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ARTICLE INFO ABSTRACT

Editor: C.M. Petrone Effusive to violently explosive eruptions of crystal-rich magmas are frequently found in volcanic records. The
competing effects of rheological stiffening of magma in the presence of crystals and magma overpressure build-up
in the presence of bubbles typically control the volcanic explosivity. The bubble growth exerts extensional stress

on its wall, i.e., the melt+crystal matrix surrounding it. However, the rheology of crystal-rich magma under such
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Keywords: extension along with the effect of crystals on bubble growth, are poorly understood. From analog experiments, this
Extensional rheology study finds that crystalline magma exhibits yield stress and power-law rheology with broadly comparable values
Shear rheology under extensional and shear deformation. The pressure loss due to the presence of yield stress can significantly
gifsliil‘;eg'i:il;five eruptions affect bubble growth in magma. Using bubble growth model in crystallizing magma, this study shows that the

yield stress in melt+crystal matrix surrounding bubbles can exceed gas overpressure, preventing bubble growth.
The model parameter search exhibits three regimes of bubble growth in crystallizing magmas for a wide range
of magma decompression and crystallization rates during effusive to explosive volcanic eruptions. In the yield
stress-limited regime, a complete halt in bubble growth can occur at a relatively small viscosity of crystal-rich
basaltic magma (~10° Pa s), and depending on the crystalline system, at a crystal volume as low as ~30%. On
the other hand, at relatively higher magma decompression rates, significant magma expansion associated with
relatively rapid bubble growth, even at a relatively high normalized crystal content of >90%, could cause magma
fragmentation and eruption explosivity. This study demonstrates that small changes in eruption conditions, such
as magma decompression rates and crystallization rates, can cause significant changes in bubble growth dynamics
with implications for transitions in volcanic eruption styles.

Conduit flow model
Yield stress-limited growth

1. Introduction non-Newtonian rheology of crystalline magma on bubble growth could
provide better insights into the effusive-explosive transitions in volcanic

The exsolution of dissolved volatiles into bubbles and their growth eruption styles.

dynamics drive magma fragmentation and the styles of volcanic erup-
tions (e.g., Sparks, 1978; Proussevitch et al., 1993; Toramaru, 1995;
Zhang, 1999; Papale, 1999; Lensky et al., 2004; Gonnermann and
Manga, 2007; Ichihara, 2008; Namiki and Manga, 2008; Oppenheimer
et al., 2015; Suckale et al., 2016; Gardner et al., 2023). Magmas in ef-
fusive to violently explosive volcanic eruptions often contain abundant
crystals (e.g., Melnik and Sparks, 1999; Sable et al., 2006; Lavallée et
al., 2007; Sable et al., 2009; Okumura et al., 2016; Arzilli et al., 2019;
Andrews and Befus, 2020; Petrone et al., 2022). While rheological stiff-
ening of magma in the presence of abundant crystals (e.g., Mader et
al., 2013) promotes outgassing, plug formation, and eruption periodic-
ity (e.g., Hammer et al., 1999; Melnik and Sparks, 1999; Gurioli et al.,
2014), it may also cause high eruption explosivity (e.g., Moitra et al.,
2013, 2018; Arzilli et al., 2019; Okumura et al., 2019; La Spina et al.,
2021; Bamber et al., 2022, 2024). Thus, understanding the effect of the
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A growing bubble in ascending and crystallizing magma exerts an
extensional stress on the wall (melt+crystal matrix) surrounding it. This
plays a key role in driving magma expansion and fragmentation (e.g.,
Zhang, 1999; Villermaux, 2012; Moitra et al., 2013; Jones et al., 2019;
Okumura et al., 2019). Thus, the characterization of the rheological
properties of crystal-rich magma under extensional deformation is im-
portant but currently lacking, as compared to its rheology under shear
(e.g., Caricchi et al., 2007; Cimarelli et al., 2011; Mueller et al., 2011;
Avard and Whittington, 2012; Lev et al., 2012; Picard et al., 2013; Vona
et al., 2013; Faroughi and Huber, 2015; Moitra and Gonnermann, 2015;
Soldati et al., 2016; Bergantz et al., 2017; Kolzenburg et al., 2022). It is
important to characterize the rheological properties under extensional
deformation, especially in crystal-rich systems, where crystal-crystal in-
teractions could significantly affect the magma rheology, and therefore,
bubble growth.
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Fig. 1. Schematic diagrams (not to scale) show the (a) shear and (b) extensional
experimental set-ups. The symbol definitions are given under ‘Notation’.

The viscosity of crystallizing magma increases exponentially with
increasing crystal content until the development of crystal-crystal inter-
action or a yield stress, i.e., the minimum stress required for the mobility
of crystalline magma. Recent advances in our understanding of magma
rheology in the presence of crystals show the existence of such yield
stress, often referred to as an apparent yield stress (Barnes, 1999), that
is developed due to crystal jamming when a critical crystal volume frac-
tion is reached (e.g., Ryerson et al., 1988; Pinkerton and Stevenson,
1992; Hoover et al., 2001; Walsh and Saar, 2008; Cimarelli et al., 2011;
Mueller et al., 2011; Mader et al., 2013; Moitra and Gonnermann, 2015).
For practical purposes, the effect of this apparent yield stress is usually
neglected in characterizing the dynamics of crystal-rich magma during
eruptions, and therefore, has remained poorly understood.

Since bubble growth causes an extensional deformation to the sur-
rounding melt+crystal matrix while the bulk flow of magma experiences
a shear deformation along the conduit wall, it is important to evaluate
the yet-to-be-determined relationships between the rheological prop-
erties of crystalline magma under shear and extensional deformation.
Therefore, using analog laboratory experiments, this study first charac-
terizes the rheological properties of crystal-rich magma under extension
and compare them with the outcomes under shear deformation. Then,
using the experimental outcomes in a model of bubble growth in crystal-
lizing magma, it investigates the effects of crystals on the bubble growth
dynamics during volcanic eruptions. The implications of the experimen-
tal and numerical findings on the effusive-explosive styles of volcanic
eruptions are discussed.

2. Rheology experiments
2.1. Analog suspension

Experiments using dense particulate suspension analogous to silicate
melt suspended with abundant crystals are performed to characterize
crystal-rich magma rheology under shear and extensional deformation
(Fig. 1). The suspension was made with solid glass spheres with ~ 3-
10 um diameter (inset of Fig. 2a) and ~2500 kg m~3 density, suspended
in a Newtonian silicone liquid (970 kg m~> density), i.e., the viscosity
of the liquid (~111 Pa s) does not change under the applied stresses and
strain rates in the experiments.

The glass spheres and the liquid were mixed at a particle volume
fraction of ~0.55, which is close to the maximum packing of such a
particulate system (Moitra and Gonnermann, 2015). The liquid and par-
ticles were mixed and deaerated using a planetary mixer. The suspension
characteristics and the dynamic similarity are discussed in section 3.1.1.
The rheology experiments were performed using new samples for each
experiment, and under a range of stress and strain rates at ambient tem-
perature.

2.2. Shear rheology

For shear experiments, the liquid+particle suspension was placed
in a parallel plate set-up (Fig. 1a) in a rotational rheometer. The gap
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between the parallel plate or sample thickness was 1 mm for all experi-
ments. The suspension was deformed under continuously varying shear
stress (up to 6000 Pa), where the lower plate was stationary and the up-
per plate was rotating under the applied torque, M. To avoid wall slip,
sand-blasted upper and lower plates were used in the experiments.

For a given applied torque and the resultant angular velocity (£2) of
the upper plate, the shear stress, 7g, is calculated using (Mezger, 2006):

2M
§= 5 1)
ar

where the shear rate, yg, is calculated using:

Qrp

Vs = et 2)

Here £ is the sample thickness and r, is the upper plate radius (~12.5
mm). A small oscillatory shear was applied at the beginning of each
experiment to avoid any artifacts due to sample placement (Moitra and
Gonnermann, 2015).

2.3. Extensional rheology

To characterize extensional rheology, the dense particulate suspen-
sion was placed between two parallel plates (Fig. 1b) in a tensile tester.
To achieve a purely uniaxial extension and to avoid any effects of shear
deformation, the top plate was moved upward at a constant stretch rate
with an exponential velocity profile (e.g., McKinley and Sridhar, 2002),
such that

L,(t) = Loexp(En), 3

where L, is the plate separation length as a function of time, with a
starting length of L. E is the axial stretch rate, and ¢ is the time.

A small strain was applied prior to each experiment to avoid any
artifacts due to the placement of the sample (White et al., 2010). Ignor-
ing negligible effect of inertia, the extensional stress, 7y, is defined as
(Szabo, 1997):

F | 1pgrLory?)
Tg = ) 20 L - L.~ )]
oy oy Tmid

Here F is the tensile force, r ;4 is the mid-radius of the sample, p is the
density of the suspension, o is the surface tension, g is the gravitational
acceleration, and ry is the initial mid-radii of the sample.
The extensional rate of deformation, y, is given by
. =2 druig
= ——¢
7E® r dt

mid

, )

where the Hencky strain, yp = 2in(ry/rp;q), was =1-2.5 (see Supple-
mentary Material). To avoid any effect of shear at the edges, the ratio
between the initial length and the initial radius of the sample for all
experiments was > 1 (e.g., McKinley and Sridhar, 2002, see supplemen-
tary material). Each experiment was recorded, and the images were used
to measure the change in the mid-radius of the sample from conserva-
tion of fluid volume and with the aid of photographs of the extending
cylindrical filament. The axial stretch rate was varied between 0.05-2
s~!, which is larger than the capillary drainage timescale of the sus-
pension. For experiments at high strain rates, the samples experienced
ductile to brittle-like fracturing (Moitra et al., 2018), and therefore, the
stress-strain rate relationship prior to sample failure is evaluated.

3. Results and discussion
3.1. Rheological characterization of dense suspension
The experimental stress-strain rate data from shear and extensional

rheology experiments exhibit that the rate of deformation decreases
with decreasing stress (Fig. 2). The stress-strain rate data approximately
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Fig. 2. Stress as a function of the rate of deformation under shear (a) and extensional (b) deformation. The experimental data were fitted by Equation (6) (solid
lines). The inset in a shows the backscattered electron image of the analog spherical glass beads. The error in a is smaller than the symbol size. The error bars
in b correspond to repeat experiments and errors associated with estimates of sample mid-radii from experimental images. The inset in b shows snapshots of the
extensional experiment at 0.05 s~! stretch rate with an initial sample mid-radius (r,,;4) of 4 mm, where the sample was stretched until r,;;~1 mm.

plateaus at lower rates of deformation. This indicates the presence of
yield stress, i.e., the particulate suspension is not likely to deform at an
applied stress lower than the yield stress.

Accordingly, the stress-strain rate data from both sets of experiments
are fitted with the Herschel-Bulkley model (Herschel and Bulkley, 1926)
that accounts for both yield stress and power-law rheology:

T=Ty+Kj/". 6)

Here 7 and y are the stress and strain rates. 7, is the yield stress, K is the

consistency, and # is the flow index. The data was fitted by minimizing
the objective function, O, defined as

1 2
OF = \/N Z {logIO(Tmeasured) - logIO(TpffidiClEd)} ’ @

where N is the number of measured data points. 7ycasured 804 Tpredicted
are the measured and the predicted stresses, respectively.

Fig. 2 shows that the Herschel-Bulkley model reasonably well-
characterizes the non-Newtonian properties of the particulate suspen-
sion under shear (O = 0.003) and extensional (O = 0.077) defor-
mation. 7, and n obtained from shear and extensional experiments are
703 and 1500 Pa, and 0.62 and 0.82, respectively. K ~1.3x10* Pa s"
for both shear and extensional tests. Although the extensional viscosity
of a Newtonian fluid is a factor of 3 larger than the zero-shear viscos-
ity, based on the Trouton ratio, this factor may vary for non-Newtonian
fluids (e.g., Bird et al., 2015; Dai and Tanner, 2017). The extensional
viscosity of the particulate suspension at comparable low strain rates
(~1072 s71) is similar to that obtained from shear experiments. Future
experiments at smaller strain rates (<1072 s~!), will likely provide fur-
ther insights into the transient rheology of analog suspensions under
extension.

While this study investigates dense suspensions, the rheological
properties under extension are expected to depend on the particle vol-
ume fraction (e.g., Dai and Tanner, 2017), similar to the case under
shear deformation. Thus, for a range of crystal shape and size modality,
7, can be estimated using the formulations of Moitra and Gonnermann
(2015):

) )
ef-a-0-20)

Here ¢, is the crystal volume fraction and ¢,, is the maximum pack-
ing of the given crystalline system. ¢, is the critical fraction of crystals
where yield stress develops. The minimum normalized volume fraction
for the development of yield stress, ¢./¢,, & 0.15. For subspherical to

high aspect ratio uni- to bi-modal crystalline systems, the fitting param-
eter, ¥, varies between 0.20-4.40 (Moitra and Gonnermann, 2015). The
estimates of 7, using v* ~1.00 match reasonably well with the values
obtained from the experiments in this study (Fig. 3a). Further exten-
sional tests with less dense suspensions would be required to validate

the range of values of 7*.

3.1.1. Dynamic similarity

Using the density and average particle diameter of the analog glass
beads, and the viscosity and density of the suspending silicone oil (sec-
tion 2.1), both the particle Reynolds number (Rep) and Stokes number
(St) are < 1, suggesting that the inertial forces were negligible in our
experiments whereas the particles were coupled with the flow. Also, the
Peclet (Pe) number >103, indicates that the Brownian forces were negli-
gible in the experiments. Using the initial mid-diameter of the sample of
~5 mm, the Ohnesorge (Oh) number is >>1 in the tensile experiments,
indicating a negligible effect of capillary and inertial forces. Further-
more, the settling time scales of the particles in the liquid are on the
order of months, which is significantly larger as compared to the ex-
perimental time scales (<1 hour), and therefore, particle sedimentation
during any experiments was negligible.

In magmatic settings, for millimeter scale (and smaller) crystals
suspended in silicate melts with a range of compositions with >2400
kg m~3 density, >10 Pa s and >10* Pa s viscosity of silicate melts and
crystalline magma, respectively, and 210 um thick melt+crystal matrix
surrounding the expanding bubbles, Pe>103, St«1, Re ,<1 and Oh>1.
Also, because of a small difference in density between crystals and the
ascending magma, the settling of crystals in viscous magma is negligi-
ble. These suggest that a similarity between the experimental and the
natural settings is reasonably justified, and that the experimental out-
comes can likely be used to understand the eruption dynamics of magma
with a range of compositions.

3.2. Bubble growth in magma with Herschel-Bulkley rheology

Based on the experimental findings, a Herschel-Bulkley type model
can be used to estimate bubble growth in crystallizing magma during
volcanic eruptions, which is investigated in the next sections.

3.2.1. Bubble growth rate

The effect of Herschel-Bulkley type rheology on bubble growth can
be obtained from evaluating the growth rate of bubble in crystal-free
magma first. In the absence of body force, in silicate melt with constant
density, during bubble growth, the equation of continuity in spherical
coordinates is given by (Bird et al., 2015, and references therein)
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Fig. 3. (a) Yield stress, 7, as a function of normalized crystal fraction, ¢, /¢,,. The solid and dashed curves are based on Equation (8). Using 7* =1 that reasonably
matches with the empirically obtained yield stress values, the pressure reduction (referred to as the yield pressure), P,, is calculated (Equation (15)) as a function
of gas volume fraction, ¢ (b), and the bubble wall thickness (S-R) normalized by the bubble shell (bubble+bubble wall) radius, .S (c). The effect of yield stress
decreases with decreasing bubble wall thickness, and thus, with increasing gas volume fraction.
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where u, is the bubble growth rate and r is the radial coordinate. In-

tegrating Equation (9) using an instantaneous bubble radius, R, and
bubble growth rate, d R/dt, gives

o B4R
2 dt’
Neglecting inertial forces under magmatic conditions, the radial

component of the equation of motion for the growth of a spherical

shaped bubble is given by

JP _ aTrr Trr

— = +3—. 11
ar ar r an

Here 0P /0r is the pressure gradient. 7, (=-2# du,/dr) is the radial
component of the stress tensor, where # is the dynamic viscosity. From
force balance,

(10)

20
?,
where Pg is the melt pressure at the bubble surface. Using Equa-
tions (10)-(12), the bubble growth rate in a Newtonian liquid is given
by

dR _

R
@ =g P PP (13)

P, - Pp+7, = 12)

Here P, and P,, are the pressure of gas inside the bubble and the pressure
of the surrounding melt, respectively. P, =20 /R is the pressure due to
surface tension forces, where o is the surface tension.

3.2.2. Pressure loss due to yield stress
The pressure balance during the growth of a spherical bubble of ra-
dius R in a yield stress fluid is given by

AP=P,—P,-P,-P, a4

where AP and P, are the bubble overpressure and the pressure due
to yield stress, respectively. The pressure reduction, P,, during bubble
growth due to the presence of yield stress (7)) is expressed as (e.g., Yang
and Yeh, 1966)

P, =346z, s+ (5], as)
where S is the summation of bubble radius and bubble wall thickness,
and 7, can be estimated using Equation (8).

Fig. 3b shows that the pressure loss due to yield stress, P, decreases
with increasing gas fraction, ¢, at a given normalized crystal fraction,
¢/ ®,,- The gas volume fraction, ¢, is calculated from the bubble radius,
R, and the half distance between two adjacent bubbles, .S, as R3 / S3.
Due to the increase in z,, P, overall increases with increasing ¢, /¢,,. An

Table 1
The range of parameter values used in the model.

Model parameters Description Parameter values
dp,/dt (MPas™!) Magma decompression rate 0.05-5.00
IG® (s7) Rate of crystallization 10715 =103
N, (m~3 of melt) Bubble number density 1013 — 10"
P, iia (MPa) Initial magma (saturation) pressure ~ 50-100

R, (m) Initial bubble radius 1078 — 107
c, (Wt.%) Initial water content 2.25-3.25
b Maximum crystal packing fraction 0.30-0.80

n Flow index 0.20-1.00

T* Yield stress constant 0.20-4.40

n (Pas) Melt viscosity 10'-10°

increase in bubble radius, R, increases the gas fraction for a given bubble
number density. This, in turn, decreases the wall thickness (.S — R) sur-
rounding a growing bubble, decreasing the effect of yield stress (Fig. 3c)
at a given crystal fraction. Thus, the extent of pressure reduction due to
yield stress depends on the competing effects of decompression, crystal-
lization and bubble growth rates in ascending magma during volcanic
eruptions.

3.2.3. Effect of yield stress on bubble growth rate

Combining the effects of power-law rheology (e.g., Schwartzberg et
al., 1995) and yield stress, the bubble growth rate in crystallizing magma
with Herschel-Bulkley rheology can be expressed as

1
nR*(P,—P,—P.—P)\"
aR _ ol I (16)
dt 4K (24/3)-1
Forn=1 and T, = 0 (i.e., P,= 0), the above expression becomes equiv-

alent to the bubble growth in a Newtonian liquid (K = #; Eq. (13)).
The consistency, K, and flow index, n, are estimated following the
formulations in Moitra and Gonnermann (2015) such that

)
K=nl<l—:—x> : an

m

and the flow index, n, is defined as

23
n=1—(1—nmm)((:)’C ) . 18)

Here n;, and ¢,,,, are constants at a given modality of crystal size and
shape distribution in the magma (Table 1). #; is the melt viscosity.

Fig. 4 demonstrates that the effect of yield stress becomes signifi-
cant as ¢, — ¢,,. With increasing yield stress coefficient (z*), the value
of yield stress increases according to Equation (8), increasing P, and
decreasing the radius of bubble (Ry) as compared to the bubble radius

(R,,) in the absence of any yield stress, all else being equal. It is assumed
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Fig. 5. Schematic diagram (not to scale) shows the conceptual model framework
of coupled bubble growth and the ascent of crystallizing magma. The descrip-
tions of the symbols are given under “Notation”.

that magma is instantaneously brought to the ambient pressure from an
initial pressure of ~100 MPa. For comparison, the shear thinning effect
of crystals on magma rheology is not included (i.e., flow index, n = 1).
Here R, = 107% m, ¢,, = 0.80 and N, = 10'> m~3 of melt. By evaluat-
ing for a range of melt viscosity (10-10° Pa s), the dimensionless results
suggest that this hindrance in bubble growth at high crystal fractions
due to yield pressure loss (Equation (14)) is expected for any magmatic
composition.

3.3. Modeling bubble growth in ascending and crystallizing magma

To further evaluate the effect of non-Newtonian rheology on bub-
ble growth, I model the mass and momentum balance of decompression
and diffusion induced bubble growth coupled with the ascend of crys-
tallizing magma (Fig. 5), assuming that the steady-state magma ascent
is adjusted to crystallization and associated rheology. As an example,
a typical basaltic melt composition with temperature of 1100 °C (Gam-
ble et al., 1990) is assumed in the model. Because vent exit conditions
are expected to be different for volcanic eruptions of given styles, the
magma ascent is simplified assuming constant decompression rates,
which are varied for a wide range of values suitable for effusive to
violently explosive volcanic eruptions. Also, it is assumed that monodis-
perse spherical bubbles are homogeneously distributed inside a parcel
of ascending magma, where melt+crystal matrix is present around the
bubbles.

Earth and Planetary Science Letters 646 (2024) 118984

Along with Equation (16), the following conservation equations for
bubble and crystal growth are coupled and solved in the model.

d
j? =4k, IG exp (—k,IG**), 19
4z RD(c — de, V,
de _ _2nRD(c—cp) (e CR)+C& mo (20)
dt v, dr v,
dP,
— = _Constant, (21)
dt
ﬁ = 3BT pyDic—cp) _ 3& dr (22)
dt R2M R dt’

w

¢,, c and ¢ are the volume fraction of crystals, the dissolved H,O con-
tent, and the time, respectively. V,,, (=1/N,) is the initial melt volume
surrounding one bubble, where N, is the bubble number density per
unit volume of melt. The complete description and units of symbols are
listed under ‘Notation’.

The crystallization rate is calculated using Equation (19) (e.g., Cash-
man, 1993), where k, is the shape factor, I is the nucleation rate and
G is the crystal growth rate. For simplicity, IG> is assumed to be the
crystallization rate that includes the contributions of both the nucle-
ation and growth rates. Equation (20) defines the change in dissolved
H,O concentration in the melt and the diffusion of H,O inside bubbles.
The solubility of H,O is calculated as a function of pressure, tempera-
ture and melt composition following the formulation of Dixon (1997).
The basaltic melt viscosity is estimated as a function of the melt com-
position and the dissolved water content (Hui and Zhang, 2007). The
diffusivity of water, D, is calculated following Zhang et al. (2007). The
diffusion of H,O into the bubble is calculated using a mean field approx-
imation (e.g., Toramaru, 1995). The second term on the right-hand side
of equation (20) represents the rate of change in dissolved H,O concen-
tration due to microlite formation and the subsequent reduction in melt
volume surrounding the bubble. V,, and V are the melt and crystal vol-
umes, respectively. Equation (22) represents the change in gas pressure
inside the growing bubbles.

It is assumed that bubbles and crystals are coupled with ascending
magma, such that the velocity of all the phases is the same at a given
depth within the volcanic conduit (e.g., Mastin, 2002). While the crys-
tallization rate likely increases with increasing decompression rate due
to degassing, magma may contain crystals prior to its ascent from crustal
chambers, which affect the total crystal content, maximum packing and
the rheology of crystalline systems. Accordingly, the crystallization rates
are varied for a wide range of values suitable for magma ascent during
volcanic eruptions (Shea and Hammer, 2013; Arzilli et al., 2015, 2019)
to explore their effects on bubble growth dynamics under a range of
magma decompression rates.

The initial magma pressure is calculated from the saturation pressure
of the initially dissolved H,O content. For a wide range of parameter val-
ues (Table 1), the models were run until the pressure due to yield stress,
P, equals the effective bubble overpressure, A P.;¢, which is defined as

APy =P,~P,—P,. (23)

On the other hand, if P, stays lower than AP,;, models are run until
magma reaches the atmospheric pressure. The system of ordinary differ-
ential equations (16)-(22) is solved following the approach in Shampine
and Reichelt (1997).

3.3.1. Yield stress-limited bubble growth regimes and volcanic eruption
styles

The model results exhibit that the extent of crystallization and rhe-
ological stiffening primarily depends on the magma decompression and
crystallization timescales (Fig. 6). For a relatively high magma decom-
pression rate of ~1 MPa s~!, the crystal volume fraction can be suffi-
ciently high at a greater depth to hinder bubble growth for a relatively
high crystallization rate (Regime III). At relatively low crystallization
rates, lower values of magma viscosity and yield stress do not signifi-
cantly hinder bubble growth, and thus, the gas volume fraction contin-
ues to increase during magma ascent. This phenomenon is also expected
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Here R, = 108 m, N, = 10"* m~3 of melt, 7* =1,n = 1, ¢,, = 0.80 and ¢, ~ 3.25 wt.%. For a given decompression rate (d P,,/d1) of 1 MPa s~!, the crystallization
rate (IG*) is 107 s7*, 10784 57 and 10~7 s™* corresponding to regimes I, IT and III, respectively (see Fig. 7). Bubbles would stop growing when P, = AP.;; under

regime III (e).
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Fig. 7. Bubble growth regimes as functions of magma decompression and crystallization rates: I) The critical crystal fraction required to develop yield stress does
not reach (¢, < ¢,). I) Yield stress is developed, but larger effective bubble overpressure drives bubble growth (P, < APy ¢, > ¢,.). III) Yield stress is sufficiently
high to stop bubble growth (P, > AP,y; ¢, > ¢,.). Within Regime II, the critical magma expansion rate (~1 s~!) required for brittle fragmentation of crystal-rich
(¢,/¢,, > 0.90) basaltic magma is reached for a few combinations of parameters (shown in black). Here R, = 10® m, N, = 10" m™> of melt, * =1,n = 1, ¢,,
= 0.80, and the initial H,O content, ¢, ~ 3.25 wt.% corresponds to an initial magma pressure of ~100 MPa.

due to the change in decompression rates at a given crystallization rate,
where lower decompression rates overall allow for sufficient crystalliza-
tion, leading to P, > A Pyg.

The model parameter search reveals three distinct regimes of bubble
growth in crystallizing magmas (Fig. 7): I) Small crystal fractions (¢, <
¢.) in the melt cause zero yield stress in bubble walls, and thus bubble

growth is only hindered by magma viscosity. II) The crystal content in
magma exceeds the threshold fraction (¢, > ¢.) generating yield stress,
but higher effective bubble overpressure drives bubble growth (P, <
AP ). III) A sufficient build-up of yield stress causes bubbles to stop
growing (P, > APy, ¢, > ¢.). The regimes of bubble growth are less
sensitive to bubble number density (N,), initial bubble radius (R,) and
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Fig. 8. Periodicity in bubble growth during the ascent of crystal-rich magma. Bubble growth stops as soon as P, > AP,y as ¢, — ¢,,, and it resumes due to crystal
breakage and increase in modality until a new maximum packing is adjusted. Here R, = 107 m, N, = 10 m™ of melt, n = 1, t* =1, IG® = 107" s7* and
dP,/dt = 0.1 MPas~!. The initial depth is ~3500 m corresponding to a saturation pressure of ~100 MPa. The depth (z) values are kept void as the distance traveled

by magma during crystal breakage is unknown.

flow index (n), however, a higher initial water content (c,) corresponds
to a greater saturation pressure, a larger yield stress parameter (z*) and
a smaller maximum packing fraction (¢,,) can increase the normalized
crystal content, everything else being equal, broadening the regime of
rheological arrest of bubbles (Regime III; see Appendix A).

It is interesting to note that unlike “viscous quench” of bubbles
driven by a very high (~10° Pa s) viscosity of magma (e.g., Thomas et
al., 1994), orders of magnitude smaller viscosity (~10° Pa s) of crystal-
rich basaltic magma can cause bubbles to stop growing, as the associated
yield stress exceeds the effective bubble overpressure (Fig. 6b). Since
crystal jamming and development of yield stress are functions of max-
imum packing, which is a function of crystal shape and modality, this
yield stress-driven quenching of bubbles may take place at as low as
~30 volume% of high aspect ratio crystals.

Once bubble growth stops at a high crystal fraction, growth may
further resume if the crystal framework is broken or new crystals form
changing the modality of the crystalline system. For example, microlites
can form in an ascending magma with pre-existing phenocrysts, increas-
ing the maximum packing of the crystalline system (e.g., Cimarelli et al.,
2011). On the other hand, crystals might break under shear (Lavallée et
al., 2007; Picard et al., 2013), increasing their modality and maximum
packing fraction. While the adjusted viscosity of crystalline systems
might appear to be increasing with increasing crystal fractions above
the maximum packing of the first set of crystals (e.g., Costa et al., 2009),
the transient decrease in magma viscosity and yield stress would cause
renewed bubble growth until the new crystalline system is adjusted to
its maximum packing. Fig. 8 demonstrates that possible crystal break-
age and increase in modality may cause a periodicity in bubble growth
in magma during volcanic eruptions.

On the other hand, for relatively high crystallization rates (Arzilli et
al., 2019) and decompression rates of > 1 MPa s~! (Moitra et al., 2018)
in regime II, the effective overpressure might be sufficient to cause rapid
bubble growth at a high crystal content (¢, /¢,, 2 0.90), such that the
rate of magma expansion in this regime could reach the critical strain
rate of ~1 s~ required for fragmentation of crystal-rich basaltic magma
(Moitra et al., 2018). Although simplified, these results demonstrate that
a specific parameter space might be a necessary condition for the Plinian
style eruptions of basaltic magma, indicating their relatively infrequent
but powerful occurrences in volcanic records.

The styles of volcanic eruptions can further be modified by perme-
able outgassing (e.g., Eichelberger et al., 1986; Burgisser and Gardner,

2004; Burton et al., 2007; Okumura et al., 2009; Degruyter et al., 2012;
Cassidy et al., 2018; Colombier et al., 2017, 2021; La Spina et al., 2021;
Bamber et al., 2024), which is not considered in the magma ascent
model for simplicity. For high decompression rates correspond to sub-
plinian to Plinian style eruptions, the effect of outgassing is negligible
for basaltic and silicic magmas since the decompression time scales are
much shorter than the outgassing time scales (e.g., Rust and Cashman,
2011; La Spina et al., 2021; Moitra and Houghton, 2021; Bamber et
al., 2022, 2024). For low decompression rates, a decoupling between
bubbles and melt with low crystallinity is expected for basaltic magma
promoting outgassing (La Spina et al., 2021). The outgassing could also
be significant for slowly ascending silicic magmas where bubbles stay
coupled with the melt (Degruyter et al., 2012).

If percolation is reached before ¢, — ¢,,, efficient loss of pressurized
gas would likely decrease the effective bubble overpressure, leading to
an effusive eruption. On the other hand, if bubble growth stops before
percolation, it will likely not reach during the rest of the magma ascent
since the gas fraction may not increase further. For example, Fig. 6d in-
dicates that bubble growth may stop at ¢p <50% which is lower than the
typical percolation thresholds for crystallizing basaltic andesitic mag-
mas (Lindoo et al., 2017) and silicic magmas (e.g., Rust and Cashman,
2011). However, since the melt pressure would continue to decrease
in the ascending magma, a large build-up of bubble overpressure is
expected as magma nears the surface, which may cause eruption ex-
plosivity. Furthermore, the segregation of gas between crystal-poor and
crystal-rich regions (Pistone et al., 2015; Okumura et al., 2019) can also
modify the extent of outgassing. The quantification of bubble growth
regimes in this study will likely provide a basis for characterizing such
heterogenous processes in future.

4. Conclusion

This study investigates the rheological characteristics of the crystal-
rich magma under extensional deformation using dynamically similar
analog laboratory experiments. The experimental results show that un-
der extensional deformation, crystal-rich magma exhibits a Herscehl-
Bulkley type rheology with yield stress and a shear thinning characteris-
tics, similar to the rheology under shear. Using Equation (16) for bubble
growth rate in magma with Herschel-Bulkley rheology, it is shown that
for any magmatic composition, the presence of yield stress is expected
to reduce the bubble overpressure under crystal-rich conditions.
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Using a coupled model of bubble growth in an ascending and crystal-
lizing magma, it is further demonstrated that under reasonable eruption
conditions, the yield stress could be sufficient to completely halt bubble
growth during volcanic eruptions. The model parameter search reveals
three distinct regimes of bubble growth: from zero yield stress to yield
stress-limited bubble growth to sufficiently high yield stress to stop bub-
ble growth. Although the well-studied crystallization rates for a range
of magmatic compositions and eruption styles are used to broadly inves-
tigate the effect of yield stress on bubble growth in this study, specific
regime boundaries for a given eruption are needed to be evaluated with
the conditions specific to that eruption.

One key finding of this study is the sensitivity of the bubble growth
regimes to small changes in decompression and/or crystallization rates.
The pressure gradient driving magma ascent may change due to the
change in magma chamber pressure (e.g., Melnik and Sparks, 1999).
Similarly, changes in the crystallization rates due to the variation in
the initially dissolved water content (e.g., Hammer, 2008), pre-eruptive
storage conditions (e.g., Bamber et al., 2024) or due to a change in the
magma decompression rate (e.g., Arzilli et al., 2019) are feasible. The
feedback between these variables along with outgassing may further
modulate magma fragmentation efficiency, which is required to be in-
vestigated in the future. Nonetheless, this study demonstrates that small
changes in decompression rates, either independently or in conjunction
with small changes in crystallization rates, can cause significant changes
in bubble growth dynamics, which may subsequently cause transitions
in volcanic eruption styles.

Notation

B Universal gas constant (8.314 J K~! mol~!)

c Concentration of dissolved volatiles (wt. frac.)
CR Concentration of volatiles at the vapor-melt interface (wt. frac.)
D Diffusivity of H,O in basalt (m? s~!)

F Extensional force (N)

Op Objective function (Equation (7))

g Gravitational acceleration (9.81 m s~2)

G Crystal growth rate (m s7h

1 Crystal nucleation rate (m=3 s~1)

1G°3 Crystallization rate s

k, Volumetric shape factor

K Consistency (Pa s")

Ly Initial sample length (m)
L, Final sample length (m)

M Torque (N m)

M, Molecular weight of water (kg mol~1)

n Flow index

Anin Constant in Equation (18)

N Number of measured data points

N, Bubble number density (m™=3 per unit volume of melt)
Oh Ohnesorge number

P Pressure (Pa)

P, Gas pressure inside bubble (Pa)

P Ambient melt pressure outside bubble (Pa)

P, Pressure reduction due to surface tension (Pa)

P, Pressure reduction due to yield stress (Pa)

Pe Peclet number
r Radial coordinate

7o Initial mid-sample radius (m)

Fmid Mid-sample radius (m)

T Plate radius (m)

R Bubble radius (m)

Re, Particle Reynolds number

S Half distance between two adjacent bubbles (m)
St Stokes number

t Time (s)

T Temperature (°C)
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u, Bubble growth rate (m sh
Vin Volume of melt surrounding one bubble (m3)
Vo Initial volume of melt surrounding one bubble (m3)
|8 Volume of crystals (m3)
z Vertical coordinate
AP, Effective bubble overpressure (Pa)
n Bubble wall viscosity (Pa s)
ng Extensional viscosity (Pa s)
n Melt viscosity (Pa s)
g Shear viscosity (Pa s)
YE Hencky strain
7 Strain rate (s™!)
Vg Extensional rate (s™!)
7s Shear rate (s™1)
Q Angular velocity (rad s~!)
[} Gas fraction
b, Threshold fraction of crystals (Equation (8))
b Maximum packing fraction of crystals
¢nax  Constant in Equation (18)
b, Volume fraction of crystals in the groundmass
Pm Density of magma (kg m~>)
Surface tension (N m~!)
T Stress (Pa)
TE Extensional stress (Pa)
7, Yield stress (Pa)
T, Radial component of stress tensor (Pa)
Tg Shear stress (Pa)
¥ Constant in Equation (8)
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Appendix A. Sensitivity of bubble growth regimes to R,, t*, c,,
Ny, nand ¢,

The model parameter search shows that relatively smaller yield stress
parameter, 7* (Fig. A.1), lower initially dissolved water content, c,
(Fig. A.2), and higher maximum packing fraction, ¢,, (Fig. A.3), every-
thing else being equal, correspond to shallower saturation depth, and
shorter decompression and crystallization time scales, reducing the yield
pressure, and thus, narrowing Regime III (in red). Changes in the initial
bubble radius, R, (= 1078 m and 1077 m in Fig. 7 and Fig. A.2c, re-
spectively, everything else being equal), bubble number density, N,
and flow index, n, do not significantly affect the overall results.
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Appendix B. Supplementary material

Supplementary material related to this article can be found online at
https://doi.org/10.1016/j.epsl.2024.118984.
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