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Abstract

A theory of a volcanic eruption as a steady magma flow from a magma chamber to the surface is described.
Magma is considered as a two-component two-phase medium and magma flow is steady, one-dimensional and
isothermal. Mass and momentum exchange between condensed and gaseous phases is assumed to be in equilibrium
with nucleation of bubbles as a fast process at small oversaturations. Three basic flow structures in a conduit are
recognized and three resulting types of eruption are described. (1) In the discrete gas separation (DGS) flow, melt with
discrete gas bubbles erupts. This type includes lava eruptions and Strombolian activity. (2) In the dispersion regime
there is continuous eruption of a gas-pyroclastic suspension. Catastrophic explosive eruptions are included in this
type. (3) Here a partly destroyed foam is erupted with permeable structure that allows gas escape. Near the surface
this structure evolves with an increase in permeability and a decrease in the total porosity. This type corresponds to
lava dome extrusions. A criterion dividing DGS flow from the other two regimes is obtained: Di= Unn'/3alcy, where
U is the magma ascent velocity, 77 is magma viscosity, # is number of bubble nuclei in a unit mass of magma, a is the
solubility coefficient for volatiles in magma and ¢y is the volatile content. The boundary between the dispersion regime
and the partly destroyed foam regime depends on U, ¢y and particle size d,. For the dispersion regime the basic
governing parameters are: magma chamber depth H, conduit conductivity o=5%/n (b is the characteristic cross-
dimension of the conduit), and excess pressure in the magma chamber. Instability of the dispersion regime is
investigated numerically. The dependence of magma discharge rate on the governing parameters is described as a
combination of equilibrium surfaces with cusp catastrophes. Magma chamber depth is a ‘splitting’ parameter in most
cusps and controls the existence of unstable magma flow with sharp regime changes. Catastrophic rise of eruption
intensity is possible if H < H,,. The critical chamber depth H.. depends approximately linearly on ¢y and is about 15
km at ¢y =0.05. Some scenarios of eruption evolution are described in a steady state approximation, and the
mechanism of catastrophic explosive eruptions is proposed. The theory is applied to well documented eruptions
(Tolbachik, 1975-1976, and Mount St. Helens, 1980). The theory can also describe changes in a volcanic system, such
as destruction of the conduit or chamber walls, destruction of the edifice, changes in magma composition, and caldera
subsidence due to magma evacuation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Volcanism is a global phenomenon and study
of it includes many aspects and approaches. In
this paper the physical mechanism of eruption is
discussed. I have used only a steady state ap-
proach, which cannot describe all the details and
complexities of volcanic processes. However, this
approach is an important starting point as it helps
to describe and to understand the general features
of eruptions, including abrupt transitions from
one steady regime to another. The objective of
this extensive paper is to review and summarize
a large body of research results on the theory of
volcanic eruptions developed by the author over
the last two decades. Principally it concerns the
nature of eruption instability and abrupt changes
in eruptive style. This work has largely been pub-
lished in Russian and is not well known within the
international community. Although there are
some similarities and parallel developments in
the western scientific literature there are funda-
mental aspects of the research results, concepts
and approach which are different. Some of these
concepts are emerging outside Russia and so it is
timely to publish a synopsis both to familiarize a
broader community with interesting results and
perhaps to avoid the reinvention of the wheel. I
will consider some studies (mostly made after
mine), which are partly related to my work. A
full comparison cannot be done properly in the
limits of this paper, and I apologize to those
whose investigations escape this discussion.

1.1. Definitions and formulation of the problem

A volcanic eruption is a dynamical process of
outflow that is characterized as follows: (1) me-
chanical properties, composition, and structure of
the erupted products; (2) their mass rate of erup-
tion; (3) their velocity; (4) the flow regime,
namely the way these characteristics change in
time. An eruption is also an event, separated
from other similar events by a rest (or dormant)
interval. Rest is the second of two possible states
of an active volcano. Long-term volcanic activity is
an alternating succession of those two fundamen-
tal states. Eruptions can be treated in two re-

spects: as a process of outflow and the evolution
of this outflow over the course of the event.

The direct way to obtain quantitative informa-
tion about an eruption is by measuring flow char-
acteristics of volcanic eruptions. These measure-
ments are very difficult to obtain, especially in
intensive catastrophic eruptions. Most informa-
tion can only be obtained indirectly, such as by
interpretation of measurements made after an
eruption, observations at a great distance, and
measurements of disturbances and changes in
the environment caused by the eruption. Interpre-
tation of such information requires theoretical
models. Eruption is the final stage of processes
at depth, including origin, formation and trans-
port to the surface of magma; and starts the pro-
cesses of dispersal of the products. Consequently
the study of eruption mechanisms can be divided
into two problems: internal and external. The ex-
ternal problem includes the description of the
transport of volcanic products from the moment
of emerging to the moment of their primary de-
position or dissipation in the atmosphere. The in-
ternal problem concerns describing the dependence
of the eruption on the characteristics of the mag-
ma system and on external influences. The inter-
nal problem involves construction of a theoretical
model of these processes.

This work concerns the internal problem. Basic
regimes of eruption and their evolution, with con-
ditions of their realization, stability limits, and the
influence of external factors are investigated using
a steady state approach. An approach to predict-
ing hazards of a volcano according to the basic
information on the structure and state of its mag-
ma system is suggested. Theoretical results are
applied to two of the most completely studied
eruptions: those of Tolbachik 1975-1976 in Kam-
chatka, Russia and Mount St. Helens 1980 in
Washington State, USA. These eruptions are of
quite different types with different magmas and
different scenarios. The author took part in the
study of the Tolbachik eruption and observations
made on this eruption motivated this work.

1.2. A brief review of research

Early studies of volcanic eruptions were con-
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cerned with classification. Lacroix (1904), Mercal-
li (1907) and Jaggar (Luchitsky, 1971) classified
the main types of eruption on the basis of the
concentration of volatiles in magma and magma
viscosity. Escher (1933) and Sonder (Luchitsky,
1971) introduced the magma chamber depth as
a control on eruptive type. Early model concepts
were only qualitative and largely speculative. The
systematic development of the physical concepts
of eruption mechanisms began in the middle of
the 20th century. Graton (1945) first formulated
the physical problem and introduced the term
magma system of a volcano. Graton recognized
that under some conditions in a volcanic conduit
a foam of close-packed bubbles must form, which
must be treated physically as a new phase. Ver-
hoogen (1951) consistently described the process
of degassing of ascending magma and obtained
some quantitative relations.

The contemporary period of theoretical model-
ing of volcanic eruptions was initially stimulated
by planetary research (McGetchin and Ullrich,
1973). A model describing magma flow in a con-
duit as a steady one-velocity (homogeneous) two-
phase flow in a fissure with elastic walls was pre-
sented by Wilson et al. (1980). The problem of
bubble rise through ascending magma was first
investigated by Slezin (1979), who identified dif-
ferent two-velocity flow regimes. Wilson and
Head (1981) considered the same problem using
different assumptions. Subsequently, numerous
studies have developed more elaborate and com-
plicated models. Investigations proceeded in the
western countries and in Russia independently
and Russian (my) works were not known in the
west, leading to duplication of efforts. This paper
summarizes some of the author’s works on the
dynamics of explosive volcanic eruptions pub-
lished in Russian from 1979 to 1995. These inves-
tigations anticipated later research in the west,
and also included new concepts. I refer the reader
to reviews by Sparks et al. (1997), Papale (1998)
and Melnik (2000). I cite only work that is directly
complementary or overlapping with mine.

Model developments have included new sub-
stantial parameters and new approaches. Some
of those new approaches and additional parame-
ters were first considered in my investigations

published in Russian. These included two-velocity
(non-homogeneous) and quasi-steady problems,
multiple solutions for the steady flow, discovery
of flow instability and recognition of sharp
changes in the eruption intensity and style (Slezin,
1979, 1983, 1984, 1991). These and other related
studies were summarized by Slezin (1998). Some
later studies in the west partly overlapped with
these studies (Wilson and Head, 1981; Jaupart
and Allegre, 1991; Dobran, 1992; Woods and
Koyaguchi, 1994; Melnik and Sparks, 1999; Mel-
nik, 2000). Only in recent publications (Melnik
and Sparks, 1999; Melnik, 2000; Barmin et al.,
2002) have preceding Russian results been used.

2. Volcanoes as dynamic systems
2.1. The magma system of a volcano

Volcanism is the result of melt generation in the
upper mantle and crust and its transport to the
surface. For eruption modeling it is sufficient to
assume that magma is generated locally under
certain conditions, which depend on the geother-
mal gradient, thermal properties of the system
and geodynamical setting. Magmas are typically
generated by partial melting at depths of several
tens of kilometers and are differentiated during
ascent. Melting and differentiation decrease den-
sity typically by 5-15% relative to the original
rock (Clark, 1966; Lebedev and Khitarov, 1979).
The difference in density between magma and its
surroundings causes ascent of magma, its storage
and development of excess pressure in magma
chambers. In the relatively plastic mantle, asthe-
nosphere melts with relatively low density and low
viscosity rise as discrete jets or columns building a
periodical structure (e.g. Fedotov, 1976a,b; Ram-
berg, 1981). Density differences can cause excess
pressures at the head of magma column up to 100
MPa. Because of the mechanical properties of
most of the lithosphere and especially of the
Earth’s crust, the most probable way of magma
ascent is through fractures propagating in rigid
media by the mechanism of hydrorupture induced
by an excess magma pressure of no more than 20
MPa (e.g. Popov, 1973; Lister, 1990).
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The inhomogeneous structure of the crust al-
lows the formation of intracrustal magma cham-
bers, particularly at horizontal strata boundaries
and density interfaces. The shallowest of such
chambers are here called peripheral. Direct evi-
dence for shallow magma chambers is provided
by geological and geophysical data (e.g. Luchit-
sky, 1971; Balesta, 1981; Ryan, 1987). Because of
the mechanism of formation, these chambers are
initially expected to be horizontally arranged. Re-
lations between the dimensions of magma cham-
bers and volcanic conduits are such that, with
respect to magma flow, the first can be treated
by analogy to electric circuits as capacitors with
negligible resistance, and the second as elements
of resistance with very small capacitance.

2.2. Erupting volcano systems

2.2.1. The system geometry and magma properties

Here the upper part of the system consists of
the peripheral magma chamber with a conduit
connecting it to the surface. The gaseous phase
can exsolve and sharp changes in substance prop-
erties and in flow structure can take place. The
system is strongy non-linear, and alternation of
eruptions and dormant periods is characteristic.
Average magma discharge rate is approximately
constant over a prolonged period of a volcano’s
life (Kovalev, 1971; Tokarev, 1977; Crisp, 1984).
The total energy of an eruption and duration of
the cycle, including the eruption and the preced-
ing dormant period, are correlated positively. The
correlation becomes much stronger if groups of
eruptions (cycles of activity) are concerned instead
of the individual eruptions (Kovalev et al., 1971).
This suggests that intermittence of volcanic activ-
ity is the result of episodic (periodical) discharge
of some reservoir (magma chamber), which was
steadily refilled from the deeper parts of the mag-
matic system (Kovalev, 1971; Kovalev and Slezin,
1974).

A volcanic eruption is typically short compared
to the duration of dormant periods. Dormant pe-
riods are on average 30 times longer than erup-
tion durations for the island arc volcanoes and on
average 60 times more for other volcanoes (Sim-
kin and Siebert, 1984). The magma discharge rate

during an eruption must surpass the average feed-
ing rate of the magma chamber in similar propor-
tions, and so the latter in most cases can be ne-
glected. So an erupting volcano will be defined as
a ‘chamber-conduit’ system filled with magma
with some extra pressure and isolated in all direc-
tions except at the upper end of the conduit,
which is open to the atmosphere. Relations be-
tween the characteristic dimensions of the magma
chamber and the volcanic conduit and between
characteristic times of the processes of the magma
system during eruption permit analysis of an even
simpler system, and the study of quasi-steady
state scenarios of magma flow through the con-
duit caused by the constant (slowly changing)
pressure difference. There are a limited number
of qualitatively different steady states of such a
system, which correspond to the different styles
and modes of eruption. The main characteristics
of an erupting system are as follows.

2.2.1.1. Magma chamber. Tts shape is approxi-
mated as an ellipsoid or cylinder nearly isometric
or flattened in the vertical direction (Fedotov,
1976a,b). Linear dimensions of the horizontal
projection are estimated to be from a few kilo-
meters to a few tens of kilometers (Luchitsky,
1971; Farberov, 1979; Balesta, 1981); there is lit-
tle reliable information about vertical dimensions.
Chamber volume can be from a few to thousands
of cubic kilometers. The top of the chamber can
be situated at depths of a few to a few tens of
kilometers (Zubin et al., 1971; Balesta, 1981).

2.2.1.2. Conduit. Although the initial form of a
conduit in the lithosphere is a fissure, after some
time focusing of flow can change it to a cylinder.
At depth this process is slow, but it can be much
faster near the surface, where gas exsolves and the
velocity and eroding ability of magma increase.
Direct observation of the Tolbachik eruption
1975-1976 shows that transformation of the ini-
tial fissure to a circular cylinder (near the surface)
took only a few days (Fedotov, 1984). In a dor-
mant period a conduit can become partly solidi-
fied starting from its upper part; it may become
totally closed and eruption through it would not
necessarily resume.
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The central conduit of a large stratovolcano is a
stable, long-lived structure. This is confirmed by
the shape of symmetric stratovolcanoes made by
innumerable volcanic eruptions, emerging from
the same central crater. However, nearly all indi-
vidual eruptions inside the central crater occur
through outlets with dimensions much smaller
than the crater floor diameter and are located in
different places on this floor. In eroded volcanoes
a large number of intersecting dykes of different
ages are observed (Luchitsky, 1971; Sheymovich,
1975; Sheymovich and Patoka, 1980). So, even in
the case of many successive eruptions through a
single crater, the upper part of the conduit for
each eruption initially had the form of a newly
born fissure.

Factors influencing dyke propagation include
internal magma pressure, magma viscosity and
tectonic stresses. Two end member models are
commonly assumed: (i) an elastic fissure in which
internal pressure is equal to external pressure (e.g.
Wilson et al., 1980; Wilson and Head, 1981) and
(i1) a rigid fissure with behavior only dependent
on hydrostatic and magma dynamics (Slezin,
1983; Giberti and Wilson, 1990; Dobran, 1992).
For the latter case a constant fissure geometry is
commonly assumed. Here the second model was
used. The conduit is considered as a fissure at
depths where magma flow is taken as a continu-
ous liquid and as a cylinder near the surface
where flow consists of a gas—pyroclastic mixture.
The model is appropriate for the Great Tolbachik
eruption from observations of lava bombs with
cores of sedimentary xenoliths (Slobodskoy,
1977) derived from a depth of at least 2 km
(Shanzer, 1978) and covered with droplets of
magma stuck to them. So the depth of fragmen-
tation had to be no less than 2 km, which would
not be so if the fissure were elastic rather than
rigid. In the elastic model the hydrostatic pressure
in the conduit would be too high to allow magma
and wallrock fragmentation at depths of more
than a few hundreds of meters. At greater depths
the elasticity of fissure walls could play a more
significant role.

2.2.1.3. Magma. Magma in the conduit is a
two-component, two-phase medium. The compo-

nents are volatile and non-volatile; the phases are
condensed and gaseous. The non-volatile con-
densed component consists of silicate matter.
The volatile component, assumed to be water,
can exist both in condensed (i.e. dissolved in the
silicate melt) and in gaseous phases. A second
volatile component, CO,, differs from water by
having a larger density and being less soluble in
the melt (Kadik and Eggler, 1976; Mysen, 1977;
Mysen and Virgo, 1980). These properties influ-
ence eruption dynamics (through the position of
the fragmentation level) in opposite ways. My es-
timates (Slezin, 1982a) show that the effect of the
gas density increase is stronger than the effect of
the decrease of solubility. Substitution of water by
CO, decreases the volume fraction of gas (when
mass fraction is constant) and magma discharge
rate, and is approximately equivalent to a de-
crease of the mass fraction of water, a result
consistent with findings by Papale and Polacci
(1999).

The water content of magmas is typically a few
weight percent (up to 6%). However, magma can
erupt outside this range. For example, water can
be lost by surface degassing prior to eruption and
phreatic water can be added to magma. Addition-
al external water was suggested to explain the ex-
tremely water-rich basalts erupted by the North-
ern Cones of the Tolbachik eruption 1975-1976
(Menyaylov et al., 1980; Fedotov, 1984).

The condensed phase is treated as a liquid when
it is the continuous component of the flow and as
solid matter when it forms pyroclastic particles.
Influence of suspended crystals is not considered
except for the inability to dissolve volatile compo-
nents. Density of the condensed phase is approxi-
mated as independent of the concentration of the
dissolved volatiles. Magma is assumed to be a
Newtonian liquid with constant viscosity. In
some studies the strong dependence of viscosity
on dissolved water concentration is considered
(Barmin and Melnik, 1990; Dobran, 1992; Slezin
and Melnik, 1994). Dobran (1992) investigated
viscosity dependence on bubble concentration.
The dependence of viscosity and some other prop-
erties of magmas on the composition, pressure,
water content and temperature are now well
understood (Shaw, 1972; Lebedev and Khitarov,
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1979; Epelbaum, 1980; Persikov, 1984; Dingwell
et al., 1993).

The solubility of the volatile component (water)
in the melt is considered as dependent on pressure
p only (Sparks, 1978):

c=ap'? (1)

where ¢ is the mass part of volatile component in
liquid phase and «a is an approximately constant
coefficient, with values typically in the interval
0.0032-0.0064 MPa~'/2. The lower figure corre-
sponds to mafic magmas and rather large pres-
sures (about 400-600 MPa) whereas the upper
figure corresponds to silicic magmas and the pres-
sure interval from 0 to 100-200 MPa. In many
studies @ =0.0041 MPa~'/? was assumed (Sparks,
1978 ; Wilson and Head, 1981). Wilson and Head
(1981) modified Eq. 1 for basalts with the expo-
nent 0.7.

During decompression due to magma ascent,
equilibrium between the volatile component in
the melt and in the gaseous phase is assumed.
This assumption is usually reasonable for the
bubbles in the melt, but invalid in the gas—pyro-
clast mixture, where speeds are high. But in the
latter case volatiles dissolved in the particles are
usually low and one of two extreme assumptions
provides good approximations: equilibrium or no
gas emission at all. For high-viscosity magmas
and rapid flow the assumption of equilibrium
may not be valid even in the bubble zone, and
in this case diffusion delay of gas emission can
take place, which is equivalent to a decrease of
the volatile content. An attempt to take into ac-
count the diffusion delay was made by Slezin and
Melnik (1994). Threshold oversaturation needed
for heterogeneous bubble nucleation is not large
(about 0.1 MPa; Sparks, 1978; Hurwitz and Na-
von, 1994), so this is neglected. For magma flow
dynamics heterogeneous nucleation not only low-
ers the threshold of new gas phase generation, but
also induces generation of very large numbers of
bubble nuclei in a unit volume.

2.2.2. Physical conditions in the system

The temperatures of erupting magmas are typ-
ically 1000-1200°C for basalts and 700-1000°C
for silicic magmas. During magma ascent temper-

ature can be influenced by the following pro-
cesses: (1) heat loss through the conduit walls;
(2) exsolution of volatiles; (3) adiabatic expan-
sion; (4) viscous dissipation; (5) crystallization;
(6) exothermic reactions. The first and the third
processes involve cooling, the second process can
have either sign (Kadik et al., 1971), and the last
three processes involve heating. These effects can
be approximately estimated as follows.

In the rather ‘rigid’ case of a fissure conduit 10
km long and 2 m wide and magma ascent velocity
0.2 m s~! the temperature decrease due to max-
imum heat loss through the walls will be several
tens of degrees after 24 h and only a few degrees
after 1 month of continuous eruption, according
to my calculations. For a wider fissure or for the
equivalent cylindrical channel the temperature de-
crease would be less. The thermal effect of water
exsolution is negative when pressure is less than
300 MPa (Kadik et al., 1971) and for albite melt
composition is about —10°C per 1% H,O. Above
300 MPa the effect changes sign. Wilson and
Head (1981), referring to Burnham and Davis
(1974), stated that the effect of water exsolution
is positive and is quantitatively no less than
+10°C per 1% H,O. Expansion and acceleration
of magma flow transform thermal energy into ki-
netic energy. Viscous friction transforms kinetic
energy into thermal energy. The resulting effect
must be negative and proportional to the resulting
kinetic energy of eruption products per unit mass
of magma. For equal temperatures of gas and
pyroclastics and an average velocity at the con-
duit exit of 100 m s, my estimates give a tem-
perature decrease of about 4°C, and 16°C for 200 m
s~!. The heat of crystallization of silicate melt
varies from 2X 10° to 4 10° J kg~! (Clark, 1966;
Dudarev et al., 1972). In an explosive eruption
little or no melt can crystallize, but this process
can be important in slow extrusions (Sparks et al.,
2000). The thermal effect of crystallization is esti-
mated be no more than a few tens of degrees.
Exothermic reactions occur on contact with atmo-
spheric oxygen (Macdonald, 1963; Fedotov,
1984), but this effect is negligible for conduit
flow. The total change of magma temperature
over the conduit length typically is negative and
estimated as no more than a few tens of degrees.
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These estimates justify the isothermal approxima-
tion.

2.2.2.1. Pressure. A magma chamber is fed ulti-
mately from a deeper zone of magma generation
due to hydrostatic forces. The density difference
between magma and country rocks can provide
an upper limit of magma pressure at the head of
magma column that exceeds lithostatic pressure
by a few hundreds of MPa. However, this limit
can never be reached because dykes form and
propagate to the surface. Lithostatic pressure for
the chambers at different depths (4-30 km) should
be from 100 to 700 MPa. An excess pressure of 20
MPa is taken as a typical pressure difference at
the initiation of dyke propagation (Popov, 1973;
Stasiuk et al., 1993). After some evolution of the
conduit this pressure difference can increase due
to the difference between the lithostatic pressure
of the country rocks and the hydrostatic pressure
of the magma column in the conduit. Foaming
and fragmentation of magma in the conduit de-
creases its density and so can increase total static
pressure difference up to several hundreds of
MPa. Real dynamic values are less because of
friction and acceleration losses. This driving pres-
sure difference allows large velocities and mass
discharge rates of magma. In a steady regime
the flow is mostly compensated by the hydraulic
resistance of the conduit.

In constructing hydrodynamical models of
magma flow, instead of using the pressure at the
entrance of the conduit py, it is convenient to
define an excess pressure p.. as the difference be-
tween po and the hydrostatic pressure of magma
without bubbles:

Dex :PO_PlgH (2)

In Eq. 2 A is the magma chamber depth (length
of the conduit); g is gravity acceleration and p; is
magma density. The hydrostatic pressure of the
magma column is in most cases less than the
lithostatic pressure. The typical average densities
for a crustal section near the Avachinsky volcano
in Kamchatka are illustrated in Fig. 1. So p., can
be much more than 20 MPa at the beginning of
an eruption and can be negative at its end due to
the low density of the gas—magma mixture. If the

magma chamber walls are quite rigid and stable
Pex could change from +100 MPa to —200 MPa.
In practice the range is expected to be less, ap-
proximately from +40 to —40-60 MPa.

2.3. Flow structure in a conduit

Two-phase gas-liquid flow structures have been
studied in detail as applied to water—vapor mix-
tures, oil with gas, and industrial mixtures in
chemical technology (e.g. Deich and Philippov,
1968; Wallis, 1969; Boothroyd, 1971; Sternin,
1974; Nigmatullin, 1987). However, in all these
cases flow parameters are quite different from
those of magma flows, and corresponding results
should be applied to magma flow with consider-
able caution.

Magma has the following specific features: high
viscosity of the liquid phase; large difference
in density between the condensed and gaseous
phases at all pressures; large differences in the

0-—————Rhyolite
ﬂ—Andesite
2670 —Tholeiitic basalt
5,
I—Calcalkaline
€ 2760 basalt
£ |
T 10+
| 2860
15-
20+
2980

Fig. 1. Average density of crustal layers for different depths
in the region of the Avachinskaya volcano group calculated
using data of Zubin and Kozyrev (1989). To the left is the
depth scale in km; numbers in the middle above the horizon-
tal lines are the values of the average density (kg/m?) of the
crustal layer; to the right the levels are marked where the
average densities of the overlying layers are equal to the typ-
ical densities of magmas with named compositions (after
Murase and McBirney, 1973). Magma of the named compo-
sition and indicated density can reach ground surface by hy-
drostatic forces if sourced from beneath the marked level.
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physical and chemical nature of the condensed
and gaseous phases; small mass fraction of the
volatile components (a few percent); increase of
viscosity of the non-volatile component due to
volatile exsolution; heterogeneous bubble nucle-
ation on a large number of centers; and large
vertical length of the conduit. There are some
unique features of flow structures in a volcanic
conduit. Rising magma bubbles can reach the
state of close packing without bubbles moving
relative to the liquid; the transition of a liquid
with bubbles into the state of a foam is possible.
A dispersion of solid particles in gas (gas—pyro-
clastic flow regime) can develop directly from a
magmatic foam. The transition between plug
flow and annular flow is not usually expected,
except for some types of Hawaiian eruption
(Vergniolle and Jaupart, 1990).

There is a flow structure, named ‘partly de-
stroyed foam’ by Slezin (1980a, 1995a,b), which
has not been considered in previous eruption
models. In this regime both phases of the two-
phase, two-speed flow are continuous. Gas moves
through the interconnected pores in a partly de-
stroyed foam faster than the permeable foamy
magma. Such permeable systems in silicate melts
have been experimentally studied by Eichelberger
et al. (1986), Letnikov et al. (1990), Letnikov
(1992) and Balyshev et al. (1996). A sharp direct
transition from bubble flow to gas—pyroclastic
mixture is often assumed. This sharp transition
was supposed to result from increasing pressure
within bubbles due to pushing viscous melt
through thin films dividing bubbles needed for
further bubble growth (Sparks, 1978). In fact,
an expanding bubble in a close-packed ensemble
is surrounded by a foam medium which is de-
formed not by pushing of viscous liquid through
thin films, but with stretching and bending of
those films. This stretching and bending becomes
easier when films become thinner, and the resis-
tance of the foam to deformation become lower
(I.I. Goldfarb, private communication). Graton
(1945) wrote that a magmatic foam should be
treated as a new phase, but his advice was forgot-
ten. The problem is to describe partly destroyed
foam analytically. Here it is approximated by a
mass of loose particles partly stuck together. The

empirical formulas of Nigmatullin (1987) can be
applied to the dynamics of gas flow in loose fills.

There can be from two to four successive zones
(Fig. 2) with different flow structure in a volcanic
conduit for steady flow. The changes of structure
result from the increase of volume fraction of gas.
In an homogeneous zone (zone 1) there is only
silicate liquid in the conduit. In a bubble zone
(zone 2) there is gas-liquid dispersion flow in
which liquid is the continuous phase. At large
volume concentrations of bubbles (> 50%) this
can be defined as a foam. In zone 3 three cases
are possible, two of which are illustrated in Fig.
2a,b. First, the increase of gas volume during as-
cent results in the increase of gas bubble sizes.
Their upward speed through the liquid results in
coalescence due to bubbles overtaking one anoth-
er (zone 3 in Fig. 2a). Second, the increase of gas
volume during ascent results in the gas bubbles
growing ‘in situ’ and rising only with the liquid
(Fig. 2b). Bubbles eventually make a foam that
can disrupt and create a porous permeable sub-
stance of partly destroyed foam through which

Fig. 2. Possible structures of two-phase flow in a volcanic
conduit. (a) The discrete gas separation (DGS) regime: Zone
1, magma without bubbles; Zone 2, single-velocity bubbling
flow; Zone 3, DGS (two-velocity bubbling) flow. (b) The dis-
persion (steady-jet) regime: Zone 1, magma without bubbles;
Zone 2, bubbling single velocity flow; Zone 3, partly de-
stroyed foam (PDF, porous, channeled medium); Zone 4,
gas—pyroclastic dispersion flow.
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gas escapes without entraining particles (Slezin,
1979, 1980a). This structure can be illustrated by
pumice, in which most pores are interconnected
(Witham and Sparks, 1986). Third, the zone of
partly destroyed foam is reduced to zero and the
particles become fluidized after fragmentation,
provided that the flow velocity and the melt vis-
cosity are both large enough. In dispersed flow
(zone 4) the continuous phase is gas and particles
are the dispersed phase, behaving typically as sol-
ids on the time scale of the flow. A relatively large
zone containing a dense gas—pyroclast mixture (a
zone of fluidized flow) is a characteristic feature of
conduit flows.

Three of the zones have liquid as the continu-
ous phase, and the liquid viscosity is responsible
for flow resistance. These three zones are treated
as one zone of liguid flow that is separated from
the zone of gas—pyroclast flow by the fragmenta-
tion level. Volcanic two-phase flows differ from
similar flows in technical systems because of the
very sharp decrease of resistance at the fragmen-
tation level. The average flow resistance in gas—
pyroclast mixtures per unit length of conduit is at
least 5-6 orders of magnitude less than the flow
resistance in a zone of liquid flow. In the gas—
pyroclast zone gravitational forces are large and
inertial forces are very small.

2.4. Classification of eruptions based on flow
structure

Slezin (1979, 1995a) proposed a classification of
the basic eruption regimes on the basis of flow
regimes (two-phase flow structure) at the conduit
exit.

(1) Liquid with gas in the form of separated
bubbles appears at the surface. The discrete gas
separation (DGS) regime can take place only if
bubble sizes are large enough for their speed to
be much greater than the speed of liquid. This
regime corresponds to all eruptions with gas emis-
sion in discrete portions, including nearly pure
effusive and nearly pure explosive (Strombolian)
activity. Observations at Tolbachik (1975-1976)
show that during Strombolian activity gas emis-
sion on average is directly proportional to magma
discharge rate (Slezin, 1990).

(2) A continuous eruption of gas—particle flow
appears at the surface. The dispersion regime cor-
responds to all gas—pyroclast eruptions including
high intensity, catastrophic explosive eruptions
(CEE). In this regime two different zones of liquid
flow and of gas—pyroclast flow exist in the con-
duit, separated by the fragmentation level. The
possibility of major changes of total flow resis-
tance after very small displacements of this
boundary make such flows unstable and make
possible sharp and unexpected changes in the
eruption character and intensity.

(3) A two-phase medium erupts in which both
phases are continuous and move with different
velocities. This medium consists of high viscosity
magma with a system of interconnected pores and
channels, through which gas rapidly escapes. This
regime is named the regime of partly destroyed
foam (PDF). The third regime corresponds to ex-
trusive eruptions. This is possible only as a very
slow movement of high viscosity magma, such as
in lava dome eruptions.

3. Conditions for the basic regimes of volcanic
eruptions

The boundaries between the three flow regimes
are defined on the basis of six main parameters
for conduit flow (Slezin, 1979, 1995a): magma
ascent velocity, melt viscosity, number of bubble
nuclei per unit volume of magma, mass fraction
of volatile components, volatile solubility coeffi-
cient and mean size of the pyroclastic particles.
They depend on many properties of the magma
and the eruption system. For example, mean size,
porosity, and the shape of the particles can de-
pend on some small constituents modifying sur-
face properties of magma (Kovalev and Slezin,
1979a,b). The number density of bubble nuclei
depends on many factors, including volatile con-
tent, composition of melt, temperature and speed
of decompression.

3.1. Discrete gas separation and dispersion regimes

For the fragmentation of magma foam a rela-
tively large volumetric fraction of gas bubbles
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should be attained near the state of close packing.
At close packing, the interbubble melt films be-
come thin and unstable enough for disruption to
begin due to further foam expansion. The films’
stability depends not only on the volumetric frac-
tion of gas, but also on the small amounts of
some magma components known as ‘foam stabil-
izers’ (Kovalev and Slezin, 1979a,b). So the foam
density before disruption can vary between differ-
ent magmas.

The attainment of the close-packed state can be
prevented by either low gas content (< 0.06 wt%)
or gas removal by rising bubbles. The latter is
plausible, provided the primary bubbles are able
to overtake and coalesce with one another, in the
‘discrete gas separation’ regime. The necessary
condition for this can be written as follows:

Al>kid (3)

where d is the mean distance between bubbles;
Al =1} —Is is the difference between the paths trav-
eled by large (/z) and small (/s) bubbles as they
rise through the melt, and k| is a coefficient ac-
counting for the non-uniform distribution of bub-
bles in space. The distance between the bubbles is
no larger than the distance between their centers:

d<n™1/3 4)

where 7 is the number of bubble nuclei in a unit
magma volume. The value of n is taken as con-
stant after a very short nucleation interval (Tora-
maru, 1989). The nucleation of new bubbles is
most likely at the greatest distance from existing
bubbles where maximum supersaturation is ex-
pected (Blower et al.,, 2001). Consequently, by
the end of nucleation the distribution of the bub-
ble nuclei in space must be approximately uni-
form, and we can put:

ki=1 (5)
The path, /, traveled by the bubble as it rises at

speed # relative to magma, can be approximately
defined as:

I =uT (6)

T is the time of bubble rise. If it does not coa-
lesce with its neighbors each bubble can grow to a
maximum close-packing size, approximately equal

to n~'/3. Then the average speed relative to mag-

ma, defined approximately as an arithmetic mean
of the initial and the final rate, is:

VLT
u 367]” (7)

where p; is the liquid density, g is the acceleration
of gravity, and 7 is the liquid viscosity.

A bubble can rise through magma during the
time 7" that magma takes to rise from the level of
the bubble generation /g to the level /,, where a
close-packing state is attained. Here the ratio be-
tween the gas and liquid volumes V,/V; becomes
approximately 3. Expressing the difference be-
tween the levels through a pressure difference

(PO_Pp):

hog—hy = —L2 P2 (8)

pet Gl

Here p is the average density of the melt-bub-
ble mixture, and U is the average flow velocity on
the hop—h, interval, b is the characteristic cross-
dimension of the conduit and G is the factor char-
acterizing its cross-sectional geometry. The time
T can be found as the distance ho—h, divided
by U:

T _ po_p%z (9)
T n
From continuity of the flow we get:

Up = Up,, U:% (10)
where U and p; are the flow speed of magma
without bubbles and its density, respectively.
The value of p (and hence of ) over the distance
(ho—hp) can be calculated assuming equilibrium
for volatiles between liquid and gas phases. For
typical volatile contents, the ratio U/U ranges be-
tween 2.5 and 1.7 and is equal to 2 with a volatile
content of slightly less than 5%. Putting U=2U in
Eq. 9 and taking into account Eq. 10, we obtain:

-1
Doy 4Un
T- Uplg(l +cgplb2) ()

The pressures py and p, can be found from the
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magma volatile content, ¢y, and Henry’s law (Eq.
2). Assuming the gas to be ideal, one can write:

E _ Pl]?a(co_a\/ﬁ)

12
Vi P gal ( )

where p, is atmospheric pressure and pg, is the
gas density at this pressure and magma temper-
ature. V,/V;=0 at py and V,/V;=3 at p,. Substi-
tuting these values into Eq. 11 and then substitut-
ing Egs. 11 and 7 into Eq. 6, we can find the
distance that an average bubble can rise relative
to magma /=1.

Let us define the ‘large’ and the ‘small’ bubble
and express Al through /. The radii of large and
small bubbles (r; and rg, respectively) are chosen
so that the probability that the ‘small’ bubble is
ahead of the ‘large’ bubble in the ‘capture zone’
is unity in any conduit cross section after nucle-
ation ceases. The capture zone is assumed to be
a vertical circular cylinder with the same radius
as the ‘large’ bubble. This approximation is based
on the tendency of small bubbles to follow flow-
lines around large bubbles, but neglects coales-
cence.

The probability calculation indicates that, for
typical conduit widths, any number of bubble nu-
clei per unit volume and any bubble size distribu-
tion, we can use the maximum radius ry,x for the
‘large’ and the minimum radius ry, for the ‘small’
bubble. For instance, for a uniform size distribu-
tion (dN(r)/dr = Constant between ryi, and rmpax),
the condition that the probability of at least one
pair of a ‘small bubble ahead of a large bubble in
the capture zone’ in any cross section of the con-
duit is unity is as follows:

A max_ —
Ar rL>%n 2/3 (13)

where Ar=rmax—Fr =7s—Tmin, Afmax = Fmax ™ min»
and S is the cross-sectional area of the conduit.
For example, let S=100 m?, Arpa =50 pm—35
um=4.5x10"> m, and n=10"" m~3. Then Eq.
13 is rewritten as:

Arrp>8.5% 10714 m? (14)

Because r; <rmax =5X107° m, the condition
necessary for Eq. 14 to be validis Ar > 1.7 X 107° m.

That is, r; can differ from rp.y, and rg from ry;,,
by not more than a hundredth of a percent.

The bubble size distribution depends on the ki-
netics of bubble nucleation and growth. After ini-
tial nucleation, oversaturation can decrease due to
further nucleation, and gas diffusion into existing
bubbles. The competition of these two processes
involves a rapid cessation of nucleation and the
stabilization of the number of bubbles in a unit
mass of magma. Theoretical calculations indicate
that the nucleation interval is of the order of 0.1
MPa (Toramaru, 1989). My approximate esti-
mates gave values of about 1 MPa, that is less
than 1% of the total pressure difference in the
conduit. The initial bubble size distribution is
thus formed, which changes during further rise
of magma due only to bubble growth. New bub-
ble nuclei can be generated if the pressure de-
crease accelerates, probably in the last stages of
magma ascent when the melt-bubble mixture is
near to close packing, and is not expected to
play a significant role in controlling the flow re-
gime.

Bubble growth in ascending magma proceeds
by two mechanisms: mass diffusion and decom-
pression. Some time after the end of nucleation
the first mechanism prevails, but soon its influence
becomes unimportant. Sparks (1978) showed
these effects for a single bubble; for a bubble
growing in an ensemble of other bubbles they
should be more prominent. The effect of the dif-
fusion depends on the dynamics of magma ascent
and tends to restrict the bubble size range; de-
compression tends to keep the ratio of the bubble
radii constant. Hence, if there is no coalescence,
the change of the ratio of the largest and smallest
bubble sizes should be small, and its value, mea-
sured in pyroclastic particles, should give the low-
er limit of this ratio in the conduit.

The measurement of bubbles in pyroclastic par-
ticles (Heiken and Wohletz, 1985) and in Tolba-
chik scoria (the bubbles whose form suggested a
coalescence origin were discarded) gave ryay/
Fmin ~ 10. Obviously, this ratio cannot be smaller
in the conduit. Considering the above estimates
one also can put r;/rg ~10. Since /~r2, one can
put approximately Al=[—Is~I;, and also
rp ~2r and [; ~4l. Consequently:
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Al =41 (15)

Taking into account Eqgs. 5, 6 and 15, the start-
ing condition 3 can be rewritten as:

7>%n*1/3 (16)

The value of / can be found using Eq. 6 through
the substitution of Eqgs. 7 and 11 into it. Perform-
ing appropriate substitutions in Eq. 16 and simple
manipulations, we obtain the condition necessary
for the discrete gas separation regime:

2
a

Unn1/3c—%F(Q)(l + F1)<0.11 (17)

where

ro- (o3

2
PiPad Un
- P =461
Q 6pgaC0 ! gp/bz

All quantities that enter the expression for Q,
except ¢y, have a possible variation range of 20—
30%; ¢op may vary several-fold. My estimate sug-
gests that Q varies within 0.05-1, with F(Q) vary-
ing only two-fold (1.08-2.15). Considering the
general validity of this derivation and the accura-
cy of the initial parameter values, F(Q) can be
replaced safely by 1.6 as a typical value.

The quantity F) is a ratio between the contri-
butions of friction and magma weight to the pres-
sure loss over the interval of the bubble flow. In
the discrete gas separation regime, when the zone
of liquid suspended in gas is absent, its value is
always smaller than one and is approximately
(p1—p)Ipl, where p is the average density of mag-
ma in the conduit. Near the boundary between
the discrete gas separation and dispersion regimes
F;<0.5; it tends to this value only if all the con-
duit is filled with a bubbling liquid and its length
is small. Taking the maximum value F; and put-
ting it into Eq. 17, together with the average value
of F(Q), we obtain the inequality:

2
Di = Unn'*%5<0.05 (18)
%

The dimensionless number Di (Slezin, 1979,

1995a) has a critical value Di., =0.05. When
Di<0.05 the discrete gas separation regime oc-
curs; when Di>0.05 one of two other regimes
(dispersion or extrusive) is possible. Slezin (1979,
1995a) proposed that the condition Di> Di,, is
necessary, but not sufficient, for the dispersion
regime.

A change to the dispersion regime is promoted
by the increase of magma ascent velocity, viscos-
ity, and the number of bubble nuclei per unit
mass. Less obvious is the dependence upon the
volatile content and the solubility coefficient a.
Both the increase of the volatile content and the
decrease of solubility result in the appearance of
bubbles at a greater depth, lengthening their float-
ing time, and, accordingly, increasing the proba-
bility of their coalescence and the rapid removal
of large gas volumes from the flow. This criterion
can be used where the magma volatile content is
sufficient for the bubbles to attain close packing
at least at atmospheric pressure, and this condi-
tion holds for typical gas contents (co > 0.0006).

Let us consider the variables that control the
Di criterion more generally. Velocity U can be
treated as a dynamic parameter. The volatile con-
tent, ¢, characterizes the main components of the
system that control the flow dispersion. The other
variables, 17, n, and a, describe system properties,
mainly of magma. They enter the Di criterion as
co-factors and because they vary unidirectionally,
as magma changes from basic to silicic, the com-
bination

§=nn'la (19)

can be taken as a generalized characteristic of

magma, and Di can be written as a function of

three variables:

Di = (i—f (20)
0

where E~1072 s m™! for silicic magma, and

~107° s m~! for basic magma.

After substituting Di, for Di in Eq. 20, we
obtain an equation connecting three variables U,
& and ¢y, which describes a curved plane. All the
points below this plane represent combinations of
parameters corresponding to the discrete gas sep-
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aration (DGS) regime. Some cross sections of this
curved plane for constant values of & are shown in
Fig. 3. The DGS regime should prevail when ba-
sic magmas erupt, but has a very small probabil-
ity for silicic eruptions.

Magma ascent velocity U is a convenient vari-
able to investigate evolution of eruptions. Conse-
quently, the condition for the realization of the
DGS regime can be defined as:

Di,, = 0.05 (21)

Wilson and Head (1981) made their calcula-
tions of bubble rise and coalescence for basalt
magmas, using the magma velocity as the only
governing parameter on the evolution of an erup-
tion. Their results are in good agreement with the
results obtained using formula Eq. 21.

3.2. Dispersion and PDF (extrusive) regimes

When Di> Di,. the state of close packing is
reached due to bubble growth in the ascending
magma, and produces foam, which begins to dis-
rupt. To create the dispersion regime this disrup-
tion must be complete, and the velocity of the
discharged gas flow must be sufficient for fluid-
ization of the resulting particles. In a steady
flow immediately after the beginning of foam dis-

0.5 .
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Fig. 3. Critical velocity of magma ascent plotted against vol-
atile content. Curves labeled from 1 to 5 describe critical ve-
locities of magma ascent against volatile content, ¢y, corre-
sponding to & values from 107! to 107> s m™!, respectively.
For a given value of & the DGS regime plots to the right of
and below the curve of critical velocity.

ruption these conditions as a rule are not fulfilled.
Foam disrupts only partly. A porous substance
(partly destroyed foam) is formed. This is justified
by the interconnected character of pumice (With-
am and Sparks, 1986; my own measurements in
basaltic slags of Tolbachik), and by the permeable
nature of extrusive domes (Sparks et al., 2000).

With further magma ascent, the volume flow
rate and the velocity of gas increase, and fluid-
ization and transformation of the foam to a
gas—pyroclast mixture can occur. To describe the
process of gradual foam disruption I treat the
partly destroyed foam as a mass of separate par-
ticles characterized by definite sizes and partly
stuck together (Slezin, 1980a, 1995a,b). Gas can
flow through the channels between particles and
fluidize them if it has sufficient velocity not only
to suspend them, but also tear them from each
other. If the gas velocity is not sufficient for par-
ticle fluidization even at the exit of the conduit,
partly destroyed foam (PDF) extrudes.

The gas velocity needed for fluidization depends
on the particle size, density, and on the sticking
forces. The magnitudes of the sticking forces are
not known, so we must consider several possible
cases. The particle size distribution forms in the
process of foam disruption, and is assumed to
change little in the gas suspension. Particles
should be smaller when viscosity of magma is
larger and eruption is more intensive because of
both larger pressure gradients and more brittle
response of magma due to faster deformation.
These factors also lead to larger pressures in bub-
bles before disruption. As a limit, pyroclasts can
consist only of ‘shards’ that are remnants of in-
terbubble walls. The density of shards is p;, but
they have complicated shapes and large drag co-
efficients in the gas flow. Larger particles include
pores and their density is less than p;, but their
shape is more isometric and the drag coefficient is
not so large (Wilson and Huang, 1979). In further
calculations a polydispersed particle suspension
was substituted by a monodispersed one (Slezin,
1980b), consisting of particles with an appropriate
density and with a drag coefficient equal to unity
in agreement with experiments (Walker et al.,
1971).

The volume fraction of free gas needed for flu-
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idization & equals 0.4 for spheres (Boothroyd,
1971). A similar value (0.44) was measured on
ash from Bezymyanny volcano (Alidibirov and
Kravchenko, 1988). The dispersion regime begins
when fluidization conditions are fulfilled at the
vent exit into the air at pressure p, (atmospheric)
and gas density p,,. Assuming that all gas has
been exsolved, the required speed can be found
from the continuity condition:

_Upico
Pgado

Ug (22)

The speed of the particles u, can be found as a
difference between u, and the terminal speed u, of
the particles of average size d,:

- gPpdp
U = ,—3,0;;,1 k(80) (23)

The subscript p is used with the variables that
characterize the particles, and p, = p;(1—f}), where
[ is the porosity of particles. The ‘flow tightness’
(i.e. the influence of adjacent particles) is taken
into account by multiplying the expression by
the coefficient k(6). The speed of the particles in
a stable flow must satisfy the continuity condition
for non-volatile components:

Up:
D 1-50) 29

Denoting the gas speed sufficient to surpass the
cohesion of the particles as u(F),), where F, is the
cohesive force needed to tear one particle from
another, the condition for the dispersion regime
can be written as:

ug=u,(80) + u;(80) + u(Fp) (25)

The three terms on the right hand side of Eq.
25 are not equivalent. The second term depends
on the size and density of the particle only, but
the first term depends on the magma upward ve-
locity U and is in nearly all cases much less than
the second term. The third term cannot be esti-
mated: it could be much smaller or much larger
than the second term. So, as a first approximation
we neglect the first term and consider possible
limiting cases for the third term.

Assuming that the first term in the right side of

Inequality 25 is equal to 0 and substituting in it
Eqs. 22-24, then:

00Pga 4gppd,
U= k(8¢) + u(F 26
o G ORI (26)

If the cohesive force is much less than the force
needed for fluidization of loose particles, and the
particles are not stuck together after disruption,
we can put u(F,)=0 and rewrite Eq. 25 as:

_80k(80) [Aepe(1=)d,

U
co 3pi

(27)

If the cohesive force is much larger than the
force needed for fluidization we can write:

>5 0P ga
U_—pgco u(Fp) (28)

If condition 26 or one of the conditions 27 and
28 is not fulfilled, the PDF regime can take place.
Illustrative values corresponding to the moment
of fluidization at the exit in Eq. 27 are:
& =0.44; k(&) =0.1 (Alidibirov and Kravchenko,
1988), p;=2500 kg m3, p,=0.2 kg m™3 and
[=0.5. As a result we obtain:

20.0017\/@ (29)

Co

where d, is in m and U in m s™!. Substituting in
Eq. 29 values of ¢y about 0.05 and d, =1074-10"2
m, we find that, if particles do not stick to each
other, for the extrusive regime to be realized the
velocity of magma ascent should be about 0.001 m
s~! or less. Magma ascent velocities correspond-
ing to the extrusive regime on Mount St. Helens
(Slezin, 1991, 1995a) give values of more than
0.001 m s~ !. So the effect of cohesion of particles
may be not small. Equating the drag force and F),,
an expression for u(F,) is obtained through F,
and an approximate inequality analogous to Eq.
29 is found:

. F
1/=0-00012 JF, (30)
&) dp

U

The cohesive force F, increases when the par-
ticle size d, increases, so the dependence of the
right hand side of Eq. 30 as well as the right



Yu.B. Slezin/Journal of Volcanology and Geothermal Research 122 (2003) 7-50 21

0.1
U u.
0.08 Dispersion
— regime
‘w 0.06
E
D 0.04
Extrusive
0.02} \['e9'me DGS regime
0

0 0.02 0.04 0.06 0.08 0.1
Volatile mass fraction

Fig. 4. Map showing eruption regimes on a plot of magma

velocity versus volatile (water) content bounded by critical

curves. The curve for U, divides the DGS regime from

others, calculated using Eq. 21 with £=5X107% s m™!; curve

U, divides extrusive and dispersion regimes calculated using
Eq. 31 with 4=0.01.

hand side of Eq. 29 on d, is not strong. So for an
approximate estimate one can write instead of
Eqgs. 29 or 30:

vy =2 (31)

€o

where U, is in m s~! and 4 can be from ~107> m
s! for the small, non-cohesive particles to
~ 1073 m s~! for the case when the cohesive force

is greater than particle weight.
3.3. Relations between three basic regimes

The conditions for each basic regime are sum-
marized in Table 1 and illustrated in Fig. 4. For
the small non-cohesive particles, the curve U,
would be lower than is shown in Fig. 4; when

0.2
5 4 3
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Fig. 5. The dependence of eruption regimes on the parameter
£ Other parameters are the same as in Fig. 4. Curves with
numbers from 1 to 5 correspond to the values of ¢ from
107! to 107 s m~!, respectively (from rhyolites to basalts).
For a given value of & the DGS regime plots to the right of
and below the curve of critical velocity. The dispersion and
extrusive regimes plot above the curve (see Fig. 4).

the particle cohesive force is large, the curve could
be much higher. The curve U, can have different
inclinations (Fig. 5). In principle any regime can
be realized for any magma (Fig. 5), but the rela-
tive probabilities of the regimes are quite differ-
ent. For basalt eruptions the DGS regime pre-
vails; the dispersion regime can be realized only
when the volatile content is small and the speed of
magma ascent is large; and the PDF regime can-
not practically be realized. For silicic eruptions
the dispersion regime strongly prevails; the PDF
(extrusive dome) regime is feasible for a wide
range of parameters, but the DGS regime has
very low probability. All this corresponds well
to observations.

Table 1

The conditions necessary for different regimes to occur

Condition: u>Uu, u<u, U>U, U<y,
Regime

DGS - + 0 0

PDF + — _ +
Dispersion + _ + _

‘+’ means the condition must be fulfilled; ‘=" means the condition must not be fulfilled; ‘0’ means the condition is not critical.
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Table 2
Average values of the parameters typical for the Tolbachik eruption in 1975-1976

Ums)  p@®as) am?d) o aPa ') d, (m) py (kgm ™)
Northern Breakthrough 0.15 10° 3x 10" 0.09 3x107° 0.01 1500
Southern Breakthrough 0.02 10° 3x 10 0.01 3x107¢ - -

3.4. Some estimates for well known eruptions

3.4.1. Tolbachik 1975-1976

This eruption is described in a monograph (Fe-
dotov, 1984). It includes two stages that were
named the North and South Breakthrough. These
stages differ from each other both in time and in
space (10 km distance) and in regime. At the
South Breakthrough there was only the DGS
(classic Strombolian) regime. At the North Break-
through the dispersion regime mostly occurred
and was very stable for several days. Some aver-
age characteristics of both stages are shown in
Table 2. For the South Breakthrough Di=0.005
was obtained, which is an order of magnitude less
than the critical value and corresponds to the sta-
ble DGS regime. For the North Breakthrough
Di=0.1, which corresponds to the dispersion re-
gime. In the latter case the value of Di is only a
little greater than critical, and instability of mass
discharge rate related to changing regimes can be
expected. Such an instability was observed near
the end of the North Breakthrough eruption.

3.4.2. Mount St. Helens 1980

The first stage of the Mount St. Helens erup-
tion included mild phreatic explosions and defor-
mation of the volcanic edifice (Lipman and Mul-
lineaux, 1981). Then a large landslide triggered a
directed blast. A gas—pyroclast steady-jet stage
followed, which lasted for 9 h in the stable regime
and then stopped abruptly. After a 3.5 week
pause a dome started to extrude. During the
steady-jet (Plinian) phase 0.25 km?® of juvenile
dense magma with a density of 2600 kg m™3
was erupted, so the average volume discharge
rate was about 8000 m3 s~! (Carey et al., 1990).
At the beginning of the extrusive dome growth
the volume discharge rate was about 8 m? s™!

(Swanson and Holcomb, 1990). Slezin (1991) esti-
mated the magma ascent velocity during the
steady-jet stage and consequently the conduit
cross-sectional area using characteristics of the
gas—pyroclastic jet and the theoretical model de-
scribed in the next section. This velocity was a
little more than 1 m s~!. So the magma ascent
velocity during the extrusive stage should be
about 0.001 m s~

The original content of the dissolved water in
the melt phase of the magma, calculated using
mineral-phase relations, was ¢y =0.046 (Ruther-
ford et al., 1985). Using granulometric data and
space-size distribution of pyroclastics from Sarna-
Wojcicki et al. (1981), the average size of particles
(total volume divided by the total number of par-
ticles) was estimated as d, =0.001 m. Substituting
appropriate values in Eq. 21, we find that U,, is
much less than 1 m s~! with any feasible value of
& for Mount St. Helens magma. The theory pre-
dicts the dispersion regime. Calculation of Uy,
dividing the dispersion and PDF regimes (Eq.
29), yields 0.0007 m s™!, which is similar to ob-
servations on the dome growth (Moore et al.,
1981).

3.4.3. Bezymyanny 1956

The eruption of Bezymyanny 1956 followed the
same scenario as Mount St. Helens 1980 (Belou-
sov and Bogoyavlenskaya, 1988). Quantitative
data are not so detailed as for Mount St. Helens.
The dissolved water content is between 0.05 and
0.06 (Kadik et al., 1986) and the average particle
size is approximately the same as on Mount St.
Helens. Hence the value of U; must also be the
same. The average magma discharge rate during
the first 3 months of dome extrusion was 3 m?
s~!. The observations on Bezymyanny also con-
firm theoretical results.
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4. Theory of the dispersion regime

4.1. Formulation of the problem and solution
method

4.1.1. Physical formulation

The problem is as follows: magma flow moves
through a vertical conduit under a certain pressure
difference between its ends. The eruption type,
mass discharge rate, flow structure, and velocity
of the flow at the exit of the conduit must be found
for any combination of system parameters. In the
dispersion regime there are both main forms of
two-phase flow in a volcanic conduit: liquid and
gaseous (gas—pyroclast mixture). The following
simplifying assumptions were made: (1) flow is
steady-state, isothermal and one-dimensional; (2)
mass and momentum exchange between phases is
an equilibrium process; (3) the gas—pyroclast mix-
ture is monodisperse and non-colliding; (4) the
density of the condensed phase is independent of
the dissolved volatile content; (5) the condensed
phase is incompressible and the gas is ideal; (6)
nucleation of bubbles starts at gas saturation con-
ditions and stops after a very small interval of
time, which is neglected, and then the number of
bubbles per unit mass remains constant.

4.1.2. The system of equations

The mathematical description of conduit flow
includes: (1) equations describing conservation
laws: for the mass of each component, momen-
tum and energy; (2) equations of state for each
phase and for the mixture; (3) equations describ-
ing interaction between phases: mass, energy and
momentum exchange. Boundary conditions are
required at the ends of the conduit and the con-
ditions on the boundaries between zones with dif-
ferent flow structure.

Assumptions of isothermal flow and imperme-
ability of the conduit walls for heat and matter
allow equations of energy conservation and ones
describing energy exchange between phases to be
neglected. In its general form the systems of equa-
tions, with simplifying assumptions, can be writ-
ten as:

(pu),y, = Const (32a)

(pu), = Const (32b)
dp = dpst + dpu + dpd (33)
Pe=pPe(p) (34a)
pr=pip) (34b)
p=pp,PePI) (34¢)
2
c=ap'? atp<a—g (35a)
2
c=Cy atpza—g (35b)
ug—u; = F(P;) (36)

In the equations, p is pressure, u is velocity, and
p is density; when used without subscripts these
quantities relate to the two-phase mixture as a
whole; ¢ is dissolved volatile component content
in the condensed phase; ¢y is total volatile con-
tent; a is the gas solubility constant; P; are pa-
rameters of the flow on which momentum ex-
change between phases depends. Subscripts sz, u,
and d are used to describe static, dynamic and
dissipative pressure losses, respectively; nv de-
scribes the non-volatile component; v describes
the volatile component; g refers to the gas phase;
and / to the condensed (liquid) phase.

Eqgs. 32 are continuity equations; Eq. 33 is the
equation of momentum written as a balance of
pressure increments and describes the change of
pressure along the conduit; Eqgs. 34 are the equa-
tions of state for each phase and for the mixture;
Egs. 35 describe mass exchange between phases
(solubility of the volatile component in the
melt); Eq. 36 characterizes momentum exchange
between phases. Specific forms of the equations
depend on the flow structure and are not the
same in the different parts of the conduit. Equa-
tions use real velocities and densities of the phases
rather than normalized values. In the zones where
all the phases have the same velocity, we write one
continuity equation:

pu=pU (37)

If the velocities of the phases are different in the
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zones of partly destroyed foam and dispersion, we
write two continuity equations, one for each com-
ponent:

u(1=c)(1=B)(1-6) = U(1—c) (38a)

pgug5 + pg”lﬂ(1_5) + Plulé(l_ﬁ)(l_‘s) =

p1Uc (38b)

Here f is the gas volume fraction enclosed with-
in the particles and §is the volume fraction of free
gas in the flow. In Eq. 38b, written for the volatile
component, the first term on the left hand side
describes the mass flux of free gas, the second
term describes the mass flux of gas in the pores
of the particles, and the third term describes the
mass flux of the volatile component dissolved in
the condensed phase. The second term of Eq. 38b
is much smaller than the others and in most cases
can be neglected.

If the vertical coordinate %, is directed down,
and the origin is placed at the exit of the conduit,
one can write the terms of Eq. 33 in the following
way:

dps = pgdh (39)
dp, = —p,udu (40)

The inertial term, Eq. 40, is relevant to the gas—
pyroclast zone only, because in other zones it is
negligibly small. The third (dissipative) term in
the right hand side of Eq. 33 in the region of
the liquid flow (i.e. first three zones from the mag-
ma chamber) has the form:

dpa = G%dh (41a)

b2

n
where o is called the conduit conductivity, b is the
characteristic cross-dimension of the conduit (for
a fissure it is the width, for a cylinder it is the
diameter), 7 is the constant magma viscosity, G
is the coefficient relating to the form of the con-
duit cross section (for a fissure G=12 and for
cylinder G =32).
In the zone of the gas—pyroclast mixture:

c (41b)

2
u
dpa = kyyppdh (42)

where k; is the friction coefficient and R is
the conduit radius in cylindrical form. For typi-
cal velocities of gas—pyroclast mixtures and con-
duit radii, k; depends only on the wall rough-
ness (Chugaev, 1975). Slezin (1982a, 1983) esti-
mated the friction coefficient as 0.02 or a little
less.

If temperature is about 1000°C and pressure is
no more than a few hundreds of MPa, the melt is
an incompressible liquid and the gas is ideal. So
the equations of state of the phases are:

p; = Const (43a)
P _ const = L@ (43b)
Pg Pga

where p, and p,, are, respectively, the atmospher-
ic pressure and the gas density at the atmospheric
pressure and the temperature of magma.

For the bubbling flow:
1_a=c 1=(a=c) (44)
P Pg pi

For the gas—pyroclast mixture and partly de-
stroyed foam:

p=pgd+py(1-5) (45a)
pp=pi(1=B) + pgB=pi(1-F) (45b)

The difference between gas and pyroclast veloc-
ities can be found from the equation:

oyt &1 (1)
‘ C/(®)pe

where d), is the diameter of the particle and Cy(3)
is its drag coefficient. In the dilute gas—particle
mixture the drag coefficient is assumed to be 1,
in accordance with experimental data of Walker
et al. (1971). In the zone of PDF the drag coef-
ficient increases due to high concentration and is
estimated using empirical formulae (Nigmatullin,
1987).

(46)

4.1.3. Boundary conditions
At the conduit entrance the pressure p, was
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fixed as the pressure at the top of the magma
chamber:

P/h=t = Po (47a)

P/h:O = Pexit (47b)

The pressure p.,; is the atmospheric pressure p,
if the flow velocity at the exit is no more than the
local sound velocity. If the velocity of the flow
rises to this critical value, then a jump-like change
of pressure and density arises at the conduit exit.
This constitutes the choked flow condition. In this
case p.yi; must be fixed on the inner side of the
pressure jump:

Pexit = Pa when R<R,,

48
Pexit = Pa + Aps  wWhen R>R,, (48)

In the latter case the boundary condition de-
pends on the flow characteristics. The pressure
jump Ap, must be set so that the sound velocity
on its inner side is equal to the flow velocity. This
was done by iteration. Sound velocity in a gas—
particle mixture depends on the mass fraction of
particles, average particle size distribution, and
the sound wave frequency (steepness of the front).
The sound velocity was estimated after Deich and
Philippov (1968):

— "p
Uy = . 1= Ay (49)
P X Aug

where 7 is the exponent in the polytropic (isen-
tropic) law, x is the mass fraction of free gas, Au,
and Au, are the average increments of gas and
particle velocities, respectively, after a sound
wave front has passed.

The relation Au,/Au, in Eq. 49 defines the de-
pendence of the critical velocity on the sizes
of particles and wave frequency. The following
limit cases are considered: (1) the wave front is
very steep and the particles are large; (2) the wave
front is gently sloping and the particles are small.
In the first case, a passing wave cannot change the
particle velocity (cannot pass momentum and en-
ergy to large particles), Au,~0, and Eq. 49 is
reduced to:

umax = /%z /Z—” (50)
g

In the second case, particles exactly follow the
gas motion and they exchange momentum and
energy, Au,/Auy~1 and Eq. 49 is reduced to:

u;nin: @z @z P (51)
Ve Ve Veg

In the first case, the critical velocity equals that
in a pure gas phase, in the second case it equals
the critical velocity in the gas having the same
elastic properties, but approximately 1/x times
larger density.

In Eq. 51 we have put n~ 1, because in a mix-
ture containing a small mass fraction of gas rapid
heat exchange between particles and gas allows an
isothermal approximation of expansion and com-
pression when a sound wave passes. If in Eqgs. 50
and 51 values approximately correspond to that
of the gas—pyroclast jet of the First Cone of the
Tolbachik 1975 eruption (gas is H;O, T~ 1100°C,
x=0.05), we obtain: u,™* =900 m s~ !, u™"=
175 m s~ 1.

The pyroclasts are polydisperse, and some par-
ticles can be defined as ‘small’ and some as ‘large’.
If the mass fraction of small particles in the py-
roclasts is designated as f;, the approximate for-
mula for the velocity of sound in a gas—pyroclast
mixture can be written as:

s = P~ |2 (52)
\lpg<1 +%> fspg

The zone boundaries with different flow struc-
ture are calculated from the volume relationships
between phases. On the lower boundary of the
bubbling flow zone (zone 2 in Fig. 2b) pressure
is defined by Eq. 12 at V,=0, or by Eq. 2, sub-
stituting ¢=c¢y. The upper boundary of the bub-
bling zone (the beginning of foam disruption) is
defined by the gas volume fraction (V,/V;~3).
The boundary between zones of partly destroyed
foam and gas—pyroclast dispersion volume frac-
tion of free gas phase, &, is defined with a value
0.44.

4.1.4. Numerical solution

The solution includes numerical integration of
the differential equation of momentum, Eq. 33
along the conduit. Pressure was used as the vari-
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Fig. 6. Pressure variations with height along conduits of vol-
canoes with different types of magma. (1) Model of the
Mount St. Helens 1980 eruption (H=7.2 km, U~1 m s},
a=0.0060 MPa~'/2, d,=0.001 m, ¢=0.046); (2) model of
the First Cone at the Northern Breakthrough of the Tolba-
chik 1975 eruption (H=25 km, U~0.1 m s~!, a=0.0032
MPa~!/2, d,=0.01 m, ¢=0.05). Points A and B indicate
fragmentation levels for these eruptions.

able of integration, because all the characteristics
of the flow depend on it and it is defined at both
ends of the conduit. Geometrical and substantial
parameters of the system and mass discharge rate
of magma were fixed at the start of integration.
Integration started at one end of the conduit with
the corresponding boundary condition and pro-
ceeded to the other end. By varying magma
mass discharge rate one can obtain the second
boundary condition. Taking into account the
boundary condition at the conduit exit, it is con-
venient to start integration from the upper end
down, opposite to the direction of magma flow.

4.2. Quantitative characteristics of magma flow in
a volcanic conduit

4.2.1. Pressure changes along the conduit
Calculated pressure changes along the conduit
for two different eruptions are shown in Fig. 6. A
silicic magma and shallow magma chamber (curve
1) approximately correspond to Mount St. Helens
1980. Basalt magma and a deep magma chamber
approximately correspond to the First Cone at
Northern Breakthrough at Tolbachik. In both

cases p.. (see Eq. 2) was assumed equal to +20
MPa at the start of the gas—pyroclastic eruption.
These two examples differ in the relative and ab-
solute length of the dispersion zone. For Mount
St. Helens it is about 5 km and occupies much
more than half of the conduit; in the Tolbachik
case it is 2.6 km and occupies only = 10% of the
conduit length. In both cases the pressure in the
conduit is less than the hydrostatic pressure of a
magma column without bubbles (which is near to
lithostatic). The pressure difference between mag-
ma in the conduit and the pressure in the sur-
rounding rock is largest at the fragmentation level
(points A and B in Fig. 6). It is about 105 MPa
for Mount St. Helens and 60 MPa for Tolbachik.
For such large pressure differences destruction of
the conduit walls by a process similar to mining
burst (Kravchenko, 1955) is probable. This de-
struction was indicated by lava bombs with xeno-
lith cores at the Northern Breakthrough (Slobod-
skoy, 1977; Kovalev and Kutyev, 1977).
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Fig. 7. Map of the relative lengths of the zones with different
flow structures, h;/H versus magma ascent velocity for the
dispersion regime. Curves are the boundaries dividing the
zones with different flow structures; #; is the length of zone
i. Zone 1 (i=1) is the homogeneous melt; zone 2 is the bub-
bling flow; zone 3 is the partly destroyed foam (PDF); zone
4 is the dispersion of a two-phase gas—pyroclastic mixture.
Parameters used in the calculations: ¢o=0.046; a=0.0060
MPa1/2; 6=10"* m%Pa s; d,=0.001 m; p.,=0.
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Table 3

Values of the conduit conductivity (o) and magma viscosity
(1) calculated for two possible magma ascent velocities (U)
and different possible water contents

Ums™) ¢ o (m? Pa~! s7h) n (Pas) (hb=12m)
0.10 0.05  0.00018 8% 103

0.07  0.00010 1.4x10*

0.09  0.00006 2.4x10*
0.16 0.05  0.00024 6x10°

0.07  0.00014 1x10*

0.09 0.000075 1.9x10*

4.2.2. Length of zones with different flow structures

The relative lengths of zones with different flow
structure calculated for p., =0 and other param-
eters corresponding to the eruption of Mount St.
Helens (except H and U) are shown in Fig. 7. At
values of U of about 0.001 m s~ !, nearly the
whole conduit is filled with the homogeneous
melt; at U~0.02 m s !, the lengths of the bubble
and PDF zones reach their maximum values of
about 0.2 and 0.2, respectively, of the conduit
length and the zone of dispersion flow appears;
at U>0.1 m s~!, the bubble and PDF zones be-
come narrow and the dispersion zone enlarges
dramatically.

4.2.3. Some estimates for the Tolbachik eruption
Field data from the Tolbachik eruption (Fedo-
tov, 1984) allow calculation of magma viscosity in
the conduit using the model and comparison with
the measured viscosity of lavas. The width and
the horizontal length of the fissure, the depth of
the magma chamber, the mass discharge rate and
the volatile content of the magma were estimated
by direct measurements. A feasible range of mag-
ma ascent velocities (0.10-0.16 m s!) and water
contents (0.05-0.09, assuming a phreatic origin
for the latter value (Menyaylov et al., 1980))
were used. Values of o=5h%/n and viscosity 71
were then calculated (Table 3). The viscosity esti-
mates range from one to one and a half orders of
magnitude less than 3X 10° Pa s, measured on the
initial lava flow at the base of the First Cone
(Fedotov, 1984; Vande-Kirkov, 1978)). Differen-
ces between calculated and measured viscosities
are reasonable, as the basalt is expected to in-
crease in viscosity due to degassing during ascent.

5. Controls of the magma mass discharge rate on
dynamic stability and the nature of catastrophic
explosive eruptions

5.1. Basic governing parameters

There are numerous parameters that influence a
volcanic system, but not all of them are indepen-
dent and their influences are not of equivalent
value. Appropriate sets of the basic governing pa-
rameters need to be chosen. The influence of other
important parameters can then be studied (see
Section 5.4). In general, the magma mass dis-
charge rate depends on the driving pressure, that
is, on the difference between the values of the
pressure at both ends of the conduit minus the
hydrostatic pressure of the magma in the conduit,
and on the total hydraulic resistance of the con-
duit. These characteristics depend on the conduit
length, H, and the flow resistance in the region of
liquid flow. Conduit resistance depends on its
characteristic cross-dimension » and magma vis-
cosity n, parameters which appear in the pertinent
equations in a fixed combination (e.g. conduit
conductivity defined as o=5%/n in Eq. 4). The
pressure difference between the conduit ends is

0.5
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Fig. 8. Magma ascent velocity, U, plotted as a function of
the conduit conductivity for different conduit lengths in kilo-
meters. Figures near the curves represent values of the
conduit lengths; other parameter values are: ¢o=0.05;
a=0.0041 MPa~'2; p;=2700 kg/m?®; pg,=0.16 kg/m?;
d,=0.01 m; 3=0.3; p.x =40 MPa, and correspond to typical
values for the Tolbachik eruption, 1975.
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mostly dependent on magma chamber pressure.
However, it is more convenient to use excess pres-
sure p.r, (Eq. 2) as a governing parameter. Both
Pex and the driving pressure difference have pos-
itive values just before the beginning of an erup-
tion and later p,, monotonically decreases to neg-
ative values, but driving pressure can change up
and down, in some cases dramatically. It is useful
to consider the influence of two parameters with
the third fixed. Let us fix p,, first and consider the
dependence of magma mass discharge rate on
conduit length and conductivity.

5.2. Magma mass discharge rate as a function of
the length and conductivity of the conduit

Sets of curves expressing the magma ascent ve-

locity, U, as a function of conduit conductivity
were calculated at different values of chamber
depth (Fig. 8). Here magma ascent velocity is pro-
portional to magma discharge rate. Two types of
curves are found: (1) every value of o corresponds
to a single value of U (curves for H>13 km in
Fig. 8); (2) every value of o corresponds to three
values of U (curves for H<13 km in Fig. 8).
These two types of curves are separated by some
critical conduit length H,,, which equals 13 km in
the models in Fig. 8. If magma ascent velocity as
a function of two variables (H and o) is put on a
three-dimensional graph, a curved plane (equilib-
rium surface) is obtained with a singularity of
cusp type (Fig. 9), which describes the standard
‘catastrophe’ of two-parameter families of func-
tions (Poston and Stewart, 1978; Arnold, 1979;

o

&""
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.
- H<H
G cr

————t

-
)

Fig. 9. Magma ascent velocity as a function of governing parameters H and o. The curved plane is an equilibrium surface of the
standard catastrophe of two-parameter function with cusp-like singularity (two folds converging onto a cusp). It is drawn as an
illustration without calculated figures on the axis. Point ‘a’ in the o—H plane has three images in the equilibrium surface (‘b’, ‘¢’
and ‘d’) showing three feasible states of an eruption. The line with arrows on the equilibrium surface is the trajectory of the im-
age point showing changes due to the conductivity increase at the beginning of an eruption with a sharp increase of the eruption
intensity. Two lines connecting points ‘o’ and ‘a’ on the o—H plane indicate two possible smooth evolution paths leading to dif-

ferent points (‘b’ and ‘d’) on the equilibrium surface.
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Fig. 10. Projection of the ‘cusp’ on the plane of the govern-
ing parameters (chamber depth and conduit conductivity) or
map of catastrophe. Calculated using the same parameters as
for Fig. 8. Inside the angle, between lines 1 and 2, every
point corresponds to three values of magma velocity: two
stable regimes with low and high intensity (‘lower’ and
‘upper’ regimes) and one unstable intermediate intensity re-
gime. Region A corresponds to the ‘lower’ regime only; re-
gion B, to the ‘upper’ (much more intensive) regime.

Gilmore, 1981). Every point on the equilibrium
surface indicates a steady state and changing of
the steady states can be described by moving such
an indicative (or image) point over this surface.
‘Catastrophe’ here indicates a sharp, dramatic
change of the state of a system caused by the
small and smooth change of a governing param-
eter. In the case of a volcano this mathematical
term coincides with the practical (common) mean-
ing of catastrophe.

Projection of the singularity on the plane of the
two governing parameters or the ‘map of the cat-
astrophe’ is shown separately (Fig. 10). It has the
form of an angle made by two lines connected to
the cusp, which are projections of the folds of the
equilibrium surface and represent the ‘separatrix
of the catastrophe’. Every point on the plane in-
side this angle has three images on the equilibrium
surface, and outside only one. If the image point
on the plane passes across the separatrix, the
function (magma ascent velocity) can undergo
an abrupt change or ‘catastrophe’. Such an ‘evo-
lutionary track’ is shown in Fig. 9. As a ‘standard
catastrophe’ of two-parameter families of func-
tions a cusp singularity has structural stability in

that is it is not changed as a qualitative feature if
all the parameters are changed by some small but
finite amount. This indicates some standard stable
behavior of an erupting volcano.

In Fig. 11 a vertical section of the equilibrium
surface is shown. It has three branches (limbs),
and three points of intersection of any vertical
line with these branches reflect three different re-
gimes corresponding to one value of conductivity.
The upper and lower branches describe stable re-
gimes, whereas the middle branch (between A and
C in Fig. 11) describes an unstable regime. If the
point describing the state of the system is on the
lower branch of the graph, and the conductivity
of the conduit gradually increases, at the reversal
of the curve at A the conditions must jump to the
upper branch (from point A to point B in Fig.
11). The magma velocity, and therefore the mass
discharge rate, increases by an order of magni-
tude. In some cases the increase can be up to three
orders of magnitude and more. If the conditions
move to the left on the upper branch (conductiv-
ity decreases), it must eventually jump to the low-
er branch (from C to D) and magma mass dis-
charge rate decreases abruptly. This decrease
could be from one order of magnitude to infinity,
when the eruption stops entirely.

The set of curves in Fig. 8 corresponds to the
start of the eruption (p., maximum). The decrease

-5 -4.8 -4.6 -4.4 -4.2 -4
Log,,0 (m’Pa’s")
Fig. 11. Magma ascent velocity as a function of conductivity

of the conduit in the region of the ‘cusp’ (qualitative pic-
ture). The points A, B, C and D are discussed in the text.
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of pressure does not change the qualitative pic-
ture, but moves the whole set of curves to the
side of higher conductivities and stretches the re-
gion of multiple states in the horizontal direction.

A governing parameter is called splitting if any
change moves the image point through the cusp
point in the direction of the cusp axis. A change
of splitting parameter along the cusp axis leads to
bifurcation of the process at the cusp point. Be-
hind it there are two possible paths for the point:
the system can progress along either the upper or
lower limb (sheet) of the folded equilibrium sur-
face (Fig. 9). The value of the splitting parameter
defines the feasibility of two values of U (low and
high) and of abrupt changes between them. A
parameter which drives the point indicating the
state of the system perpendicular to the cusp
axis is called normal. The moment of abrupt
change of U depends on its value. In the volcanic
case none of the chosen governing parameters can
be called splitting, but the conduit length is clos-
est. Conduit length changes very little during
eruptions, although conduit length can vary be-
tween volcanoes. Conduit conductivity is a nor-
mal parameter, which varies greatly during an
eruption and determines conditions for abrupt
change if H<H,_, at constant p... The critical
conduit length H, corresponds to the point of
the cusp.

0.5

P.. (MPa)

If conductivity increases from a small value and
the indicative point moves from region A to reach
line 1 (Fig. 10), a jump to the upper part of the
folded plane occurs (magma discharge rate in-
creases abruptly). The physical mechanism of
this jump is as follows. An increase of magma
discharge rate results in two effects: (1) increase
of magma ascent velocity and a corresponding
increase in the resisting friction forces; (2) in-
crease of the region of gaseous flow with a corre-
sponding decrease of the liquid flow region and
average magma density in the conduit, resulting in
a decrease of the total flow resistance and an in-
crease of the driving pressure difference. If the
absolute length of the liquid flow region is small
enough (as it is when H < H,,) the second effect
prevails with positive feedback. As a result, mag-
ma mass discharge rate increases dramatically up
to the state when total resistivity in the liquid flow
region becomes less than that in the gaseous flow
region (the length of the liquid flow region should
be much less than 1% of the total for this) or the
critical flow velocity at the exit is reached (the
choking condition).

These principles show how an eruption can
abruptly change states between explosive and ef-
fusive activity. Using three principal governing
parameters the influence of other parameters on
the evolution of an eruption can be studied.

Log,,U (ms”)

P.. (MPa)

1

Fig. 12. The dependence of magma ascent velocity on the excess pressure p,,. (a) Conduit conductivity 6=10"% m> Pa~' s ! is
fixed. Numbers on the curves are chamber depth in km. (b) Chamber depth H=12 km is fixed. Numbers on the curves are con-

ductivity of the conduit in 107* m? Pa~! s71.
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5.3. Magma mass discharge rate as a function of
chamber pressure

The dependence of the magma discharge rate
on any other pair of governing parameters includ-
ing p., has the same form of cusp catastrophe. p.,
is a normal parameter. In Fig. 12 such dependen-
cies are calculated for an eruption similar to that
of Mount St. Helens 1980 with volatile fraction
0.046, average particle size 0.001 m, average par-
ticle porosity 0.3, melt density 2500 kg m™, gas
density 0.2 kg m™> at atmospheric pressure and
magma temperature, and coefficient a=0.0060
MPa~!/2 In Fig. 12a the conductivity of the con-
duit is fixed and the chamber depth is varied, and
vice versa in Fig. 12b. These two figures illustrate
the similarity of the influence of conduit length
and conductivity on magma ascent velocity. When
the region of liquid flow is large enough, a sev-
eral-fold change of H has nearly the same effect as
a change of o in the same proportion. However,
when the relative length of the liquid flow zone is
small, a change of H is more effective than a
change of conductivity (compare Fig. 12a with
Fig. 12b).

5.3.1. Change of the position of the cusp point
Magma discharge rate changes are described by
the indicative (image) point movement over the

4 +5

2 +20

o, x 10" (m*Pa’s")
w

1 +40

0 + + + +
0 10 20 30 40 50
H,, (km)

Fig. 13. Change of the position of the cusp point on the co-
ordinate plane H..—0o,, as a result of a p,, change calculated
for the parameters corresponding to the Tolbachik eruption
(see Fig. 8 for values). The value of p,. in MPa is shown
near the points on the graph.

8

o

o, x 10' (m*Pa’s")
N £

0 10 20 30 40 50
H (km)
Fig. 14. The dependence o.(H) at H<H, calculated at
different values of p... (1) pex=40 MPa (H,=10 km),
(2) pex=20 MPa (H., =20 km), (3) p.x=5 MPa (H. =30
km)> (4) Pe.x:O (HW:SO km), (5) pe’x:_s MPa (Hcr>>50
km).

equilibrium surface of the catastrophe. Instability
and discharge rate jumps can appear when the
indicative point intersects the line of a fold on
the equilibrium surface. Such an intersection can
occur either as a result of the indicative point
moving or the cusp singularity moving. The posi-
tion of the cusp singularity (Fig. 9) depends on
the coordinates of the cusp point (H. and o),
which depend on the value of p,, and other mag-
ma system properties. Both critical values increase
significantly when p,, decreases (Fig. 13). The in-
crease of H. leads to an increase of the feasibility
of mass discharge rate jumps: at a value of p,., a
little under zero a discharge rate jump becomes
feasible at any magma chamber depth. The in-
crease of the critical conduit conductivity, in con-
trast, decreases the feasibility of a discharge rate
jump. Such opposite tendencies do not exclude
the theoretical possibility of jump-like increases
of magma discharge rate due to decrease of p,.
when the magma chamber is situated at rather
large depths. But in this case implausibly large
increases of conductivity of the conduit at depth
are needed near the end of eruption.

5.3.2. Change of the cusp boundaries

When H< H., the function o.(H) is repre-
sented by the upper boundary line of a cusp at
which a jump up can occur (the axis line of the
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Fig. 15. The dependence o, (p.c) calculated for Mount St.
Helens (H=7.2 km, a=0.0060 MPa~!/2, ¢=0.046).

Log,, o, (m*Pa’'s™")

lower fold in Fig. 9, line 1 in Fig. 10), and is a
straight line. Sets of such straight lines are shown
in Fig. 14, calculated for different values of p,,.
The function o(p.y), calculated for Mount St
Helens (H=7.2 km), is shown in Fig. 15. There
is a very steep increase of o, when p,., becomes
less than zero. The greater the chamber depth or
the less the excess pressure, the larger the value
of conduit conductivity required for the jump to
the upper (catastrophic) regime. These conditions
are contradictory: naturally, conduit conductivity
tends to decrease if chamber depth increases or
excess pressure decreases. This places limits on
the chamber depth at which catastrophic jumps
of eruption intensity can occur.

o| x10* (m*Pa’s”)
N w H [3,] [} ~

H (km)

Fig. 16. The dependence o|(H) calculated for a volcano
with parameters of Mount St. Helens (see Fig. 15) and differ-
ent values of p.., which are written near the curves in MPa.

The lower boundary of the cusp (Fig. 10) is the
projection of the axis of the upper fold (Fig. 9).
When the indicative point on the projection inter-
sects this line, its origin on the equilibrium surface
falls from the upper to the lower limb of the
folded surface and magma ascent velocity de-
creases abruptly. The critical conductivity at this
jump is designated as ol. The position of the
boundary line changes slightly when chamber
pressure decreases (Fig. 16). At small chamber
depths all the lines converge and intersect at
ol =0 with H approximately equal to 7 km.
The physical meaning of this intersection point
is that at these (and lower) chamber depths the
jump to the lower (extrusive) regime cannot occur
at any o up to 0. The upper regime should cease
only after total evacuation of the chamber or de-
struction of the chamber roof or conduit walls.
Such an eruption would not have an extrusion
(PDF) stage (if the model assumptions are not
changed).

The dependence o (p.y) is a straight line on a
semi-logarithmic scale at a constant chamber
depth (Fig. 17). When the conduit conductivity
is less than 1.5X 107> m? Pa~! s™' a jump-like
decrease of the magma discharge rate should
take place at p.,=+60 MPa, that is, the upper
high-intensity regime is improbable. When the
conduit conductivity is more than 2.5X 107> m?
Pa~! s7! the transition to the lower regime can
take place only if p., falls to —40 MPa or less.
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©
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Fig. 17. Log(cl) as a function of excess pressure p,, calcu-
lated for the Mount St. Helens volcano (H=7.2 km).
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Fig. 18. Relative amplitude of the magma mass rate jump as a function of magma chamber depth calculated for a volcano simi-
lar to Mount St. Helens and the different excess pressures, which are indicated at the curves in MPa. (a) w/u? (jump upward).

(b) u/u| (jump downward).

When the negative pressure becomes so large, the
destruction of conduit walls and chamber roof
becomes very likely, causing the regime change.
Suitable values of o lie in a narrow interval.
This fact can be used for indirect estimates of
conduit dimensions and magma properties.

For shallow magma chambers and volatile-rich
magmas the fragmentation level can migrate
down into the magma chamber. As the horizontal
cross-sectional area of the chamber is several or-
ders of magnitude larger than that of the conduit,
the velocity of gas upflow in the magma chamber
is not sufficient for fluidization of the pyroclast
particles and so ejection of the condensed material
must stop. Consequent subsidence of the pyro-
clasts and foam in the chamber can cause an
eruption to stop and the chamber roof to collapse
because of the lack of support. This mechanism of
stopping an eruption should occur in most cal-
dera-forming eruptions. Further considerations
of magma discharge rate variations in large mag-
nitude explosive eruptions can be found in Slezin
and Melnik (1994) and Melnik (2000).

5.3.3. Amplitude of the magma mass discharge rate
Jjump on the cusp boundaries

The amplitude of the discharge rate jump is
defined as the absolute value of the ratio of the
magma mass flux magnitudes before and after the

jump and is denoted as w/u? and w/u| . This ratio
increases when chamber depth decreases with re-
spect to critical depth and when p,, decreases.
Near H,,, when H diminishes, the jump amplitude
immediately reaches a factor of a few and then
rises slowly at first but accelerates thereafter. The
value of u/u? increases close to exponentially and
for shallow chambers can reach more than three
orders of magnitude. The value of u/u| increases

2.2

Log, (U)
(]

1.4

1.2 t t
-20 0 20 40
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Fig. 19. Amplitude of the magma mass rate jump (U) as a
function of p.. calculated for a volcano similar to Mount
St. Helens (H=7.2 km). Here U is the change in velocity at
the jump. Line A, U=wu/u? (jump upward); line B, U=ulu
(jump downward).
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Fig. 20. Value of H, as a function of volatile (water) con-
tent in magma ¢y at p.. =20 MPa. For other parameters the
following values were used: (1) d,=0.001 m, B=0.75,
a=0.0041 MPa~'2; (2) d,=0.01 m, B=0.75, a=0.0032
MPa~'/2; (3) d,=0.0001 m, =0, a=0.0041 MPa~'/2; (4)
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B=0.75, a=0.0041 MPa~'/2,
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much faster and becomes infinite at the value of
H at which the eruption stops entirely. Results of
some calculations made for a volcano similar to
Mount St. Helens are illustrated in Figs. 18 and
19.

5.4. The dependence of magma mass discharge rate
on the magma properties

The dependence of cusp point coordinates H,,
and o, on magma properties is now investigated
(Slezin, 1994). Calculations of H,. and o, using a
range of typical values of the volatile content ¢y,
solubility coefficient a, size of pyroclast particles
d, and their porosity f are shown in Figs. 20 and
21. For a fixed chamber pressure, H. depends
predominantly on the volatile content ¢y. The ef-
fect of the other parameters is relatively small and
irregular (Fig. 20). All the points plot in a narrow
zone close to a straight line, described by the
equation:

H(km) = H*(cp—c") (53)

where H* =356 km and ¢*=0.01. The character-
istic value ¢y =0.01, at which H, became 0, ap-
proximately corresponds to the no-dispersion
zone. An increase of ¢y leads to an increase of

H, and H.,/H and so increases the probability
and amplitude of the sharp, jump-like increase
of magma discharge rate. The limiting chamber
depth at which instability and mass discharge
rate jumps are possible is obtained by substituting
H=H, into Eq. 53. For ¢y =0.06 as a maximum
value, the limiting value of H~18 km is calcu-
lated.

The value of o, strongly depends on the size
and porosity of particles and less strongly on the
volatile content (Fig. 21). o, decreases and the
probability of magma discharge rate jump in-
creases when volatile content and porosity of the
particles increase and the particle size decreases.
All the listed changes lead to an increase of par-
ticle velocity in the flow and consequently to a
decrease of the flow density and an increase of
the driving pressure difference.

5.5. Nature of catastrophic explosive eruptions

5.5.1. Types of catastrophic explosive eruptions
and stages of their development

In catastrophic explosive eruptions (CEE) large
masses of pyroclastic material are ejected in a
short interval of time. Historic examples include
Tambora (1815), Krakatau (1883), Bezymyanny
(1956) and Mount St. Helens (1980) and prehis-
toric examples include Santorini, Greece (3400
BP) and Toba, Sumatra (~74000 BP). In all
these events the volume of erupted material
greatly exceeded 1 km? and in the Toba eruption
was more than 2000 km?® (Gushchenko, 1979;
Simkin and Siebert, 1994). The main and some-
times the only substage of a large CEE is a
steady-jet stage. There can be flow unsteadiness
due to external factors, such as collapse of con-
duit walls or chamber roof, and hydrodynamical
pulsations. In this definition the steady-jet stage
produces both pyroclastic fallout and pyroclastic
flows, as they are generated by the same conduit
flow structure. Pyroclastic flows can result from
collapse of a vertical gas—ash column (Wilson,
1976; Sparks et al., 1978) fed by a steady conduit
flow.

In some cases the steady-jet stage is preceded
by a ‘directed blast’ (another substage of the cata-
strophic stage), which is usually caused by defor-
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Fig. 21. Critical conductivity of volcanic conduit o, as a function of different parameters. (a) The volatile (water) content. (b)
The size of pyroclastic particles. (c) The particle porosity. In a, p., =20 MPa, d=0.01 m, porosity=0.75. In b, p., =20 MPa, vol-
atile content = 0.05, porosity =0.75. In ¢, p.x =20 MPa, volatile content=0.05, d=0.01 m.

mation of a volcanic edifice and landslide. A di-
rected blast partly destroys the volcanic edifice
and ejects much old material. The catastrophic
stage is sometimes preceded by a period of mod-
erate activity, which could last from hours and
days to several years and can provide significant
amounts of juvenile pyroclastic products (Kraka-
tau 1883 — 3 months, Bezymyanny 1956 — 5
months, Tambora 1815 — 3 years; (Gushchenko,
1979)). After the catastrophic stage in most cases
an extrusive stage develops. After the end of or
during the catastrophic stage of the largest of the
CEE, caldera subsidence takes place. The start
and end of the steady-jet stage occur abruptly
with a sharp increase or decrease of the magma

discharge rate by more than an order of magni-
tude (typically 2-3 orders and sometimes more).

5.5.2. Mechanism of transition of eruption into
catastrophic stage

The theory described here can explain the prin-
cipal features of CEE and their relationship to the
characteristics of the magmatic system. The tran-
sition of an eruption into a catastrophic stage is
described as an abrupt jump-like increase of the
magma mass discharge rate, which takes place
when conduit conductivity reaches its critical val-
ue. It can take place when the conduit length H is
less than H... This mechanism inevitably implies
moderate activity preceding the catastrophic
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stage. When an eruption starts, the upper part of
the conduit is newly created. Magma intrudes into
the new fissure in relatively cold rock and resis-
tance to the magma flow is initially large. The
image point of the system is expected to be on
the lower branch (limb) of the curve in Fig. 11.
As an eruption proceeds, the active flow of degas-
sing magma erodes fissure walls and the magma
heats the walls. These processes cause an increase
in the cross-dimension of the conduit and a de-
crease of heat loss through the walls and so a
decrease in magma viscosity. These processes in-
crease conduit conductivity and so lead to an
abrupt transition to an intensive regime related
to the upper limb of the curve in Fig. 11. The
amplitude of the mass discharge rate jump de-
pends on the relationship between critical and ac-
tual length of the conduit H./H. The greater this
ratio, the greater is the amplitude of the jump
(Fig. 22). The intense gas—pyroclast flow can en-
large the cross-sectional area of the upper part of
the conduit, making a nozzle that allows super-
sonic flow. In the latter case the amplitude of the
mass discharge rate jump can be up to several-
fold larger.

120

-
o
o

(=]
o

H
o

Discharge rate jump R,/R,
N [=2]
o o

o

H_/H

Fig. 22. Amplitude of the jump-like increase of magma mass
flux at the beginning of the catastrophic stage of eruption as
a function of the relation H.,/H. R, and R, are the mass
fluxes before and after the jump. The value of the critical
conduit length H. was taken as 15 km. Other parameters ex-
cept H are corresponding to the eruption of Mount St. Hel-
ens 1980. The possible development of a supersonic nozzle is
not taken into account.

Magma chamber depths are reliably known for
only a few volcanoes where CEEs have taken
place. However, all available data suggest that
depths are shallow. Geophysical studies have lo-
cated magma chambers under young calderas at
depths of 5-6 km (Yokoyama, 1969; Zubin et al.,
1971; Gorshkov, 1973; Zlobin and Fedorchenko,
1982; Sanders, 1984; Ferrucci et al., 1992; Smith
and Braile, 1994; Miller and Smith, 1999). Calcu-
lated critical values of magma chamber depths for
the corresponding volcanoes are about 15 km
(three times larger than the estimated depths).
These high values of H./H correspond to mass
discharge rate jump amplitudes of more than
two orders of magnitude and the onset of very
intensive steady-jet regimes.

A directed blast is a natural ‘trigger’ for the
steady-jet stage, because destroying the upper
part of the volcanic edifice shortens and widens
the conduit. A sector collapse also can act as the
trigger of a steady-jet stage, but it is more effec-
tive as a trigger of a directed blast.

5.5.3. Final stage of the catastrophic explosive
eruption

The catastrophic steady-jet stage stops abruptly
(Gorshkov and Bogoyavlenskaya, 1965; Williams
and Self, 1983; Fedotov, 1984). In some cases, an
extrusive stage follows with a magma mass dis-
charge rate about three orders of magnitude less
than that during the catastrophic stage. In other
cases the eruption stops entirely. The theory re-
lated here predicts this behavior and suggests that
an abrupt stop to a CEE corresponds to the shal-
lowest magma chambers.

5.6. General description of the evolution of
eruption in a steady-state approximation

The steady-state approximation describes erup-
tion evolution as a succession of steady states for
changes that are very slow. Also, the transient
period of a new steady state is considerably short-
er than the time of the system’s existence in a new
state. Though changing of eruption regime from
moderate to catastrophic can be nearly instanta-
neous, the formation of the new stable flow struc-
ture in the conduit can take considerable time.
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Slezin (1997) estimated a time of approximately
3 h for the eruption of Mount St. Helens, three
times less than the duration of the steady-jet
stage. For similar eruptions, transient times of a
catastrophic stage must be of the same order. The
transient time from a catastrophic to an extrusive
stage can be considered as the time interval be-
tween the end of the steady-jet stage and the ap-
pearance of the extrusive dome.

5.6.1. Evolution of the dispersion regime

The evolution of an eruption involves three
governing parameters: conduit conductivity, con-
duit length and the excess chamber pressure. The
magma discharge rate as a function of any two of
these parameters can be expressed by the equilib-
rium surface with a standard cusp catastrophe.
The function of all three parameters is a combi-
nation of the several cusp catastrophes and is
a three-dimensional plane in a four-dimensional
space. The corresponding catastrophe separatrix
is two-dimensional surface in a space of three di-
mensions. Projections of the cusp singularities on
the p.x—o plane calculated for the different H are
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Fig. 23. Maps of catastrophe on the plane p..—o calculated
for a volcano similar to Mount St. Helens and different
chamber depths. Bold lines are the lines of the folds describ-
ing the jump-like decrease of magma mass rate; thin lines
correspond to the folds describing the jump-like increase of
magma mass rate. Figures near the cusps (the point where
the two lines intersect) are the values of the magma chamber
depth in km. The dashed line shows the location of this in-
tersection (cusp) point in p.,—0 space.

shown in Fig. 23. On the three-dimensional graph
with chamber depth as a third coordinate a three-
dimensional image of the separatrix of the catas-
trophe resembles the edge of a cutter. In practice,
the dimensions of this cutter-like separatrix
should be limited by the real values of parameters
in volcanic systems.

Available data suggest that maximum magma
chamber depths should be about 50 km. When
H=20 km, instability and jumps of magma
mass flow rate are possible only if o>0.00015
m? Pa~! s7!, and when H=50 km, only if
0>0.0005 m?> Pa~! s7! (Fig. 23). The likelihood
of the first value is very small and the second
value is practically impossible. So the maximum
chamber depth for which catastrophic increases of
magma mass discharge rate occur must be no
more than approximately 20 km. Direct observa-
tions of volcanic conduits at depth are not possi-
ble, but the theory discussed here can be used to
estimate conduit conductivity. Using parameters
for Mount St. Helens in 1980 (see Section 3.4.2),
the sharp decline in discharge rate at the end of
the steady-jet stage could take place only if the
conductivity was in the range (2-3)X107* m?
Pa—! s!. The initial excess pressure is controlled
by the strength of the overlying rock and by hy-
drostatics. The minimum excess pressure at the
end of eruption depends on the strength of the
walls of the conduit and the chamber roof. The
maximum pressure is limited by the long-lived
strength of material; the minimum pressure is lim-
ited by the instantaneous strength of the roof as a
structure. To estimate the latter value is much
more difficult than the former. The minimum val-
ue of p., is assumed to be about —100 MPa, and
in most cases it is no more than —40 to —50 MPa.

In the evolution of an eruption, a change of the
governing parameters involves a continuous and
monotonic decrease of the chamber pressure. Ini-
tially, the conduit conductivity is expected to in-
crease and in the final stage to decrease, due to
the decrease of magma upward velocity and so
the increase of relative heat and volatile losses.
Conduit length usually has a constant value.
However, in intensive eruptions the erupted prod-
ucts are widely dispersed, the supersonic jet can
produce a shallow crater, and thus the length of
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the conduit decreases. The prehistoric eruption of
Taupo, New Zealand in AD 180 is an example
(Walker, 1980; Wilson and Walker, 1985).

Besides these standard smooth changes of gov-
erning parameters there are other kinds of varia-
tions. The conduit can be shortened by destruc-
tion of the volcanic edifice by landslide or
explosion. The conduit and chamber roof may
be destroyed by subsidence. New deeper magma
can enter the chamber. The model can predict the
qualitative effects of such processes through their
influences on the main governing parameters. All
these additional factors add complications, but do
not affect underlying principles.

The following ‘standard’ scenarios for the evo-
lution of an eruption are described:

(1) H> H.,. Magma mass discharge rate in-
creases monotonically; then, after a smooth
wide maximum, the rate decreases also monotoni-
cally but rather sharply. At the end of the erup-
tion an extrusion could appear.

(2) H< H.. Magma chamber is small and rela-
tively deep. Magma mass discharge rate increases
and then decreases monotonically, being small at
all stages of eruption.

(3) H<H,. Magma chamber is not very deep
and of rather large volume. Magma mass discharge
rate increases monotonically, then sharply in-
creases by several orders of magnitude, changing
to an explosive steady-jet stage, and finally de-
creases sharply to an extrusive stage.

(4) H< H,,. Rather small and very shallow mag-
ma chamber. A scenario similar to that described
in (3), but with a more rapid increase of intensity
at the start and the eruption completely stopping
after steady-jet stage (extrusive stage is absent).

(5) H<H,. Shallow and rather large magma
chamber. Scenario is the same as in (3) and (4),

but with caldera subsidence at the end of erup-
tion. At the end of subsidence extrusion is possi-
ble.

5.6.2. Map of the basic eruption regimes

To describe the general evolution of a volcanic
eruption the region of the catastrophic conditions
is added to a map of the three basic regimes (see
Fig. 4). The boundaries of the catastrophic region
can be found specifically only by means of numer-
ical calculations, but for general analysis simpli-
fied analytic expressions can be obtained from nu-
merical calculations.

The value of U before a jump-like increase is
u?1. It decreases as volatile content increases. For
example, u7 equals 0.025 m s~ ! at ¢=0.06 to
about 0.1 m s™! at ¢=0.02. uT can be approxi-
mately derived by equating the driving pressure
difference to the pressure loss due to friction
over the conduit length. After some transforma-
tions the expression for u1 is (Slezin, 1997):
ut = ZLF(c,dy e (54)

The function F(c, d,, p.y) is weakly dependent
on its arguments and to a first approximation can
be considered to be a constant, the value of which
is obtained by numerical calculations.

The value of o1 (o.) is linearly dependent on
H (Fig. 14). If H/H,, replaces H on the abscissa
in Fig. 14 all the inclined lines on the graph have
the same length and would differ only by the an-
gle of inclination to the horizontal axis, which
increases as p.ydecreases. All the lines intersect
the abscissa at a point a little to the left of the
origin. Thus:

ot = A(pex)Hi + B(pex) (55)

cr

Fig. 24. “‘Maps of regimes’ of eruptions for the different types of magma and chamber depths. Black area gives the region of the
extrusive regime; grey area gives the region of the DGS regime; densely dotted area gives the region of the moderate dispersion
regime; lightly dotted area gives the region of the transition to the catastrophic dispersion regime. The descending line on each
graph describes U,(c) given by Eq. 31, that is, the upper boundary of the extrusive regime; the ascending line describes U,.(c,)
given by Eq. 21, that is, the upper boundary of the DGS regime; the descending dashed line with the vertical section is the lower
boundary of the region where the catastrophic jump of magma mass discharge rate takes place. Its vertical straight section corre-
sponds to Inequality 59, and the hyperbolic curve section corresponds to Eq. 57. On all graphs the hyperbolic part of the last
curve was calculated at p., =20 MPa, corresponding to the initial stage of eruption. Thin vertical lines on the four left graphs

are examples of an evolution path of eruption.
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For a magma system similar to that of Mount
St. Helens the value of A(p,.) is approximately 20
times that of B(p.,) and to a first approximation
B(p.y) can be neglected. When p., >0 and the
jump-like increase of magma mass discharge rate
is feasible, A(p.) can be described as

A ex) — 7 .

Pee) =5, + Pex
where a=0.0033, b =35.5 MPa and p., is in MPa.
Substituting Eq. 56 and H,, from Eq. 53 into Eq.
55, putting B(p.,) =0, and then substituting Eq.
55 into Eq. 54, one finally obtains:

a

(56)

A

=BT pe) (=)

(57)

Numerical calculations give for the case of
Mount St. Helens 4=0.08. The value of u? is
independent of H.

To determine boundaries of the catastrophic
conditions on the regimes map, condition 58
should be taken into account:

H<H, (58)

As H is fixed and H,, is variable the combina-
tion of condition 58 with Eq. 53 gives the inequal-

ity:

co>H/H* + ¢* (59)
The limit value of ¢j:

epin = H/H* + ¢* (60)

also gives the boundary of the region for mag-
ma discharge rate jumps and can be added to
Eq. 57.

All possible eruption states are determined in
the map coordinates by relations 21, 31, 57 and
60. Variants of maps are shown in Fig. 24 for an
initial p., =20 MPa. The descending hyperbolic
line on each graph describes the relation Uy(c)
given by Eq. 31, indicating the upper boundary
of the extrusive regime; the ascending line de-
scribes the relation U,(c,§) given by Eq. 21, in-
dicating the upper boundary of the DGS regime;
the descending line, Eq. 57, with the vertical sec-
tion, described by Eq. 60, is the lower boundary
of the region where a catastrophic jump of mag-

ma discharge rate takes place. The dispersion re-
gime can occur at the parameter values lying in
the region above both of these two curves. A
change to the catastrophic regime can take place
above all three curves (and to the right of the
vertical part of the last curve).

Ilustrative evolutionary paths of an eruption in
Fig. 24 follow a vertical line at constant ¢, start-
ing near the abscissa at U=0 and with velocity
increasing with time. The regime changes if a
boundary line is crossed. Consider, for example,
H=5km and ¢y =0.04 (Fig. 24). In the first (top)
graph (6=107> s m™!, corresponding to basalts)
the whole path is in the region of the DGS
flow; in the second graph (£=10"% s m™') a
change to the -catastrophic explosive regime
(CEE) from the DGS regime is feasible, but re-
quires a high velocity of magma ascent; in the
third graph (£=10"2 s m™!) most of the path
occurs in the region of the catastrophic jump,
which occurs directly from the DGS regime; on
the last, bottom, graph (£=10"2 s m™!, corre-
sponding to rhyolites) the DGS regime and the
extrusive regime both occur for very small magma
ascent velocities, then these regimes change to the
moderate steady-jet regime and then to CEE. If
the catastrophic regime is possible it should start
from a DGS regime. A moderate steady-jet re-
gime between these two can take place in a rather
small interval of ¢y values and small U values at
large values of &

Direct transition from the extrusive to the cata-
strophic regime as a result of smooth evolution
requires very large values of & and very small
magma ascent velocities. This transition can be
triggered by other processes. Destruction of an
extrusive dome and volcanic edifice with a subse-
quent explosion can trigger a CEE, as took place
in the eruption of Mount St. Helens in 1980.

Condition 60 limits the region of catastrophic
jumps to small chamber depths. At a magma
chamber depth of 20 km a catastrophic jump is
possible only if the volatile content exceeds 6.6
wt% (Fig. 24). If water contents are typically
less than 6.6%, then 20 km is an upper limit on
the magma chamber depth at which the cata-
strophic regime can occur. In Section 5.5.1 the
same value of about 20 km for the maximum
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Fig. 25. Dependence of the velocity of magma ascent just at
the moment of cessation of the steady-jet stage of eruption
(ul) on magma chamber depth at the different values of vol-
atile (water) content. The velocity here refers to the value
just before the jump down to a lower velocity. Figures near
the curves are volatile (water) content in wt%. Curves are
calculated at 6=10"* m?> Pa—' s7! and at the values of the
other parameters, except H, approximately corresponding to
eruption of Mount St. Helens, 1980.

chamber depth was obtained by other considera-
tions.

All the graphs in Fig. 24 describe conditions at
the beginning of an eruption and help to describe
the evolution of the eruption before a catastroph-
ic jump and at the moment of the jump. The
amplitude of the jump cannot be deduced from
these graphs. To describe evolution after a tran-
sition to the steady-jet regime these graphs should
be supplemented to show the amplitude of magma
mass discharge rate jumps before and after the
steady-jet stage. A decrease of the magma mass
discharge rate will not follow the same path as its
increase. The abrupt changes from the steady-jet
to the PDF regime or to a complete cessation
occur at much higher discharge rates than the
changes from the DGS to a steady-jet regime.
The final stages of an eruption can be described
by another map. In Fig. 25 the velocity of the
eruption is shown at the moment just before the
cessation of the steady-jet regime and the follow-
ing decrease to a much lower velocity regime.
Curves are shown for different water contents as
a function of chamber depth.

6. Some effects connected with eruption
6.1. Evacuation of magma chamber

This section develops a model of a magma
chamber evacuation during explosive eruptions
causing caldera formation based on the analysis
of Slezin (1987) published in Russian. This work
complements studies by Druitt and Sparks (1984),
Lipman (1984) and Roche et al. (2000).

6.1.1. Theoretical description

The cause of caldera subsidence due to an ex-
plosive eruption is evacuation of a magma cham-
ber, which weakens the support of the chamber
roof and results in a pressure decrease, with ex-
solution of gas in the chamber. To a first approx-
imation the deficit of magma volume in the cham-
ber is equal to the total gas volume in it.
Subsidence of the roof finally stops when the pres-
sure needed for its support is restored. Subsidence
takes place when all foaming magma has left the
chamber or the conduit becomes blocked. In the
last case the residual gas in bubbles would dis-
solve back into the magma as the pressure is re-
stored.

Magma chamber evacuation is characterized by
the value of ‘magma drawdown’ A= 17/A4 (Smith,
1979; Spera and Crisp, 1981), where V is the
erupted volume reduced to dense magma and A
is the area of the caldera, assumed to be equal to
the area of horizontal projection of the magma
chamber. Expressing V' through erupted mass M
and magma density p;, one can obtain:

M

= oA (61)

The problem is to find A as a function of the
characteristics of the magma system.

The magnitude of draw-down must depend
strongly on the relation in time between processes
of chamber evacuation and roof subsidence. If the
eruption continues during subsidence, nearly total
evacuation of the chamber is possible, and the
magma draw-down A would be approximately
equal to the mean vertical dimension of the cham-
ber. If the eruption stopped before the beginning
of subsidence, the value of A would depend on the
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eruption dynamics and the flow structure in the
conduit. Geological data suggest that both alter-
natives exist. Lipman (1986) demonstrated that
simultaneous eruption and collapse occur in cal-
dera-forming eruptions (10>~103 km?). In smaller-
magnitude eruptions subsidence begins after the
eruption has stopped. In some eruptions evacua-
tion of the magma chamber was not accompanied
by caldera subsidence at all.

Evacuation of a chamber begins when the level
of bubble nucleation reaches chamber depths and
stops when magma movement through the con-
duit becomes impossible. This approximation re-
sults from the model assumptions of an incom-
pressible condensed component of magma and
a rigid chamber. Evacuation of the magma cham-
ber can stop in one of the following three cases:
(1) when the excess pressure is not sufficient to
move magma through the conduit; (2) when the
conduit is blocked; (3) when the fragmentation
level is in the chamber. In the last case outflow
of pyroclast particles stops because in a chamber
(where the cross-sectional area is much larger
than in a conduit) upward velocity of gas is not
sufficient to suspend particles. When the fragmen-
tation level reaches the magma chamber, support
of the chamber roof will have decreased dra-
matically and its collapse becomes inevitable.
So, it follows that the eruption stops when the
volume fraction of gas bubbles at the roof of
the chamber, f;, corresponds to the limit of
the foam stability. This volume fraction is ex-
pected to be near to the state of close packing
equal to 0.74.

The value of pressure and the volume fraction
of the gaseous phase at the lower end of a conduit
is obtained by numerical solution of Eqgs. 32-36.
In a chamber these values can be obtained by a
static approximation. The vertical coordinate is
denoted z and is directed downward, with the
origin at the roof of the magma chamber. At
z=0, p=po and B=pfy; at z=z; the pressure
p=p1 at which the gaseous phase disappears:
b1 =0. The volatile content ¢y is assumed to be
constant throughout the magma chamber with
solubility dependent only on pressure (Eq. 2).

In the static one-dimensional case the following
expression for magma draw-down can be written:

A= Z[_PI_PO (62)
8pi
To evaluate pg, p; and z;, first the dependence
of B on the pressure should be found. Per unit
mass of magma this can be written as:
Vg
Vet+ Vi

B = (63)
For the static problem, and neglecting surface
tension effects, we can write:
co—¢C
Ve = 64
= (64)
B 1—(co—c)
pPi
Substituting Eqgs. 65 and 64 into Eq. 63 and
taking into account dependencies of the solubility
and density of gas on pressure, we obtain:

V (65)

B = (66)

1 +Bp1—(co—c)
co—¢C

where B = p,./(papr).

The typical values of (co—c) are of order 1072,

so Eq. 66 can be simplified to:

1

p=—tp
B
i

(67)

co—¢C

From Eq. 67 the values of the pressure corre-
sponding to the upper (pg) and lower (p;) bound-
aries of the zone with decreased magma density
can be obtained (substituting By or 0 correspond-
ingly instead of B):

2
1a®(1-B, 4Bcyfo
m=15(5, )( -y 1) (o5

G
P11 = 2 (68b)

Density depends on porosity S in the following
way:

p=pgB+pi(1—B) (69)

Substituting Eq. 67 and expressions for ¢ and p
as a function of p into Eq. 69, after simple trans-
formations the following expression for p can be
obtained:
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Bp(co—a/p+1)
co—a\/p + Bp
The depth where the first bubbles appeared can
be calculated as the integral:

P1 dp
2 gp

P =pi (70)

zZ1 = (71)
where p is determined by Eq. 70. After some
transformations one obtains:

1 Co D1 ( 1 o+ 1)
“ Bgp, |:C() +1 npo (co+)B @

co—aypi+1 2 .
lnm a(\/P_l \/P—O)] (72)

Eq. 72 can be simplified a little if expanded
in series logarithms using the small parameter
co—a,/p and leaving only the first members of
the series:

_ 1 Co
" Bgpico+1

21

14 (co+1)B a _
e

Substituting Eqs. 68 and 73 into Eq. 62, the
dependence of the magma draw-down on the ini-
tial volatile content in the magma ¢y, the solubil-
ity coefficient a, the gas density at atmospheric

pressure P, and the maximum porosity at the
chamber roof f; is obtained.

6.1.2. Results of calculations

Maximum magma draw-downs for the different
combinations of parameters are shown in Fig. 26.
Every curve starts at some minimum volatile con-
tent, which increases as the chamber depth in-
creases and solubility coefficient, a, increases.
For typical water contents the maximum chamber
depth at which partial evacuation is possible is
about 15 km when a=0.0041 MPa~!/? and about
10 km when @=0.0064 MPa~'/2. At greater
depths slight evacuation is only likely if the water
content exceeds 5%. Every curve has a break at
the water content corresponding to the fragmen-
tation level reaching the top of the chamber. After
this break the curve transforms into a straight line
parallel to the abscissa. A curve drawn through
the break-points describes some optimum combi-
nation of the volatile content and the depth of the
magma chamber roof for effective evacuation. It
shows a minimum value of volatile (water) con-
tent at which the maximum value of A corre-
sponding to a fixed value of H can be reached.
If the volatile content is more than this optimum
the additional gas has no influence on magma
draw-down for a fixed chamber depth, because
after destruction of the foam in the chamber the
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outflow ceased. The range of ¢ in which the mag-
nitude of magma draw-down A changes from zero
to its maximum value is about 0.01. These depen-
dencies put definite limits on the values of H, c,
and A. The increase of A is possible due to in-
crease of H only if at the same time the minimum
and optimum values of ¢ also increase.

6.1.3. Comparison with observations

Water content is typically estimated between
0.04 and 0.06 for the most catastrophic eruptions.
Magma chamber roof depths estimated by vari-
ous geophysical methods are between 5 and 7 km
(Balesta, 1981; Zlobin and Fedorchenko, 1982;
Walker, 1984; Denlinger and Riley, 1984). The
maximum magma draw-down for such parame-
ters of the magma system is calculated as about
3 km. Approximately the same value of 3 km
was found as a maximum draw-down by Spera
and Crisp (1981) from observational data. For
the Mount St. Helens eruption (18 May 1980)
¢=0.046, H=7.2 km, magma chamber diameter
Dy ~1.5 km, V=0.25 km® (Sarna-Wojcicki et
al., 1981; Rutherford et al., 1985). Using these
data, draw-down is calculated as A~0.12 km. All
these characteristics correlate well for a~ 0.0060
MPa~!/2 a typical value for rhyolitic melts (Fig.
26).

6.2. Variations of intensity and pauses in the
dispersion regime of eruption

Significant variations of magma mass discharge
rate and relatively short-lived periods of inactivity
can take place during the dispersion regime. The
largest instability of the flow regime and pauses
occur near critical points of eruption before the
sharp changes. On the First Cone of the Tolba-
chik eruption 1975-1976, numerous pauses with
durations of minutes to a few hours (with sub-
sequent restoring of flow intensity) preceded
the appearance of lava flows at the South of the
First Cone and the start of the Second Cone erup-
tion.

New magma boccas, which developed near the
active cone in the Tolbachik eruption, are thought
to be connected to new magmatic fissures branch-
ing from the main conduit. Every new lava break-

through was preceded by shallow volcanic earth-
quakes due to propagation of new fissures
(Fedotov, 1984). A new fissure requires magma
outflow from the main conduit. Thus magma
mass discharge rate in the main conduit is de-
creased and is then gradually restored before the
next impulse. The change of magma mass dis-
charge rate influences the flow structure and erup-
tion regime. Decrease of the magma mass dis-
charge rate causes a decrease of the dispersion
zone length, and the average density of magma
in the conduit increases. The density increase re-
quires additional magma, so at the conduit exit
the discharge rate decreases much more than at
depth, which can cause a pause. The new average
density and additional magma mass required for
it can be calculated. The maximum possible dura-
tion of the pause can be calculated as a relation of
the additional mass in the conduit to the magma
mass discharge rate in the new flow state.

This maximum duration can be achieved in the
case of instantaneous reaction of the flow at the
step-like mass discharge rate change. The actual
flow reaction is not instantaneous. A gradual de-
crease of magma mass discharge rate before the
pause and an increase after it would shorten the
pause. If the time of mass discharge rate restora-
tion is less than the characteristic time of flow
response on disturbance, a pause would not take
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Fig. 27. Maximum duration of the pause in a steady-jet gas—
pyroclastic eruption as a function of the magma ascent ve-
locity. Figures on the curves are the values of the step-like
percentage decrease of magma mass discharge rate.
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place at all. The characteristic time of the flow
response on disturbance, 7., is the sum of the
time needed for the disturbance to propagate
through the conduit to the vent, #., and the time
of relaxation of the particle velocity after decrease
of the velocity of gas, t.. For the Tolbachik erup-
tion the time of flow response to an instantaneous
change of magma mass flux at the fragmentation
level is estimated as 30 s (Slezin, 1982b). It is not
a large time and so the proposed cause of a pause
seems reasonable.

Flow response in the vent to the partial outflow
at depth depends on the location of the outflow.
Outflow at the entrance to the conduit is equiva-
lent to enlargement of its cross section and in-
crease of the total magma mass discharge rate
from the chamber, but magma mass discharge
rate through the conduit above the outflow level
remains unchanged. If outflow takes place near
the fragmentation level there is little influence
on the total magma mass discharge rate from
the chamber, because the total resistance of a con-
duit depends on the conditions in the region of
liquid flow below the fragmentation level. So the
magma mass discharge rate above the level of
outflow would be less by the value of outflow,
which affects the flow density and magma mass
discharge rate at the exit. The generation of the
new fissures during the Tolbachik eruption and

accompanying seismic events suggests that out-
flow was not far below the fragmentation level.
The possible maximum duration of pauses #pax
was estimated, supposing that the outflow took
place just below the fragmentation level. Calcula-
tions of #n.x for the First Cone of the Tolbachik
eruption are shown in Figs. 27 and 28.

The relative length of the zone of gas—pyroclast
flow and the average magma density in a volcanic
conduit strongly depend on the volatile content
and on the effective diameter of particles. A sharp
change of these parameters could take place if
magma composition were changed, for example
from a stratified magma chamber (Spera and
Crisp, 1981). Calculations confirm that under
ideal conditions, when the compositional change
and flow response are nearly instantaneous, there
should be pauses of the same duration as in the
case of flow diversion at depth (Slezin, 1982b).
However, in this case the flow response time is
not so small as in the case of diversion. The dis-
turbance propagates with the velocity of the flow
and so a complete pause is unlikely.

6.3. Problem of prediction of volcanic eruptions

Prediction is crucial in the mitigation of erup-
tions. There are two principal issues: (1) predic-
tion of when the eruption starts; (2) prediction of
the characteristics of the eruption. The second
part includes prediction of magnitude, intensity
and violence of eruption and prediction of the
duration of eruption and changes of regime. The
theory describes the dependence of an eruption on
the characteristics of the magma system and so
can constrain the characteristics of future erup-
tions. The theory makes this task easier because
it defines a small number of principal parameters
of the magma system and provides criteria for
predicting catastrophic changes of intensity.

7. Concluding remarks

Volcanic eruptions are treated as a quasi-steady
process of magma outflow from a chamber
through a narrow vertical conduit. Magma is con-
sidered as a two-component two-phase medium.
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‘Quasi-steady’ means that changes of the flow pa-
rameters very little disturb the equilibrium be-
tween phases: equilibrium is restored much faster
than the parameters change. Such an approach is
usual in volcanological models, which vary in as-
sumptions and methods of analysis. This theory
was developed in Russia and was not known in
the west, where analogous but not identical results
were obtained independently and later.

The type of eruption depends on the two-phase
flow structure at the exit of the conduit. This
structure depends on many characteristics of the
magma system, including its geometry, the mag-
ma properties and the dynamical characteristics of
the process. Three principal types of magma flow
structure and consequently three principal types
of eruption are proposed: (1) discrete gas separa-
tion (DGS) regime — bubble flow; (2) dispersion
regime — gas—pyroclast suspension flow; (3) re-
gime of partly destroyed foam (PDF) — porous
permeable flow. Criteria for the occurrence of
each regime have been obtained, and depend on
several parameters: magma ascent velocity; mag-
ma viscosity; number of bubble nuclei per unit
volume of magma; volatile content; volatile sol-
ubility; and particle size and cohesive forces be-
tween particles.

The analysis of the dispersion regime demon-
strates multi-state conditions and flow instability
leading to an abrupt transition to another steady-
state flow regime, changing magma discharge rate
by several orders of magnitude. The principal
characteristic of magma flow in a volcanic conduit
that makes it unstable is the great difference in
flow resistance between the regions with liquid
viscous flow and gas-suspension flow, which can
differ by 6-10 orders of magnitude. Steady-state
theory cannot describe jump-like changes in de-
tail, but it can characterize steady regimes before
and after the jump, and define the conditions
needed for the change of regimes. For the latter
purpose the right choice of basic governing pa-
rameters incorporating all other parameters is
necessary and these are identified as magma
chamber depth, conduit conductivity and excess
chamber pressure.

As a function of the basic governing parame-
ters, magma discharge rate is described as a com-

bination of cusp catastrophes. The main splitting
parameter, which defines the position of the cusp
point and the possibility of a catastrophe, is in
most cases magma chamber depth. Normal pa-
rameters are conduit conductivity and chamber
pressure. Magma discharge rate as a function of
governing parameters creates an equilibrium sur-
face. A point on this surface describes the state of
the erupting volcano. Movement of this point
over the surface describes changes in the state
when governing parameters change. Intersections
of the fold lines on this surface indicate sharp
changes of the system state to a new stable re-
gime, which can be predicted using the steady-
state approach.

The jumps of magma discharge rate, described
by the steady-state theory, are the mechanism of
catastrophic explosive eruptions, in which sharp
increases of intensity (‘explosions’) usually take
place after moderate activity. The principal re-
quirement for an increase of intensity is relatively
small depth of the magma chamber. So the theory
can be used as a basis for the prognosis of the
potential danger of a volcano. The steady-state
theory can also be used for the analysis and pre-
diction of many other sharp changes in eruption
behavior induced by internal dynamics as well as
by external factors. This was illustrated by exam-
ples of caldera subsidence and pauses in gas—py-
roclast jets. Steady-state theory can describe the
evolution of an eruption as a succession of steady
states with sharp transitions between them.
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