 10~8 m. Where the shooting results of such cases were assessed in detail, there is no
indication that further refinement of r45 would yield a solution. In such cases testing different tolerances elsewhere in the numerical methods also
generally does not yield solutions, though we cannot guarantee that solutions do not exist. In all cases, for the values of ry4 tested the cost functions
appear to be monotonic (except where the porosity threshold is not met where cost is not defined), which suggests it is unlikely (though not
impossible) that there are multiple solutions over the interval of rp considered.

A.8. Additional figures
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Fig. A2. Comparison of simulations in Fig. 4, Fig. 5, and Fig. 6. In the Fig. 4 simulation parameter values are from Table 1, except vent porosity threshold e, which
is left at 85%. In the Fig. 5 simulation vent porosity threshold ¢yen is left at 85%, initial mass flux ginitiqr is reduced to 102 kg/s, wall rock permeability k,, is increased
to 1072 m?, and other parameter values are from Table 1. In the Fig. 6 simulation all parameter values are from Table 1.
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