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Magma ascent simulations of Etna’s eruptions
aimed at internal system definition
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Abstract. The internal system of Etna was studied by employing a nonequilibrium
two-phase flow model of magma ascent which accounts for different gas-magma flow
regimes and gas loss to surrounding conduit fractures when the magma pressure

exceeds the local lithostatic pressure. Simulations of different phases of the 1974

and 1989 eruptions of Etna with different flow regimes in conduits suggest that the
pyroclastic, strombolian, lava fountaining, and effusive lava flow activity can be

modeled by effectively accounting for different physical processes of magma ascent.
Results from simulations and geophysical and geological data suggest that magma
ascent at Fitna may occur along a central conduit or inclined conduits from a magma
storage region located from 8 to 9 km below the summit, depending on the regional
tectonic stresses and characteristics of the magma supply system. The results also
suggest the existence of a structurally weak zone from 1 to 4 km below the summit
where magma may accumulate and from which fracture systems and magma ascent
with gas loss to fractures may propagate to the eruptive vents at the surface. The
predicted excess magmatic pressure over lithostatic in the upper regions of conduits
without gas loss to fractures suggests fracturing of the volcanic edifice during initial
stages of eruptions and subsequent magma ascent and gas loss along these fractures.

Modeling of the changes of activity at Etna requires significant new efforts in
geophysics aimed at high-resolution internal system definition.

Introduction

During historical time, most of Etna’s activity has
been effusive, and most alkali basalt products have
erupted from vents outside the summit cone. Etna’s
eruptive evolution and activity are deeply affected by
the regional geodynamic macrosystems, resulting in a
complex interaction of tensile and compressive fields re-
sponsible for volcanic superficial structures and eruptive
cone distributions [Frazzetta and Villars, 1981; Murray,
1990]. The summit region is dominated by degassing
and explosive activity, ranging in style from strombo-
lian to subplinian [Calvari et al., 1991]. An important
feature of Etna’s activity is the persistence of volumi-
nous summit crater degassing of HoO, CO;, and SO,
[Allard et al., 1991; Allard, 1994; Chester et al., 1985).

Effusive, strombolian, and subplinian activity at Etna
can occur intermittently and simultaneously at different
vents even during a single eruption, reflecting the com-
plexity of its internal system and for magma supply into
the system [Chester et al., 1985; Hughes et al., 1990;
Murray, 1990]. Recent physical modeling of magma as-

1 Also at Department of Earth System Science, New York
University, New York.

Copyright 1996 by the American Geophysical Union.

Paper number 951B02248.
0148-0227/96/95TB-02248$05.00

cent along the volcanic conduits of explosive volcanoes
[Dobran, 1992; Papale and Dobran, 1993, 1994; Coniglio
and Dobran, 1995] has allowed better constraints on the
volcanic eruption parameters obtained from volcanolog-
ical, petrological, geophysical, and observational data.
Moreover, modeling of magma ascent from a magma
reservoir to the Earth’s surface which allows for changes
in magma reservoir pressure, magma composition along
the conduit due to gas exsolution, flow regime, and
gas loss to fractures can be used to constrain better
the internal system of a volcano by comparing the pre-
dicted conditions at the vent with field data [ Woods and
Koyaguchi, 1994; Jaupart and Allégre, 1991; Vergniolle
and Joupart, 1990]. However, an application of such
modeling approaches to nonexplosive volcanoes with
small eruption rates such as Etna is particularly dif-
ficult due to the lack of relevant internal system data,
such as the geometry of conduits, physical characteris-
tics of rocks surrounding the conduits, and petrological
and geophysical data defining the magma source region.

The purpose of this paper is to present results from
computer simulations using different physical models of
magma ascent to assess the internal system of Etna.
For this purpose, we employed a one-dimensional two-
phase flow nonequilibrium thermofluid-dynamic model
which accounts for changing magma composition and
flow regimes along the conduit as the dissolved mag-
matic gas exsolves and forms a gas phase, and for the
gas loss from the conduit into the surrounding frac-
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tures as the ascending magma pressure exceeds the lo-
cal lithostatic pressure. Simulations were performed for
different phases of the 1974 and 1989 eruptions of Etna
which reflect two limiting cases of recent eruptions. The
1974 eruption occurred from a vent located away from
the summit region and reflects magma ascent along an
eccentric conduit system [Bottart et al., 1976]. The 1989
eruption took place essentially from a crater within the
summit cone and reflects magma ascent along the cen-
tral conduit system of Etna [Calvari ef al., 1991]. These
recent eruptions of Etna are well documented and re-
flect better the present state of its internal system than
other historical eruptions.

Results from simulations demonstrate that various
eruptive styles such as strombolian, lava fountaining,
subplinian, and lava effusion during the 1974 and 1989
eruptions may be explained by the rock permeability in
the upper regions of the system, different locations of
magma storage, tectonic stresses, and ascending magma
flow characteristics which govern the opening and clos-
ing of different size conduits along different fracture sys-
tems. In particular, it is hypothesized that the changes
of activity during an eruption can be associated with the
internal system relaxation where the presence of rock
fractures and the difference between the magmatic and
lithostatic pressure control the flow of gas through the
subsurface fractures and its release to the atmosphere.
The release of gas from magma in the conduit to the
surrounding conduit fractures determines the nature of
the erupted magma or eruptive activity at the surface.
Moreover, results also suggest that magma ascends from
a storage region located from 8 to 9 km below the sum-
mit and that a structurally weak zone from 1 to 4 km
below the summit exists where magma may accumulate
and degas.

Geological Setting of Etna and
Inferred Internal System

Etna is the largest volcano in Europe. It rises 3300 m
above sea level and is located at the northeastern edge
of Sicily (Figure 1a). This stratovolcano has a basal di-
ameter of about 40 km and lies between two main geo-
dynamical systems: the Appennine-Maghrebian chain
to the north and the Hyblean Maltese foreland to the
south (Figure 1b). The complex relative motion of these
two systems produces compressive stresses along the
north-south direction and tensile stresses along the east-
west direction [Frazzetta and Villar1, 1981; Fabbri et al.,
1982; Lo Giudice et al., 1982].

The complex tectonic and structural environment of
Etna is also reflected by the substrata under its vol-
canic cover. Lentin: [1981] analyzed and classified the
sedimentary sequences surrounding Etna based on the
present outcrops around the volcano. From geological
data and observations he inferred a geological section
of the sedimentary piles under Etna which establishes
the presence of a discontinuity between the carbonatic
basement represented by the Hyblean Plateau and the
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flysh units related to the northern compressive front
represented by the Maghrebian-Appennine chain at a
depth of about 6 km below sea level.

The volcanic cover and related eruptive mechanisms
had been intensively observed and studied by several
authors as described by Chester et al. [1985], Hughes
[1990], and Murray [1990]. The thickness of the volca-
nic cover under the summit is estimated to be about 2
km, where the stratigraphic discontinuity between this
cover and the flysch is considered irregular and having a
minimum thickness of few hundred meters on the east-
ern part of the coastline [Lentini, 1981]. The volcanic
products of Etna consist mainly of aa lavas and sub-
ordinate pyroclastic deposits related to the explosive
activity. The most frequent explosive activity consists
of strombolian eruptions occurring from summit craters
and cinder cones dispersed on Etna’s flanks. Etna also
produced large explosive eruptions which occurred in
historical times [Tanguy, 1981; Chester et al., 1985].

Physical modeling of magma ascent at Etna requires
a knowledge of the conduit geometry and location of
magma sources which may be established by using geo-
physical techniques and analyses. Using a seismic to-
mography technique, Hirn et al. [1991] established the
presence of a high-velocity body extending vertically
from the summit of Etna to about 6 km depth below sea
level and laterally with a diameter of about 10 km. Be-
low this depth, a low-velocity zone of seismic waves was
interpreted as due to a possible magma reservoir which
correlates with the recognized geodynamical disconti-
nuity between the carbonatic basement of the Hyblean
Plateau and the flysch of the Maghrebian-Appennine
chain located at the same depth [Lentini, 1981]. The
great extension of the high-velocity body is probably
due to the difficulty of obtaining clear signals to rec-
ognize minor bodies at different locations within the
volcano. Statistical analyses of shallow earthquakes [Lo
Giudice et al., 1982; Lo Giudice and Rasa, 1992) also in-
dicate that the eastern portion of Etna has been mostly
affected by low seismicity due to the local tensile stress
field. By comparing these geophysical data with the ge-
ological studies it may be inferred that magma ascent
at Etna occurs from a magma source region located at
about 8 km below the summit cone. This information,
together with relative thicknesses and densities of var-
ious strata lying above this depth, was then used in
simulations as further discussed below.

Characteristics of 1974 and 1989
Eruptions of Etna

Characteristics of the 1974 Eruption

On January 20, 1974, an intense seismic event caused
intermittent strombolian events at the summit of Mount
Etna [Bottari et al., 1976]. The subsequent eruptive
activity from January 30 to March 29 can be divided
into two phases: phase I from January 30 to February
17 and phase II from March 11 to 29.

During the early afternoon of January 30, a new erup-
tive vent opened at 1670 m above sea level on the west-
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Figure 1. (a) Generalized geologic and tectonic map of Sicily, showing the distribution of volcanic
centers [Grindley, 1973; Rittmann, 1973; Chester et al., 1985]; and (b) schematic section through
the Etnean area: 1 Hyblean Plateau, 2 overthrust terrains of the Appennine-Maghrebian chain,
3 Quaternary sediments of the Gela-Catania foredeep, 4 volcanic edifice of Etna [Lo Giudice and

Rase, 1992].

ern flank of Etna and displayed intense strombolian ac-
tivity and lava fountaining. The eruptive activity from
this vent built the Monte De Fiore I cone. The effu-
sive activity during the first phase was atypical whereby
some effusive vents opened at different times and on
different sides of the cone and produced high-viscosity
lava flows of short lengths [Guest et al., 1974]. This ef-
fusive activity took place contemporaneously with the
explosive activity which caused an irregular formation
of the cone. On February 12, the violent and intermit-
tent strombolian activity decreased, and on February
17 it ended. During this time, the activity at the sum-
mit craters was characterized by emissions of gas and
ash. The pyroclastic and lava flow activity of phase

I produced a mean eruption rate of 401x10% m3/d or
0.123x10% kg/s [Bottari et al., 1976].

On February 26 a new seismic crisis started, and on
March 11, phase II activity began. This produced the
opening of an eruptive vent at 1650 m above sea level,
situated 200 m west of Monte De Fiore I. During this
time, the summit craters exhibited violent emissions of
gas and ash. The strombolian activity reached a climax
on March 12 and subsequently decreased until the end of
the eruption. This activity produced a new small cone
Monte De Fiore II and only one effusive vent on the
western side of the cone and three lava flows of smaller
viscosity than of the phase I eruption. The activity
at the summit craters was similar to that of phase I
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but in addition produced some strombolian events. The
pyroclastic and lava flow activity of phase II produced
a mean eruption rate of 292x10% m3/d or 0.896x10*
kg/s [Bottari et al., 1976].

Characteristics of the 1989 Eruption

In the summer of 1989, the central craters (Bocca
Nuova, North-East Crater, South-East Crater, and Vor-
agine) displayed strombolian and degassing activity.
From the end of August until the early days of Septem-
ber, this activity increased at the Voragine and South-
East Crater. Voragine produced a 2-km-high tephra
column with internal lava fountaining for less than an
hour, and the South-East Crater displayed an increase
in activity on September 10. The subsequent activity
from September 11 to October 9 can be divided into
two phases: phase I from September 11 to 23 and phase
II from September 27 to October 9 [Bertagnin: et al.,
1989; Calvari et al., 1991].

In the morning of September 11, the strombolian ac-
tivity at the South-East Crater changed into lava foun-
taining several hundred meters high, with the crater
filling with lava and spilling over to the south and pro-
ducing two lava flows. Significant new activity resumed
in the late afternoon which produced a lava pond and
strombolian explosions. During the evening hours, lava
fountains several hundred meters high were observed
again at the South-East Crater with lava overflowing
from the crater rim. On September 12, the strombo-
lian activity increased, and by the early morning of
September 13, lava overflowed the crater rim. By 0900
hours on the same day, a lava wall up to 800 m high
and occupying the entire crater of about 150 m in di-
ameter was observed. This event, lasting for several
minutes, produced magma fragmentation in the foun-
tain and an eruptive column about 2 km high. The
paroxysmal event at the South-East Crater ended with
internal collapses, and after several hours the strombo-
lian activity, lava fountaining, and lava overflow from
the crater resumed and by the end of the day left
the crater with strombolian explosions. The explo-
sive activity at the North-East Crater, Voragine, Bocca
Nuova, and South-East Crater continued during the
subsequent days. From September 19 to 23, the South-
East Crater produced intermittent strombolian activity,
pulsating lava fountaining, paroxysmal events, and sev-
eral lava flows.

The paroxysmal event of September 13 produced
about 2.4x10% m3 of material, lasted for about 10 min,
and thus had an eruption rate of about 7x10° kg/s
[Calvari et al., 1991]. This event will be referred to
as phase Ia of the 1989 eruption. The entire period
from September 11 to 23 involving (mixed) strombo-
lian, lava fountaining, and lava overflow from the South-
East Crater produced about 8.8x10% m3 of lava and an
eruption rate of about 0.55x10° kg/s [Bertagnini et al.,
1989; M. Coltelli, personal communication, 1994]. This
event will be referred to as phase Ib of the 1989 erup-
tion.

DOBRAN AND CONIGLIO: MAGMA ASCENT SIMULATIONS OF ETNA

During phase II of the 1989 eruption, intense strom-
bolian activity in the morning of September 24 at the
South-East Crater accompanied the opening of eruptive
fractures toward northeast and southeast. The latter
fracture produced a wall of lava fountain and lava flow
in Valle del Bove. During the following days, the strom-
bolian, lava flow, and degassing activity continued from
the South-East Crater. On September 27, the northern
fracture produced at the South-East Crater propagated
toward Valle del Leone in the east, and the southern
fracture propagated toward the south. This produced
several eruptive vents and degassed lava flows inside
Valle del Leone. Successively, the opening fractures also
produced lava flows from new eruptive fissures in Valle
del Bove. On October 9, the lava flows stopped and
the eruption ended. The lava flow in Valle del Leone
produced 26.2 m3 of lava and a mean effusion rate of
0.65x10° kg/s [Bertagnins et al., 1989).

Magma Ascent Modeling

Modeling Approaches

Dobran [1992] developed a nonequilibrium two-
phase flow model of magma ascent in volcanic con-
duits. This model describes a quasi-steady state and
one-dimensional flow of magma from a magma reser-
voir to the surface (Figure 2). The flow of magmain the
conduit is assumed to be isothermal, and no heat and
mass transfer from magma to the surrounding rocks are
allowed. The ascending magma decompresses and be-
gins to exsolve the dissolved gas at a height z, above the
reservoir. Above z,, the gas bubbles grow by the exsolu-
tion of dissolved gas and decompression until the bubble
packing becomes so great that the magma flow between
the bubbles becomes impeded. This occurs at a gas
volumetric fraction of about 0.75 causing the magma
to fragment at z = z;. For z > zy, the flow regime
consists of a two-phase particle/droplet flow where the
fragmented magma particles/drops (or pyroclasts) are
entrained in a continuous gas phase. The thermofluid-
dynamic model allows for the variation of density and
viscosity of magma with the dissolved water content
and was subsequently refined by Papale and Dobran
[1993] by accounting more precisely for this variation
with the magma composition. The thermal equilib-
rium assumption between magma and gas is justified by
the very large thermal capacity of magma, short transit
time through the conduit, and absence of magma-water
interaction [Dobran, 1992] which appear justifiable for
modeling magma ascent along the conduits at Etna.

The assumption of no mass transfer from the conduit
to the surrounding rocks must be, however, carefully
evaluated for a volcano such as Etna. This volcano has
low eruption rates, and a large quantity of gas may be
absorbed by fractures within the system, causing sig-
nificant changes of flow regimes in the conduits and
activity on the surface. Moreover, the assumption in
the model of a single bubbly flow regime from the gas
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Figure 2. Illustration of a volcanic conduit of length L
and diameter D. Magma is accelerated from the magma
reservoir at z=0, begins exsolving at a height z,, and
may change from the bubbly to the churn turbulent
flow regime at a height z;. The bubbly flow regime
fragments and changes to the particle/droplet flow, or
the churn turbulent flow changes to the annular flow,
at a height z;. Gas loss from the conduit is allowed
when the magma pressure exceeds the local lithostatic
pressure.

exsolution level to the magma fragmentation level must
also be reevaluated, since it is well known that the flow
of a low viscosity liquid and gas produces several flow
regime changes along a conduit [Wallis, 1969]. Such
a two-phase flow involves a bubbly flow regime for gas
volumetric fractions below about 0.3, a plug-churn flow
regime for volumetric fractions between about 0.3 and
0.8, and an annular flow regime above the gas fraction
of about 0.8. In the plug-churn flow regime, the bub-
bles coalesce into large bubbles, and the gas and liquid
intermittently move through the conduit. When these
bubbles become large, or the flow regime transforms
to the annular flow, the gas flows through the core of
the tube and liquid along its walls with different ve-
locities, and no fragmentation of magma should occur.
For very high viscosity magmas, such as dacites and
thyolites, the plug-churn and annular flow regimes do
not appear to exist, since the large drag between the
phases tends to impede bubble coalescence and rela-
tive motion. However, a basaltic volcano such as Etna
with significant tectonic stresses which may limit the
conduit geometry during magma ascent may impede
magma fragmentation by favoring bubble coalescence
within the conduits and thus the establishment of bub-
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bly, plug-churn, or annular flow regimes which permit
considerable disequilibrium between the phases.

Initial application of the bubbly-particle/droplet flow
model of Dobran [1992] to magma ascent at Etna pro-
duced vent conditions which were found to be incon-
sistent with most of the activity of the 1974 and 1989
eruptions of this volcano. Consequently, we revised the
above model by allowing for different flow regimes in
conduits as well as for the loss of gas from magma to
the surrounding fractures when the magma pressure ex-
ceeds the lithostatic pressure.

The physical modeling approach of Dobran [1992] for
the transport of magma from a magma reservoir to the
Earth’s surface through a volcanic conduit of length L
and diameter D (Figure 2) involves conservation of mass
and balance of momentum of magma and gas. Below
the gas exsolution level z < z, the pressure distribution
is governed by the generalized Bernoulli equation

2 2

Ph=P+(1+ K)% +4z%% + przgcosd, (1)
where P is the pressure, pr is the effective density of
magma, G is the mass flowrate per unit area, fr 1s a
friction loss coefficient, # is the angle of inclination of
the conduit with respect to the vertical, and the sub-
script zero indicates the magma reservoir conditions. In
(1), K is the conduit entrance loss coefficient [Dobran,
1992], and the friction coefficient fr is given by

fr= E+0.01, Re = G—D,
KL

where py is the magma plus crystals viscosity. The
magma reservoir pressure Py is bracketed by the litho-
static pressure of the overlying rocks and the rock yield
stress, it does not depend on the inclination angle of the
conduit, and it is determined from the actual stratigra-
phy of a volcano, i.e.,

L

Py = A chdz + Pyym Tyield, (3)
where p. is the local density of the country rock and
Tyield 18 the rock yield stress which ranges from 1 to 10
MPa [Touloukian et al., 1981]. In the present work we
have assumed, however, that P, depends only on the
lithostatic pressure.

In the two-phase flow region of the conduit (Figure
2), the flow of magma and gas is modeled by the con-
servation of mass and balance of momentum equations
of the two phases separately. Thus

d
E(MG + MGd) =—nDyq (4)
2 (My, - Mga) =0 (%)
2z ML Gd) =
d,
pGugAadu—G = —aA—P — FrgA—F,gA—
dz dz
pcaAgcost (6)



718

du dP
pLuLA(l — a)d—zL = —(1 - a)Ad_z + FrgA —
FordA —pr(l — a)Agcosd (M)

where the exsolved and dissolved gas mass flow rates,
Mg and Mg4, and the liquid magma plus crystals mass
flow rate, My, are given by

MG = pGaAuG =XM (8)
Mga=Y(1-X)M (9)

ML :pL(l—a)AuL =(1—X)M. (10)
In (4)-(10), M is the local mass flowrate in the conduit,
u is the velocity, « is the gas volumetric fraction, X is
the exsolved gas mass fraction, Y is the dissolved gas
mass fraction in the magma, and the subscripts G and
L pertain to the gas and magma, respectively. With
this notation, the gas component is water vapor and
the liquid is magma before magma fragmentation and
liquid drops of magma or particles (pyroclasts) after
magma fragments.

The gas mass transfer across the conduit wall per
unit tube periphery ¢ can be physically modeled by
accounting for the surrounding rock permeability and
lithostatic pressure and to a good approximation can be
determined from the Darcy’s law [Jaupart and Allégre,
1991], i.e.,

2K’
=pgak(P—-—P), k~—, 11
7 = pgok( 1) Y5 (11)
where K' is the permeability of the surrounding conduit
rocks. The local lithostatic pressure P; does not depend
on the inclination angle of the conduit and is determined
from

L
P = / pegdz + Payp. (12)
2

In the momentum equations (6) and (7), the viscous
drag between the gas and conduit wall F,, g, the magma
and conduit wall F, 1, and the gas and magma Frg de-
pend on the flow regime, and for the bubbly, plug-churn,
particle/droplet, and annular flows are determined as
described by Dobran [1987, 1992] and will not be repro-
duced here. These constitutive equations depend on the
density and viscosity of gas and magma which are de-
termined from the density, viscosity, and gas exsolution
modeling approach of Papale and Dobran [1993].

The differential equations (4)-(7) were solved by an
accurate numerical solver as described by Dobran [1992]
for choked and nonchoked flow conditions at the con-
duit exit where a choked flow corresponds to the speed
of sound of the gas-particle mixture. In this model and
subsequent discussion, the flow conditions at the con-
duit exit must be interpreted as those of the vent, since
the effect of a crater above the vent is not modeled. The
choked flow condition corresponding to a specified mass
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eruption rate establishes the vent conditions (pressure,
volumetric fraction, gas and magma velocities) and a
minimum conduit diameter. For the nonchoked flow
conditions at the conduit exit, the atmospheric distur-
bances are allowed to propagate inside the conduit and
it is necessary to specify the conduit diameter and pres-
sure at the exit, where this pressure may correspond to
an atmospheric pressure or an overpressure determined,
for example, from the weight of lava in a crater above
the vent. For the case of gas loss to fractures, only the
nonchoked flow conditions at the conduit exit are deter-
mined. The computer programs using the above magma
ascent modeling approaches which account for different
combinations of two-phase flow regimes within the vol-
canic conduits and gas loss to fractures are described
by Dobran [1994].

Input Data for Simulations

The magma ascent models described above require
input parameters which are extensively documented
by Dobran [1992], Dobran and Papele [1992], Papale
and Dobran [1993, 1994], and Coniglic and Dobran
[1995], and some new modifications involving different
flow regimes and gas loss to fractures are described by
Dobran [1994]. Essentially, they consist of the anhy-
drous composition and physical properties of magma,
magma flow rate, conduit length, magma reservoir pres-
sure, local stratigraphy, surrounding rock permeability,
and conditions described at the vent. The vent con-
ditions may involve a fixed pressure or choked flow.
The former may be used for studying the discharge
of magma to the atmosphere under balanced or unbal-
anced pressure conditions with the atmosphere, whereas
the choked flow condition implies that the atmospheric
conditions outside of the vent do not affect the flow in
the conduit. Tables 1 and 2 summarize the input data
for magma ascent modeling and are briefly discussed
below.

Magma composition. Data on the chemistry of
Etna’s lavas which are compiled in many reports of
the Istituto Internazionale di Vulcanologia in Catania
show only slight differences in important oxide concen-
trations. For this reason, we performed the simulations

Table 1. Anhydrous Composition of Erupting Magma
at Etna

Composition Average
510, 47.20
TiO, 1.70
Al, O3 17.76
F8203 3.78
FeO 6.55
MnO 0.18
MgO 6.21
CaO 10.38
Na,O 3.32
K,O 1.80

M. Pompilio (personal communication, 1993), as cited by
Dobran [1995].
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Table 2. Input Parameters for Magma Ascent Modeling for the 1974 and 1989 Eruptions of Etna

Eruption 1974, Phase I 1974, Phase II 1989, Phase la 1989, Phase Ib 1989, Phase II
L, km 8.3-9.3 8.3-9.3 8.3-9.3 8.3-9.3 8.3-9.3
Py, MPa, 181-222 181-222 181-222 181-222 181-222
T, K 1373-1393 1373-1393 1373-1393 1373-1393 1373-1393
¢, vol % 10-30 10-30 10-30 10-30 10-30
dp, pm 200 200 200 200 200
K', m? - 1078107 - - 107810~
Yo, wt % 1-3 1-3 1-3 1-3 1-3
M, kg/s 0.123x10° 0.896x10* 7x10° 0.55x10° 0.65x10°

These parameters consist of magma composition (Table 1), conduit length L, magma reservoir pressure P, magma
temperature T', crystal volumetric fraction ¢, pyroclasts or particle diameter dp, rock permeability K’, maximum dissolved

water content in magma Yo, and mass eruption rate M.

using only an average composition as reported in Table
1.

Conduit length. Magma supply to the summit of
Etna is considered to take place along a central con-
duit and along subvertical dykes emanating from this
conduit which is connected to a feeding system at a
depth of about 20 km [Chester et al., 1985]. Seis-
mic data show no evidence of a magma chamber below
Etna, but the low velocity data of Hirn et al. [1991]
suggest that at about 6 km below sea level there may
be a possible magma storage region of limited extent.
This hypothesis is also confirmed by the work of Lentin:
[1981] who studied the implications of sedimentary sub-
strata on the geodynamics of Etna and suggested that
at about 6 km below sea level the flysh of the sedimen-
tary folds contacts the carbonatic basement. For the
1989 eruption taking place essentially from the South-
East Crater, we assumed a vertical conduit of uniform
diameter, whereas for the 1974 eccentric vent eruption
we assumed a constant diameter and an inclined con-
duit at 45°. It should be noted, however, that at greater
depths the conduit may have the form of a fissure and
that it could be modeled as such if its dimensions were
known. Moreover, the effect of the inclined conduit is
to reduce the body force acting on magma. Based on
the data uncertainty, the conduit length or location of
magma source below the summit of the volcano for both
eruptions was parametrized from 8.3 to 9.3 km.

Magma reservoir pressure. The location of magma
source and density of overlying rocks determine the
magma reservoir pressure (Equation (3)). By collect-
ing the observational and geophysical data and com-
paring them with the general geophysical knowledge of
rock densities and seismic wave velocities, we estab-
lished this pressure by parametrizing the densities of
different stratigraphic layers of the volcano. The up-
permost layer with a thickness of 2100 m, the middle
layer with a thickness of 3200 m, and the lower layer
thickness were thus parametrized with densities of 2200,
2400, 2600, and 2000, 2200, 2400 kg/m3, which pro-
duced pressures of 197.2 and 181 MPa, respectively, for
the conduit length of 8.3 km.

Magma temperature. The value of 1373 K for the
selected magma temperature can be considered as an
average obtained from the thermal data of Etna’s lavas

[Pinkerton and Sparks, 1976] and thermal equilibrium
of mineralogical phases [Trigila et al., 1990]. Neverthe-
less, to reflect a possible variation of this temperature
during magma ascent we parametrized this parameter

from 1373 to 1393 K.

Crystal content. Modal analyses of lavas pertain-
ing to recent eruptions of Etna are compiled in many re-
ports of the Istituto Internazionale di Vulcanologia (see
database references of Dobran [1995]). The recorded
crystal volumetric fractions reach 30 vol % and may
also be representative of crystal fractions during magma
ascent [Armaenti et al,, 1994b]. For this purpose, we
parametrized this parameter from 10 to 30 vol %, where
10 vol % is representative for olivine and clinopyroxene
phases and 30 vol % is representative for the presence
of the plagioclase phase in magma.

Particle diameter. A particle size of d,=200 pm
after magma fragmentation is suggested by the granu-
lometric studies of pyroclastic flow and ash cloud de-
posits of Mount St. Helens eruption in 1980 which give
a median size between 300 to 600 pgm for the former
and between 39 to 68 um for the latter [Kuntz et al.,
1981]. The above value of particle size was also found
to be appropriate for magma ascent modeling at Vesu-
vius and Mount St. Helens [Papale and Dobran, 1993,
1994] but may not be applicable to basaltic magmas
such as Etna. Fragmentation of such magmas may pro-
duce large-size pyroclasts where they affect the distri-
bution of gas and pyroclasts velocities along the conduit
but do not significantly affect the flow characteristics at
the vent [Dobran, 1992].

Rock permeability. Permeabilities of rocks sur-
rounding the volcanic conduits may range from about
1076 to 1071% m? [Heiken et al., 1988; Jaupar! and
Allégre, 1991]. The lower value corresponds to a highly
fractured rock, whereas the upper limit is representa-
tive of hydrothermal circulation systems. Gas loss to
fractures is highly dependent on the surrounding rock
permeability, and consequently, we performed a para-
metric study using permeabilities from 103 to 1014
m? which correspond to maximum fracture dimensions
of less than a centimeter per meter of rock.

Dissolved water content. Data of the dissolved
water content of Etna’s magmas derive mainly from
fluid inclusion studies. Metrich and Clocchiatti [1989)]
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found water contents exceeding 3 wt % of a wide vari-
ety of lava samples pertaining to the historical eruptions
of Etna, whereas recenty Armaents el al. [1994a] estab-
lished that this content is around 2 wt %. To reflect the
uncertainty in the maximum dissolved water content in
magma, we carried out a parametric study involving
water contents from 1 to 3 wt %.

Mass eruption rate. As discussed above, different
phases of the 1974 and 1989 eruptions involve differ-
ent mass eruption rates derived from the volumes of
pyroclasts and lavas, average density of lavas of 2650
kg/m3, and times associated with the eruptive phases.
For the 1974 eruption, we used a mean mass eruption
rate of 0.123x10° kg/s for phase I lasting from Jan-
uary 30 to February 17, and a mean value of 0.896x 104
kg/s for phase II lasting from March 11 to 29. During
the 1989 eruption, the maximum mass eruption rate
of 7x10°% kg/s occurred on September 13 (phase Ia),
whereas the mean eruption rate from September 11 to
23 corresponds to 0.55x10° kg/s (phase Ib). The mean
eruption rate for phase II corresponds to 0.65x10° kg/s.
The uncertainty in the above data was estimated to
be about £30% (S. Calvari, personal communication,
1994). Eruption times pertaining to different phases
of 1974 and 1989 eruptions are much greater than the
times associated with magma ascent which justifies a
quasi steady state assumption in modeling. Moreover,
each phase of the eruption is intermittent but could not
be split further at present due to the lack of geological
and geophysical data.
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Results

The results presented in this section pertain to sim-
ulations of different phases of the 1989 and 1974 erup-
tions of Etna. These simulations were performed for the
range of parameters summarized in Tables 1 and 2, and
only the most significant results will be presented. The
range of uncertainties in input parameters related to the
properties of magma was reduced by performing a para-
metric study. Results showed that the dissolved water
content of 2 wt % gives more reliable conduit exit con-
ditions (such as pressure, velocities, and gas volumet-
ric fractions) when confronted with field observations
pertaining to the studied eruptions and that a slight
variation of magma temperature from 1373 K does not
produce any significant variation of numerical results.
Moreover, the crystal content variation from 10 to 30
vol % for dissolved water contents from 1 to 3 wt % did
not produce any significant changes in results and we
subsequently employed the value of 10 vol %. Simula-
tions were carried out for three different flow conditions
in the conduit. The bubbly flow (BF) simulations em-
ployed a bubbly flow in the conduit from the onset of
gas exsolution at z=2z, («=0) until magma fragmenta-
tion at z=z; (a=0.75) with subsequent change to the
gas-particle/droplet flow (Figure 2). The plug-churn
flow (PCF) simulations were performed by assuming a
bubbly flow from z=2z, to 2=z, (@=0.3), churn turbu-
lent flow from z > 23 to z=2z; («=0.75), and annular
flow for z > z;. The gas loss (GL) simulations employed

Table 3. Simulations Discussed of Different Phases of the 1989 and 1974 Eruptions of Etna

Case  Eruption Flow Flow P, L gcosf M D K’
Phase Regime Condition MPa km m/s? kg/s m m?
1 19891a BF CH 197.2 8.3 9.81 7%10° 19.2 -
2 19891a BF CH 181 8.3 9.81 7x108 25.5 -
3 19891a PCA CH 197.2 8.3 9.81 7%10° 17.1 -
4 19891a BF CH 222.7 9.3 9.81 7x108 20.3 -
5 1989Ib BF CH 197.2 8.3 9.81 0.55%10° 6.3 -
6 1989Ib PCA CH 197.2 8.3 9.81 0.55%10° 7.1 -
7 1989Ib BF CH 181 8.3 9.81 0.55%10° 8.1 -
8 19891b PCA CH 181 8.3 9.81 0.55x10°8 11.8 -
9 198911 PCA CH 197.2 8.3 9.81 0.65%x10° 3.8 -
10 198911 PCA CH 181 8.3 9.81 0.65%10° 6.7 -
11 198911 GL - 197.2 8.3 9.81 0.65%10° 5 10°%
12 198911 GL - 197.2 8.3 9.81 0.65x10° 5 1072
13 198911 GL - 197.2 8.3 9.81 0.65x%10° 5 10718
14 198911 GL - 197.2 8.3 9.81 0.65x10° 10 1078
15 19741 BF CH 197.2 8.3 6.93 0.123x10° 1.3 -
16 19741 PCA CH 197.2 8.3 6.93 0.123x10° 1.9 -
17 197411 BF CH 197.2 8.3 6.93 0.896x10* 1.17 -
18 197411 PCA CH 197.2 8.3 6.93 0.896x10* 1.76 -
19 197411 GL - 197.2 8.3 6.93 0.896x10* 2 10~°
20 197411 GL - 197.2 8.3 6.93 0.896x10* 2 10712
21 197411 GL - 197.2 8.3 6.93 0.896x10* 2 10718
22 197411 GL - 197.2 8.3 6.93 0.896x10* 2 1071
23 197411 GL - 197.2 8.3 6.93 0.896x10* 10 107°

CH, choked flow; BF, bubbly-particle/droplet flow; PCA, bubbly-plug-churn-annular flow; GL, gas loss to fractures.

T=1373 K, $=0.1, d,=200 um, Yo=2 wt %.
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bubbly flow and gas loss to fractures for P > P,. Table
3 summarizes the simulations discussed in the paper.
The September 13 explosive phase of the 1989 erup-
tion which produced a 2-km-high sustained eruption
column with magma fragmentation (phase Ia) was sim-
ulated with BF and PCA flow regimes. Figure 3 shows
choked BF results pertaining to P;=197.2 and 181 MPa,
with all other parameters being the same (cases 1 and 2
in Table 3). A larger magma reservoir pressure produces
a conduit diameter of 19.2 m, whereas a smaller pres-
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Figure 3. Nondimensional pressure and gas volumet-
ric fraction variations along the conduit corresponding
to BF cases 1 and 2 in Table 3 (phase Ia of the 1989
eruption). (a) P;=197.2 MPa and (b) P;=181 MPa,
with all other parameters being the same.
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sure produces a diameter of 25.5 m. A magma reservoir
pressure of 197.2 MPa produces 17.7 MPa of pressure
difference between the lithostatic and magmatic pres-
sures at the magma fragmentation depth of about 600
m, whereas the corresponding pressure and depth for
Py=181 MPa are 25.3 MPa and 1100 m, respectively.
It is important to note that the largest difference be-
tween the magmatic and lithostatic pressures occurs
over a significant portion of the conduit, from about
1 to 4 km below the vent for both magma reservoir
pressures. A larger magma reservoir pressure also pro-
duces a larger vent exit pressure (2.1 versus 1.1 MPa),
a smaller gas volumetric fraction, and comparable gas
and pyroclast velocities (about 120 m/s). Choked PCA
flow regimes (case 3 in Table 3) produce a conduit diam-
eter of about 17 m and vent gas and magma velocities of
about 500 and 45 m/s, respectively, gas volumetric frac-
tion of about 0.75, and pressure of about 0.6 MPa. The
effect of maintaining the same stratigraphy as for the
case of magma reservoir pressure of 197.2 MPa but by
increasing the conduit length from 8.3 to 9.3 km (case
4 in Table 3) produces a conduit diameter of 20.3 m,
17.8 MPa of pressure difference between the magmatic
and lithostatic pressures at the magma fragmentation
level located at about 650 m below the surface, a vent
exit pressure of about 1 MPa, and comparable vent ve-
locities and gas volumetric fraction as in cases 1 and
2.

The strombolian, lava fountaining, and lava overflow
activity from the South-East Crater from September 11
to 23 (phase Ib) was simulated with BF, PCA, and GL
flow regimes. Figure 4 illustrates the pressure and gas
volumetric fraction distributions along the conduit for
cases 5 and 6 in Table 3 corresponding to the choked
flow conditions. BF flow regimes (case 5) produce a con-
duit diameter of about 6 m, magma fragmentation at
about 660 m below the vent, and vent pressure of about
1.5 MPa, velocities of about 120 m/s, and gas volumet-
ric fraction of about 0.94. PCA flow regimes (case 6)

produce a conduit diameter of about 7 m, change of the
churn turbulent to the annular flow regime at about
750 m below the vent, and vent pressure of about 0.3
MPa, gas and magma velocities of about 500 and 15
m/s, respectively, and a gas volumetric fraction of about
0.75. BF flow regimes produce a higher vent pressure
and gas volumetric fraction than PCA flow regimes,
whereas the gas and magma velocities show opposite
trends. These trends are more clearly seen in Figures 5
and 6 which illustrate the variation of pressure and gas
and magma velocities at the vent for different diame-
ter conduits and magma reservoir pressures. As seen
from Figures 5 and 6, the choked flow condition pro-
duces minimum diameters and highest velocities at the
vent, and exit pressures which are quite low but usually
higher than the atmospheric pressure. Moreover, and
for both flow regime situations, there is a conduit di-
ameter which maximizes the vent pressure, whereas the
atmospheric pressure limits this pressure and therefore
the conduit diameter (Figures 5a and 6a). The effect of
magma reservoir pressure Py is particularly significant,
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since a larger pressure produces larger vent pressures
for the same conduit diameter and larger conduit diam-
eters for a fixed vent pressure (Figure 5a), while dis-
playing an opposite trend in the gas and magma veloc-
ities at the vent (Figures 5b-5d). The PCA flow regime
and magma reservoir pressure Py also produce similar
vent pressure and gas and magma velocity distributions
with the conduit diameter (Figures 6a-6d). In this case,
however, there is a much more pronounced velocity dis-
equilibrium between the phases which increases with a
decrease of Py. In particular, a vent pressure of about
0.6 MPa corresponds to an overpressure at the vent cre-
ated by a lava pond in the crater which is about 20 m
deep. This produces BF conduit diameters of about 25
m for Py=181 MPa and 110 m for P;=197.2 MPa, and
PCA conduit diameters of about 30 m for P,=181 MPa
and 90 m for Py=197.2 MPa. The simulation results
pertaining to the GL flow regime are similar to phase
IT of the 1989 eruption (since the mass eruption rates
of these phases are similar) and are discussed below.

Phase II activity of the 1989 eruption from Septem-
ber 27 to October 9 which produced strombolian explo-
sions, lava fountains, and lava flows in Valle del Leone
was simulated by all three models of magma ascent dis-
cussed above and for different magma reservoir pres-
sures.

PCA results which depict the variation of vent pres-
sure and gas and magma velocities with the conduit
diameter for phase II are similar to those shown in Fig-
ure 6 for phase Ib, except that the smaller mass erup-
tion rate of this phase produces lower choked conduit
diameters (D=3.8 m for P,=197.2 MPa, and D=6.7 m
for Py=181 MPa, as opposed to D=7.1 and D=11.8
m, respectively). Cases 9 and 10 in Table 3 summa-
rize the choked flow parameters of these simulations.
It is also important to note that a low magma reser-
voir pressure (case 10) produces a choked flow conduit
exit pressure which is less than the atmospheric and
is therefore not consistent with the activity as further
discussed below. Moreover, the simulations produced
gas volumetric fractions at the vent which are less than
about 0.74.

Phase II activity of the 1989 eruption was also simu-
lated with gas loss to fractures involving different per-
meabilities of the surrounding conduit rocks . The re-
sults from cases 11-13 in Table 3 for a conduit diameter
of 5 m are shown in Figures 7-9. Figure 7 shows magma
pressure and gas volumetric fraction variations along
the conduit corresponding to a large permeability of
108 m? and represents an underdamped gas volumet-
ric fraction behavior, Figure 8 corresponds to a much
smaller permeability of 10712 m? and represents a crit-
ically damped behavior of gas fraction, whereas Figure
9 corresponds to the permeability of 10712 m? and to
an overdamped behavior of the gas volumetric fraction
along the conduit. (Underdamping, critical damping,
and overdamping are terms which are used to represent
a system’s dynamical response owing to a viscous damp-
ing force which is proportional to the system’s velocity.)
Notice in Figures 7-9 that there is a rapid drop of the gas
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volumetric fraction when the magma pressure exceeds
the local lithostatic pressure and that very small varia-
tions of magma pressure above lithostatic produce very
large variations of the gas volumetric fraction for large
rock permeabilities. For all permeabilities, the gas loss
to fractures is very efficient but requires greater mag-
matic pressures than lithostatic as the rock permeability
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Figure 4. Nondimensional pressure and gas volumet-
ric fraction variations along the conduit corresponding
to cases 5 and 6 in Table 3 (phase Ib of the 1989 erup-
tion). (a) The choked BF and (b) the choked PCA flow.
Notice that the former flow regimes produce larger con-
duit exit pressure and gas volumetric fraction than the
latter flow regimes.
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Figure 5. Variation of vent pressure and gas and magma velocities with the conduit diameter
and magma reservoir pressure for BF flow regimes (phase Ib of the 1989 eruption). (a) Vent
pressure variation with conduit diameter for different Py, (b) vent gas velocity variation with
conduit diameter for different Py, (c) gas and magma velocity variations with conduit diameter
for Py=197.2 MPa, and (d) gas and magma velocity variations with conduit diameter for Po=181
MPa. Notice that a 20-m-deep lava pond limits the vent pressure to about 0.6 MPa.

decreases. Case 14 results corresponding to a conduit
diameter of 10 m and permeability of 10~8 m? produce
a similar gas volumetric fraction behavior as in case
11. It is important to note in Figures 7-9 that the rock
permeability decreases from 10~% to 10713 m? produce
vent pressure increases from atmospheric to 4.8 MPa
but that this does not affect the gas volumetric fractions
at the vent which remain at about 0.25. The magma
reservoir pressure of 181 MPa and 10 m conduit diame-
ter display gas volumetric fraction trends with the rock
permeability which are similar to those corresponding
to P;=197.2 MPa and are not reported in the paper.

The phase I and II activities of the eccentric 1974
eruption were simulated by all three fluid dynamic mod-
els of magma ascent by accounting for an inclined con-
duit diameter at 45° and the same conduit lengths as
those of the 1989 eruption.

Simulation results of phase I pertaining to pressure
and gas volumetric fraction distributions along the con-

duit for the BF and PCA flow regimes are shown in
Figure 10 and are indicated as cases 15 and 16 in Table
3. The BF simulation produces a choked conduit diam-
eter of about 1 m, and vent gas and magma velocities
of about 90 m/s, a gas volumetric fraction of 0.97, and
a pressure of about 1 MPa. The corresponding values
of these parameters for the PCA flow are: D ~2 m,
ug ~250 m/s, ur ~ 10 m/s, a 0.7, and P = 0.2 MPa.

Bubbly-particle/droplet and bubbly-churn turbulent-
annular flow simulations of phase II of the 1974 eruption
are represented by cases 17 and 18 in Table 3. These
simulations produce similar vent conditions but slightly
lower values of conduit diameters and vent pressures
in comparison to cases 15 and 16 which have a larger
mass eruption rate. The results of simulations involv-
ing gas loss to fractures (cases 19-23 in Table 3) are
illustrated in Figures 11 and 12 and do not produce un-
derdamped volumetric fraction behavior as illustrated
in Figure 7 for a vertical conduit system. Cases 19-21
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Figure 6. Variation of vent pressure and gas and magma velocities with the conduit diameter
and magma reservoir pressure for PCA flow regimes (phase Ib of the 1989 eruption). (a) Vent
pressure variation with conduit diameter for different Py, (b) vent gas velocity variation with
conduit diameter for different P, (c) gas and magma velocity variations with conduit diameter
for Py=197.2 MPa, and (d) gas and magma velocity variations with conduit diameter for P,=181
MPa. Notice that a 20-m-deep lava pond limits the vent pressure to about 0.6 MPa.

show progressively higher vent gas volumetric fractions
(2=0-0.1) and pressures (P=1.2-3.1 MPa) and only the
latter simulation shows a substantial critical damping
of the gas fraction (Figure 12a). Decreasing the rock
permeability to 10714 m? (case 22 in Table 3) produces
a gas volumetric fraction at the vent of about 0.5 and
pressure of about 23 MPa (Figure 12b). An increase
in the conduit diameter to 10 m (case 23 in Table 3)
produces a degassed magma (similar to case 19) and a
vent pressure of about 2 MPa which is about 70% larger
than for case 19. As further discussed below, different
behavior of flow parameters corresponding to vertical
and inclined conduits is caused by a higher lithostatic
pressure acting on magma which flows through an in-
clined conduit.

Discussion

The paroxysmal event on September 13, 1989 (phase
Ia), which produced a high wall of lava occupying the
entire South-East Crater and magma fragmentation im-
plies the existence of PCA flow regimes during lava
fountaining which subsequently changed into BF flow
regimes as the magma fragmentation surface moved
downward. PCA magma ascent results (case 3) with
its associated high gas and magma velocities at the vent
(about 500 and 45 m/s, respectively) are consistent with
the intense lava fountaining activity during the morn-
ing of September 13 and observations that a wall of
lava formed above the crater. The lava fountaining and
paroxysmal events also imply the issuance of a high-
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Figure 7. Pressure and gas volumetric fraction varia-
tions along the conduit with gas loss to fractures (case
11 in Table 3) (phase II of the 1989 eruption). A high
rock permeability of 10~8 m? produces an underdamped
and low gas volumetric fraction at the vent. Notice
that slight magma pressure increases above lithostatic
are very efficient for releasing gas to fractures and that
the magma pressure follows the lithostatic pressure very
closely in the upper regions of the conduit. Figure 7b
illustrates the behavior of pressure and gas volumetric
fraction oscillations close to the conduit exit.
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Figure 8. Pressure and gas volumetric fraction varia-
tions along the conduit with gas loss to fractures (case
12 in Table 3) (phase II of the 1989 eruption). A
low rock permeability of 10~12 m? produces a critically
damped and low gas volumetric fraction at the vent.
Notice that magma pressure increases above lithostatic
are required for efficient release of gas to fractures. Fig-
ure 8b illustrates the behavior of pressure and gas vol-
umetric fraction in the upper portion of the conduit.
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pressure jet of gas and magma at the vent which sug-
gests the existence of a choked flow condition at the con-
duit exit as assumed in the simulations (cases 1-3). The
onset of internal collapses within the volcanic system
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Figure 9. Pressure and gas volumetric fraction varia-
tions along the conduit with gas loss to fractures (case
13 in Table 3) (phase II of the 1989 eruption). A rock
permeability of 10~13 m? produces an overdamped and
low gas volumetric fraction at the vent. Notice that con-
siderable magma pressure increases above lithostatic are
required for releasing gas to fractures, and that the vent
pressure becomes considerably greater than the atmo-
spheric. Figure 9b illustrates the behavior of pressure
and gas volumetric fraction in the upper portion of the
conduit.
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following the paroxysmal event suggests that either the
magma supply into the system was terminated or that
there were inward conduit wall collapses within the vol-
canic system. The latter situation is clearly consistent
with magma ascent simulations which predicted con-
siderable differences between the lithostatic and mag-
matic pressures (less than about 25 MPa) over a signifi-
cant portion of the conduit (1-4 km below the summit).
These large pressure differences are sufficient to cause
rock fracturing which may consequently produce melt-
ing of some of these rocks and form a secondary magma
reservoir within a shallow part of the volcanic system.
This hypothesis finds a justification by the presence of
a stratigraphic discontinuity between the volcanic and
sedimentary covers and from the existence of pyroclastic
layers above this structure [Chester et al., 1985] which
may easily fracture, either induced by magma ascent
and/or tectonic tensile stresses. Moreover, the seismic
activity before and during the opening of the 1989 frac-
ture system was interpreted as being localized from 3
to 5 km below the summit [Barberi et al., 1990]. The
predicted conduit diameters of about 20 m represent-
ing phase Ia activity should be viewed as the maximum
conduit diameter produced by the 1989 eruption, since
this diameter corresponds to the maximum mass erup-
tion rate during the eruption. The opening of eruptive
fractures from the South-East Crater at the beginning
of phase Ib of the 1989 eruption may had been caused
by the magma overpressure in the upper portions of the
conduit as predicted by the simulations and shown in
Figure 3.

The mixed strombolian, lava fountaining, and lava
overflow from the South-East Crater during phase Ib
of the 1989 eruption may be explained by BF, PCA,
and GL magma ascent models. The strombolian and
lava fountaining activity is consistent with the choked
PCA simulation, since it produces large vent pressure
and gas and magma velocities (Figure 6}, and nonfrag-
mented magma in the annular flow regime. The BF
simulation (case 5) produces too high vent gas volu-
metric fraction and magma fragmentation within the
conduit which is not consistent with the early phase Ib
strombolian and lava fountaining activity. To explain
the lava overflow activity from the South-East Crater
with one of the considered magma ascent models, it is
necessary to take into account the pressure created at
the vent by the lava pond and the observational data.
For a 20-m-deep pond, this pressure is about 0.6 MPa
and must involve low gas volumetric fractions at the
vent. Based on these considerations, the BF simula-
tion represented by case 7 (P;=181 MPa) should be
eliminated, since magma fragments within the conduit
and produces a high gas volumetric fraction at the vent
(o =0.94). BF and PCA flow simulations correspond-
ing to Pp=197.2 MPa (nonchoked cases 5 and 6 in Ta-
ble 3) produce conduit diameters in excess of 100 m
which are considerably larger than the maximum pre-
dicted conduit diameter of about 20 m corresponding to
the maximum mass eruption rate during phase la and
should also be eliminated. The lava overflow activity
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of phase Ib can be explained, however, by the GL flow
regimes, whereby the gas loss to surrounding conduit
fractures produces low gas volumetric fractions at the
vent and vent pressures depending on the fracture per-
meability, as further discussed below for phase II of the
1989 eruption. In effect, the average of phase Ib ac-
tivity is consistent with the PCA and GL flow regimes
which may have been established during the eruption
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Figure 10. Nondimensional pressure and gas volumet-
ric fraction variations along the conduit corresponding
to cases 15 and 16 in Table 3 (phase I of the 1974 erup-
tion). (a) BF and (b) PCA flow regimes. Notice that
BF flow regimes produce larger conduit exit pressure
and gas volumetric fraction than PCA flow regimes.
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by the combined effects of magma ascent and by the
corresponding internal volcanic system response.

The eruption of degassed lava flows in Valle del Leone
and Valle del Bove during phase II of the 1989 eruption
can be simulated most effectively by a magma ascent
model which accounts for the gas loss to fractures. The
results of these simulations are shown in Figures 7-9 and
are represented by cases 11-14 in Table 3 for different
fracture permeabilities. As noted above, the effect of
decreasing the surrounding conduit rock permeability
is to increase the pressure at the vent while maintain-
ing an efficient release of gas to fractures. In particular,
a high rock fracturing near the conduit exit may be
very efficient not only to produce gas loss from magma
but also to produce large gas volumetric fraction varia-
tions in this region as the magma pressure in the con-
duit attempts to follow the local lithostatic pressure. It
should be noted, however, that the pronounced gas vol-
umetric fraction oscillations near the conduit exit pre-
dicted by the model for the rock permeability of 10~3
m? (Figure 7) should be difficult to realize in practice
due to a finite time for the released gas to flow out of
the volcanic system which is not accounted for by the
model. As a consequence, the weak strombolian and
degassed lava flow activity during phase Il of the 1989
eruption can be explained by the changing permeabil-
ity of the system during this eruption phase, where this
permeability may have been controlled by the overpres-
sure created by magma flowing in the conduit and by
the rate of gas release from the volcanic system to the
atmosphere through different craters and vents. The
predicted conduit diameter of about 5 m for phase 11
suggests maximum dimension of a subvertical conduit
related to eruptive fissures with lava flows.

The eccentric phase I of the 1974 eruption produced
strong strombolian, lava fountaining, and lava flow ac-
tivity and was simulated by the choked BF and PCA
flow regimes. The results from these simulations give a
conduit diameter which is less than 2 m and vent veloc-
ities, gas volumetric fractions, and pressures necessary
to produce the observed activity. The PCA flow sim-
ulation results (case 16 in Table 3) are, however, more
consistent with the field data than the BF results, since
the latter produce magma fragmentation in the conduit
which does not appear to be consistent with the absence
of an eruptive column of gas and ash.

The strombolian and effusive lava flow activity during
phase II of the 1974 eruption is consistent with PCA
and GL simulations. The lithostatic pressure of this
eruption acting on magma flowing in a conduit is higher
than for a vertical conduit system because in an inclined
conduit a lithostatic pressure is produced by a greater
body force than that acting on magma. This produces
higher vent pressures and very low volumetric fractions
for high-permeability rocks and implies that the effusive
eruptions from eccentric eruptions of Etna should on
the average dominate over the explosive ones which is
generally considered the case [Chester et al., 1985).

Based on the magma ascent simulations of different
phases of the 1989 and 1974 eruptions at Etna, it can be
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hypothesized that the eruptive activity of this volcano is
related to the magma conditions at the source and char-
acteristics of the volcanic edifice. These simulations,
together with geophysical and geological data [Lentini,
1981; Chester et al., 1985; Hirn et al., 1991], suggest the
existence of a magma storage zone from 8§ to 9 km below
the summit. At about 1-4 km below the summit, the
magma may accumulate among the fractured rocks cre-
ated by the internal conduit wall collapses as produced
by the previous magma ascents which created magma
pressures below the local lithostatic pressure. Such a
modeling prediction is consistent with the existence of
shallow earthquakes at about 2 km depth which had
been registered before recent eruptions [Lo Giudice and
Rasd, 1992] and thus implies the existence of a struc-
turally weak region of the system at this depth. Based
on simulations, it is also reasonable to assume that the
magma at Etna during intereruptive cycles is degassing
at depths from 2 to 5 km below the summit and that
eruptions take place when the gas pressure builds up,
causing rock fracturing in the upper regions of the vol-
canic system. For a highly fractured system, such pres-
sure increases may occur at different locations within
the system and thus produce variable volcanic activity
at different locations even during a single eruption.

The opening of vents and extensive degassing at the
central craters of Etna suggest the existence of struc-
turally weak regions below these craters whose perme-
abilities change during the coarse of an eruption. Dur-
ing the initial phase of an eruption, such a condition
of the system may produce mixed strombolian and lava
fountaining activity due to the overpressure of magma
within the upper regions of the system as it relaxes by
releasing gas to the atmosphere and opens new fractures
which may shift magma ascent along different paths.
The existence of BF, PCA, or GL flow regimes within
the conduits can then be associated with the internal
system constraints (such as the compressive and tensile
tectonic stresses) which limit flow dimensions, magma
overpressures required to fracture rocks, and gas loss to
fractures. For a volcano such as Etna with small mass
eruption rates, the gas loss to fractures affects dramati-
cally the nature of the erupting magma and explains the
eruption of degassed lava during later stages of an erup-
tion when the ascending magma encounters a sufficient
fracturing of the system.

The 1989 and 1974 eruptions of Etna represent two
limiting cases of the eruptions of this volcano where
the former may represent those eruptions caused by
magma ascent along the central conduit. The four sum-
mit craters of Etna may be considered as four distinct
vents emanating from or being connected by a shallow
part of the central system, where the eruptive activity of
two opposite cones (North-East and South-East) is due
to local tensile stress variations in recent times. The
magma column level at the end of the 1989 eruption
and possible partial or total conduit closures at differ-
ent depths within 2 km of the summit may explain the
formations of fissure and/or flank eruptions near the
summit region. The 1974 eruption may be, however,
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considered representative of those eruptions caused by
magma ascent along paths which are connected with
the central conduit only at large depths and caused by
movements of tectonic structures which give rise to in-
tense seismic activity before the eruptions [Botiari et
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Figure 11. Pressure and gas volumetric fraction varia-
tions along the conduit with gas loss to fractures (cases
19-20 in Table 3) (phase II of the 1974 eruption). The
corresponding rock permeabilities of (a) 10~° m? and
(b) 107'2 m? produce overdamped and very low gas
volumetric fractions at the vent. Notice that magma
pressure increases above lithostatic are required for re-
leasing gas to fractures and that the vent pressure be-
comes considerably greater than the atmospheric.
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al., 1976]. In recent times, these types of eruptions ap-
pear to be statistically less dominant than the 1989-like
eruptions.

Summary and Conclusions

A nonequilibrium, isothermal, and two-phase flow
model of magma ascent in volcanic conduits was em-
ployed to study different eruptive phases of 1989 and
1974 eruptions of Etna. The model accounts for bubbly-
particle/droplet flow with magma fragmentation, bub-
bly-churn turbulent-annular flow without magma frag-
mentation, as well as for the gas loss from the conduit
to fractures when the magma pressure exceeds the lo-
cal lithostatic pressure. Simulations were carried out
for different conduit lengths, magma reservoir pressures,
crystal volumetric fractions, magma temperatures, and
different flow regimes for different eruptive phases of the
1989 and 1974 eruptions.

Phase Ia of the 1989 eruption produced high lava
fountains and an eruptive column of gas and ash which
was simulated with magma ascent models which al-
low for bubbly and churn turbulent-annular flow and
magma fragmentation. This produced a conduit diam-
eter of about 20 m with a conduit length of 8.3 km
below the summit. The mixed strombolian, lava foun-
taining, and lava overflow activity from the South-East
Crater of phase Ib of the 1989 eruption was found to
be consistent with the bubbly-churn turbulent-annular
flow model which produced a conduit diameter of 6-

8 m. This range of conduit diameters for phase 1 ac-.

tivity may be associated with the changing stress lev-
els within the volcanic edifice as magma channeled its
way toward the surface. The degassed lava flow ac-
tivity of phase II of the 1989 eruption was found to
be consistent with a magma ascent model which ac-
counts for gas loss to fractures. The results from mod-
eling indicate the importance of the surrounding rock
permeabilities which may produce underdamped, crit-
ically damped, or overdamped gas volumetric fraction
behavior in the conduit after the magma pressure ex-
ceeds the local lithostatic pressure. The pyroclastic and
lava flow activity of phase I of the 1974 eruption was
simulated with bubbly-gas particle/droplet and bubbly-
churn turbulent-annular flow regimes which produced a
conduit diameter of about 2 m. Phase II of the same
eruption was simulated with gas loss to fractures, and
the results did not produce underdamped gas volumet-
ric fraction behavior as in the vertical conduit case.
Magma ascent simulations of different phases of 1989
and 1974 eruptions suggest the existence of a magma
reservoir at about 8-9 km below the summit and of a
structurally weak zone from 1 to 4 km below the summit
where magma may reside within a mushy region during
intereruptive cycles of the volcano. Simulation results
also suggest that during the initial stages of eruptions of
Etna when magma produces pathways to the surface,
the magma overpressure in the upper regions of con-
duits may significantly weaken the structures in these
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regions and produce new eruptive fractures. The sub-
sequently ascending magma may effectively degas into
these fractures and produce eccentric degassed lava flow
activity with gas venting from central craters. The 1989
and 1974 eruptions of Etna represent two limiting erup-
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Figure 12. Pressure and gas volumetric fraction varia-
tions along the conduit with gas loss to fractures (cases
21-22 in Table 3) (phase II of the 1974 eruption). (a)
A rock permeability of 1073 m? produces critically
damped and low (about 0.1) gas volumetric fraction
at the vent, whereas (b) a permeability of 1071* m?
produces no efficient gas loss to fractures and a gas vol-
umetric fraction of about 0.5. The vent pressures are
considerably greater than the atmospheric.
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tions, whereby the former was found to be consistent
with magma ascent along a central conduit and the
latter along an inclined conduit which connects to the
central conduit at a large depth. The effectiveness of
gas loss from the central and inclined conduits depends
strongly on the surrounding rock permeabilities and on
the local lithostatic pressure which for the inclined con-
duit of the 1974 eruption is larger and appears to di-
minish the gas volumetric fraction oscillations during
magma ascent.

Internal fracture and tectonic stress characteristics of
the volcanic system of Etna appear to play a significant
role in establishing eruptive activity, since these charac-
teristics can determine different flow regimes, the quan-
tity of gas being lost from conduits to fractures, and
the conduit dimensions during magma ascent. These
internal system characteristics, together with the char-
acteristics of the magma and of its storage region(s),
should be considered as major factors which control the
intensity and nature of different styles of activity (py-
roclastic, strombolian, lava fountaining, lava overflow
from craters, lava effusion from fractures). To physi-
cally model the changes of this activity during an erup-
tion requires the establishment of high-quality geophysi-
cal and volcanological data aimed at the internal system
definition of Etna.

Notation

flow cross-sectional area.
particle diameter.

conduit diameter.

friction coefficient.

drag force.

gravitational acceleration.

mass flow rate per unit area.
conduit entrance loss coefficient.
permeability.

conduit length.

mass effusion rate.

pressure.

mass lost to fractures

Reynolds number.

temperature.

velocity.

exsolved gas mass fraction.
dissolved gas mass fraction in magma.
distance along the conduit.

NRME NS IR SR RQS g R

Greek

o gas volumetric fraction.

P density.

0 inclination angle of the conduit.
¢ crystal volumetric fraction.

n viscosity.

Subscripts

atm pertaining to the atmosphere.

b bubbly flow.
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country rock.
fragmentation.
gas phase.

d gas dissolved.
lithostatic.
liquid phase or magma.
magma reservoir location.
particles or pyroclasts phase.
exsolution.
conduit wall.
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