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Abstract Fragmentation of magma containing gas bub-
bles is of great interest in connection with developing
models for the formation of pyroclastics and for vol-
canic blasts (explosions). This paper considers the
problem of fragmentation of highly viscous
(7>10%Pas) or solidified magma containing bubbles
with excess gas pressure. It is suggested that the frag-
mentation of magma be considered on the basis of the
fragmentation wave theory proposed by Nikolsky and
Khristianovich, which is generally applicable to gas-dy-
namic phenomena occurring in mines. Then it becomes
possible to derive the equations of conservation for the
fragmentation wave front which moves into a body of
magma from its free surface. As a result, the velocity,
N, of magma fragmentation, and the velocity, u, of the
movement of the gas-pyroclastic mixture behind the
fragmentation wave front, are determined. Calculations
show that N can reach ~5 m/s. Therefore the duration
of the fragmentation of the magma body (blast dura-
tion) proves to be long. The suggested model explains
the possibility of several explosions during the blast as
a result of the fragmentation wave stopping, and ac-
counts for the angular shape of pyroclasts by the brittle
disruption of interbubble partitions during fragmenta-
tion wave propagation through the porous magma
body. The initiation and cessation of fragmentation are
defined by magma porosity, magma tensile strength,
and the pressure differential between gas pressure in
pores and the atmospheric pressure. The physical mod-
el of magma fragmentation developed explains the
mechanism of energy release during volcanic blasts of
the Vulcanian or Pelean types.
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Introduction

Explosive volcanic eruptions can be classified as mag-
matic or hydromagmatic. In the first case, a gas-pyro-
clastic mixture is ejected as a result of energy release
from a compressed gas. In the second case this ejection
is related to interaction of magma with ground or sur-
face water (Wohletz 1983). The process of gas-pyroclas-
tic mixture ejection from a vent may be steady or un-
steady. Plinian eruptions are a close analog of a steady
regime, and eruptions during which discrete explosions
occur are related to an unsteady regime. While models
for steady explosive eruptions are well developed (Sle-
zin 1979; Wilson et al. 1980; Carey and Sigurdsson
1985), current models for volcanic blasts (explosions),
such as Vulcanian events, have not explained to date all
the observed phenomena. In most models, the blast is
treated as a process of rapid expansion of some volume
of originally compressed gas or gas-pyroclast mixture
(Self et al. 1979; Wilson 1980; Kovalev et al. 1980). This
volume is supposed to be originally separated from the
atmosphere by a lava or pyroclastic plug, and the prob-
lem related to formation of the gas-pyroclastic mixture
is not considered. Occasionally, the coalescence of bub-
bles is considered as the mechanism of magma frag-
mentation, but it was shown by McBirney and Murase
(1970) and Sparks (1978) that coalescence is unlikely
for highly viscous magmas. This study considers a mod-
el for highly viscous magma fragmentation which is es-
sential for understanding the volcanic blast mecha-
TSI,

The approach to the problem and the main
assumptions

We consider the fragmentation of magma during dis-
crete blasts, which occur during eruptions of Vulcanian
or Pelean types, when andesite, dacite or more acid
low-temperature highly viscous magma is fragmented.
The ejected fine-grained pyroclastic particles often
have angular shapes. Many authors treat this as a result
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of fragmentation of magma being in an almost solid
state (Gorshkov and Bogoyavlenskaya 1965). The vol-
ume of pyroclastics ejected can reach ~10°m? during
Vulcanian explosions and ~10®m?® during large “di-
_rected” blasts (Self et al. 1979; Bogoyavlenskaya et al.
1985). The blasts last from a few seconds to several tens
of seconds, and the velocity of the ejecta can reach sev-
eral hundred m/s. Some blasts consist of several sepa-
rate outbursts of gas-pyroclastic mixture into the atmo-
sphere. The time of blast preparation is usually longer
than the duration of a blast. Therefore the stages of
blast preparation and development may be considered
separately. In the case of volcanic blasts having a mag-
matic nature, the compressed gas energy is accumu-
lated in the magma in the course of blast preparation.
Gas in the bubbles distributed in highly viscous magma
has an excess pressure. The various mechanisms of ex-
cess pressure formation are considered in the literature
(Sparks 1978; Wilson 1980). We simply consider the
magma body containing bubbles with gas pressure
reaching tens or a few hundred of bars. Before a blast
this body may be located inside the conduit or edifice.
During the blast, magma body fragmentation occurs
and the gas-pyroclast mixture is ejected into the atmo-
sphere.

We adopt the following assumptions about the char-
acteristics of the magma body before its fragmentation:
the behavior of highly viscous interbubble partitions is
the same as that of solid ones; all bubbles (pores) have
the same spherical shape and size and are uniformly
distributed in the magma; the gas pressure in the bub-
bles exceeds the atmospheric pressure. Then we can es-
timate the magma body potential energy released dur-
ing the volcanic blast, which is taken to consist of elas-
tic energy stored in the material forming interbubble
partitions and compressed gas energy.

Given the above assumptions, the volume fraction of
gas in the magma is £ where:
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and where V, is the volume of gas, and V;is the volume
of magma. £is a constant if gas bubbles have equal sizes
and are uniformly distributed in the magma. In this
case we can choose a unit cell of the system to be a
single gas bubble with radius a, surrounded by an en-
velope with radius b. The envelope thickness (I=b—a)
equals a half-thickness of the interbubble partition d
(so that d=21). Then a and / may be related to ¢ by:
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For £=0.5, the ratio a/l=3.85, and for £¢=0.7 a/l=7.93.
Hence a/l>1. We designate the gas pressure in the bub-
bles as P, and the pressure on the outer surface of the
envelope as P,. In the case of a thin envelope (a>1) the
stresses inside it are:
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where o,, is the average radial stress throughout the en-
velope thickness; and oy, and o,, are tangential
stresses (Landau and Lifshits 1965). Equations 3 and 4
show that tangential stresses are predominant. Hence,
o=P,(a/2]) may be used. The elastic energy stored in
the unit volume of solid material, q.;, is

a*(1-17)
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Here v is the elastic Poisson’s ratio and E is Young’s
modulus. Then for o=P,(al2]), the elastic energy
stored in the envelope is:
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The buble radius g is connected with ¢ as:
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where p; is the magma density (without bubbles), and
n,, is the number of bubbles in the unit mass of this
magma. n,, is connected with the number of bubbles in
the unit volume of magma n, as:
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Equation 6 can be rewritten taking into account Egs. 2
and 7 as:
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Hence the elastic energy of the unit volume of a porous
solid magma body is:

ny,=n,, p(1—¢)
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or:
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Then, using Eqgs. 2, 7, and 8 we obtain:
2 2 413
E, = 3(1-v*) Pie (12)
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Hence, for »=0.2, E=0.5 MPa, P,=20 MPa, e=0.5 we
have E,;=5.5-10% /M3

On the other hand, the energy of a compresed gas
stored in the unit volume of the porous magma body,
E,, is:

y=1
=T [1-@ury ] (13)
y—1

where 7y is the isentropic exponent, and P, is the atmo-

spheric pressure. For P, > P,, the last equation can be
written as:
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Hence, E,=33-10"7 J/m> for P,=20 MPa, &=0.5,
y=1.3. Comparison of this value with E,=5.5-10°
J/m?> shows that E,> E,,. This ratio is also valid for oth-
er values of P,. Thus the compressed gas energy is the
major one.

The strength of interbubble partitions material is an
important parameter. Unfortunately, experimental data
on the strength of near-solidus or solidified magma
samples of small sizes (=10 pm) are absent. The in-
fluence of temperature and crystals on the strength is
unknown.

We estimated the pressure differential, AP, required
for the solid interbubble partitions disruption. Assum-
ing for simplicity the plain shape of partitions we
have:

(14)

__v 2
AP = 025 (dla)
where a is the linear size, and d=2/[ is the thickness.
For g, a/l=3.85, and a/d=192. Thus for g~0.5,
AP ~g.

It should be noted that we have considered the static
strength and the ultimate static pressure. For dynamic
loads, o; can differ from the static one. For instance,
McBirney and Murase (1970) considered the “short-
term stresses” of magma, sufficient for the interbubble
partitions to be disrupted, to be some bars.

(15)

The model for magma fragmentation

We consider that the energy of compressed gas con-
tained in the porous magma body is released during
volcanic blasts. In the case of highly viscous or solid in-
terbubble partitions, the release of this energy occurs as
a result of the magma body fragmentation. Conse-
quently, the volcanic blast development is directly de-
termined by the process of the fragmentation of the
porous magma body existing in the volcanic edifice or
conduit before the blast. In this case, the products of
magma body fragmentation (pyroclastics) are ejected
into the atmosphere. Unfortunately, the problem of
fragmentation of porous bodies having excess pressure
gas in their pores is poorly developed in mechanics.
Apparently, the studies of Nikolski and Khristianovich
are rare exceptions, and our work is based on their ap-
proach (Nikolski 1953; Khristianovich 1953, 1979).

We consider the porous magma body with solid (or
very highly viscous) interbubble partitions to be inside
the volcanic conduit (Fig.1). We then assume that a
rapid decompression is created over this body at some
point, so that the interbubble partitions can be dis-
rupted by the pressure differential between gas and at-
mosphere. Alternatively, this pressure differential can
be caused by gas pressure increase inside the pores
(bubbles). The force condition for the breaking of in-
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Fig. 1 A sketch of fragmentation wave propagation with velocity
N inside a magma body and gas-pyroclast mixture ejection with
velocity u into the atmosphere

terbubble partitions in the upper layer of pores, bound-
ing with the atmosphere, can be expressed as:

e(Po—P)z 0 (16)

where Py is the gas pressure in pores, Py is the atmos-
pheric pressure, and o; is the tensile strength. A similar
condition was suggested by McBirney and Murase
(1970).

After the breaking of interbubble partitions in the
upper layer of the porous magma body, gas contained
in pores begins to expand to lower (atmospheric) pres-
sure, accelerating the fragments of broken interbubble
partitions. When the pressure drop over the newly
formed free surface has taken place, the pressure differ-
ential is applied to interbubble partitions in the next
layer of pores. The new layer of pores disrupts and the
process is repeated. Thus, a layer-by-layer breaking
away is realised in the course of disruption of a porous
magma body with solid interbubble partitions. It should
be noted that the term “solid interbubble partitions”
implies here that the mechanical behavior of the parti-
tion material under a rapid loading is like that of a sol-
id. However, the same material could also be character-
ised as highly viscous under a slow loading. Hence, as a
result of the successive breaking of partitions, the dis-
ruption surface will move downward into the magma
body. The magma body will not be fragmented in front
of this moving surface, called the “fragmentation wave
front”. Behind the fragmentation wave front the mix-
ture of expanding gas and fragmentation products will
flow out into the atmosphere (see Fig. 1).

We can derive the main conservation equations for
the fragmentation wave front according to Khristiano-
vich (1979), and so determine the velocities of the frag-
mentation wave and of the gas-pyroclastic mixture ejec-
tion. All considerations will be made for the steady-
state case. We shall adopt the following limitations to
the model: one-dimensional geometry; equal velocities
of expanding gas and particles behind the fragmenta-
tion wave front; and lack of heat transfer between gas
and particles and of gas diffusion from particles. We in-
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troduce the following designations: N — velocity of frag-
mentation wave front, u — velocity of gas-pyroclastic
mixture behind the fragmentation wave. p; — density of
magma (p,=const). p, — density of gas. The subscrip-
tions “0” and “a” refer to parameters before and be-
hind the fragmentation wave front respectively. In a
coordinate system travelling with the moving front of
the fragmentation wave, the magma body will run into
an observer with the velocity N, and the products of the
magma body fragmentation will move away with the
velocity N+u. Then an equation of mass conservation
for the solid phase, assuming its incompressibility
(pr=const), can be written as:

N —-g)=(N+u)(1-&) (17)

The similar equation for the gaseous phase has the ap-
pearance:

PeoN&=(N+u) pe.&, (18)

The energy balance of the process of magma body frag-
mentation can be written as:

(19)

This equation implies that the internal energy e, of a
unit mass of gas in the magma body is expended for the
gas—pyroclastic mixture acceleration leading to the ki-
netic energy e, and for the irreversible losses (¢)), in-
cluding the friction, crushing, and disturbance forma-
tion losses. In Eq. 19 ¢, is the internal energy of the unit
mass of gas after the expansion. Then one can write the
equation of energy conservation for the magma body
volume SN At, which is increased to the volume Su At
after fragmentation. Here S is the conduit area (see
Fig. 1} and At is a short time interval. Hence:

eo=e,+et+e

uZ

uZ
Npgoeo[eo(l-f)—-ea——z—} =Pa€ab£+N(1—€0)p17(20)

Here terms containing u* account for the kinetic energy
of fragmentation products, and the term containing
P, e,u defines the expansion work against the outer
pressure P,. The crush loss and other irreversible losses
are allowed for by the ratio ¢&:

el=§eo (21)

which occurs in Eq. 20. From Egs. 17 and 18 we ob-
tain:

(-e) _(-2)_,

22)
ga pg a & pg 0
Then:
Ea Pg 0/ Pga (23 )

;0 - 1 + [(pgo/pga) —1] &

From Egs. 17 and 18 we can obtain the relationship be-
tween N and u:

u=Ng [(ng/pga) - 1] (24)

Substitution of Egs. 22 and 24 into Eq. 20 gives the
equation of energy conservation in the form:

Pzo 50[30(1 —§&)—e— ‘uz—z(l +PIA)] =&, £ P (peolpsa) ™)
(25)

Thus we have obtained equations of energy (25) and
mass (17 and 18) conservation. Assuming a perfect gas,
so that e=P/[p, (y—1)] +a const, these expressions give
equations for the calculations of u and N:

Ug 2
= 1—-¢-8B 26
“=yrian | s VP o
N=— "% 27
wol(prolpnd) ] @)
where
B=22 0 byt (el T (29)
0 Pga
) Py
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The momentum conservation equation is needed to
complete Egs. 26 and 27. However, a problem exists in
deriving such an equation (Khristianovich 1979). The
transfer of momentum in the cross-section S for the
time interval Az depends on the process of gas libera-
tion from disrupted pores and is not known. Therefore,
it has been suggested that Eqs. 26 and 27 should be
completed by the relationship between P,/P, and p,./
pgo for the fragmentation wave front in the form:

Pa/P() = (pga/pgo)n (30)

Then Egs. 26 and 27 can be rewritten to express the
dependence of u and N on the ratio Po/P, at the frag-
mentation wave front:

"= 2P0€0
L pr(y=1)

| 22 [1+ & y[(Po/Py) " —1]
%"f‘[PO’P”] {1+eo[(Po/Pa>1’"—1l} o

u

N= 32
&[(Po/P,) " —1] (32)

where:

P31=Pg080+l_71(1_30) (33)

Here pS, is the density of the porous magma body be-
fore fragmentation. If the weight portion of gas (water
vapor) is small (p,08 <p;(1—&)), then the following
equation may be used instead of Eq. 33:

Pm=pi(1— &) (34)

It should be noted that when Py/P,— o, n—y. Hence,
in this limiting case n=1+ can be used in calculations.
The pressure P, behind the fragmentation wave front
may differ from the atmospheric pressure, and ¢ i5
usually less than a few percent (Khristianovich 1979).
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Fig. 2 Gas-pyroclast mixture ejection velocity u as a function of
pressure ratio Py/P, in front of and behind the fragmentation
wave front for initial magma porosity g=0.4, 0.5, 0.6, 0.7; initial
gas pressure Po=20 MPa; magma density p;=2500 kg/m?; isen-
tropic exponent y=1.333, and ratio of crushing work and other
losses to initial internal energy of gas £é=0.05
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Fig. 3. The fragmentation wave front velocity N as a function of
the pressure ratio Po/P,. Parameters used for calculations are the
same as in Fig. 2
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Fig. 4. The qualitative pattern of pressure ratio distribution in
front of and behind the fragmentation wave front. x is the direc-
tion of fragmentation wave propagation; x- is the location of the
fragmentation wave front at some point
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The results of calculations of the gas-pyroclastic mix-
ture velocity as a function of the ratio Po/P, are pre-
sented in Fig. 2. One can see the continuous growth of
u with the increase of Py/P,. The calculations of the
fragmentation wave front velocity N as a function of Py/
P, are shown in Fig. 3. There is a maximum of N in the
region of low values Py/P,. For reasonable values of Py/
P,, the value of N does not exceed 10 m/s. The pattern
of pressure distribution in front of and behind the frag-
mentation wave front is shown qualitatively in Fig. 4.

If the solidified magma in the volcanic channel has a
volume V, and the length L=V/S, where S=wD?%4 is
the channel area, then the duration of the porous mag-
ma body fragmentation t; is:

tr=LIN (35)

This duration characterises the energy release rate dur-
ing volcanic blasts. The compressed gas energy stored
in the magma body with the volume V, equals
Ey=V,. E,, where E, is expressed by Eq. 13. Then the
average power of this energy release may be expressed
as:

EV

I

The average mass flux during the blast is calculated as:

an=Np(1—&) (37)

Q=

(36)

Discussion

Some peculiarities of the approach used and the as-
sumptions adopted will now be discussed.

One of the main problems is the creation of condi-
tions sufficient for realisation of fragmentation. Equa-
tion 16 was suggested as the condition of fragmentation
and volcanic blast onset. Two ways of accomplishing
this condition are possible. First, continuous pressure
increase inside pores (bubbles) in the upper layer of the
magma body can lead to the disruption of interbubble
partitions when AP is sufficient (Eq. 16). Second, a rap-
id external pressure decrease over the magma body can
also increase the pressure differential applied to the in-
terbubble partitions in the upper layer of the porous
magma body. When Eq. 16 is satisfied, the fragmenta-
tion process begins. On the other hand, this condition
(Eq. 16) defines the ceasing of the fragmentation proc-
ess. Clearly, porosity decreases with increasing depth in
the magma body and also the interbubble partitions
may be “liquid” at depth so that pore expansion can
precede the arrival of the fragmentation wave. As a re-
sult, the pressure differential decreases and the disrup-
tion process will not be brittle. During the fragmenta-
tion wave propagation in the porous magma body, ex-
cess pressure can arise behind the wave front. This may
be caused by the sudden collapse of the walls of the
conduit. The pressure disturbances produced will be
propagated with a sound speed c in the medium behind
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the fragmentation wave front; they can reach this front
if c—u> N. This situation is realised because of the low
velocity of a fragmentation wave. In its turn, the pres-
sure increase behind the fragmentation wave front can
influence the wave motion through the change of the
ratio Py/P,, which is a member of Eqgs. 26 and 27. As a
result of this influence, the velocities N and u can be
changed. Also, the increase of P, behind the fragmen-
tation wave front leads to a decrease of the pressure
differential AP =P,— P,. Therefore in accordance with
Eq. 16 the fragmentation process can cease. Alterna-
tively, when P, decreases so that Eq. 16 is satisfied, the
fragmentation process begins again.

Thus the process of magma body fragmentation may
consists of several episodes, just as a volcanic blast may
consist of several discrete explosions, which are ob-
served during explosive volcanic eruptions. It should be
noted that the velocities of the gas-pyroclast mixtures
gjected into the atmosphere during subsequent explo-
sions can be the same as during the first explosion. This
factis inadequately explained in models which consider
the high-pressure gas volume do not allow for the proc-
ess of fragmentation. In accordance with these models,
the pressure inside the gas volume decreases as gas
flows out, therefore the dusty gas velocity during subse-
quent ejections should be less. The multi-phase charac-
ter of fragmentation during volcanic blasts explains the
origin of secondary air pressure waves. The low veloci-
ty of fragmentation wave propagation explains the long
duration of volcanic blasts. In our model this duration
is tp~ LIN, but in the “gas pocket” model the character-
istic duration of the blast should be ¢~ L/c. It is clear
that t>¢, because N<c. #; may increase due to the
stopping and restarting of the fragmentation wave and
to the additional time required for the gas-pyroclastic
mixture to flow out after the ultimate fragmentation of
the magma body.

This paper has considered the one-dimensional stea-
dy-state regime of fragmentation wave propagation.
The results obtained show the dependence of u and N
on Py and &. Inasmuch as these parameters can change
with depth, # and N also change. Data on the depend-
ence of Py, &, and other parameters on depth, are
needed for a complete description of the magma body
fragmentation. An accurate value for £ is also needed.
It is known that in the case of coal and sandstone out-
bursts, £ is not more than a few percent (Khristianovich
1979), but in the case of fragmentation of a solid or
highly viscous magma body by a fragmentation wave
this value is obscure. For instance, we could try to eval-
uate & calculating the energy loss £eq=S;A, where A is
the specific energy of unit surface formation. However,
values of A are known only for the cases of room tem-
perature and large size samples. A must decrease with
increasing 7 and decreasing [ (Ivanov and Mineev
1979). A special investigation of near-solidus magma
mechanical characteristics is needed.

The difference between gas and pyroclast velocities
should be taken into account (Kurlaev 1980). We must

also obtain the momentum conservation equation for
the fragmentation wave front. Many problems arise in
describing the unsteady outflow of gas-pyroclast mix-
ture (Kieffer and Sturtevant 1984; Ivandaev 1984; Gel-
fand et al. 1985).

The assumption of solidified interbubble partitions
narrow the range of phenomena which can be de-
scribed. For instance, low-viscosity magma cannot be
considered as brittle. Unfortunately, no theory of such
pehnomena exists. However, the model suggested in
this work seems useful for understanding volcanic blast
mechanisms. The absence of a fragmentation theory for
magma with gas bubbles seems to have led to the con-
sideration of the stage of gas-pyroclast mixture outflow
only (Eichelberger and Hayes 1982; Wohletz et al.
1984). It should be noted that McBirney and Murase
(1970), and Bennett (1974) suggested that the process
of the interbubble partition disruption could be of im-
portance for the solution of the problem of pyroclast
formation, but their ideas were not sufficiently develop-
ed.

Conclusions

A model for highly viscous magma fragmentation dur-
ing volcanic blasts explains the observed values of ejec-
ta velocities, the long blast duration, the possibility of
several explosions during the blast, and the angular
shape of pyroclasts. This model is based on the idea
that a porous magma body can be fragmented by a
fragmentation wave that arises when successive inter-
bubble partitions break due to a pressure differential.
The initiation and cessation of fragmentation wave
propagation is determined by the relationship between
porosity, the tensile strength of partitions, and the pres-
sure differential between gas pressure in bubbles and
the atmospheric pressure. Calculations show a low vel-
ocity (=10 m/s) for fragmentation wave propagation.
This essential fact determines the long blast duration,
the low rate of energy release during volcanic blasts,
and the possible influence of pressure change behind
the fragmentation wave front on its motion and conse-
quently on the fragmentation. The possibility that the
fragmentation wave may temporarily stop explains the
availability of several explosions during a blast. The
model suggested shows the mechanism of angular pyro-
clast formation as a result of brittle disruption of highly
viscous or nearly solidus interbubble partitions. For a
given initial porosity and gas pressure of magma, ejecta
velocities, duration, mass flux and some other paramet-
ers can be calculated. A model for magma fragmenta-
tion indicates that volcanic blasts have an “unloading”
character, so that the compressed gas energy initially
stored in gas bubbles inside highly viscous or near-soli-
dus magma is only released during the blasts. This dis-
tinguishes volcanic blasts from chemical explosions.
The model suggested may be applied to Vulcanian or
Pelean blasts occurring on volcanoes having andesite or
more acid low-temperature highly viscous magmas.
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