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Many violent eruptions are driven by rapid exsolution of dis-
solved volatiles within liquid magma. The accelerating two-phase
mixture emerges at the vent as a sustained quasi-steady discharge
lasting for periods from hours to days (refs 1, 2). The initial
growth in discharge rate commonly observed2–4, subsequent
fluctuations5,6 and discrete pulses and shocks7 remain largely
unexplained. We have simulated volcanic conduit flows by produ-
cing sustained, quasi-steady explosions in a liquid undergoing
rapid exsolution of a gas. This was done by rapidly decompressing
large volumes of CO2-saturated water. The results reveal fluctua-
tions in discharge rate that reflect heterogeneities in the two-
phase mixture that form spontaneously as a consequence of the
size and geometry of the experimental system. An initial transient
with a growing discharge rate is observed in experiments in which
material is erupted from a spherical flask up a narrow neck that
mimics the magma-chamber/conduit assembly of volcanic
systems. The fragmentation region propagates down the neck
during the initial transient until it reaches a stable position at the
top of the flask, at which point a quasi-steady discharge ensues.

The experiments were carried out (Fig. 1) using a shock-tube
facility at the California Institute of Technology, previously
described by Mader et al.8. Until now, exsolution experiments
using this apparatus have been restricted to the study of discrete,
transient explosions (typical durations of a few milliseconds) using
small sample volumes (100 ml or less)8. Other shock-tube experi-
ments have been similar in this respect8–11, although quasi-steady
flows of short duration (,20 ms) have been generated by explosive
vaporization12,13. In the experiments reported here, much larger
sample volumes, between 0.5 and 1.8 l, and two different test cells
are used. The first arrangement (Fig. 1a) uses a cylindrical test cell
with a constriction at the top, which has the effect of slowing down

the eruption and thereby increasing its duration. Experiments in
which the constriction is omitted have a shorter duration but show
qualitatively the same behaviour. In the second arrangement (Fig. 1b),
material is erupted from a large sphere up a narrow neck.

The problem of scale is central to understanding the laboratory
eruptions. A true simulation involves reproducing the flow
dynamics of a large-scale natural system within a small-scale
model by matching the ratios of important forces. But we do not
know which of the many force ratios within the bulk flow control
the regime of these high-density two-phase flows. Similarity can be
achieved on the scale of individual particles, but this will not
necessarily lead to similar bulk flow behaviour, because the overall
flow is dominated by particle–particle interactions. Thus, the
approach taken is to replicate as many of the dynamical parameters
of the system is possible, while providing a wide range of spatial
scales, so that the long-range particle–particle interactions can act.
Velocities and accelerations in our experiments (locally up to 20 m s−1

and 100 g) are similar to those found in nature1,2. Gravitational
effects (1 g) do not control the dynamics of flows that experience
such large accelerations and are therefore not modelled. Viscous
forces are also not scaled. But numerical calculations indicate that,
even under conditions of explosive eruptions, diffusive bubble
growth is not retarded by viscous effects unless magma viscosities
exceed 108 Pa s (refs 14, 15); this condition is not generally reached
during fragmentation because magmas are not fully degassed.

The times involved in the laboratory experiments are necessarily
scaled down compared to nature by the same factor as the physical
dimensions, given similar velocities. This scaling applies also to the
duration that may be considered to represent a sustained eruption.
Typical eruption durations in the laboratory are between 1,500 and
3,000 ms, about 100 times longer than in previous experiments8,
and about 50 times the particle transit time up the neck (30–50 ms).
This is similar to the ratio of eruption duration (,1 d) and
estimated particle transit times between magma chamber and
vent (,1,000 s) in typical plinian events5. Thus, our laboratory
explosions are sustained events that are similar in this respect to
natural eruptions.

The physical process driving the explosions is the same as in
earlier experiments and so the early behaviour is as previously
reported8; there is a single nucleation event and bubbles grow in
unison. Early in its development, the experiment reaches a state
typical of the inception of natural eruptions due to an unloading
event. Increases of spatial and temporal scales (sample volumes up
to 20 times larger and eruptions durations 100 times longer)
provide the opportunity to observe in detail the subsequent flow
evolution. All the flows develop pronounced heterogeneities, as
shown in Figs 2 and 3. Discrete pulses of finely vesicular material
form repeatedly on a scale initially related to the test-cell diameter.
These pulses combine, owing to their different velocities, leading to
growth in the overall pulse-length with height.

In the flask experiments (Figs 2 and 4), quasi-steady flow
conditions are reached after an initial transient, which is complete
by t < 400 ms after diaphragm rupture. During the transient, the
discharge rate grows (Fig. 4) and the fragmentation region propa-
gates down the neck until it reaches a stable position at the exit from
the sphere (Fig. 2). Thereafter, the flow is characterized by a virtually
static foam that fills the sphere and a highly turbulent, hetero-
geneous and fragmented flow in the neck. This situation persists for
,1,300 ms. The average bulk discharge rate is roughly constant
once the initial transient is complete, but small-scale heterogeneities
within the flow lead to the formation of discrete pulses (Fig. 2).

These results have a number of important implications for our
understanding of explosive volcanic eruption dynamics.

First, the spontaneous and sudden breakup into spatially and
temporally highly heterogeneous flows is a result of the increase in
scale of the experiments; a larger range of scales is available and the
particle–particle interactions have more time and space to evolve.
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Further scaling-up to natural dimensions will tend to increase the
degree of heterogeneity. In particular, heterogeneities on larger
scales, relative to conduit dimensions, should be expected as even
longer-range fluid interactions come into play. Thus, we can
conclude that volcanic eruptions are inherently heterogeneous
because of their scale.

Second, the common observation of discharge rates growing with
time during the initial phase of a volcanic eruption has been
previously explained in terms of steady erosion of the conduit2–4.
However, this behaviour is closely replicated in our experiments
using the flask arrangement, which suggests that independent of any
concomitant conduit erosion, a discharge rate increase could be
induced by geometrical effects associated with the magma chamber
feeding a narrow conduit—a feature of explosive eruption
dynamics hitherto ignored by all models of explosive volcanic
eruptions14–18.

The experimental observations can be explained by considering
the pressure evolution in the sphere. After diaphragm rupture, a
rarefaction wave propagates down into the sphere at the speed of
sound in bubble-free water, that is, effectively instantaneously

(,0.5 ms), and bubbles are nucleated. But bubble growth is limited
by the rate of gas diffusion into the bubbles and the rate at which
material can escape from the sphere, both of which are governed by
the pressure in the sphere and bubbles. Quasi-steady flow condi-
tions occur when a pressure balance is reached between gas diffu-
sion into the bubbles and flow out of the sphere. This condition is
stable until the CO2 is depleted and the eruption exhausted.

The flask arrangement is a model for eruptions in which sig-
nificant bubble nucleation and growth takes place in the magma
chamber. This is likely to occur in eruptions that lead to extensive
evacuations of the magma chamber. In such eruptions, the dis-
charge rate is necessarily greater than the rate of influx of magma
into the chamber at depth. The unloading of the magma chamber
will be progressive, rather than instantaneous as in our laboratory
system. Nevertheless, a steady-state discharge requires that a similar
pressure balance between diffusion into bubbles and flow out of the
chamber is attained.

Third, after the initial transient, the fragmentation region
remains at the entrance to the neck of the flask. This is because
the colliding fluid streams here provide a source of instability within

Figure 1 Experimental apparatus. Water that has been saturated under pressure

with CO2 is fed into the high-pressure pyrex test cell TC (pressure <1,000 kPa)

which is separated from the low-pressure reservoir RES (pressure ,4 kPa,

volume 260 l) by an aluminium diaphragm D. Sudden decompression and

supersaturation is achievedby puncturing the diagphragmwith a solenoid-driven

cutter DC. The supersaturation causes CO2 bubbles to nucleate and grow

progressively resulting in the expanding two-phase flow which erupts into the

reservoir. Pressures are measured at transducers PT1 and PT2. The flows are

recorded on video and high-speed motion photography at 1,000 frames per

second. a, Constricted tube arrangement. The test cell consists of a long

cylindrical tube (length 100 cm, diameter 5 cm) with a metal constriction plate CP

mounted at the top. The constriction is provided by circular holes of varying

diameters (2.54 cm, 1.27 cm and 0.64 cm) drilled centrally in the metal plate. Fill-

depths of ,50 cm and ,90 cm (liquid volumes of between ,1 and ,1.8 l) and

pressures of 750 to 1,040 kPa are used. b, Flask arrangement. The test cell

consists of a sphere (volume ,0.5 l, diameter 10 cm) that grades smoothly into a

long cylindrical neck (length 45 cm, diameter 2.7 cm). Fill-depths up to 2 to 10 cm

up the neck and a pressure of 760 kPa are used.

Figure 2 Photographs of results using the flask apparatus (Fig.1b). The timings of

important events are as follows: t ¼ 0, diaphragm rupture; t ¼ 9ms, nucleation;

t ¼ 14ms, start of flow front motion; fragmentation region propagates down neck

at an estimated average speed of the order of 1ms−1, reaching base of neck at

t < 250ms; eruption is exhausted at ,1,500ms. a, Flow at t ¼ 49ms, showing a

well-defined fragmentation region a height h ¼ 8 cm above the neck entrance

(arrowed). The fragmentation region separates the uniformly bubbled liquid

below from the fragmented spray above. Flows at t ¼ 258ms (b), t ¼ 268ms (c)

and t ¼ 1;282ms (d) have the fragmentation region at the base of the neck

separating the homogeneous and virtually static foam in the sphere from the

highly heterogeneous and turbulent flow in the neck. The instability at the neck

entrance is caused by converging streams of liquid in the sphere, coupled with

the high accelerations experienced by the individual fluid particles, leading to

large-scale heterogeneities and fragmentation of the liquid into small volumes of

finely bubbled (that is, dark) liquid. The finely bubbled regions have very high

surface-to-volume ratios and so diffusion in these regions is rapid, resulting in

higher accelerationsand velocities. The fragments start to gain speed and sweep

through the neck, collecting material as they go. The process of slug growth is

illustrated in b and c. In b, two diffuse slugs (arrowed) of finely bubbled liquid are

visible separatedbya region of clear fluid. In c, the two slugs havemerged to form

one dense slug (arrowed). The process of the initial generation of the slugs at the

neck entrance is shown in d. Converging streams of liquid at the entrance to the

neck cause oscillatory behaviour (arrowed) on the scale of the neck diameter.
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the flow and also because this is where individual fluid particles
experience the greatest accelerations. These conditions are at no
time provided within the body of the sphere, no matter how
expanded the flow becomes, and so the fragmentation region does
not propagate down into it. The acceleration at the neck entrance is
a function of the ratio of the typical sizes of neck and sphere. This
ratio is likely to be larger in actual volcanic eruptions by at least an
order of magnitude compared to our experimental apparatus. Thus,
the natural accelerations will be huge as the material enters the
conduit making this the most likely location for the fragmentation
region.

The second and third implications (above) together provide a
simple method for reaching quantitative conclusions about the flow
dynamics occurring at depth during a sustained, plinian eruption.
The start-up period, with growing magma discharge rate, identifies
the time during which the fragmentation region is propagating
down the conduit. Therefore, if the conduit length is known, then
the maximum average rate of propagation of the fragmentation
region can be estimated (for example, 0.6 m s−1 for 18 May 1980 Mt
St Helens eruption with conduit length ,7 km (ref. 19) and start-up
period ,3 h (ref. 5); the experimental value was ,1 m s−1—see Fig.
2). The position of the fragmentation region is defined as being at
the top of the magma chamber for quasi-steady flow conditions,
separating the static foam in the magma chamber from the turbu-
lent and fragmented flow in the conduit. M
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Figure 3Photographs of results from the constricted-tube apparatus (Fig.1a). Run

conditions: fill depth 89 cm, constriction diameter 1.27 cm, test-cell pressure

737 kPa, reservoir pressure 4 kPa. The bubbles nucleate uniformly throughout the

flow in a single event and grow in unison, resulting in the initially homogeneous

flow shown ina for t < 1:2 s. A significant breakdownevent then occurs leading to

the flow shown in b 100 ms later, in which finely bubbled slugs of liquid are

separated by regions of relatively bubble-free liquid (arrowed). These slugs

behave in a qualitatively similar way to those seen in the flask experiments and

described in Fig. 2, and are a direct results of the scale of these experiments. The

eruption continues for ,3,000ms. The numbers on the right of each panel are in

centimetres.

Figure 4 Velocity at the neck entrance of the flask (Fig.1b) as a function of time.

The motion of individual blobs of fluid 1–3 cm from the neck entrance were

tracked over 5ms. The graph shows that the velocity at the neck entrance

increases monotonically over the first 400 6 100ms of the run until a velocity of

,4ms−1 is reached; this remains roughly constant until the eruption is exhausted.

The change from increasing velocity to constant velocity at t < 400ms corre-

sponds to a break in the slope of the pressure trace measured at the top of the

neck. The scatter of the data points is large because (1) the flow is turbulent and

so there are real variations in velocity and (2) because the fluid blobs chosen were

at variable heights and tended to change shape. The velocities measured at the

neck entrance are small, and the slope over the first 400ms is also small. This

slope describes the eulerian acceleration, which is the change in the velocity at a

point in the flow as different fluid particles move through it. It is small compared to

the lagrangian acceleration, which is the acceleration experienced by a specific

fluid particle as it moves past this point. The particles have negligible forward

motion in the sphere and then reach a velocity of ,4 ms−1 over a distance of

,2 cm in the neck which corresponds to an average lagrangian acceleration of

,200ms −2 or 20g. The instantaneous accelerations are likely to be several times

greater than this.




