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1 Introduction

The cyclic character of magma ejections is one of the basic aspects in the research
field of the mechanisms responsible for the explosive character of eruptions of some
volcanic systems relevant to Lacroix’s classification. It’s natural that the different
physical models based on known hydrodynamic features of multi-phase flows, dy-
namics of the channel state, or an elastic properties of the volcanic system ” chamber
- channel” are more often than not applied to simulate for this phenomenon [1-4].
But these models can be applied at the certain conditions which, as a rule, are im-
possible to justify. The most understandable variants turned out to be open volcanic
systems, where the dynamics of the magma state in the gravity field in the course of
its upward motion along the channel is presented as the sequence of such processes
as nucleation, unlimited development of cavitation (the bubbles only expand) con-
verting the medium to a foam-like state, and subsequent failure of its structure [5, 6].
At first glance, these processes should be finalized by a continuous eruption rather
than by cyclic ejections of the magma as it happens in reality. This contradiction
could be explained by oscillations of bubble zones in the cavitating magma, which
is ignored in the models suggested in [5, 6]. An example of such a system is the Ere-
bus volcano, which is an open volcanic system of the explosive type (strombolian
eruption in Lacroix’s classification) with a lava lake on the crater bottom and cyclic
ejections. Experimental studies of eruption dynamics of this volcano in the magma
exit region carried out in [7] showed that gas bubbles do not oscillate before the ex-
plosion. This means that the oscillatory model of periodic ejections is inapplicable
to systems similar to the Erebus volcano. At the moment, none of the models can
explain this contradiction. It is assumed that mechanisms initiating cyclic ejections
are based on possible formation of discrete structures in the volcano channel in an
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intensely cavitating magma flow. The investigations described below were aimed at
analyzing two approaches to solving the problem of cyclic explosive eruptions.

2 Dynamics of Destruction Structure of Cavitating Flow
(Experimental Modeling)

The experiments were performed in a hydrodynamic pulse shock tube (Figure 1,a)
with dynamic loading of the examined fluid sample and pulsed X-ray diagnostics
[8]. By using three X-ray devices with a flash duration of 70 ns (exposure time) and
prescribed delays of initiation of these flashes, it is possible to obtain a frame-by-
frame picture of the flow structure. It should be noted that loading of the examined
sample by a shock wave (SW) initiated by an impact of a piston accelerated to a
given velocity in an evacuated channel on the upper diaphragm simulates the dy-
namics of the pre-explosion state of the compressed magma. An expansion wave
propagating over the compressed sample after SW reflection from the free surface
of the sample simulates the decompression process.

The experiments showed that the development of zones with almost unlimited
growth of cavitation bubbles is observed near the free surface of the samples if the
SW loading intensity is sufficiently high. This process is finalized by destruction
of the bubble zones (Figure 1,a,b,c). However after that depending on the loading
parameters (amplitude Psw and duration τsw of the positive phase of the SW), the
destroyed zone either can become closed (in particular, at Psw= 5 MPa and τsw=60
μs, Figure 1,b) or to be erupted in the form of a gas-droplet cloud (see Figure 1,c,
Psw= 17 MPa and τsw=30 μs). In the remaining part of the flow, a new free surface
is actually formed.

Fig. 1 a - scheme of the hydrodynamic pulse shock tube with pulsed X-ray diagnostics (1, 2)
and examined fluid sample (4); system of piston acceleration (7-10) between two diaphragms
(5, 6); b - dynamics of the structure of the cavitation destruction zone;c- destruction zone and
its eruption, d - discrete structures of cavitating flow (two regimes).

The loading parameters used in these experiments can be determined as the lower
(Psw= 5 MPa) and upper (Psw= 17 MPa) boundaries of the transition to sample de-
struction with a gas-droplet flow eruption. Note some features of the flow structure
which are typical ones for the lower boundary of this transition (the destruction zone
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of a cavitating layer is formed in the depth of the sample) and for the upper boundary
where the destruction zone begins practically from free surface of sample.

The possibility of formation of structures in the form of intensely cavitating zones
with alternation of low and high densities of the gas phase (Figure 1,d), which can
be interpreted as discrete structures, was found in a series of experiments in the
same range of amplitudes, but with significantly greater (150 μs) durations of SWs
initiating the cavitation process. Both pictures were taken with an identical delay of
3 ms after SW reflection from the free surface of the sample. It is of interest to note
that the above-mentioned feature is also observed in these regimes of loading.

3 Cycle Injection Mechanism and Anomalous Zone in the
Cavitating Magma Flow (Computational Analysis)

The dynamics of a pre-compressed heavy magma saturated by a gas was numeri-
cally simulated within the framework of a multi-phase homogeneous-heterogeneous
mathematical model based on a system of conservation laws for the mean pressure,
mass velocity, and density [8]. The model was closed by kinetic equations that took
into account physical processes that occur in the compressed magma during its ex-
plosive decompression [9]. It was noted in previous studies that micro-crystallites
saturating the magma can serve as cavitation nuclei in decompression waves and, as
a result, appreciably increase their saturation density (Nb). Numerical investigations
of the flow structure performed within the framework of this physical model showed
that an increase in the cavitation nuclei density even by one or two orders of mag-
nitude (e.g., with respect to the value Nb = 1010m−3 predicted by the homogeneous
nucleation model) leads to formation of zones with anomalously high values of flow
parameters, which exceed the corresponding values outside these zones at least by an
order of magnitude. For a fixed time instant t = 0.53 s, Figure 2,a, where the z axis is
the axis of symmetry of the vertical volcanic channel, shows the distributions of two
characteristics of the flow: pressure in the decompression wave and mass velocity U.

As follows from Figure 2 the saturation zone with anomalous parameters is lo-
cated in the vicinity of the free surface of the cavitating magma column. At t=0.53 s,
it occupies the region in the channel with the lower boundary approximately at a level

Fig. 2 Distributions of two from the basic parameters of the magma state (z), U (z): a - at
the time t = 0.53 s, before the formation of a discontinuity in the flow and the ”explosion”
of bubbles in the anomalous zone; b - directly after the discontinuity and new free surface
formation, t = 0.54 s.
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Fig. 3 a - time instant t = 0.81 s after the formation of 1st discontinuity: recovery of the
anomalous zone; b - time instant t = 1.00 s, the structure of wave field, motion of SW upstream
to the front of saturation zone.

of 250 m. In the calculations, the initial height of the magma melt column was taken
to be 1 km, the initial pressure in the magma was 170 MPa, and the mass fraction
of the dissolved gas was 5.7%. The process started from the decay of an arbitrary
discontinuity on the upper boundary (which becomes a free surface), formation of a
decompression wave moving inward the channel, and development of the cavitation
process behind the wave front. As in the case of open volcanic systems in Lacroix’s
classification, the outcome naturally expected in this situation is a continuous erup-
tion by analogy with the model developed in [6]. The calculations showed, however,
that the evolution of the cavitation zones acquires an absolutely different character:
the velocity of propagation of the decompression wave front is substantially differ-
ent from the velocity of the front of the zone of magma flow saturation by cavitation
nuclei. The process acquires a more general character. This means not only establish-
ment of a certain final value of the density of the number of nuclei Nb and formation
of the front of a zone characterized by this density over its entire depth (the charac-
teristic time of this process is approximately 6-8 ms), but also saturation of cavitation
bubbles in this zone by the gas under conditions of an increasing (by orders of magni-
tude) viscosity of the magma melt This process takes tens of milliseconds and leads
to significant restriction of the diffusion gas flow from the melt.

The following model of the cyclic process is considered. Let the anomalous zone
be completely formed at the time t = 0.53 s (Figure 2,a). A discontinuity is set di-
rectly ahead of the jump of the mass velocity at one of the next nearest time instants
t*. At this instant (t*= 0.54 s is chosen here), the cavitation bubbles (the pressure in
these bubbles reaches several hundreds of bars) in the anomalous zone are assumed
to ”explode” instantaneously; the anomalous zone instantaneously transforms to the
gas-droplet state, it becomes permeable, and the discontinuity boundary immediately
transforms to the free surface of the magma column remaining in the channel. It fol-
lows from the calculated results that the mass velocity in the vicinity of the new free
surface z ≈ 850 m (see Figure 2,b) directly after the discontinuity formation does not
exceed U≈ 24 m/s, and the gas losses in the melt are still insignificant:Cp ≈ 0,0035.

By the time t = 0.81s (Figure 3), the wave field structure in the volcanic channel
becomes appreciably different: as a result of reflection from the above-mentioned
boundary, the decompression wave transforms to a compression wave with a cor-
responding profile of mass velocity. This wave propagates toward the front of the
anomalous saturation zone whose lower boundary by this time is at a level of 150
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Fig. 4 a - the beginning of the compression wave reflection from the anomalous zone bound-
ary (time t=1.1 s); b - one of the stages of recovery of the decompression wave front and
anomalous zone (time t= 1.2 s) after the second discontinuity.

m lower than the free surface of the melt column. The maximum value of mass ve-
locity is slightly above 170 m/s, but the extreme values of other main parameters of
magma state in the anomalous zone are close to the values reached at the time t =
0.53 s before the first discontinuity of the flow: the anomalous zone is recovered,
and the system is again preparing to an ”eruption.”

A further analysis of the process evolution is needed to clarify the possibility
of sustaining the mechanism of cyclic ”eruptions” in the system under conditions
when the wave field structure changes dynamically (Figure 3). Second phase of
cyclic ”eruptions” is presented by Figure 4 , which shows the initial stage of the
process of compression wave reflection from the boundary of the anomalous zone
as a medium with an appreciably lower density (Figure 4,a, t = 1.1 s). It is seen that
the lower boundary of this zone at this time is located at a level of approximately
250 m lower than the free surface of the magma column. The second discontinuity
(”explosion” of bubbles in the anomalous zone, its transition to the gas-droplet state,
and its emission) was also formed directly ahead of the anomalous zone front, in the
cross section z ≈700 m, at the next time step after the instant t = 1.1 s. A numerical
analysis of the pressure and mass velocity distributions in the times interval between
instant t = 1.11 s and instant t= 1.12 s showed that the mass velocity of the new
free surface drastically increases during 10 ms to U ≈ 180 m/s. The front of the
decompression wave propagating downward in the volcano channel continues to
form. One of the stages of recovery of the next ”pre-explosion” flow structure is
shown in Figure 4,b (t = 1.2 s). During the next 80 ms (after t = 1.12 s), the formation
of the decompression wave front is stabilized; the anomalous zone is recovered and
starts to increase. The intensity of gas losses from the melt and gas diffusion to
cavitation bubbles drastically increase. The process acquires a cyclic character.

4 Conclusion

According to the results of the present experimental studies, a discrete system of in-
tensely cavitating zones with alternation of low and high densities of the gas phase
may be considered as a physical mechanism of cyclic ejections of the magma in ex-
plosive volcanic eruptions which can be realized at a certain regime of SW loading.
Based on the results of the numerical analysis, a model of cyclic ejections of the
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magma was developed. According to this model, the formation of the anomalous
zone with an jump of mass velocity in the flow is finalized by instantaneous for-
mation of a discontinuity directly in front of the velocity jump with a simultaneous
”explosive” transformation of the anomalous zone to a gas-droplet system (with a
subsequent ejection) and formation of a free surface on the discontinuity boundary.
The calculations of the dynamics of the magma column state remaining in the chan-
nel showed that the typical structure of the flow and its anomalous zones with jumps
of the main characteristics of flow is again recovered in the vicinity of the new free
surface. We have the base to conclude that the cyclic mechanism is determined, con-
trolled, and triggered by the mere evolution of the cavitation process under specific
features of the magmatic melt.
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