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Abstract
Multi-phase controls on lava dynamics determined through analog experiments, observations, and
numerical modeling

Janine Birnbaum

Volcanic eruptions pose hazards to life and insfrastructure, and contribute to the resurfacing of
earth and other planetary bodies. Lavas and magmas are multi-phase suspensions of silicate melts
(liquids), solid crystals, and vapor bubbles, and solidify into glass and rock upon cooling. The
interactions between phases place important controls on the dynamics and timescales of magma
and lava transport and emplacement. The purpose of this thesis is to explore the role of multi-
phase interactions in controlling eruption dynamics and inform conceptual and numerical models
for hazard prediction.

In Chapters 1 and 2, centimeter to meter scale analog experiments are used to explore the
multi-phase rheological properties and flow behaviors of bubble- and particle-bearing suspensions.
Optical imaging of dam-break experiments presented in Chapter 1 expand existing experimental
parameter ranges for lava analogs to higher bubble concentrations than existing datasets (up to 82%
by volume bubbles and 37% by volume particles). I develop a constitutive relationship for three-
phase relative viscosity, and demonstrate that at the low strain-rate conditions relevant to many
natural lava flows, accounting for the rheological effect of bubbles can result in the prediction
of slower runout speeds. Chapter 2 expands upon the work of Chapter 1 using different analog

materials observed using nuclear magnetic resonance imaging (MRI) phase-contrast velocimetry



(PCV) to measure velocity in the flow interior of three-phase dam-break experiments. I find that
for high-aspect ratio particles (sesame seeds), phase segregation into shear bands readily occurs,
even at low particle fraction (20%) and results in strain localization. I suggest that the presence of
shear bands can lead to faster flow runout than predicted using assumptions of bulk rheology.

Chapter 3 analyzes thermal infrared (IR) time-lapse photography and videography of Hawaiian
to Strombolian explosive activity during the 2021 eruption of Cumbre Vieja volcano, La Palma,
Canary Islands, Spain. Images are analyzed to find time series of apparent plume radius, velocity,
and apparent volume flux of high-temperature gas and lava. I compare with other measures of
eruptive activity, including remote observations of plume height, SO, flux, effusive flux, tremor,
and events at the volcano edifice including edifice collapses and the opening of new vents. I find
correlations between tremor and explosive flux, but no correlation with SO, flux or effusive flux,
which I interpret as evidence of bubble segregation, highlighting the role of phase segregation and
temporal variability in material properties in natural systems.

Finally, in Chapter 4, I develop a novel finite element model to explore the interaction between
a viscous flow with a solidified crust, and the effect of these interactions on lava flow and lava
dome emplacement. I develop a model that couples a temperature-dependent viscous interior with
an elastic shell flowing into air, water, or dense atmospheres. The model expands upon existing
numerical simulations used in volcanology to have direct applications to lava flows and domes
on the sea floor, which accounts for a large portion of the volcanism on Earth, and volcanism on
other planetary bodies. Additionally, the formation of levees or solidified flow fronts that fracture
and lead to a restart of flow. These lava flow breakouts pose a significant hazard, but there are
currently no volcanological community codes capable of using a physics-based approach to predict
the timing or location of breakouts. The model in Chapter 4 is the first to allow for assessment of
the likelihood of failure at the scale of a flow lobe. Chapter 4 describes the model formulation and
verification, and validation against centimeter-scale molten basalt experiments.

The dissertation as a whole integrates work using a variety of methods including analog ex-

periments, observations of natural eruptions, and numerical simulations to contribute to our under-



standing of the effects of multi-phase interactions on volcanic eruptions.
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Introduction

Lavas and magmas play an essential role in the formation of the Earth's crust and surface.
Effusive eruptive products cover70%of the surface of the planet and contribute to the formation
of the Earth's crust. In addition to long-term controls on global physical and geochemical systems,
on human timescales volcanic eruptions present a serious geologic hazard to both life and property.
Accurate prediction of eruption hazards and the interpretation of past eruptions rely on physics-
based numerical models that capture the key processes affecting magma and lava dynamics and
emplacement. Magmas and lavas are multi-phase suspensions, composed of molten silicate liquid
(melt) that suspend a variable fraction of solid crystals and gas bubbles, and when cooled, silicate
liquids solidify into glass. The relative proportions of, and interactions between, different phases
in magmas and lavas place important controls on magma transport and eruption dynamics. In this
dissertation, | use a combination of analog laboratory experiments, observations of natural volcanic
eruptions, and numerical modeling to address challenges in understanding multi-phase interactions
in lavas and magmas with implications for improved hazard forecasting.

An estimated 8% of the world's population in 2015 lived within 100 km of a volcano with at
least one signi cant historical eruption, and more than 1 billion people lived within 100 km of a
Holocene volcano. The percentage of people living nearby volcanoes has increased since 1975 and
volcanic risk is expected to continue to increase in the near future (Freire et al., 2019). While the
effects of effusive and low-intensity explosive eruptions are typically limited to near the volcanic

edi ce, they pose a signi cant local hazard to life and infrastructure. Two recent examples demon-
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strate the potentially large impact of volcanic eruptions in populated areas: the Kilauea Lower East
Rift Zone (LERZ) eruption in 2018 destroyed more than 700 structures, and caused an estimated
USD$500M statewide in damages (Guha-Sapir et al., 2023; Institute for Sustainable Development,
2020), and the 2021 eruption of Cumbre Vieja (Tajogaite) destroyed more than 2800 buildings and
cost an estimated USD$1B (Carracedo et al., 2022; Guha-Sapir et al., 2023). An important chal-
lenge that currently faces the volcano science community is the accurate prediction of the style
and impact of volcanic eruptions based on the integration of observations and quantitative models
(National Academies of Sciences & Medicine, 2017). An important component in addressing this
challenge requires an improved understanding of the physical processes that relate lava properties
and environmental conditions to resulting emplacement timescales, extent, and morphology.

Volcanic eruptions are subject to a variety of internal processes and interactions with the sur-
rounding environment, which result in feedbacks that control transport and emplacement. The
primary internal controls on lava and magma dynamics are magma properties, such as density and
viscosity, which vary over space and time during an eruption in response to changing composition,
pressure, and temperature (Cashman & Sparks, 2013; Gonnermann & Manga, 2007). Important
external controls include eruption rate, steadiness, and duration (Fink & Bridges, 1995; Fink et
al., 1993; Fink & Grif ths, 1998; Lev et al., 2019; Rader et al., 2017), and interaction with pre-
existing topography (P. Richardson & Karlstrom, 2019). Heat loss through interaction with the
environment, slows and eventually arrests lava movement through temperature-dependent changes
in viscosity, crystallization, and solidi cation (Giordano et al., 2008; Kargel, 1991).

The rheology of magma exerts a rst-order control on magma and lava transport (Cashman
& Sparks, 2013; Gonnermann & Manga, 2007). The viscosity of silicate liquids can range over
orders of magnitude in response to changes in composition, dissolved volatile content, and tem-
perature and has been an area of focused study (e.g., Giordano et al., 2008). In addition to a liquid
phase, magmas and lavas carry in suspension solid crystals and exsolved vapor bubbles. The crys-
tal and bubble populations are expected to evolve with time and space during magma transport and

lava emplacement, and can range from nearly crystal free (e.g., J. Castro et al., 2002) to entirely



crystalline in subsurface reservoirs, and vesicularities extend from nearly gas-freg¢ a@%oin

lava ows (e.g. Dietterich et al., 2021). The presence, abundance, and characteristics of crystals
and bubbles in lava ows can modify the bulk rheology of a ow. Increasing suspended phases
varies the effective viscosity by several orders of magnitude, and contributed to shear-rate depen-
dent behavior, and the development of a nite yield stress that may contribute to steep margins
of lava ows and domes (Llewellin et al., 2002b; Mader et al., 2013; Mueller et al., 2010). Ad-
ditionally, suspended phases may have a different density than the suspending liquid, changing
the bulk density of the ow. Concentrated particle and bubble cargoes can also contribute to a
change in the thermal evolution of the ow through changing thermal conductivity (Keszthelyi,
1994; Phan-Thien & Pham, 2000).

The external surfaces of lava ows may form a cooled skin or solidi ed shell that impedes
ow, but also serves to insulate lavas from heat loss. In the case of lava tubes, the presence of
an insulating shell is crucial to achieving extremely long runout distances, that otherwise require
very low viscosity lavas (Kargel et al., 1994). In lobate ows and lava domes, the presence of a
thick crust, especially at the ow front, is likely important in impeding ow and generating steep-
sided features. In some cases, ow front progression may be arrested, requiring fracture through
the thickness of the solidi ed shell to expose new lava and continue advancement, known as lava
ow breakouts. Highly fractured lava surfaces are observed in a variety of environments and serve
not only as a record of the emplacement process but actively contribute to the ow dynamics and
thermal evolution by exposing fresh lava. The effect of a solidi ed crust has been investigated
through natural observations (e.g., Chadwick et al., 2013; Darmawan et al., 2017; Gros Is et al.,
2000; Pinkerton & Wilson, 1994; Stofan et al., 2000; Tuffen et al., 2013) and analog experiments
(e.g., Cashman et al., 2006; Fink & Bridges, 1995; Fink et al., 1993; Fink & Grif ths, 1998; T. K.
Gregg & Fink, 1995; Kerr et al., 2006; Lev et al., 2019; Peters et al., 2022; Rader et al., 2017), but
has received relatively less detailed investigation using numerical modeling (e.g., Crisp & Baloga,
1990; Iverson, 1990; Quick et al., 2017; Quick et al., 2016).

We use numerical models to make predictions about possible eruptions, and to interpret erup-



tive products from past eruptions. Numerical models of magma and lava dynamics must make
simplifying assumptions to incorporate the effects of physical processes including heat and mo-
mentum transfer. Models are typically calibrated to observations of natural systems and laboratory
analog experiments. They range in complexity from complicated systems that resolve individual
crystals and bubbles (Bergantz et al., 2015; Qin etal., 2018, e.g.), but which have a correspondingly
high computational cost to simpli ed models that parameterize the effects of physical processes
(Harris & Rowland, 2001; Hyman et al., 2022; Kelfoun & Vallejo Vargas, 2015; Quick et al., 20186,
e.g.), which are fast and inexpensive to run many times. Simpli ed models are particularly useful
for probabilistic hazard assessments or inversions for eruptive conditions, but cannot be used to
investigate the physical controls on lava dynamics.

A common assumption used to simplify models treats lavas and magmas as a single bulk uid
in which physical properties such as rheology, thermal conductivity, and emissivity are parame-
terized as functions of a small number of variables. These constitutive relationships may depend
on temperature, suspended crystal volume fraction, bubble volume fraction, and shear rate. Such
models are called phase-averaging or phase-integrated models (Cordonnier et al., 2016). There is
signi cant room for improvement in the understanding of the effective bulk properties and behav-
iors of multi-phase suspensions. In particular, the rheology of multi-phase suspensions, especially
in the concentrated®( 35% by volume) three-phase regime, can have a large impact on ow dy-
namics, but remains under-investigated (e.g., Caricchi et al., 2007; Phan-Thien & Pham, 1997;
Pistone et al., 2012; Pistone et al., 2013; Pistone et al., 2017; Truby et al., 2015).

Most models do not track centimeter- to meter-scale spatial heterogeneity in crystal and bubble
populations. They often average over the height and width of a ow to reduce computational
cost (e.g., Costa & Macedonio, 2005; Harris & Rowland, 2001; Kelfoun & Vallejo Vargas, 2015),
or have a simpli ed two-layer treatment (e.g., Hyman et al., 2022; Iverson, 1990; Quick et al.,
2017; Quick et al., 2016). Temporal variability in material properties may be held constant or
allowed to evolve down- ow according to simpli ed parameterizations of cooling, which usually

considers only evolving crystal content and liquid viscosity (e.g., Harris & Rowland, 2001; Kelfoun



& Vallejo Vargas, 2015). Additionally, the source conditions, including the temperature, volume
fraction of crystala and bubbles, and other material properties at the vent are typically held constant
with time. Eruption rate and steadiness may be held constant, or follow a step function, or simple
peak and then decay over time (Wadge, 1981), despite observations of unsteady effusion rate (e.qg.,
M. R. Patrick et al., 2019). Insights from analog experiments suggest pulsed or unsteady effusion
rates likely play a role in the development of observed structures (Fink & Bridges, 1995; Fink
et al., 1993; Fink & Grifths, 1998; Lev et al., 2019; Rader et al., 2017), and observations from
eruptions suggest that the chemistry and suspended crystal and bubble cargoes vary over the course
of an eruption (e.g., Soldati et al., 2021; Tramontano, 2023).

The role of solidi cation on cooling ows is usually highly simpli ed (lverson, 1990; Quick
et al., 2017; Quick et al., 2016), if present at all, and no existing community code is capable of
making physics-based predictions for the timing and location of fractures and lava ow break-
outs. Many models simply end emplacement once the ow front becomes suf ciently solidi ed
and cannot simulate breakouts. Criteria for benchmarking community codes in lava ow model-
ing do not explicitly include solidi cation or fracture (Cordonnier et al., 2016; Dietterich et al.,
2017). de'Michieli Vitturi and Tarquini (2018) consider breakouts in hazard assessment, but use
a probabilistic method to initiate breakouts randomly at the ow margins, which does not allow
for systematic investigation of the relationship between cooling times, ux rates and steadiness, or
other factors on the timing and location of breakouts. We need additional observations from natural
and analog systems, along with improvements in numerical modeling, to advance our understand-
ing of the role of crystals, bubbles, and glass on controlling eruption dynamics and emplacement
processes.

The contribution of this dissertation is to improve the state of understanding of the role of multi-
phase interactions between silicate melts, crystals, bubbles, and glass on controlling lava transport
and emplacement. | use a combination of analog experiments, observations from natural volcanic
systems, and numerical modeling. In Chapters 1 and 2, analog experiments are used to constrain

the rheology of multi-phase suspensions, and Chapters 2 and 3 consider how spatial and temporal



variation in phase distributions can affect eruption dynamics. Chapter 4 presents a new numerical
model capable of resolving the interactions between a viscous ow interior and a solidifying elastic
shell for applications to lava dome and lava ow breakout modeling.

In Chapter 1, | begin by improving models for three-phase suspension rheology. Two-phase
solid—liquid (particle) and gas—liquid (bubble) suspensions are important across nature and in-
dustry, including in the production of foods, pharmaceuticals, and construction materials, and oll
extraction. Consequently, their behavior has been well characterized, especially for solid—liquid
suspensions (Mader et al., 2013). Numerous studies show that the apparent viscosity of particle
suspensions increases with particle volume fraction, and intermediate and concentrated suspen-
sions show non-Newtonian behavior with nite yield stresses and strain-rate dependence (Einstein,
1911; Krieger & Dougherty, 1959; Mueller et al., 2010). Existing experiments reveal a range of
behaviors in which bubble suspensions exhibit an increase or decrease in apparent viscosity relative
to the liquid phase, depending on conditions of shear. Concentrated bubble suspensions also show
non-Newtonian behavior, including non-zero yield stresses and shear-thinning or shear-thickening
behavior (Chesterton et al., 2013; Llewellin et al., 2002a; Llewellin & Manga, 2005; Manga et
al., 1998; Pal, 2003; Pistone et al., 2012; Princen & Kiss, 1989; Rouyer et al., 2005; Rust &
Manga, 2002b; Stein & Spera, 1992; Taylor, 1932). The rheology of three-phase suspensions (lig-
uid suspending particles and bubbles) has received much less detailed investigation, but is known
to be a complex function of the suspended phase fractions, micro-textural properties such the size
and shape distributions of particles and bubbles, and the conditions of shear (Phan-Thien & Pham,
1997; Pistone et al., 2012; Truby et al., 2015). The only systematic experimental study, was limited
to solid phase fractiorgg>:g3 05, and gas phase fractioggog. 0°3, and low capillary number
(Truby et al., 2015). Whilst the rheology of natural magmas has been measured directly (Ishibashi,
2009; Pinkerton & Norton, 1995; Ryerson et al., 1988; Soldati et al., 2016), such measurements
are challenging to perform and interpret, and are not well suited to systematic investigation of
parameter space. As a result, it has been common for rheology of magmatic suspensions to be

investigated via analog experiments (Castruccio et al., 2010; Llewellin et al., 2002a; Mueller et al.,



2010; Rust & Manga, 2002b; Truby et al., 2015).

| conducted laboratory experiments using lava analogs comprised of corn syrup with suspended
plastic particles and gas bubbles. | include volume fractions of gas up to 82% in combination with
particle fractions up to 37%, expanding the three-phase parameter space considered in previous
studies to volcanologically-relevant conditions. | measure the ows using a dam-break consistome-
ter setup in which the uid slumps under its own weight down a con ned channel and invert for
rheology using 1D forward models and the probabilistic Ensemble Kalman Filter (EnKF) frame-
work. | tan empirical model for the Herschel-Bulkley rheology parameters consistenagyeld
stressgy, and ow index,=, as a function of particle and gas volume fraction and capillary number.
The two-phase solid-liquid suspensions are in good agreement with previous studies (Castruccio
etal., 2010; Hoover et al., 2001; Mader et al., 2013; Mueller et al., 2010), and two-phase gas-liquid
suspensions are in moderate agreement with previous studies (Llewellin & Manga, 2005; Princen
& Kiss, 1989; Rouyer et al., 2005; Stein & Spera, 1992; Truby et al., 2015). Three-phase experi-
ments expand upon the work of Phan-Thien and Pham (1997) and Truby et al. (2015), and we nd
that bubbles in three-phase mixtures have a greater stiffening effect than previously shown. The
implications of this nding are highlighted through the use of the 1D forward model PyFLOWGO
(Chevrel et al., 2018; Harris & Rowland, 2001) and suggest that lava ow propagation may be
slower for bubble-rich lavas than expected according to previous studies.

One challenge encountered in Chapter 1, and in many other experimental studies on multi-
phase ows, is the inability to directly observe the ow interior of concentrated particle- and bub-
ble suspensions. Suspensions are opaque, even when the suspending liquid is transparent, which
limits optical observations to the surface and edges of the deforming sample, which are neces-
sarily subject to edge effects, or to quenched samples. As such, we must adhere to a number
of simplifying assumptions to analyze the data, including assuming a velocity pro le with depth
according to a pre-determined rheological law, and uniform particle- and bubble concentrations.
To improve our understanding of the ow interior, in Chapter 2, | conduct additional experiments

using analog materials imaged using nuclear magnetic resonance imaging (MRI) phase-contrast



velocimetry (PCV) P. Callaghan, 1991; Lauterbur, 1973; Mans eld, 1977. PCV-MRI allows for
measurement of the velocity of the liquid phase in the ow interior, which | use to nd effective
suspension rheology. For dilute suspensions of particles and bubbles, we nd viscosity estimates
in good agreement with Chapter 1. In the case of concentrated particle suspensions with high
aspect-ratio particles, we observe the development of shear banding, in which ow is concentrated
into bands of locally lower particle fraction. Shear bands concentrate deformation into regions
of locally lower viscosity that dominate ow propagation. This nding has implications for the
interpretation of analog and natural ows using only optical imaging in which shear localization
may be dif cult to identify, and also for hazard modeling in which ow runout speed may be faster
than expected based on rheology estimated from textural characterization.

Chapter 3 utilizes observations from the 2021 Tajogaite eruption of Cumbre Vieja, La Palma,
Canary Islands, Spain to understand temporal variability in low-intensity explosive behavior. | ana-
lyze thermal infrared (IR) video recorded nearly daily over 85 days of eruption and time-lapse pho-
tography over a ten-day window. | calculate apparent plume radius, velocity from optical ow, and
apparent volume ux of high-temperature material. | document temporal variability in unsteady
Hawaiian and Strombolian activity. Explosive ux correlates over the eruption with changes in
volcanic tremor which is a proxy for pressurization in the upper conduit. Pressure changes may be
linked to changes in volume ux or relative gas fraction in the source magma. Changes in effusion
rate precede changes in explosive ux by minutes to hours and are not correlated across the entire
eruption duration, which indicates variability in the proportion of suspended gas with time in the
source magma. Additionally, | show short-term (seconds to minutes) variability in multiple co-
existing vents which show correlated behavior, suggesting that the short-term temporal variability
is driven by uctuations in gas supply and coupling to the liquid phase (B. H. Walker et al., 2023).
This chapter leverages a large dataset to improve our understanding of the short- and long-term
temporal variability in magma and gas supply of natural eruptions.

In Chapter 4, | develop a novel two-dimensional nite element model for lava ow and dome

simulations that couples a viscous ow interior with an elastic shell or carapace which has thus



far received only simple treatment (e.g., Crisp & Baloga, 1990; Iverson, 1990; Quick et al., 2017,
Quick et al., 2016). The uid interior is modeled using a linearized momentum equation for ow
with a temperature-dependent viscosity. Below the glass transition temperature, the material be-
haves as a linear elastic solid using a uni ed model (Bordére & Caltagirone, 2014; Hubner et al.,
2004) that solves everywhere for pressure, velocity, and temperature and calculates displacements
in the elastic region. The free-surface, solid-liquid interface, and basal topography are modeled
with the use of level sets. | validate the model using test problems including lid-driven cavity ow,
relaxation of a free surface, solidi cation from one edge of a cooling domain, and a spreading
droplet. | allow for iso-viscous and temperature-dependent viscosities relevant to lava and magma.
The model is capable of resolving the contribution of elastic deformation in solidifying lava domes
and predicting the likelihood of tensile failure of a lava ow front. | apply the model to exper-
imental results of a meso-scale molten basalt ow from the Syracuse Lava Project. The ability
to include an elastic shell coupled to the ow interior will improve our ability to understand the
growth of lava domes, and of ows into dense atmospheres, under water, or under ice for which
account for a large portion of volcanism on Earth and on other planetary bodies.

Together, this dissertation provides observations of multi-phase processes occurring in lavas
and magmas that act together to improve our ability to model lava dynamics. The results of this
dissertation have implications for hazard assessment including the need to include the effects of
bubbles on multi-phase rheology and phase segregation on the bulk runout speeds of lava ows.
Observations of unsteadiness in ux and suspended gas volume in low-explosivity volcanic activity
motivates the need to include temporal variability in the source conditions of model predictions.
Finally, simulations of the interactions between viscous and solidi ed material show differences in
the expected deformation from purely viscous models that plays a key role shaping the evolution

of lava ows and domes in a variety of environmental conditions.



Chapter 1: Rheology of three-phase suspensions determined via dam-break

experiments

Published version: Birnbaum et al. (2021).

Co-authors: Einat Lev & Edward W. LLewellin

1.1 Introduction

Two-phase liquid—solid (particle) and liquid—gas (bubble) suspensions are important across na-
ture and industry. Consequently, their behavior has been well characterized: see Mader et al. (2013)
for a through review. Numerous studies show that the apparent viscosity of particle suspensions
increases with particle volume fraction, and intermediate and concentrated suspensions show non-
Newtonian behavior with nite yield stresses and strain-rate dependence (Einstein, 1911; Krieger
& Dougherty, 1959; Mueller et al., 2010). Bubble suspensions exhibit an increase or decrease
in apparent viscosity relative to the liquid phase. Concentrated bubble suspensions also show
non-Newtonian behavior, including non-zero yield stresses and shear-thinning or shear-thickening
behavior (Chesterton et al., 2013; Llewellin et al., 2002a; Llewellin & Manga, 2005; Manga et al.,
1998; Pal, 2003; Pistone et al., 2012; Princen & Kiss, 1989; Rouyer et al., 2005; Rust & Manga,
2002b; Stein & Spera, 1992; Taylor, 1932). A key parameter determining the rheology of bubble
suspensions is the capillary number:

ca= 24 (L1)

where’ is the liquid viscosityQ is the undeformed bubble raditis the shear strain rate, ands
the surface tension. The capillary number re ects the ratio of viscous stresses that deform bubbles
and capillary stresses that restore them (Llewellin & Manga, 2005; Rust & Manga, 2002b; Stein &

Spera, 1992) Whe@a 1, viscous stress dominates, bubbles deform easily and decrease relative
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viscosity; whenCa 1, the surface tension resisting bubble deformation dominates, bubbles
remain nearly spherical and increase relative viscosity.

The rheology of three-phase suspensions (liquid suspending particles and bubbles) has received
much less detailed investigation, but is known to be a complex function of the suspended phase
fractions, micro-textural properties such the size and shape distributions of particles and bubbles,
and the conditions of shear (Phan-Thien & Pham, 1997; Pistone et al., 2012; Truby et al., 2015).
The only systematic experimental study, which was limitedge.g3. 05, geos. 03 and low
capillary number (Truby et al., 2015), found that the rheology was well described by a simple
convolution of existing two-phase rheology models in which the liquid and bubbles were treated
as an effective medium that suspended the particles. We expect that interactions between bubbles
and particles will become increasingly important at higher bubble and particle fractions such that
a simple convolution of two-phase models is insuf cient.

Magma (and lava, which is its subaerial counterpart) is a natural three-phase suspension, com-
posed of a molten silicate liquid (melt) that suspends a variable fraction of solid particles (crystals)
and gas bubbles. The suspending melt is Newtonian over a wide range of strain rates, and has a
viscosity that can vary over orders of magnitude (Dingwell & Webb, 1989; Giordano et al., 2008).
Bubble and crystal volume fractions can both range from 0 to 1, and typically change, along with
melt viscosity, during transport through the Earth's crust and over its surface. The rheology of
magma exerts a rst-order control on the dynamics of its eruption, and the emplacement of subse-
guentlava ows (Cashman & Sparks, 2013; Gonnermann & Manga, 2007). Whilst the rheology of
natural magmas has been measured directly (Ishibashi, 2009; Pinkerton & Norton, 1995; Ryerson
et al., 1988; Soldati et al., 2016), such measurements are challenging to perform and interpret, and
are not well suited to systematic investigation of parameter space. As a result, it has been common
for rheology of magmatic suspensions to be investigated via analog experiments (Castruccio et al.,
2010; Llewellin et al., 2002a; Mueller et al., 2010; Rust & Manga, 2002b; Truby et al., 2015).
Even with the use of analogs, it has proven challenging to perform rheometry on samples with

Jesos& 0°5. This is because samples with high bubble fraction are dif cult to prepare, particularly
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when the sample also contains particles, and because they are prone to breakdown when loaded
into a conventional rheometer. We conduct experiments in which bubbles are grevtumvia a
chemical reaction, and analysed using a dam-break consistometer. This approach circumvents both
problems, allowing us to investigate samples with bubble fractibns {sog  08) and particle

fractions 0 Qg>:g3 037) that span the most relevant ranges for natural magma and lava.

1.2 Theoretical background

1.2.1 Scaling

We scale our analog suspensions to basaltic magma, which typically has a pure-melt viscosity
in the range 19to 10* Pas (0° 10° Poise) at eruption temperature (Giordano et al., 2008), and
surface tension between 0.05 and 0.3 N/m (Bagdassarov et al., 2000; Mangan & Sisson, 2005; D.
Walker & Mullins, 1981). Bubbles that nucleate deep within the volcanic plumbing system are
likely to be small (radius 10 °to 10 2 m) and experience very low shear rateslQ 1°to 10 °
1/s), resulting in capillary numbeGa 1 (Petford et al., 2020; Vergniolle, 1996). As magmas
decompress on their way to the surface, bubbles grow and coalesce to rE@i? 10 2 m or
larger (Galindo & Gudmundsson, 2012; Gaonac'h et al., 2005; Thivet et al., 2020). However,
decimeter sized bubbles often segregate from the ow, making a suspension rheology approach
no longer appropriate. Magma in basaltic dikes experiences strain rates ufi@bto 107 1/s
(Petcovic & Dufek, 2005) and capillary number therefore spans fdan 1toCa 1. Atthe
surface, lava ows, particularly fast-moving ows (velocitiesl m/s) may experience strain rates
of 10 2 to 107 1/s, and both high and low capillary numbers (Manga et al., 1998). The viscosity
of silicate melts is suf ciently high that viscous stresses at the particle scale dominate over inertial
and Brownian stresses (Mueller et al., 2010). We therefore conduct experiments that span from

low to high capillary number, whilst remaining in the non-inertial, non-Brownian regimes.
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1.2.2 Theoretical framework for rheology of three-phase suspensions

To our knowledge, the only theoretically-grounded model for the rheology of three-phase sus-
pensions is that of Phan-Thien and Pham (1997). They present a model for the effective Newtonian

viscosity,[ , of a three-phase suspension of the form:

[A-F [— =[a-1a1 (1.2)

where[ a_gs the relative viscosity of the three-phase suspension (i.e. suspension viscosity normal-
ized by the liquid viscosity), anfa_-and[ a_jare the relative viscosities of the two-phase compo-
nents (particle-liquid, and bubble-liquid suspensions respectively). Importantly, this relation treats
one two-phase system as an effective viscous medium in which the third phase is suspended. Truby
et al. (2015) validated this theoretical form against experimental data, using existing models for

the viscosity of the two-phases suspensions:

60B

— and [a-= 1 deos - (1.3)

following, respectively, Mueller et al. (2010) and Llewellin and Manga (2005), where Einstein
exponents g>:g3= 2 and o = 1, andg< is a maximum packing fraction of solid particles.
Both Phan-Thien and Pham (1997) and Truby et al. (2015) note that the de nitiggogand
gg>:sFlepends on which two-phase suspension is chosen as the effective medium; in this study we
choose the particle suspension such thatgs= +p>:88'+8>:83 *+:8@p38NAJ60B= +6022*+60B,
+B>:83 +:3@p8awhere+ denotes the volume of the subscript phase.

Truby et al. (2015) extend the model of Phan-Thien and Pham (1997) to allow for non-Newtonian
effects by equating the suspension viscogitywith the consistency, , in the Herschel-Bulkley
model (Herschel & Bulkley, 1926):

9=0H, W- (1.4)

whereg is the shear stresgy is the yield stress, and is the ow index = j 1 implies shear-
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thickening,= Y 1 shear-thinning). We adopt this approach in the analysis below.

1.3 Methods

1.3.1 Experimental setup

Our experiments use a Bostwick (dam-break) consistometer, in which uid is released from a
reservoir and into a con ned rectangular channel (Fig. 1.1). The reservoir measures 20 cm along
the length of the channel, and the channel extends another 1 m; the reservoir and channel have a
constant width of 15 cm. The reservoir can be lled to a maximum depth of 15 cm, and in our
experiments initial reservoir depth ranges from 4 to 13 cm. The walls of the consistometer are
transparent to allow observation and imaging of the ow. We use 42DE corn syrup diluted to a
77% sugar concentration, measured using a Brix refractometer. Corn syrup is a Newtonian uid
with a viscosity that depends on water-content (dilution) and temperature. Our experiments are
conducted at room temperature (isothermal for a given experiment) which varied between 18.1
and 30.5 C, corresponding to syrup viscosities in the range 13:3 3.73 Pa s, measured using
a Brook eld rotational viscometer. The surface tension of corn syrupss 008 N/m (Rust &
Manga, 2002a); the surface tension of sugar solutions is only weakly dependent on concentration
(Sinat-Radchenko, 1982).

To the syrup, we add rigid plastic particles sieved to a mesh size of 60-80 (Sourced from
Precise Finishing Inc Stock No. GP-PP60/80, Polyplus / Type Il). Particles have near-neutral
buoyancy @gnaps 1395kg/m?, d»-oscez 1370kg/m?), are angular and slightly elongate (aspect
ratio 1.5 to 2), and have a dominantly unimodal size distribution (long ax200to 400" m).
Particles are stirred into the suspension by hand which leads to minimal air entrapment as shown
in the microphotograph in Supplementary Fig. S2. Volume fraction of solids in the suspension
is determined prior to the introduction of gas by mass of syrup and particles (uncertainty of 1-2
volume %). When multiple experiments with the same particle content were performed, a large
volume of syrup and particles was prepared, but gas was introduced to each sample individually.

Gas is introduced via a chemical reaction between baking soda (NgH&@ citric acid
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Figure 1.1: A) Dam-break setup showing uid release into a con ned channel. B-E) Top views
contrasting the slower ow-front progression with the addition of particles and bubbles, with start-
ing position (dashed) and position 10 s after dam removal (solid). All photos have the same scale.

(CeHgO7) which produces water vapor and €@as. Reactants are added with &4 ratio by
mass, Yyielding an empirical relation of roughly 0.5 g baking soda and 0.7 g citric acid per 100 g
syrup, per 10% desired gas volume fraction. The reaction begins immediately and the sample is

allowed to rise for 20 min prior to its release into the con ned channel. Samples g4tz Y 06
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