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Abstract

The effect of crystals and pre-existing gas phases on the dynamic degassing and fragmentation of magmas in a
volcanic conduit have been simulated by analogue experiments. A series of decompression experiments of viscous
solutions of gum rosin and acetone with and without the incorporation of particles (silicon carbide, glass beads,
organic seeds) or pre-existing air bubbles have been performed in a transparent shock-tube. The addition of internal
bubbles or solid particles in the starting solution shifts the fragmentation conditions towards lower acetone (volatile)
contents and lower decompression ratios. The effect of solid particles depends on their number density and spatial
distribution in the starting solution. A small number of sinking particles has little impact on the flow dynamics.
However, a floating layer of particles provides a high concentration of surface bubbles that leads to an early
fragmentation pulse. The observations also imply that the presence of crystals, if able to generate a high number

density of bubbles, will lead to an earlier and deeper fragmentation of the magma in the volcanic conduit.
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1. Introduction

Magma eruptions can produce a wide range of
eruptive styles ranging from effusive to explosive
volcanism. The dynamic evolution of magmatic
multiphase flows at depth in a volcanic conduit
is an essential component of the physics of erup-
tions. During magma ascent in a volcanic conduit,
internal gas evolution generates an expanding
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bubbly flow which, in the case of explosive erup-
tions, fragments before reaching the surface into a
gas-particle flow by rupture of the continuous lig-
uid phase of the silicate magma. One may distin-
guish the dynamic fragmentation of a magma that
is flowing up to the surface in a volcanic conduit
from the fragmentation of static volcanic prod-
ucts, such as dome collapse, secondary pyroclastic
flows, and popping rocks. The mechanism and the
condition for magma fragmentation and thus for
an explosive eruption is currently a subject of de-
bate. The fragmentation mechanism, whether stat-
ic or dynamic, is often described as either brittle
or ductile (Dingwell, 1997; Melnik, 1999; Papale,
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1999; Sahagian, 1999; Zhang, 1999). Fragmenta-
tion is thought to occur at a critical film thickness
in the case of ductile fragmentation (Proussevitch
et al., 1993) and depends on parameters such as
strain rate or gas overpressure in the bubbles in
the case of brittle fragmentation (Melnik, 1999;
Papale, 1999). In the case of degassing and de-
compression in a volcanic conduit, magma frag-
mentation thus depends on parameters that are
evolving dynamically. As a result, the determina-
tion of the instant and the depth of fragmentation
in a conduit also depends on our understanding
of the previous bubbly flow dynamics.

A major complication to the physics of mag-
matic bubbly flows is the evolution of the proper-
ties of the liquid phase as degassing proceeds. In-
deed, the viscosity of the liquid phase increases by
up to 7 orders of magnitude as volatile is progres-
sively lost to the bubbles. Strong gradients in vis-
cosity occur spatially due to volatile-depleted and
so highly viscous skins around bubbles (Mourta-
da-Bonnefoi and Mader, 2001). The gas diffusiv-
ity in the melt is also a strong function of volatile
content. This complex coupling of liquid viscosity,
diffusivity and degassing kinetics (Proussevitch
and Sahagian, 1998; Blower, 2001; Blower et
al., 2001b; Lensky et al., 2001) must play a major
role in bubbly flow dynamics and thus has impli-
cations for the conditions of dynamic fragmenta-
tion.

Direct observation of the dynamic fragmenta-
tion process in the field is impossible due to the
hazard involved and because it often occurs at
depth within the volcanic conduit. As a result,
the improvement of our understanding of the
physics of magma flow comes from numerical
modelling and from physical laboratory experi-
ments that investigate the fundamental processes
that operate during such gas-driven explosions.
The studies of Alibidirov and Dingwell (1996a,b)
and Martel et al. (2000, 2001) have focussed on
the brittle fragmentation of porous material. Flow
dynamics and fragmentation have been studied by
Hill and Sturtevant (1990), Mader et al. (1994,
1996, 1997) and Sugioka and Bursik (1995). All
of these studies use analogue (i.e. non-magmatic)
materials. In most cases, the studies are restricted
to a consideration of the fragmentation of two-

phase, liquid-gas systems. The exception to this is
the study of Sugioka and Bursik (1995) who con-
sidered the vaporisation of a volatile liquid in
which inert particles were suspended (i.e. theirs
is a three-phase system with just two chemically-
distinct components). But natural magma flows
generally involve at least three chemically-distinct
phases: a liquid, a gas phase and crystal phases.
In this paper, we present a study of dynamic frag-
mentation caused by internal gas evolution in an
analogue system that involves three chemically-
distinct phases. The fragmentation processes ob-
served in the experiments discussed here therefore
incorporate most of the key features of the com-
plex natural multiphase flow dynamics.

2. The analogue materials

The experiments were performed using solu-
tions of gum rosin and acetone (GRA) as the
continuous phase. Gum rosin is an organic com-
pound composed mainly of C;9H,gCOOH and
derives from the dehydration of natural pine res-
ins (Cobbold and Jackson, 1992). It is soluble in
most organic solvents including acetone. The use
of the GRA chemical system as an analogue of
magmas is motivated by several of its properties.
First, GRA solutions degas violently during de-
compression below atmospheric pressure. Second,
the viscosity and volatile diffusivity response to
degassing of GRA solutions is similar to that of
hydrated felsic magmas (Phillips et al., 1995;
Blower, 2001). These features are discussed in
more detail in Sections 2.1 and 2.2. Finally, the
GRA foams produced by the experiments behave
as a weak solid and so can be sampled and their
texture studied (Blower et al., 2001a).

As an analogue of crystals in magmas (the dis-
continuous phase), we used a range of solid par-
ticles of different nature, shape and size (Table 1):
silicon carbide particles, glass spheres and organic
seeds (mustard, coriander and other seeds). The
surface properties differ among particles. The or-
ganic seeds have a rougher surface than either the
silicon carbide or the glass particles: the mustard
seeds are spherical but covered with tiny hairs;
the coriander seeds have an ovoid shape and a



C.C. Mourtada-Bonnefoi, H.M. Mader | Journal of Volcanology and Geothermal Research 129 (2004) 83-97 85

Table 1

Characteristics of the solid particles added to the GRA starting solutions

Nature Shape Density Other comments
(kg m™?)

Silicon carbide Angular, smooth faces 100 um long 3200 Sinking

Glass Spherical, smooth surface 0.5-3 mm diameter 2500 Sinking

Mustard seeds Spherical, hair covered 1-2.5 mm diameter 1100 Sinking

Coriander seeds Ovoid, furrowed surface 5 mm long 1100 Floating

furrowed surface; the silicon carbide particles are
angular; the glass particles are smooth spheres.
All the particles used sunk into the starting
GRA solution to form a bottom layer of particles
apart from the coriander seeds which floated at
the top of the solutions (Table 1). In every case,
the solid particles tended to trap a few tiny air
bubbles on their surface when stirred into a
GRA solution. After decompression, these air
bubbles grow and contribute to the flow. Further-
more, the particles were observed to induce con-
tinuous heterogeneous bubble nucleation on their
surface, with the sole exception of the silicon car-
bide particles.

Violent degassing and fragmentation of these
solutions is generated by imposing a sudden de-
compression by bursting a diaphragm separating
a test-cell containing the analogue solution from a
shock-tube and vacuum chamber, as shown in
Fig. 1.

Vacuum Chamber

Shock Tube
(X) Manometer
"] Vacuum
Pump
Diaphragm
Tt
Test-cell

2.1. GRA degassing behaviour

The decompression of a GRA solution induces
degassing by acetone boiling. As a consequence,
at a fixed temperature, bubbles nucleate in GRA
solutions at pressures below the acetone boiling
point. A series of instantaneous decompression
experiments from 10° Pa to various low pressures
in the range of 10*-3.5 X 10* Pa were conducted at
room temperature in the shock-tube using pure
acetone and GRA solutions of 20, 25 or 30 wt%
acetone. We observed that bubbles nucleated at
room temperature below the pressure of
1.98x10* Pa in both pure acetone and in GRA
solutions (Fig. 2). From these results we infer that
the dissolution of the solid organic compound of

Fig. 1. Experimental apparatus. The vacuum chamber is a
metallic cylinder with a capacity of 0.2 m3 that is connected
to a vacuum pump working in the pressure range of 10°-10
Pa. The pressure line between the pump and the chamber
holds a Bourdon gauge indicating pressures below 5000 Pa,
a pressure valve connected to the atmosphere and a valve
opening or closing the connection with the vacuum chamber.
The vacuum chamber stands at 2 m height above the floor
and has a l-m-long shock-tube below it. The connection of
the shock-tube to the vacuum chamber is made through an
aluminium plate designed to avoid pressure leaks, but which
can be removed easily to clean the vacuum chamber. The
diaphragm assembly separates the shock-tube from the test-
cell and has an internal diameter of 4 cm, the same as the
shock-tube. It consists of a PTFE ring, around which a
Nickel-Chrome resistance wire runs, circling most of its inter-
nal diameter. The diaphragm is made of a thick adhesive
tape that is stuck to the diaphragm assembly in contact with
the circle wire. By passing around 10 A of current, the heat
of the wire melts the tape and the diaphragm then bursts be-
cause of the pressure differential across it. The test-cell is a
cylindrical pyrex tube of 4 cm internal diameter sealed at
one extremity and presenting a smoothly rounded surface.
This test-cell is 25 cm long, 0.4 cm thick and entirely trans-
parent.
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gum rosin into liquid acetone does not affect the
boiling point of the system, and that the phase
diagram of the GRA system is identical to that
of pure acetone. Following the crossing of its boil-
ing point during decompression, acetone under-
goes a phase transition from a liquid to a gas.

The degassing process of the GRA system dif-
fers from that of hydrated magmas that degas by
volatile exsolution from the magmatic liquid. We
now discuss the differences and similarities of
these two degassing processes. Magmatic melts
are characterised by a saturation curve in vola-
tiles. This property describes the pressure condi-
tions of the equilibrium between the magmatic
liquid and a gas phase. This contrasts with ace-
tone that can be in equilibrium either as a liquid
or as a gas phase. In the GRA system, the coex-
istence of a liquid and an acetone gas phase can
only occur during acetone phase transitions.

The condition for bubble nucleation in magmas
is the excess of an oversaturation pressure thresh-
old. By contrast, the condition for acetone bubble
nucleation in the GRA system is the crossing of
the acetone boiling point. Magma oversaturation
pressure threshold depends on the liquid volatile
content or on pressure whereas the acetone boil-
ing point is independent of liquid gum rosin
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Fig. 2. Bubble nucleation conditions in the GRA solutions at
room temperature. After rapid decompression of the GRA
solutions to a final pressure, we either observed surface bub-
bling (black squares) or no bubbling (hollowed squares). As
a result, the condition for bubble nucleation in the GRA sys-
tem and in pure acetone is that the final pressure has to be
below 1.98 X 10* Pa.

Fig. 3. Bubble nucleation sites. (a) Surface nucleation of
bubbles in GRA particle-free and bubble-free solutions. The
nucleation surface propagates downwards at a constant ve-
locity. The images are from run 45; the second image was
taken 1000 ms after the first one. In this run, the velocity of
the nucleation surface is about 4 mm s~!. (b) Internal bubble
nucleation in particle-bearing solutions. Example of nucle-
ation on a sinking layer of mustard seeds.

content. As a result, bubble nucleation proceeds
continuously in a decompressed GRA solution
whereas in magmas bubble nucleation can rapidly
stop because of degassing-driven depletion in vol-
atile of the liquid.

Another difference in the bubble nucleation
process in the two systems is that bubble nucle-
ation is internal in magmas whereas it only occurs
on the surface of particle-free GRA solutions
(Fig. 3), as in pure superheated liquids (e.g. Hill
and Sturtevant, 1990). However, in particle-bear-
ing GRA solutions, internal bubble nucleation
also occurred.

The driving force for bubble growth in magmas
is the oversaturation pressure, that is the pressure
difference between the local pressure and satura-
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tion pressure, whereas in the GRA system it is the
pressure difference between the final ambient pres-
sure and acetone boiling pressure. In this respect,
the boiling pressure in a GRA solution can be
taken as analogous to the saturation pressure in
magmas.

Additionally, bubble growth dynamics can be
compared in chemical systems because in both
cases bubble growth may be affected by diffusion
of the volatile from the liquid and by the viscous
resistance of the surrounding liquid.

2.2. Viscosity and acetone diffusivity of GRA
solutions

The rheological properties of GRA solutions is
one of the major reasons for the use of this system
as an analogue of magmas. Table 2 and Fig. 4
show measurements of the viscosity of GRA so-
lutions over the range of composition and temper-
ature of the starting conditions for our shock-tube
experiments.

The diffusion coefficient of acetone in the GRA
solutions was measured by a mass-loss method
(Blower, 2001). A thin film of 1 mm thick of
GRA solution of known acetone content was
poured into a shallow dish of 9 cm diameter
and placed on a mass balance in a fume cup-
board. Acetone evaporates from the free surface
of the film and the mass of the film is measured
over a period of a few hours. The mass loss rate is
controlled by the rate at which acetone diffuses to
the free surface of the film. The diffusivity of ace-
tone in GRA solutions increases with acetone
content and therefore varies with time and posi-
tion in the film. The measurements therefore pro-
vide an average value of diffusivity over the range
of concentrations present in the film during the
experiment. Typical average diffusivities are of
the order of 1071 m? s~! at 20°C, which is com-
parable to the diffusivity of water in rhyolitic
magmas.

3. Experimental method

The experimental apparatus used is shown in
Fig. 1. The GRA solution is prepared by dissolv-

ing a known weight of solid gum rosin into a
known weight of liquid acetone in a continuously
stirred and sealed glass flask. Solutions were pre-
pared the same day or the day before a given run

Table 2

Viscosity of gum rosin—acetone solutions. The viscosity of
GRA solutions is a strong function of acetone content X
and temperature 7. The viscosity measurements are from
Phillips et al. (1995) in the top part of the table (0=<X=20
wt% acetone) and from this study in the bottom part of the
table (20=X=30 wt% acetone). Our solutions containing
20, 25 and 30 wt% acetone were prepared by dissolving, at
room temperature and in a closed flask, a known weight of
gum rosin powder in a known weight of liquid acetone. The
rheology of these solutions was determined using a Haake
RV20 rotary viscometer. Previous calibration of the viscome-
ter with silicon oil of known viscosity showed the error on
the measured viscosity was <4%. The solutions were all
Newtonian. The viscosity of GRA solutions containing 20
wt% acetone was consistent with previous measurements
(Phillips et al., 1995), despite the use of a different batch
of gum rosin. The viscosity n of the GRA liquid can be fit-
ted by logion=—15+(8203.9—618.39X+41.693X>—1.3446 X+
0.0162X*)/T, where 1 is in Pa.s, X is in wt% acetone and T
in K. The values of viscosity calculated using the above for-
mula are given for comparison in the last column. The for-
mula gives a good approximation of GRA viscosity at tem-
peratures between 15 and 30°C in the complete composition
range (Fig. 4). At temperatures above 30°C this formula ap-
plies only to compositions with 15-30 wt% acetone

X T n n

(Wt% acetone) (°C)  (Pa.s measured) (Pa.s calculated)
0 20 1013 1013

12 20 19 24.01

15 20 6.5 4.67

15 20 2.5 4.67

20 20 0.5 0.69

0 355 891108 3.91 10"
0 26.6 1.6 101 2.41 102
12 59.2 030 0.28

12 20.7  19.50 21.9

15 443  0.30 0.29

15 32 46.77 4191

20 39.1  0.13 0.09

20 10.1  1.12 2.29

20 20 0.814 0.694

25 20 0.159 0.116

25 20 0.112 0.116

30 20 0.045 0.043

20 25 0.498 0.391

25 25 0.093 0.067

30 25 0.040 0.025
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in order to avoid acetone loss. For the same rea-
son, the dissolution was performed at room tem-
perature except for the most resin-rich solutions
(15% acetone) which were heated to obtain homo-
geneity. A given weight of solution was poured
into the test-cell, quickly sealed by the diaphragm
and fixed to the shock-tube. In the case of par-
ticle-bearing experiments, the solid particles were
poured into the solution in the test-cell at this
stage. To avoid undesired heterogeneous nucle-
ation on its internal surface, the test-cell was pre-
viously cleaned meticulously with acetone. The
solution was left in the test-cell for 20-30 min to
ensure equilibrium with room temperature and to
allow air bubbles to ascend to the surface of the
solution and burst. This procedure successfully
removed all air bubbles from the pure GRA
runs but in the particle-bearing runs a few air
bubbles remained attached to the sinking par-
ticles.

The pressure above the diaphragm was lowered
to the desired pressure using the vacuum pump
and maintained at that pressure by regulating
the opening of a pressure valve. An experiment
consisted of the rapid decompression of the ana-
logue solution from atmospheric pressure by
bursting the diaphragm. Decompression induced
the nucleation and growth of bubbles in the ana-
logue solution and thus generated a flow, which
propagated up the transparent tube and was re-
corded using a high-speed video camera at fram-
ing rates up to 1000 frames per second.

The images were analysed to derive the height
of the front of the flow as a function of time. The
measurements were made for the initial bubbly
flow. After fragmentation, the position of the
flow front could no longer be clearly identified
on the frames: pulses of acetone vapour make
any attempt of measurement very hazardous.
After each run, the final height reached by the
front of the flow or by foamy fragments was mea-
sured. In some runs, the partially degassed GRA
solution in the shock-tube was sampled to esti-
mate its acetone content by measuring the weight
loss of the solution in a furnace at 90°C after 24 h.
From this estimate we derived the mean viscosity
of this sample given the previously established
relationship between the viscosity of a GRA so-

lution and its acetone content (see Table 2 and
Fig. 4). This method allowed us to quantify var-
iations of the mean viscosity of the liquid at the
front of the foamy end-products for a few experi-
ments. In the fragmenting runs, no direct mea-
surements could be performed prior fragmenta-
tion because no sampling can be done during
the course of a run.

4. Experimental results
4.1. Particle- and bubble-free runs

In the absence of air bubbles or particles, the
GRA system produces a range of flow behaviour
and end-product texture. Images of these textures
have been published by Blower et al. (2002). The
GRA flows all start with a bubbly flow character-
ised by an exponential propagation law (Mourta-
da-Bonnefoi and Mader, 2001): ho<e® where h is

H,0, wt%
4 6

10 T T T T

1010

10°

Viscosity (Pa.s)

10?

1072

0 5 10 15 20 25 30 35
Composition, wt% acetone

Fig. 4. Viscosity of gum rosin—acetone solutions. GRA
liquids have a viscosity that is a strong function of acetone
concentration and temperature. Data for acetone concentra-
tion X=0-20 wt% acetone from Phillips et al. (1995) are
here combined with our data for X=20-30 wt% acetone (Ta-
ble 2) to derive an empirical formula for the viscosity 1 in
Pa.s as a function of acetone content X in wt% and tempe-
rature T in K: logjon=—15+(8203.9—618.39X+41.693X>—
1.3446X3+0.0162X*)/T. This formula gives a good approxi-
mation of GRA viscosity at temperatures between 15 and
30°C in the complete composition range (compare solid line
and data points at 20°C). The viscosity of a rhyolitic magma
at 800°C, as a function of its water content (Shaw, 1963), is
also given for comparison (dashed line).
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the distance of propagation of the flow front and ¢
is time. The coefficient a is constant and can be
calculated as the rate of change of vertical veloc-
ity v=dhl/dt with distance up the conduit: a=dv/
dh. After fragmentation, we could not identify the
position of the flow front and thus could not
characterise the flow dynamics of the subsequent
gas and fragments flow. The acceleration ob-
served in the initial bubbly flow suggests a diffu-
sion-driven but viscosity-limited bubble growth
regime (Mourtada-Bonnefoi and Mader, 2001).
By comparison, a diffusion-limited bubble growth
regime is expected to result in flow deceleration
(e.g. Navon et al., 1998). The exponential coeffi-
cient a depends on the run conditions: the higher
the starting acetone content X, and the lower the
final pressure Py, the larger is the coefficient a.
More energetic bubbly flows are characterised

Fig. 5. Variations of the exponential coefficient . The white
data points are the values of the exponential coefficient a
that we derived from Phillips et al.’s (1995) runs. The black
data points are from this study. In this figure, only our data
points for a starting mass of solution of 38.7-40.3 g at a
temperature of 19.0-21.0°C are plotted. The spread in our
data can be mostly explained by the variations in the starting
mass of solution and the temperature variations (Fig. 6). For
similar starting conditions the uncertainty on «a for our data
is estimated to be *16% (see the text for more details).
Three data points derive from the initial bubbly flow of a
later fragmenting run (the two runs with 30 wt% initial ace-
tone content and the run with X, =25 wt% acetone and
Py =10 Pa). The other data are from non-fragmenting runs.
(a) Variation of a as a function of the initial composition
X,. The selected data points are for final pressures of 10000
Pa (spheres), 5000 Pa (squares) and 10 Pa (triangles). The set
of data indicates an increase of the coefficient a from the or-
der of 1 to the order of 100 when the final pressure decreases
from 10000 to 10 Pa. Linear regressions between logjpa and
initial composition X, in wt% acetone give the following re-
lationships: logjpa=—0.1078+0.0208X,, for P;=10000 Pa;
logjpa=—0.7450+0.0935X,, for P;=5000 Pa; logpa=
+0.5866+0.0728 X,, for Pf=10 Pa. (b) Variation of ¢ as a
function of the final pressure P;. The data points are for
initial acetone contents of 15 wt% (diamonds), 20 wt%
(spheres), 25 wt% (triangles) and 30 wt% (squares). We ob-
serve a linear empirical relationship between logjpa and final
pressure Py for a given initial composition X,. The linear re-
gressions, where @ is in s~! and P; in Pa, are the following:
logioa=1.600—1.371x10"* P;, for X,=15 wt%; logjpa=
2.006—1.180x107* P;, for X,=20 wt%; logjpa=2.330—
1.917x107* Pg, for X,=25 wt%; logjoa=2.816—0.939%
107* Py, for X, =30 wt%.

by a higher coefficient a, shorter run times, more
degassed end-products and an increased likeli-
hood of fragmentation.

Fig. 5 shows our data and those presented by
Phillips et al. (1995). The uncertainty in the value
of a can be estimated from our three repeated
runs for 20 wt% initial acetone content, 5000 Pa
final pressure, at the temperature of 19.0°C and
with a similar starting mass of solution of about
40 g. For these runs a was found to be 7.8, 11.0
and 11.3 s7!, giving a mean value of 10.0 s~ with
an uncertainty of +16% (1o). This uncertainty is
also consistent with the repeat measurements at
25 wt% initial acetone content and 10 000 Pa final
pressure. We observe good overlap between our
data and those derived from Phillips et al. (1995).
We can therefore use the combined dataset to
propose an empirical law to estimate the coeffi-
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Table 3

Summary of run conditions and main results. In the first column, run numbers that start with a ‘95’ are runs from Phillips et al.
(1995), all others are from this study. The second column gives details of the starting system as follows: None = particle-free and
bubble-free runs; ms=mustard seeds; cs=coriander seeds; vs=mixture of various seeds; gs=glass spheres; sc =silicon carbide;
pb = pre-existing bubbles; the quantity of particles is specified either as a number of particles (e.g. 500 ms) or a mass of particles
(e.g. 19 g vs). The other columns give the initial acetone content X,, the initial mass of solution M,, the room temperature 7,
the final pressure P, the coefficient a as derived from the observed bubbly flow dynamics hoce®, the initial height of solution #,,
the final height /¢ reached by foam products after decompression. In the last column, the occurrence of fragmentation during a
run is indicated by ‘Yes’ or ‘No’

Run Particles X, M, T Py a ho he Frag?
(wt%) (8) (§(©) (Pa) ™ (cm) (cm)

95-5 None 12 16 20 5000 2.8 3.0 - No
95-1 None 15 16 25 11500 1.1 3.0 - No
95-2 None 15 16 20 10000 1.6 3.0 - No
95-3 None 15 16 20 8000 32 3.0 - No
95-4 None 15 16 20 5000 8.3 3.0 - No
95-8 None 20 16 20 10000 - 3.0 - No
95-7 None 20 16 20 8000 6.0 3.0 - No
95-6 None 20 16 20 5000 14.2 3.0 - No
95-9 None 20 16 20 10 124 3.0 - -
54 None 15.4 10.6 19.0 5000 5.2 33 No
81 pb 15.1 38.3 19.0 5000 33 41.5 No
82 pb 15.1 37.9 19.0 5000 23.3 70 No
83 6g vs 15.1 38.7 20.0 5000 4.0 - No
88 pb 15.1 383 19.0 1000 5.0 37 No
84 6g vs 15.1 38.7 20.0 1000 109 36 No
85 6g vs 15.1 37.4 20.5 1000 370 48 No
86 10g vs 15.1 36.7 19.7 1000 310 65 No
55 5g sc 15.9 38.1 18.5 4930 6.6 - 64 -
56 Vs 15.9 36.8 17.0 4940 - - 71 No
30 None 20.1 43.5 - 5000 12.6 445 65 -
31 None 20.1 40.0 - 5000 44 4.2 62 -
33 None 20.1 40.1 19.0 5000 11.0 4.2 57 -
39 None 20.1 40.3 20.0 5000 11.6 42 40 -
40 None 20.1 39.8 19.0 5000 11.3 4.2 40 -
49 None 20.1 394 17.5 5000 5.2 4.2 - -
57 None 20.0 39.6 16.0 5000 4.5 42 26 -
60 None 20.1 38.6 17.0 5000 3.6 4.2 26 -
62 None 20.1 18.4 15.5 5030 3.1 2.6 20.5 -
65 None 20.1 22.1 21.0 5000 10.2 2.9 31 -
66 None 20.1 10.0 19.0 5000 1.9 1.9 20.5 -
67 None 20.1 29.0 18.0 5000 7.6 34 23 -
68 None 20.1 19.3 19.5 5000 5.5 2.7 24.7 -
69 None 20.1 38.7 19.0 5000 7.8 4.2 41.5 No
93 None 20.2 39.9 20.5 5000 - 4.2 35 No
90 None 20.4 40.8 20.2 1000 59 4.2 45 No
63 None 20.1 34.6 17.5 10 110 39 28 No
29 50 ms 20.3 39.8 - 5000 16.4 82 -
32 50 ms 20.1 40.0 - 5000 10.8 55 -
34 50 ms 20.1 39.3 18.0 5000 7.9 - 42 -
22 500 ms 20.0 43.0 - 5000 19.6 69 -
35 500 ms 20.1 39.4 - 5000 10.8 56 -
36 500 ms 20.0 40.6 - 5000 37.1 - 59 Yes
37 500 ms 20.0 40.1 - 5000 16.4 62 -
38 500 ms 20.0 39.2 18.0 5000 11.0 67 -

61 100 gs 20.1 38.6 15.5 5000 9.4 56.5 -
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Table 3 (Continued).

Run Particles X, M, T Py a he g Frag?
(Wt%0) (2 O (Pa) C) (cm) (cm)

47 500 gs 20.1 39.9 20.0 5000 30.1 - 81 -

58 2g sc 20.0 39.5 16.0 5000 4.5 — 45 -

64 2g sc 20.1 39.4 15.5 5000 - - 50 -

92 pb 20.4 38.9 20.0 5000 308 - 60 Yes

95 pb 20.2 39.1 21.0 5000 - - > 126 Yes

94 S5g vs 20.2 38.9 21.0 5000 - - >126 Yes

59 10g vs 20.0 37.6 12.5 5000 664 - 60 -

89 10g vs 20.4 41.2 20.0 1000 374 - > 126 Yes

91 pb 20.4 394 20.5 1000 333 - > 126 Yes

71 None 25.1 39.6 20.5 10000 2.3 44 10 No

74 None 25.1 39.5 20.5 10000 2.9 4.35 10 No

50 None 25.0 39.7 22.5 5000 27.5 4.4 26 No

53 None 25.0 39.5 21.0 4900 24.7 4.35 26 No

72 None 25.1 42.7 20.5 5000 11.7 4.6 30 -

79 None 25.0 39.0 17.8 5000 26.6 43 26 No

73 None 25.1 39.8 20.0 10 212 43 67 Yes

78 50 cs 25.0 38.5 17.7 5000 146 - 26 Yes

80 50 cs 25.0 40.1 17.8 5000 - - 26 Yes

23 500 ms 25.2 39.8 - 5200 52 - > 126 Yes

44 500 ms 25.0 39.2 18.7 5000 47 - > 126 Yes

24 1000 ms 25.2 40.4 - 5100 323 - - Yes

51 500 gs 25.0 40.0 22.0 5000 29.3 - > 126 Yes

52 500 gs 25.0 40.6 21.0 5030 86 - 36 Yes

77 19g vs 25.0 42.1 17.5 5000 131 - >126 Yes

17 50 ms 24.8 40.3 - 1300 23.1 - - Yes

45 None 30.1 40.3 19.0 5000 222 44 > 126 Yes

76 None 30.1 39.6 21.0 10 653 4.4 > 126 Yes

cient a from the starting conditions. For a given

starting composition X,, the exponential coeffi-

cient a increases with decreasing Py, following a

law of the form logjpa =B—AP; (Fig. 5). The s

starting composition X, affects markedly the in-

tercept B: the coefficient B increases with increas- 200

ing starting acetone content, but the slope A is 1004

only slightly sensitive to variations of starting 10 2o s

composition. The values of the coefficient a can 2 80w 190w

also be affected by the starting quantity of solu- s

tion: the exponential coefficient ¢ tends to in- 5 195 175w

crease with the initial mass of GRA solution 155 170

M,, all other parameters remaining unchanged 190

(Fig. 6; Table 3). The GRA flow dynamics are 0

weakly sensitive to the initial mass (a factor 2 or 0 10 20 o (g)3“ 40 50

0

3) compared to its sensitivity to composition or
pressure (several orders of magnitude). The height
reached by the flow and thus the exponential co-
efficient ¢ must also be affected by the section of
the shock-tube. The good overlap between our

Fig. 6. Variation of the exponential coefficient ¢ as a func-
tion of starting mass of solution M, and temperature for
runs starting with solutions containing 20 wt% acetone de-
compressed from 10° to 5000 Pa (Table 2). For each point,
the temperature is given in °C.
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Table 4

Properties of final GRA foam products

Run Xo Py X¢ uh
(Wt%) (Pa) (Wt%) (Pa.s)

70 20.1 5000 18.6 0.1

63 20.1 10 14.8 5.1

72 25.1 5000 17.4 1.8

73 25.1 10 8.5 647.6

The residual acetone content X; in the foam at the top of
the eruption column was measured after the decompression
runs 70, 63, 72, that did not fragment and after run 73, that
fragmented. The mean viscosity of the top foam products
was calculated from their final composition, assuming room
temperature (Table 3) and using the formula given in the
caption of Table 2.

data compared to the data derived from Phillips
et al. (1995) suggests that our use of about double
the mass of solution (40 g vs. 16 g) compensates
for the use of a test-cell with roughly double the
surface of the section (4 cm vs. 2.6 cm diameter)
to give comparable data.

In the more energetic runs the initial bubbly
flow evolved into a flow of gas and fragments.
The occurrence of fragmentation is inferred
from the textures of the end-products. Fragmen-
tation produced textures ranging from foamy slug
flow to the spattering of the upper tube with fine
fragments. In between these two extremes the final
products consisted of a foam in the test-cell, an
intermediate zone containing contorted cm-size
fragments and the upper tube covered with elon-
gated fines. Moreover, in some cases the instant of
flow front fragmentation could be clearly identi-
fied on the frames. Fragmentation during a run
was favoured by a high initial acetone content
and a low final pressure. GRA solutions contain-
ing from 15 to 20 wt% acetone generated only
bubbly flows. GRA solutions containing 25 wt%
did not fragment after decompression down to
5000 Pa but fragmented at 10 Pa. GRA solutions
containing 30 wt% fragmented at higher pressure,
when decompressed to Py = 5000 Pa. The dataset
for the pure GRA system implies that fragmenta-
tion occurs in flows that reach a critical value of
the exponential coefficient ¢ in the initial bubbly
flow of between 110 and 212 s~! (Fig. 5; Table 3).

The less energetic runs produced only a bubbly
flow and ended with a static foam with a rounded

top surface. When the low pressure was main-
tained for a few minutes, the crust of the foam
tended to crack locally. The evolution of the
properties of the front of the GRA bubbly flows
is strongly dependent on the run conditions. In
non-fragmenting runs, high initial acetone con-
tents and low final pressures lead to more de-
gassed final top foams. The extent of the degas-
sing of the final top foam can be inferred by both
qualitative observation and measurement. Quali-
tatively, less degassed foams were ‘wetter’; they
were sticky to the touch and prone to collapse,
i.e. they were more inclined to flow under their
own weight. By contrast, more degassed foams
were ‘dryer’, stronger and did not appear to
flow at all, i.e. they were generally more like sol-
ids. The transition from ‘wet’ to ‘dry’ was seen to
be progressive. Determination of the residual ace-
tone content in the foams after a run provides a
direct measure of the final degassed state (see Ta-
ble 4). The implication from these qualitative and
quantitative observations is that, in the non-frag-
menting flows, the viscosity of the liquid in the
final top foam increases with increasing initial
acetone content and decreasing final pressure.

10000 s ry - T
° ”» @ Izl 1 o
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E 1
:\_ 1000 -| A A\ /
@ /
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173
£ 1
2
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10 15 20 25 30 35

Initial volatile content (wt% acetone)

Fig. 7. Critical fragmentation conditions as a function of ini-
tial acetone content and final pressure. The hollowed sym-
bols are for fragmenting runs and the full symbols for non-
fragmenting runs. The bubble and particle-free runs are
shown as spheres, the bubble-bearing runs as triangles and
particle-bearing runs (with 500 mustard seeds) as squares.
The critical conditions for flow fragmentation in the pure
GRA runs are shown by a dashed line. Fragmentation con-
ditions are shifted towards lower initial acetone content and
higher final pressure in both the bubble-bearing and the par-
ticle-bearing runs.
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4.2. Effect of pre-existing bubbles

Six experiments were performed starting with
solutions enriched in air bubbles. These solutions
were prepared by vigorous stirring of the GRA
solution before it was poured into the test-cell.
The run was then performed without delay to
limit the number of air bubbles escaping to the
surface of the solution. The number density of air
bubbles could not be measured before a run.
Therefore, the results of the different runs are
difficult to compare with each other. Despite the
absence of precise quantitative data, the compar-
ison between the bubble-bearing and the bubble-
and particle-free runs is significant. Except in run
81, the propagation law of the flow remained in
the exponential regime but the value of the expo-
nential coefficient was significantly increased when
the acetone content was 20 wt% (Table 3). The
physical meaning of this result is discussed in Sec-
tion 5.1. As a consequence of the energy increase
of the initial bubbly flow in these runs compared
to the pure GRA runs, the critical conditions for
fragmentation were shifted towards lower acetone
contents and lower amplitudes of decompression
(Fig. 7). Fragmentation in bubble-enriched flows
was observed with starting conditions that would
not have led to fragmentation in bubble-free start-
ing solutions. Run number 81 behaved in a dis-
tinct manner: in this experiment, the bubbly flow
was characterised by a temporary propagation

with a constant velocity of 80 mm s™!.

0 200 400 600
Number of particles

Fig. 8. Effect of the number density of particles on bubbly
flow dynamics. Selection of runs with a starting acetone con-
tent of 20 wt% and a final pressure of 5000 Pa. The spheres
represent runs without or with mustard seeds performed at a
similar temperature of about 18°C: runs 49, 34 and 38. The
squares represent runs without or with glass spheres per-
formed at 20°C: runs 39 and 47.

4.3. Effect of solid particles

The addition of solid particles in suspension in
the liquid was observed to induce marked changes
in the bubbly flow dynamics compared to the
bubble-free and particle-free runs. The effect was
sensitive to the nature of the particles, their num-
ber density in the liquid and their spatial distribu-
tion (Table 3). The variation of the efficiency of
vesiculation on the particles probably explains
most of the difference between the effect of the
different sinking particles. The bubbly flow dy-
namics were indeed unaffected in the case of sili-
con carbide particles that do not induce heteroge-
neous bubble nucleation: run 57 without particles
and run 58 with 2 g of silicon carbide present
similar bubbly flow dynamics. By contrast, bubbly
flow dynamics were enhanced significantly (the
exponential coefficient a increased) when the sink-
ing particles provide efficient sites for heteroge-
neous bubble nucleation: mustard seeds and glass
spheres, inducing shifted fragmentation condi-
tions towards lower acetone contents and lower
amplitudes of decompression (Table 3; Fig. 6).

The effect of the number density of particles
depends on the starting conditions. The effect is
minor for a starting acetone content of 15 wt%
and a final pressure of 5000 Pa. For acetone con-
tents of 20 and 25 wt%, the effect is significant
and depends both on the number density of par-
ticles and on their nature. The increase in the
number density of mustard seeds or glass spheres
tends to result in more particles being incorpo-
rated into the flow and leads to an increase in
the energy of the bubbly flow dynamics, even
more efficiently in the case of the glass spheres
(Fig. 8). This effect probably benefits slightly
from the introduction of a few pre-existing inter-
nal air bubbles wetting the particles whose growth
contributes to the flow in a similar way as in the
runs with pre-existing bubbles described above.
However, because the number of visible air bub-
bles on these particles is small, most of the effect
probably comes from the growth of the numerous
bubbles that nucleate heterogeneously on the par-
ticles. In some runs the bubbly flow dynamics
were not exponential but characterised, at least
temporarily, by a constant velocity. This relates
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to runs 56, 59 and 80 which reached a plateau of
constant velocity of about 3500, 3000 and 12000
mm s~ !, respectively.

The spatial distribution of the particles in the
starting solution can also affect the later flow dy-
namics. Indeed, the spatial distribution of par-
ticles constrains the spatial distribution of bubbles
whose growth affects the flow dynamics. For ex-
ample, when concentrated into a sinking layer, the
particles had a little effect on the very early flow
dynamics. The full development of the exponen-
tial expansion corresponds in general to the time
when the bubbles that nucleated in the sinking
layer of particles begin to reach the solution sur-
face. If floating particles were present (coriander
seeds or some seeds of the mixture of various
seeds we used), an early pulse of flow front frag-
mentation was observed (runs 77, 78 and 80). This
fragmentation process was short-lived and only
concerned a limited volume of solution. A possi-
ble explanation for the observed bubbly flow dy-
namics is the local effect (in this case, on solution
surface) of an increased number density of bub-
bles because these particles were located on the
GRA nucleation surface, could be the site of het-
erogeneous bubble nucleation and were also char-
acterised by a high efficiency of air bubble entrap-
ment. The effect of the spatial distribution of
bubbles on flow dynamics and the presence of
various amounts of trapped air bubbles on par-
ticles are probably the main explanations for the
dispersion in the data of exponential coefficients a
measured in particle-bearing runs with similar
starting conditions: compare runs 51 and 52
with glass spheres or runs 59, 89 and 77 using
the same mixture of various seeds (Table 3).

5. Volcanological implications

5.1. Simulation of bubble growth and nucleation
regime

The flow of magma out of a reservoir up to the
surface is a dynamic and kinetic process and the
final eruptive parameters depend on the whole
ascent, decompression and degassing history of
the magma in the conduit. Knowledge of the de-

tailed flow dynamics is therefore the key to under-
standing the final dynamic conditions. Analogue
experiments allow the flow dynamics of explo-
sively vesiculating liquids to be studied directly.
Various systems have been studied and it is clear
that the flow dynamics observed are to some ex-
tent related to the characteristics of the specific
analogue. In a constant diameter shock-tube,
such as here, exsolution of CO; from an aqueous
liquid produces flows characterised by constant
acceleration (Mader et al., 1994) even if the vis-
cosity of the liquid is increased up to 5 Pa.s by a
polymer (Zhang et al., 1997; Zhang, 1998). How-
ever, it should be noted that the geometry and
dimensions of the shock-tube can have a major
impact on the dynamics. Experiments of large-
scale eruptions from a spherical flask up a con-
stant diameter tube reached quasi-steady flow
conditions characterised by regular foamy slugs
(Mader et al., 1997). The degassing of CO; result-
ing from the mixing and reaction of K,CO; with
HCI produces flows with a linear increase of ac-
celeration (Mader et al., 1994, 1996). By contrast,
the boiling of acetone from GRA solutions pro-
duces much more violent bubbly flows which are
characterised by an exponential increase of accel-
eration (Mourtada-Bonnefoi and Mader, 2001).
The reason for the differences in the dynamics
of these flows resides in the kinetics of production
of the gas phase and in the regime of bubble
growth. Whilst none of the analogues is perfect,
the GRA system is clearly a better analogue to
magmatic degassing than previously used ana-
logues because of its rheological properties.
However, a significant difference between the
pure GRA system and magmas resides in the bub-
ble nucleation process. Indeed, in the case of the
GRA system, decompression of the pure (particle-
free and bubble-free) liquid causes bubbles to nu-
cleate only on the surface of the solutions; nucle-
ation is ongoing during a run with a clear nucle-
ation surface propagating down into the test fluid
at constant velocity. By contrast, in the case of
exsolving systems such as magmas, bubbles nucle-
ate internally within the liquid above the nucle-
ation depth either by homogeneous nucleation or
by heterogeneous nucleation on crystals. The nu-
cleation depth propagates downwards as material
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is removed from the top. Additionally, bubble nu-
cleation can occur as a quasi-instantaneous event,
especially in the case of homogeneous bubble nu-
cleation (Mourtada-Bonnefoi and Laporte, 1999;
Mangan and Sisson, 2000), or as a continuous
process in a context of microlite crystallisation
(Simakin et al., 1999; Hammer et al., 1999).

In our experiments, we generated internal bub-
ble nucleation by introducing air bubbles or par-
ticles into the starting GRA solutions. This
brought the bubble nucleation and early growth
behaviour of the analogue much closer to that of
the natural system. The physics of bubble growth
is governed by the competition between (1) gas
expansion due to decompression, (2) diffusion of
volatiles from the liquid phase into the bubbles,
and (3) viscous resistance of the melt to bubble
expansion. The observed exponential expansion of
the GRA flows is probably the result of the quasi-
constant nucleation rate of exponentially growing
bubbles (Mourtada-Bonnefoi and Mader, 2001).
Exponential bubble growth can be interpreted as
due to a diffusion-driven but viscosity-limited
bubble growth regime (Navon et al., 1998; Mour-
tada-Bonnefoi and Mader, 2001) both in the pure
GRA system and in the case of air bubble or
particle-bearing runs. In the air-bubble bearing
runs, the increase in the exponential coefficient
compared to the pure GRA runs is probably
caused by several factors. The rate of expansion
will be enhanced by the decompression of the air
bubbles themselves. Furthermore, diffusion will be
enhanced because of the presence of these numer-
ous centres for bubble growth and because the
presence of air in the bubbles means that the par-
tial pressure of acetone in them is low. In the
particle-bearing runs, the main contribution to
the flow occurs via continuous heterogeneous nu-
cleation of bubbles on the particles. Also, the few
air bubbles initially trapped on the solid particles
contribute to the flow in the same way as in bub-
ble-bearing runs.

5.2. Homogeneous and heterogeneous bubble
nucleation

The comparison between particle-free and par-
ticle-bearing runs as well as the comparison be-

tween particle-bearing runs using floating and
sinking particles demonstrate that the spatial dis-
tribution of early nucleated bubbles is crucial to
the later flow in the GRA system. Firstly, runs
with a bottom layer of a few sinking particles
were characterised by early dynamics very similar
to particle-free and bubble-free runs. On the other
hand, runs with a layer of floating particles gen-
erated an early fragmentation pulse. The differ-
ence in response is due to the complex interplay
of flow dynamics and bubble nucleation. The
floating particles provided many nucleation sites
ideally located to initiate vesiculation and also
trapped a few air bubbles. Moreover, the particles
were readily incorporated into the vesiculating
flow adding to the ease of ongoing nucleation.
Additionally, the number density of bubbles pro-
duced by nucleation is a controlling factor of the
energy of the resulting GRA bubbly flow dynam-
ics.

In nature, the spatial distribution and the nu-
cleation rate of bubbles in an erupting magma is
mainly controlled by the kinetics of homogeneous
bubble nucleation and heterogeneous bubble nu-
cleation on crystals. Few quantitative data are to-
date available on the kinetics of homogeneous
and heterogeneous bubble nucleation (Hurwitz
and Navon, 1994; Navon et al., 1998; Mourta-
da-Bonnefoi and Laporte, 1999; Mangan and Sis-
son, 2000; Mourtada-Bonnefoi and Laporte,
2002). The existing data suggest that both phe-
nomena may take place and that their relative
efficiency to generate bubbles might be very vari-
able in magmas depending on pre-eruptive vola-
tile content and crystal nature, number density
and surface properties. Our experimental results
using the GRA system suggest the acquisition of
additional data on the distribution of crystals and
their facility to induce heterogeneous bubble nu-
cleation in magmas could help to constrain mag-
ma flow dynamics.

5.3. Magma fragmentation mechanism

The physics of magma fragmentation is poorly
understood. It is quite probable that both ductile
and brittle mechanisms occur within magmatic
systems due to the enormously wide range of vis-
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cosity and dynamical regime that they encompass.
Ductile and brittle fragmentation probably pro-
ceed via distinct mechanisms and the question of
the transition between these two extremes is a
subject of debate (Dingwell, 1997). From a theo-
retical point of view the problem is to define the
critical physical condition for fragmentation. In
the case of ductile fragmentation, Proussevitch
et al. (1993) propose a criterion based on a critical
thickness of the films or plateau borders within
the foam. In the case of brittle fragmentation
the criterion is a pressure threshold to be over-
taken by the product of the viscosity of the mix-
ture and its strain rate (Barmin and Melnik, 1993;
Papale, 1999; Melnik, 1999).

Our analogue experiments provide data to dis-
cuss the fragmentation mechanism. The low start-
ing viscosity of our analogue solutions but the
high viscosity of pure gum rosin suggest the dy-
namic fragmentation mechanism in the GRA sys-
tem might range from ductile to brittle fragmen-
tation depending on run conditions. The extreme
elongation and contortion of the fragments indi-
cate a low mean viscosity at fragmentation. This
observation is suggestive of ductile fragmentation.
However, the strength of the fragments indicates
the existence of highly-degassed and viscous films
around bubbles (Mourtada-Bonnefoi and Mader,
2001). As a consequence, GRA fragmentation
may locally involve the brittle rupture of highly
viscous bubble walls. The fragmentation process
of GRA bubbly flows is thus probably neither
entirely ductile nor entirely brittle. We suggest
this might also be true for magmas fragmenting
in a volcanic conduit. The production of con-
torted and extremely elongated volcanic frag-
ments is thus not sufficient to infer a purely duc-
tile fragmentation mechanism.

5.4. Magma fragmentation conditions

The magma fragmentation criterion is crucial to
the accurate prediction of explosive vs. effusive
flow regime. Our experimental conditions pro-
duced both non-fragmenting and fragmenting
flows that can be taken as analogous to effusive
and explosive volcanism, respectively. The experi-
ments demonstrate that magmas of similar com-

position and volatile content may display a wide
range of fragmentation behaviour for a fixed ge-
ometry and dimension of the conduit. Variations
in crystallinity of the erupting magma and the
involvement of a separate pre-existing gas phase
from the storage zone can control the fragmenta-
tion conditions. The effect of crystals in suspen-
sion in the magma on fragmentation conditions
probably derives from a combination of several
phenomena. Firstly, the enhancement of vesicula-
tion kinetics via heterogeneous bubble nucleation
on crystals produces a more energetic bubbly flow
dynamics. Secondly, regardless of their efficiency
for heterogeneous bubble nucleation, crystals af-
fect the fragmentation threshold: they ease ductile
fragmentation (Proussevitch et al., 1993) but de-
lay brittle fragmentation (Martel et al., 2001). A
possible consequence for the reverse effect of crys-
tals on bubbly flow dynamics and on brittle frag-
mentation conditions is the observation in nature
of pumices showing a positive (e.g. Jurado-Chiray
and Walker, 2001) but also a negative correlation
between crystallinity and vesicularity (e.g. Klug
and Cashman, 1994). We conclude that the phys-
ics of the entrainment of crystals and gas bubbles
out of the chamber into the conduit have clear
implications for the evolving flow regime and
the ultimate fragmentation behaviour.
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