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Abstract 

Two-phase flow models of magma ascent in volcanic conduits and pyroclast dispersal in the pressure- and temperature- 
stratified atmosphere were employed to study the consistency of the Palizzi pumice fall eruption phase and the last eruption of 
Vulcan0 with modeling predictions. The input data for magma ascent modeling were constrained by the limited availability of 
petrological, volcanological and geophysical data, and consisted of magma composition, crystal content, conduit geometry, and 
pressure and temperature of magma in the magma chamber. The magma ascent model was used to establish the locations of 
magma exsolution and fragmentation levels, gas and pyroclast velocities, pressure, and pyroclast volumetric fractions at the exits 
of conduits of different diameters and lengths. The vent exit conditions of gas and pyroclasts corresponding to different magma 
compositions and conduit geometry were employed in the pyroclastic dispersion modeling to establish the distribution of gas 
and pyroclasts in the atmosphere and along the slopes of the volcano during the first few minutes of the eruptions in order to 
determine the volcanic column and flow behavior along the slopes of the volcano. The results from simulations showed that the 
Palizzi pumice fall eruption phase and the last eruption of Vulcano which produced bread-crust bombs are consistent with magma 
ascent and pyroclastic dispersion models. Using the available volcanological, petrological and geophysical data as well as the 
modeling results, an eruptive scenario of each cycle of Vulcan0 was hypothesized where the chemical characteristics of new 
magma supply into the volcanic system and magma remaining in the system after preceding eruptions, mechanical characteristics 
of the magma ascent pathways, and the conditions of aquifers surrounding these pathways determine the duration of phreatic, 
phreatomagmatic, magmatic, and lava flow activities within each cycle. The modeling results also suggested that the Palizzi 
pumice fall eruption phase ejected magma with a dissolved water content of about 2 wt.% from a vent diameter of about 30 m, 
and that the dissolved water content in magma during the last eruption of Vulcan0 ranged between 1 and 2 wt.%. Detailed 
modeling of various eruptive phases and adequate volcanic hazard assessment at Vulcan0 not only requires the development of 
magma-water interaction and hydrothermal circulation models, but also the collection of modeling oriented volcanological, 
petrological, and geophysical data. 

1. Introduction 

Recent modeling of magma ascent along volcanic 
conduits (Dobran, 1992; Papale and Dobran, 1993, 
1994) and dispersion of pyroclasts above volcanic 
vents (Wohletz et al., 1984; Valentine and Wohletz, 

1989; Valentine et al., 1991; Dobran et al., 1993; Gior- 
dano and Dobran, 1994; Neri and Dobran, 1994) 

allows for better constraints on the volcanic eruption 
parameters obtained from volcanological, petrological, 
geophysical and observational data. Modeling of 
magma ascent from a magma chamber to the Earth’s 
surface which allows for changing magma composition 
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along the conduit due to gas exsolution, and for flow occurred during the Palizzi and other cycles of this 
regime changes from bubbly flow below the magma volcano after phreatomagmatic eruptions which pro- 

fragmentation level to the particle/droplet flow above duced wet- and dry-surges and flows. These eruptions 

this level where the pyroclasts are dispersed in the con- are useful for constraining the volcanological, petro- 

tinuous gas phase, permits an accurate determination logical and geophysical data with the magma ascent 

of vent exit conditions. Pressure, temperature, gas and and pyroclastic dispersion models where magma-water 

pyroclast velocities, and pyroclast size and volumetric interaction is not considered, as well as for establishing 

fraction at the exit of a volcanic vent are the required possible conditions of magma in conduits before and 

data for input into a pyroclastic dispersion model of after the phreatomagmatic events, such as during the 

volcanic columns. The magma ascent and pyroclastic Palizzi’s and last eruption cycles of Vulcano. The 

dispersion models thus provide powerful tools not only results from such a modeling approach show that the 

to constrain the available volcanological, petrological Palizzi pumice fall eruption and last eruption of Vul- 

and geophysical data associated with different eruptive cane which produced bread-crust bombs are consistent 

events, but also to study these events when such data with modeling, and that they can be used to establish 

are lacking. an eruptive scenario of each cycle of Vulcano. 

Vulcan0 is an active volcanic island in the Aeolian 

Archipelago (southern Tyrrhenian Sea). The volcanic 
activity of Vulcan0 can be associated with the collision 

between the European and African plates (Gasparini 
et al., 1982) with different stages of activity forming 

different structures on the island (Keller, 1980; Fraz- 

zetta et al., 1983; Frazzetta and La Volpe, 1987). The 

present cone La Fossa is nested in La Fossa Caldera 
with its volcanic activity starting about 14,000 years 
ago. During the subsequent stages of evolution, Vul- 

cane exhibited magmatic, phreatomagmatic and lava 
flow activities. In particular, the end of the first phase 

of the Palizzi cycle about 2,200 years ago ended with 
a magmatic eruption which produced a pumice fall 

deposit. Each eruption cycle of La Fossa is character- 
ized by a progressive decrease in the degree of magma- 
water interaction. The last eruption of Vulcan0 lasted 

from 1888 to 1890, and since 1980 Vulcan0 has dis- 

played increasing fumarolic activity and gas tempera- 
tures which produced an increase in the monitoring 
activity of the volcano to the present day (Martini et 
al., 1980; Barberi et al., 1991). 

2. Geological Setting of the Island of Vulcano 

Vulcano is the most southerly of the seven volcanic 
islands in the Aeolian Archipelago (Fig. 1). Its evo- 

lution has been influenced by NW-SE and NE-SW 

regional tectonic trends (Ghisetti, 1979; Fabbri et al., 
1980; Gabbianelli et al., 1991). Keller (1980), Fraz- 

zetta et al. ( 1983) and Frazzetta and La Volpe ( 1987) 
recognized six stages of evolution of the island, starting 
with Vulcan0 Primordiale and continuing with Piano 

Caldera, Lentia Complex, La Fossa Caldera, La Fossa 
Cone, and Vulcanello. The eruptive magmas have 

evolved with time from the calcalkaline to shoshonitic 
suites, the latter being represented especially by the 

products of La Fossa Cone. All the explosive and effu- 
sive products of La Fossa Cone show their shoshonitic 

affinity with a high potassium content and have a chem- 
ical composition ranging from trachytic to the more 
evolved rhyolitic. 

The physical modeling approach of studying the pos- 
sible volcanic processes at Vulcan0 should be consid- 

ered as a major tool for the quantification of future 
volcanic hazard, since the island of Vulcan0 is very 
small and even a small-scale volcanic event could be 
catastrophic to the island’s inhabitants and tourists 
(Barberi et al., 1991). The phreatic and phreatomag- 
matic eruptions of Vulcan0 constitute the major erup- 
tion events of this volcano and should be studied by the 
appropriate physical models which involve magma- 
water interaction. The magmatic eruptions of Vulcan0 

La Fossa Cone was formed in the middle of La Fossa 

Caldera 14,000 + 6,000 years ago by the Punta Roia 
lavas (Frazzettaet al., 1983,1984). The main products 

of La Fossa activity are dry and wet surges, pyroclastic 
flows, fall deposits, and minor lava flows (Frazzetta 
and La Volpe, 1987). The volcanic sequence described 
by Keller (1980) was interpreted by Frazzetta et al. 
(1983) in terms of six volcanic cycles: Punte Nere, 
nonidentified, Palizzi, Commenda, Pietre Cotte, and 
Modern. The last eruption or Modern cycle at La Fossa 
took place from 1888 to 1890 and was well described 
by Mercalli and Silvestri ( 1891) who were eyewit- 
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Fig. 1. Location map showing the island of Vulcano and the area of 
La Fossa Cone. Solid squares represent outcrop locations of the 
Palizzi cycle including the pumice fall deposits. Stars represent out- 
crop locations of the 1888-1890 cycle including the bread-crust 
bombs. The circles represent craters corresponding to different cycles 
(see text), with the full circle indicating the present crater (after 
Frazzetta and La Volpe, 1983). 

nesses during this eruption and who coined the term 
“Vulcanian” for the spectacular explosions produced 
by the opening of the obstructed conduit. Since 1890, 
Vulcan0 has been producing fumarolic activity with 
variable intensities. 

The present outcrops of the Palizzi pumice deposit 

are scattered along the southern slope of La Fossa Cone 
(Fig. 1). The pumice beds are essentially of fall origin 

because they lack a matrix and are normally graded 
where they lie on level topography (Frazzetta et al., 

1983). This deposit reaches a maximum thickness of 2 
m at the break-in-slope of the volcano. The pumice 
fragments range in size from several centimeters to 

about 30 cm, with a mean value of about 10 cm. The 

glass matrix of the pumice fragments has a trachytic 
composition. The crystal phases consist principally of 

sanidine, plagioclase and clinopyroxene, and scarce 

amounts of dark amphibole and mica. The chemical 
composition of pumice obtained by Keller (1980) is 

shown in Table 1. The pumice fall and the underlying 
phreatomagmatic flow deposits are undisturbed and do 
not show evidence of erosion at their top surfaces. 

The Punte Nere cycle (from 14,000-6,000 years 
ago) produced dry-surge and fall deposits, and ended 

with the effusion of the Punte Nere lava flows of tra- 
chytic composition. The Palizzi cycle (pumice fall 

about 2,200 and lava flow about 1,600 years ago) is 

divided into two phases. The first phase of the cycle 

began with the emplacement of wet- and dry-surges 
and ended with a pumice fall, whereas the second phase 

2.2. Characteristics of the 1888-1890 eruption 
deposits 

The last eruption of Vulcano produced surge, fall 

and flow deposits which are represented by the lapilli- 
and-block and coarse-and-fine beds around the crater 

rim. The bread-crust bombs lie on various slopes of the 
volcano, some of which are shown in Fig. 1. The bombs 

Table 1 
Anhydrous compositions of erupting magmas at Vulcano recalculated to 100%. Sample V227 from the Palizzi pumice phase (Keller, 1980), 
and average values of 12 bread-crust bomb samples (table 2, De Fino et al., 1991) 

began with wet- and dry-surges and ended with a tra- 
chytic lava flow. The Commenda cycle (AD 729) 

opened with an explosion breccia of trachytic compo- 
sition that locally grades to a pyroclastic flow, followed 

with wet- and dry-surges, and ended with an obsidian 

lava flow. The Pietre Cotte cycle (1739) opened with 
wet- and dry- surges, continued with pumice fall, and 

ended with obsidian lava flow. The last eruption 
( 1888-1890) involved explosion breccia, dry-surges, 
ash-falls, and ejection of bread-crust bombs primarily 

of rhyolitic composition. 

2.1. Characteristics of the Palizzi Pumice Fall 

Composition 

Palizzi 
1888-1890 

SiOZ TiOz 

60.43 0.73 
71.10 0.24 

Al203 Fe203 

18.14 2.38 
14.53 2.67 

Fe0 

2.80 
- 

MnO MgO CaO 

0.07 1.35 2.80 
0.09 0.23 0.89 

Na20 K,O 

4.25 7.05 
3.63 6.62 
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are characterized by an aphyric glassy matrix of rhyol- 

itic composition and xenoliths of trachytic composition 
with a maximum abundance of 8 vol.% (De Fino et al., 

1991) . The composition of the glassy matrix of bombs 

(De Fino et al., 199 1) is summarized in Table 1. 

3. Summary of magma ascent and pyroclastic 
dispersion models 

3. I. Magmu ascent modeling und input data for 

simulations 

Dobran ( 1992) and Papale and Dobran ( 1993, 

1994) developed a nonequilibrium two-phase tlow 

model for magma ascent in volcanic conduits. This 

model describes a quasi steady-state and one-dimen- 

sional flow of magma from the magma chamber to the 
surface (Fig. 2), where the flow of magma is assumed 
to be isothermal and where no account is taken of heat 

and mass transfer across the conduit wall. As the 

magma ascends and decompresses along a conduit, it 
begins to exsolve at a height z, above the magma cham- 

ber. Above z,,, the gas bubbles grow by exsolution of 
dissolved gas and decompression. Eventually, a critical 

f- 

GAS 
,,- PARTICLE/DROPLET 

9 / 
FLOW REGIME 

F----- MAGMA FRAGMENTATION 

0 
- BUBBLE/FOAM 

/ 
/‘--FLOW REGIME 

TWO PHASE FLOW 

Fig. 2. Illustration of a volcanic conduit of length f. and constant 

diameter D. Magma is accelerated from the magma chamber o at 

: = 0, begins exsolving water at a height z,, and fragments at a height 

z, above the magma chamber. 

packing density is reached at which further bubble 

growth is prevented by the magma viscosity and neigh- 
boring bubbles. When this occurs, the bubbly flow 

regime cannot be maintained anymore and the magma 

fragments at a height zr above the magma chamber. For 

purely magmatic eruptions, this critical bubble packing 
appears to be well defined by the critical gas volumetric 

fraction cu=O.75 (Sparks, 1978; Dobran, 1992). 
Above zr, the flow in the conduit is governed by a two- 

phase gas-particle/droplet flow where the fragmented 

magma particles/drops (or pyroclasts) are entrained 
in a continuous gas phase. Assuming a conduit with a 

constant diameter, the maximum mass flow-rate is real- 

ized when the flow becomes critical or choked at the 
conduit exit. When choking occurs, the conditions 

above the vent cannot influence magma flow charac- 

teristics along the conduit. The thermal equilibrium 

assumption between magma and gas is justified by the 
very large thermal capacity of magma, short flow transit 

time through the conduit, and absence of magma-water 
interaction (Wilson et al., 1980; Wilson and Head, 
1981; Dobran, 1992). In contrast, mechanical non- 
equilibrium effects may be very important in the upper 

region of a conduit where gas and pyroclasts velocities 
are different due to the different acceleration charac- 

teristics of these phases in the presence of high llow 
gradients (Dobran, 1992). 

The two-phase Bow conditions in the conduit were 

modeled by solving numerically the conservation of 
mass and balance of momentum equations (of gas and 
magma below the magma fragmentation level and gas 

and pyroclasts above this level), together with the con- 
stitutive equations for gas exsolution, magma density 
and viscosity, and interfacial drag between gas and 

pyroclasts and between the gas-magma mixture and 
conduit wall (Dobran, 1992). Following Papale and 
Dobran ( 1993), it was assumed that water is the only 

gas phase, that chemical equilibrium exists between 
exsolved and dissolved water, and that the liquid 
magma can be described by the regular solution theory 
(Ghiorso et al., 1983). The liquid magma viscosity 
was calculated by using the model of Shaw ( 1972), 
and the effect of crystals was estimated from the Ein- 
stein-Roscoe equation. The density of magma was 
modeled by an equation for silicate liquids of Lange 
and Carmichael (1987) which was corrected for the 
crystal content based on the crystal volumetric fraction 

4,. 
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The input data for magma ascent modeling consist 

of magma chamber pressure PO and temperature T, 

magma composition and crystal content, particle or 

pyroclast size dr, above the magma fragmentation level, 
conduit length L, and conduit diameter D. These con- 

ditions for Palizzi and 1888-1890 eruptions of Vulcan0 

are shown in Tables 1 and 2, and were determined based 

on the volcanological and petrological data pertaining 

to the eruption of Palizzi, geothermal drill wells and 

seismic data, and were extrapolated to the Modern 
cycle by changing only the crystal content of magma 

to zero, reflecting the aphyric nature of the ejecta. 

Magma chamber depth 

Crystal content 
The crystal content of the wet-surge deposits of the 

eruptive cycles varies from 5 to 15 vol.% (Dellino et 

al., 1990), with the wet-surge samples being taken from 

the near-vent deposits. The characteristic features of 

these surges are their small mobility and their highly 

plastic behavior ( “quaquaversal” structures and 

absence of settling in deposits). This implies that such 
a range of crystal content may represent an effective 

magmatic value which, together with the maximum 

crystal content of lava flows at Vulcan0 of about 20 

vol.% (Castellet y Ballara et al., 1982), suggests an 

appropriate crystal content during the magmatic erup- 

tion of Palizzi of about 10 vol.%. The main crystal 

phases are clinopyroxene and alkali feldspar (including 

sanidine) . Extrapolation of data from Keller ( 1980)) 

Castellet y Ballara et al. (1982) and Frazzetta et al. 

(1983) suggests that clinopyroxene comprises about 

60 vol.% of the total crystal content. 

Magma chamber depths during the Palizzi and last 

eruptions of Vulcan0 may be estimated from geother- 

mal and seismic data. The Isola di Vulcan0 1 (IV1 ) 

geothermal well near Grotta dei Palizzi reached a depth 

of 2050 m and encountered a monzogabbroic intrusion 

(dated at about 30,000 years ago) at 1360 m (Faraone 

et al., 1986), implying that no magma chamber has 

been stationed above the intrusion and that at present a 

magma chamber should lie below about 2000 m. How- 

ever, the smoothing of the seismic waves between 3 

and 4 km below La Fossa crater suggests the presence 

of a magma body of a small spatial extent underlaying 

the intrusion (Ferrucci et al., 1991). Accordingly, the 

magma chamber depth may be parametrized between 

3 and 4 km (Table 2). 

Magma chamber pressure 
Magma chamber pressure PO was determined from 

the magma chamber depth and stratigraphy from the 

IV1 geothermal well, i.e. 

Po = I LP,,dz + Pat, 
0 

where per is the country rock density estimated from 

the drill (Fig. 3) (Faraone et al., 1986) to a depth of 

2050 m. Beyond this depth, the density was assumed 

to correspond to the monzogabbroic intrusion density 

of 2750 kg/m3 up to 4 km depth. Magma chamber 

pressures computed in this manner and corresponding 

to different conduit lengths are indicated in Table 2. 

Table 2 
Input parameters for magma ascent modeling for the Palizzi (P) pumice phase and 1888-1890 (1890) bread-crust bombs phase. These 
parameters consist of magma composition, crystal volumetric fraction &,, conduit length L, magma chamber pressure Pa. magma temperature 
T, pyroclast or particle diameter dp, conduit diameter D, and dissolved water content in magma Ya 

Eruption: 

I 

PI 1890 

11 

P/1890 

III 

P/1890 

IV 

PI 1890 

V 

PI 1890 

VI 

PI 1890 

+c (vol.%) IO/O IO/O 10/o IO/O IO/O IO/O 
L (km) 3 3.5 4 3 3.5 4 
PO (MPa) 79.48 92.95 106.43 79.48 92.95 106.43 
T(K) 1173, 1273 1173, 1273 1173, 1273 1173, 1273 1173, 1273 1173, 1273 
dr (Km) 200 200 200 200 200 200 
D(m) 60 60 60 25 25 25 
Y, (wt.%) 1 1 1 2 2 2 
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Fig. 3. Stratigraphy of lsoladi Vulcano I geothermal well (modihed 

after Fanone et al.. 1986). 

Magma temperature 

Typical eruption temperatures for trachytes and rhy- 
olites lie in the ranges 1173-1273 K and 1073-I 173 
K, respectively (McBirney, 1979; Cas and Wright, 
1987). However, recent estimates for Vulcano’s mag- 

mas suggest average temperatures of 1353 for trachytes 

and 1223- 1273 K for rhyolites (Gioncada and Sbrana, 
1993). Given this wide variation of temperatures. we 
parametrized the temperatures of Palizzi and 1888- 

1890 magmas as 1 173 and 1273 K. 

Conduit diameter 

It is reasonable to assume that the conduit diameter 

during the last eruption of Vulcan0 corresponded to the 

present day innermost vent diameter which is about 50 

m (geological map, Keller, 1980). Based on the work 
of Frazzetta et al. (1983), the ancient Palizzi cycle 
crater had a diameter similar in shape and size to that 

of the modern cycle (about 500 m) which includes the 

last eruption. Therefore, it is also reasonable to assume 
a conduit diameter for the Palizzi cycle of about 50 m. 

The conduit diameters of 60 and 25 m selected for 

magma ascent modeling in Table 2 embrace the 50-m 
value and reflect the constraints on the dissolved water 

content of the magma as discussed below. 

Water content 

The dissolved water contents of erupted magmas at 
La Fossa can be parametrized from examples of exper- 

imental petrology. The first example consists of an 
andesite suite of Paricutin volcano (Eggler, 1972), 
whereas the second example comes from the analysis 

of erupted basic products of Vesuvius in 1944 (Dolfi 
and Trigila, 1978). The former experimental studies 

established the dissolved water content of 2.2 wt.% at 

T= 1373 K and pressures up to 1,000 MPa (Eggler, 
1972). whereas the latter experiments established a 

water content of 1.1 wt.% at T= 1378 K and P= 50 
MPa (Dolfi and Trigila, 1978). Moreover, recent fluid 

inclusion studies suggest that the dissolved water con- 
tents of La Fossa magmas range from 1 to 1.5 wt.% 
(Clocchiatti et al., 1993). Based on the above infor- 

mation the dissolved water contents for Palizzi and 

Modern cycles of Vulcan0 can be constrained within 

I-Z wt%. 

Particle diameter 
A particle size of d,, = 200 pm after magma frag- 

mentation was used in the magma ascent and pyroclas- 

tic dispersion modeling, as suggested by the 
granulometric studies of pyroclastic flow and ash cloud 
deposits of Mt. St. Helens eruption in 1980 which give 
a median size between 300 and 600 pm for the former 
and between 39 and 68 pm for the latter (Kuntz et al., 
198 1) . The above value of particle size was also found 
to be adequate in magma ascent modeling at Vesuvius 
and Mt. St. Helens (Papale and Dobran, 1993, 1994). 
The plinian eruption columns exhibit, however, particle 
sizes from few microns to several centimeters, with 
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MAGMA CHAMBER 

Fig. 4. Illustration of the physical and computational domains in an 
axisymmetric flow configuration above a volcanic vent. A two phase 
flow mixture of water vapor and pyroclasts (solid particles) exits 
from a vent of diameter D and mixes with the pressure- and temper- 
ature-stratified atmosphere above the vent. The physical domain has 
a radial extent Wand a vertical extent H. The computational domain 
is two cells wider than the physical domain in the radial and vertical 
extents. The description of different types of boundary conditions 
shown in the figure is discussed in the text (after Dobran et al., 
1993). 

about 90 wt.% of solids exhibiting a particle size less 
than 5 cm and 40 wt.% less than 600 pm (Sparks and 
Wilson, 1976). The mean particle size of 200 pm 

appears, therefore, reasonable for modeling eruptions 

which produce collapsing columns and pyroclastic 
flows and underestimates the mean particle size of pli- 

nian-type columns. 

3.2. Pyroclastic dispersion modeling and input data 

for simulations 

The physical model of volcanic columns of Dobran 
et al. (1993) involves the conservation of mass, and 
balance of momentum and energy equations for the gas 
and pyroclasts phases. The gas phase consists of air and 
water vapor which allows for the mixing of water vapor 
exiting from a vent with a pressure- and temperature- 
stratified atmosphere. The pyroclasts are modeled as 

solid particles of a single granulometric size class as 

used in the magma ascent model above the magma 
fragmentation level in the conduit. The use of momen- 

tum and energy equations for each phase separately 

allows for the mechanical and thermal nonequilibrium 

between the phases. The gas turbulence is modeled by 

a turbulent subgrid scale model, whereas the effect of 

particle interaction in the flow is modeled by a granular 

flow model based on kinetic theory. The granular flow 

model accounts for the pyroclasts pressure and viscos- 

ity due to particle collisions and is useful for modeling 

the jet thrust region of the column and pyroclastic flows 

produced from partial or total column collapses. 

The physical modeling equations used in the present 

work involve an ideal gas equation of state for the gas 

phase, constant molecular viscosity and thermal con- 

ductivities of gas and pyroclasts, and temperature- 

dependent specific heats of air and water vapor. The 

solution of the mass, momentum and energy balance 

equations of each phase was performed in a two-dimen- 

sional axisymmetric flow configuration above the vol- 

canic vent as shown in Fig. 4, with an average 

topography representing La Fossa Cone. The physical 

domain in numerical computations involved a radial 

extent W= 1 km and vertical extent H= 3 km above 

sea level. The computational grid size ranged from 10 

to 20 m which was previously found to be adequate to 

resolve the important characteristics of many simulated 

volcanic columns (Dobran et al., 1993). The volcanic 

vents in the simulations were located at 300 m altitude 

Table 3 
Vent parameters for volcanic column modeling of the Palizzi pumice 
fall phase determined from the magma ascent modeling in volcanic 
conduits of Vulcano. These parameters consist of gas and pyroclast 
temperature T, pressure P,, gas velocity ugu, pyroclast velocity opv, 
pyroclast size dp, pyroclast density pb, and pyroclast volumetric frac- 
tion q,” which for 60- and 40-m diameter conduits correspond to 1 
and 2 wt.%, respectively, for the dissolved water content in the 
magma. The mass eruption rate was determined from modeling 

Conduit diameter D (m) 60 40 
Temperature T (K) 1173 1173, 1273 
Pressure P, ( MPa) 0.32 0.92 
Gas velocity u,, (m/s) 125 155 
Pyroclast velocity upv (m/s) 95 130 
Pyroclast size dp (pm) 200 200 
Pyroclast density & (kg/m3) 2530 2530 
Pyroclast volumetric fraction l pv 0.034 0.043 
Mass eruption rate M (kg/s) 2.32 X 10’ 1.82X 10’ 
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and no allowance was made for the presence of craters 
above the vents. The effect of a crater above the conduit 

exit is to reduce the pressure of the gas-pyroclast mix- 
ture exiting from the vent and thus affect the thrusting 
of the volcanic jet into the atmosphere (Kieffer and 

Sturtevant, 1984). However, because of the conversion 
of gas pressure at the exit of a vent into the kinetic 

energy of gas and pyroclasts at the exit of a crater, the 

net result on the column dynamics should not be very 

significant. The boundary conditions corresponded to 

no mass, momentum, and energy fluxes across the axis 
of symmetry, and a no slip condition along and heat 

transfer perpendicular to the slopes of the volcano. At 
the free-flow boundaries (see Fig. 4)) the boundary 
conditions corresponded to the free outflow and inflow 

of the gas and pyroclasts, whereas at the volcanic vent 

the pyroclast volumetric fraction, pressure, and gas and 
pyroclasts velocities and temperatures as determined 

from magma ascent modeling were assumed constant 
during each simulation, from the time of initial thrust- 
ing of gas and pyroclasts into the atmosphere to the 

time when the volcanic column and ground flow cov- 
ered the entire physical domain. The input data at the 

vent for volcanic column modeling are summarized in 

Table 3. 

4. Results 

Figures 5-8 illustrate the magma ascent results for 

the Palizzi pumice fall. Figure 5 shows the gas volu- 

metric fraction and pressure variations along the con- 
duit for a conduit diameter of60 m, magma temperature 

of 1173 K, 1 wt.% of dissolved water, and conduit 
lengths of 3, 3.5 and 4 km (cases I, 11, and III in Table 
2). The pressure distribution shown in the figure is 

nondimensionalized with respect to the lithostatic pres- 
sure PO corresponding to the conduit length L, whereas 
the dashed line corresponds to the lithostatic pressure. 

The fluid pressure in the conduit remains below the 
lithostatic pressure for all conduit lengths considered. 
The maximum difference between the lithostatic and 
fluid pressures is about 14 MPa for all conduit lengths 
and occurs at the magma fragmentation level which 
corresponds to the gas volumetric fraction (Y= 0.75. 
The results in Fig. 5 also show that increasing the con- 
duit length from 3 to 4 km produces a decrease in the 
magma fragmentation depth from 630 to 600 m and an 
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Fig. 5. Pressure and gas volumetric fraction variations along conduits 

of 3, 3.5 and 4 km lengths, with 60 m diameter, erupting magma at 

a temperature of I173 K. and with I wt.% of dissolved water in the 

magma (cases I, II. and III for Palizzi in Table 2). 

increase of the gas exsolution depth from 1140 to 1160 
m. The results for the 25-m conduit diameter, magma 

temperature of 1173 K, 2 wt.% dissolved water, and 
conduit lengths of 3, 3.5 and 4 km are shown in Fig. 6 

(cases IV, V, and VI in Table 2). In this case, the 
maximum difference between the lithostatic and mag- 
matic pressures at the magma fragmentation level is 
about 28 MPa for all conduit lengths, and the magma 
fragmentation and exsolution depths increase from 
1260 to 1360 m and from 1800 to 1880 m, respectively. 

Figure 7 shows a more detailed comparison between 
the results in Figs. 5 and 6. Also shown are the pressure 
distributions close to the conduit exits and the effect of 
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Fig. 6. Pressure and gas volumetric fraction variations along conduits 

of 3, 3.5 and 4 km lengths, with 25-m diameter, erupting magma at 

a temperature of 1173 K, and, with 2 wt.% of dissolved water in the 

magma (cases IV, V and VI for Palizzi in Table 2). 

conduit lengths on these distributions. A 25-m conduit 
diameter and 2 wt.% dissolved water produces larger 

exit pressures, and larger magma fragmentation and 
exsolution depths for all conduit lengths than a 60-m 
conduit diameter and 1 wt.% of dissolved water in the 

magma. The smaller conduit diameter also produces 
larger vent exit velocities and gas volumetric fractions 
which favor the formation of a buoyant column (Neri 
and Dobran, 1994). The magma ascent model failed, 
however, to produce physical results of choked and 
nonchoked flow (with exit pressure equal to or greater 
than the atmospheric pressure) of fragmented magma 
through the conduit pertaining to a diameter of less than 

60 m and 1 wt.% of dissolved water. For 2 wt.% of 
dissolved water in the magma, the model also failed to 

produce solutions for conduit diameters of less than 25 
m. The results thus show that a 60-m conduit diameter 

is the minimum diameter which is compatible with 1 
wt.% of dissolved water in the magma, whereas a 25 
m conduit diameter requires a minimum dissolved 

water in the magma of 2 wt.% to sustain a magmatic 

eruption with magma fragmentation within the conduit. 
The mass eruption rates for the 60- and 25-m conduit 

diameters are: 2.4 X 10’ kg/s (case I), 2.3 X 10’ kg/s 

(case II), 2.2X 10’ kg/s (case III), 4.6X lo6 kg/s 
(case IV), 4.4 X lo6 kg/s (case V), and 4.3 X lo6 kg/ 

s (case VI). 
The effect of increasing the magma temperature to 

1273 K on the pressure and gas volumetric fraction 

distributions along the conduit is illustrated in Fig. 8. 

This magma temperature produces pressures larger 
than lithostatic in almost all regions of the conduit, 

except near the magma fragmentation level where the 
magma pressure falls below the lithostatic pressure by 

about 1 MPa for the 60-m conduit diameter and 1 wt.% 

of dissolved water, and about 8 MPa for the 25-m 
conduit diameter and 2 wt.% dissolved water. The cor- 
responding magma fragmentation depths are about 100 

and 450 m. 
The pressure and gas volumetric fraction variations 

along the conduits of 3 km length, 25-m and 60-m 
conduit diameters, magma temperature of 1173 K, and 

1 and 2 wt.% of dissolved water conditions during the 
bread-crust bombs phase of the last eruption of Vulcan0 

are illustrated in Fig. 9. As seen from this figure, these 
conditions produce large pressures and low gas volu- 
metric fractions at the exits of conduits. For the 60-m 

conduit diameter and 1 wt.% dissolved water, the vent 

pressure is about 14 MPa, the gas volumetric fraction 
about 0.3, and the mass discharge rate about 70 kg/s, 

whereas for the 25-m conduit diameter and 2 wt.% 
dissolved water the values are about 20 MPa, 0.5 and 

20 kg/s. These values imply that, in both cases, the 
exiting magma remains unfragmented and discharging 
at rates comparable to very low rates of lava extrusion. 
For the 25-m conduit diameter and 1 wt.% dissolved 
water, the magma ascent results (not illustrated) show 
that the vent exit pressure and gas volumetric fraction 
are about 16 MPa and 0.4, respectively. By changing 
the magma temperature to 1273 K, the modeling results 
for the 60-m conduit diameter and 1 wt.% of dissolved 
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Fig. 7. Comparison between pressure variations along conduits of 3, 3.5 and 4 km lengths, with 25. and 60-m diameters, erupting magma at a 

temperature of 1 I,73 K, I and with 2 wt.% of dissolved water in the magma for the Palizzi pumice fall eruption phase. 

water produce conduit exit pressure of 14 MPa, a gas 
volumetric fraction of 0.1, and very low velocities. A 

temperature of 1273 K, 25-m conduit diameter, and 1 
and 2 wt.% dissolved water produce, however, magma 

fragmentation very near the conduit exit, exit pressures 
of about 7 and 0.3 MPa, and exit velocities of about 0.4 

and 1 m/s, respectively. As discussed below, high exit 

pressures and low gas volumetric fractions favor the 

production of bread-crust bombs which occurred after 
dry-surges and flows during the last eruption of Vul- 

cane. 
The results for the Palizzi pumice fall phase and an 

erupting magma temperature of 1173 K illustrated in 
Figs. 10-14 show the time-wise distributions of pyro- 
clast volumetric fractions and velocities, and of gas 
temperatures, of two different volcanic columns cor- 
responding to the vent parameters in Table 3. The vol- 

canic column in Figs. IO-12 corresponds to the 60-m 

conduit diameter and 1 wt.% dissolved water. At about 

20 s after the gas-pyroclast mixture exits from the vent, 
the two-phase flow jet loses its vertical thrust at about 

700 m above the vent by forming a fountain and begins 
collapsing. At 30 s after the eruption, the collapsing 

part of the column becomes evident as shown by the 

particle velocity vector plot in Fig. 1 la, whereas at 40 

s the collapsed portion of the column begins spreading 
along the slopes of the volcano by forming a ground 

flow which is very dilute and thick (Fig. IO). Above 
the fountain the rising water vapor cloud entrains some 
particles and continues to rise as a dilute buoyant plume 
(Figs. 10, 11 b) which after 90 s reaches a height of 
about 2 km above sea level with a very strong upward 
flow (Fig. 1 lc) . By this time a co-ignimbrite or phoe- 
nix cloud (Dobran et al., 1993), formed at the break- 
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Fig. 8. Comparison between pressure and gas volumetric fraction 

variations along a conduit 3 km long, with 25- and 60-m diameters, 

erupting magma at a temperature of 1273 K, and with 1 and 2 wt.% 

of dissolved water in the magma for the Palizzi pumice fall eruption 

phase (cases I and IV in Table 2 ) 

in-slope of the volcano at about 60 s, is seen merging 
with the collapsing portion of the column and forming 
a large volcanic plume above the island. After the col- 

umn collapses at about 40 s, the fountain assumes a 

narrow shape and builds a ground flow traveling at 
about 60 m/s along the upper slopes of the volcano 

(Figs. 1 lb,c) . The temperature distribution of this vol- 

canic column (Fig. 12) shows that the ground flow 
causes very high temperatures along the slopes of the 
volcano. 

The evolution of the volcanic column corresponding 

to the 40-m conduit diameter, a magma temperature of 
1173 K, and 2 wt.% dissolved water is shown in Figs. 
13 and 14. This volcanic column has a different behav- 

ior from that of the preceding column, since the jet 
portion of the column manages to entrain and heat a 
sufficient quantity of air to make the column buoyant 
and thus prevent its total collapse. The part of the col- 
umn shown collapsing at 55 s at about 600 m altitude 

is due to the high density of the central part of the 

column which loses its vertical momentum at about 1.5 

km height. As this high-density mixture of gas and 
pyroclasts begins to descend it is pushed radially out- 
ward by the vertical thrust of the volcanic jet. The lower 

collapsing part of the column is clearly shown at 70 s. 

At 90 s, the very-low-velocity (several m/s) ground 
flow produced from the collapsed portion of the column 
has merged with the noncollapsed portion of the col- 

umn. Together these produce a large volcanic cloud 

with a radius of about 1 km. The upper part of the 
column continues to rise and after 90 s reaches a height 

of about 3 km above sea level (Fig. 13). By comparing 
the particle velocity vectors (Figs. 11 and 14) of the 

two volcanic columns it can be seen that the ground 
flow of the column corresponding to the 40-m conduit 
diameter has a much smaller momentum than that of 

the flow of the column corresponding to‘tke 60-m con- 

duit diameter, and that the former column is much more 
buoyant. A 40-m conduit diameter, 2 wt.% dissolved 

water, and an erupting magma temperature of 1273 K 

produce similar column characteristics but the column 

aW 
0.6- 
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Fig. 9. Pressure and gas volumetric fraction variations along conduits 
of 3 km length, with 60- and 25-m diameters, erupting magma at a 

temperature of 1173 K, and with 1 and 2 wt.% of dissolved water in 

the magma (cases I and IV for the 1890 eruption in Table 2). 
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is more buoyant than that corresponding to the magma 

temperature of 1173 K. 
From the volcanic column simulations it is evident 

that different conduit and magma characteristics can 
produce different behaviors of volcanic columns; in 

one case producing a collapsing column which builds 
a ground flow whereas in the other case producing a 

more sustained column which tends to rise as a plinian 

column. As further discussed below, the deposits asso- 

ciated with the Palizzi pumice fall and the results from 

volcanic column simulations may be employed as con- 
straining parameters for establishing possible mag- 
matic conditions during this eruption phase. 

5. Discussion 

The magma ascent and pyroclast distribution mod- 

eling results suggest that the phreatic, phreatomag- 

matic, magmatic and lava flow activities during each 

eruptive cycle of Vulcan0 are a consequence of differ- 

ent magma compositions within the volcanic system 

and the existence of aquifers within the changing struc- 
tural characteristics of magma ascent pathways. 

The petrological, volcanological and magma ascent 

modeling constraints indicate that the Palizzi magmatic 
eruption is more consistent with cases IV, V and VI 

than with cases I, II and III in Table 2 for both temper- 
atures. The wet- and dry-surges preceding the Palizzi 

pumice fall are associated with phreatomagmatic 
events (Frazzetta et al., 1983), implying the presence 

and opening of aquifers prior to the Palizzi magmatic 

eruption. Moreover, the stratigraphic analyses of Vol- 
cano Porto 1 and Isola di Vulcan0 1 geothermal wells 

established the presence of altered lavas at a depth of 
about 1300 m (Gioncada and Sbrana, 199 1) and brec- 
cias from 1060-1073 m (Faraone et al., 1986) below 
the present crater location, indicating that these lavas 
and breccias were alterated by circulating acidic fluids. 
The mineralogical data on wet surges of La Fossa Cone 

also indicate that a mixing between deep acidic gases t 
and water is capable of producing rapid alterations of 
volcanic rocks (Capaccioni et al., 1991). Moreover, 
geochemical analyses of fumaroles and waters from 
shallow wells and studies of the altered rocks from 
geothermal wells suggest the presence of permeable 
rocks which contain rain water at shallow depths and 
salty waters or brines at greater depths (Mazor et al., 

1988; Chiodini et al., 1991; Gioncada and Sbrana, 

1993). Combining these data it is likely that the aqui- 
fers on the island of Vulcan0 exist up to at least 1300 

m depth which is consistent with the locations of 

magma fragmentation levels predicted by the magma 

ascent modeling. For an erupting magma temperature 

of 1173 K, a 25-m conduit diameter and 2 wt.% of 

dissolved water in the magma, the predicted magma 

fragmentation level is at about 1300 m, whereas for the 

same erupting magma temperature, 60-m conduit 

diameter and 1 wt.% of dissolved water in the magma 
this level is at about 600 m below the crater rim. The 

erupting magma temperature of 1273 K and conduit 

diameters of 60 and 25 m decrease the magma frag- 

mentation depths to 450 and 100 m, respectively. With 

a low-temperature magma, there may thus be a consid- 

erable decrease of magmatic pressure below the lith- 

ostatic pressure at the magma fragmentation level 

which can precipitate inward wall collapses and effi- 

cient water pouring into conduits causing magma- 

water interaction (Dobran, 1992; Dobran and Papale, 

1993). With a high-temperature magma, however, the 

magma pressure exceeds the lithostatic pressure in 

almost all regions of the conduit (Fig. 8), and there 

should be a lower probability of magma interacting 

efficiently with underground aquifers due to the diffi- 

culty of producing outward wall collapses and opening 

of these aquifers. The difference between the lithostatic 

and magmatic pressures at the magma fragmentation 

levels varies from 14 to 28 MPa for a magma temper- 

ature of 1173 K and 1 to 8 MPa for a magma temper- 

ature of 1273 K. The presence of amphibole and mica 

crystals in the mineral phases of the Palizzi pumice fall 

(Frazzettaet al., 1983) under the conditions of pressure 

and temperature discussed in section 3.1 and the very 

small predicted difference between the lithostatic and 

magma pressures for conduit diameter of 60 m, erupt- 
ing magma temperature of 1273 K, and dissolved water 

content of 1 wt.%, implies that the magma erupting 

during this phase had a dissolved water content which 

is closer to the upper limit of the selected range. These 

results, together with the volcanic column results dis- 

cussed below, suggest that the magmatic eruption of 
Palizzi causing the pumice fall occurred from a conduit 
of diameter about 30 m and involved 2 wt.% of dis- 
solved water in the magma rather than a larger conduit 

diameter and smaller dissolved water content. 
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As indicated in section 2.1, the Palizzi and underly- 

ing phreatomagmatic deposits are undisturbed and do 
not show evidence of erosion at their top surfaces. This 
suggests that the volcanic column of Palizzi did not 

produce ground flows which can cause erosional fea- 
tures because of the large velocities along the slopes of 

the volcano and that the deposit was primarily produced 

by fall of pyroclasts from the volcanic column. The 
modeling results related to the volcanic columns with 

40-m conduit diameter, 2 wt.% dissolved water, and 
erupting magma temperatures of 1173 and 1273 K are 

in accord with the volcanological data, whereas the 

results pertaining to the volcanic column with a 60-m 

conduit diameter shown in Figs. IO-12 are not, since 
such a column produces: ( 1) ground flows with very 

low velocities which should not have been capable of 

eroding the phreatomagmatic deposits emplaced before 
the Palizzi pumice fall; and (2) a buoyant plume which 

has the tendency to produce primarily fall deposits. 

This consistency between the modeling predictions and 
field deposits further justifies the above conclusion that 

the magma which produced the Palizzi pumice fall 

eruption phase had a water content of about 2 wt.% and 
that the eruption occurred from a conduit with diameter 

25-30 m. 
The ejection of bread-crust bombs during the last 

eruption of Vulcan0 is consistent with the magma 

ascent modeling results of 60- and 25-m conduit diam- 
eters and 1 and 2 wt.% of dissolved water in the magma 

shown in Fig. 9 for an eruption temperature of 1 I73 K, 
and with the conduit diameter of 60 m and 1 wt.% of 

dissolved water in the magma for an erupting magma 
temperature of 1273 K, because of the ejection of 
magma at high pressure, low gas volumetric fraction, 
and at low velocities. For a magma temperature of 1273 

K, a conduit diameter of 25 m, and 1 and 2 wt.% of 
dissolved water in magma, the magma ascent modeling 

results predicting magma fragmentation near the con- 
duit exit do not, however, appear to be consistent with 
the presence of poorly vesiculated bread-crust bombs. 
This thus implies that the magma temperature of 1273 
K used in modeling the bread-crust bombs phase during 
the last eruption of Vulcano is overestimated. With the 
magma temperature of 1173 K and using average val- 
ues of gas-magma discharge rate of 50 kg/s and an exit 
gas volumetric fraction of 0.3 established from mod- 
eling, a magma density of 2500 kg/m”, and a conduit 
diameter of 30 m, gives the magma velocity at the vent 

of about 0.01 mm/s. Such a low-velocity and high- 

pressure flow should produce an effective cooling of 
magma in the superficial regions of magma pathways 
and thus induce brittle failure of magma leading to the 

formation of large chunks of magma or bombs. The 

process should then repeat itself by the ascent of new 

magma into upper regions of magma pathways by cool- 
ing and brittle failure of this magma leading to the 
repetition of this cycle until the exhaustion of magma 

supply from depth. It should be noted that a trachytic 
magma may also produce chunks of magma in the 
manner indicated above if the conditions within the 

volcanic system (such as low ascent velocity and/or 

effective magma cooling by interaction with aquifers) 
favor brittle failure of magma. These conditions appear 

to have occurred during the Punte Nere cycle which 
produced trachytic block falls (Frazzetta et al., 1983). 

The magma ascent and pyroclastic dispersion mod- 
eling results presented above, together with the volca- 

nological and petrological data of La Fossa Cone 
eruptions, allow for better interpretation of these erup- 

tions. On the basis of these results it is possible to argue 

that a typical eruption of Vulcan0 starts with a magma 
which channels its way toward the surface through one 

or more reservoirs which may or may not contain more 

viscous magma. The erupting magma ascends along 
the preceding and/or self generating fractures toward 
the surface and produces inward and/or outward con- 
duit wall ruptures, depending on its physical properties 
such as viscosity and the mechanical conditions of the 

surrounding rocks, and it is able to promote an efficient 
magma-water interaction if water is available near the 

magma fragmentation level. The ascending trachytic 
magma at Vulcan0 appears at first to interact with aqui- 

fers until they are emptied (initial phreatic and phrea- 
tomagmatic phases of different cycles) (Barberi et al., 

1988). If these aquifers are emptied before the supply 

of magma is exhausted, the eruption proceeds as a mag- 
matic eruption, such as during the Palizzi and other 

cycles of Vulcano, until this magma is exhausted and 
more viscous rhyolitic magma from depth begins to 
rise along the conduit. The ascent of a more viscous 
magma appears to produce principally lava flows which 
usually terminate different cycles. The ejection of 
bread-crust bombs during the last eruption of Vulcan0 
may be explained by the small availability of trachytic 
magma which was unable to produce sufficiently large 
pathways within the volcanic edifice for the subsequent 
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steady effusion of rhyolitic magma. The ascent of 
rhyolitic magma at low velocities and high pressures 
favors more rapid cooling and brittle failure of magma 
leading to the ejection of large chunks of magma. After 
the Palizzi cycle, the lavas at Vulcan0 consist of more 
evolved compositions than those producing wet- and 
dry-surges and flows, and their emplacement is consis- 
tent with the predictions of fluid-mechanics modeling 
of magma ascent. This appears to justify the hypothesis 
that each eruption cycle of Vulcan0 is initiated by a 
more basic magma which channels its way toward the 
surface through the more evolved and viscous magmas 
which remained from the preceding eruptive cycles and 
which erupt after the more basic magma has been 
exhausted. The ascent and quantity of basic magma 
entering from the feeding system of Vulcano, the dif- 
ferentiation processes of this magma at higher levels of 
the system controlled by the magma ascent pathways, 
and the surrounding aquifer conditions appear to be the 
main factors governing the eruptive phases during dif- 
ferent eruptions of the volcano. 

6. Summary and conclusions 

The Palizzi and Modern cycles of Vulcan0 were 
studied by using two-phase flow models of magma 
ascent in volcanic conduits and pyroclast dispersion in 
the pressure- and temperature-stratified atmosphere. 
The input data for magma ascent modeling were con- 
strained by petrological, volcanological and geophys- 
ical data, and the model was used to establish the 
locations of magma exsolution and fragmentation lev- 
els, and gas and pyroclasts velocities, pressures, and 
pyroclasts volumetric fractions at the exits of different 
diameter and length conduits. The vent exit conditions 
corresponding to the dispersed pyroclasts in the gas 
phase were employed in pyroclastic dispersion mod- 
eling to establish the distribution of gas and pyroclasts 
in the atmosphere and along the slopes of the volcano 
during the first few minutes after the eruptions. 

The modeling results showed that the Palizzi pumice 
fall eruption phase is consistent with a magma contain- 
ing about 2 wt.% of dissolved water and erupting from 
a conduit with a diameter of about 30 m. The predicted 
locations of magma fragmentation levels in conduits 
with lengths between 3 and 4 km established on the 
basis of geophysical data are in accord with the loca- 

tions of altered lava layers and superficial aquifers 
obtained from the stratigraphical analysis of geother- 
mal wells and geochemical data from fumaroles and 
shallow fresh water wells. The modeled volcanic col- 
umn of this eruption is shown to produce a buoyant 
volcanic plume and a low velocity ground flow which 
is consistent with the Palizzi pumice fall data whereby 
the underlying phreatomagmatic flow deposits are 
undisturbed and do not show evidence of erosion at 
their top surfaces. 

The magma ascent modeling of the bread-crust 
bombs phase of the last eruption of Vulcan0 predicted 
very low velocities of the ascending magma. Such 
flows, which are practically stationary, were shown to 
produce very high vent exit pressures (about 20 MPa) 
and low gas volumetric fractions (less than about 0.5)) 
implying the difficulty of producing magma fragmen- 
tation during an open conduit condition and efficient 
magma-water interaction during this eruption. The 
flow of such a viscous magma through the upper path- 
ways of the volcanic complex should favor an effective 
cooling and brittle failure of magma in the unconsoli- 
dated upper regions of the volcanic system. This brittle 
failure of magma may be responsible for the ejection 
of bread-crust bombs or chunks of magma. 

The available volcanological, petrological and geo- 
physical data, and the modeling results, permitted the 
establishment of an eruption scenario of each cycle of 
activity at Vulcan0 whereby the chemical and physical 
characteristics of new magma being supplied into the 
volcanic system and magma remaining in the system 
after previous eruptions, mechanical characteristics of 
the magma ascent pathways, and the conditions of aqui- 
fers surrounding these pathways determine the duration 
of phreatic, phreatomagmatic, magmatic and lava flow 
activities within each cycle. The reduction of trachytic 
products during the eruptive cycles of Vulcan0 and the 
dominance of rhyolitic products during the last eruption 
of the volcano imply a reduction of the basic magma 
supply into the volcanic system. Further understanding 
of various eruptive phases at Vulcan0 for the purpose 
of adequately assessing the volcanic hazard not only 
requires the development of magma-water interaction 
and hydrothermal circulation models, but also the col- 
lection of much more detailed modeling-oriented vol- 
canological, petrological and geophysical data. 
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7. Nomenclature 

d 

D 

g 
H 

L 

M 

P 

R 

T 

I: 

Y 

2 
Z 

W 

particle diameter 
conduit diameter 

gravitational acceleration 
vertical extent of physical domain (Fig. 4) 

conduit length (Fig. 1) 

mass eruption rate 

pressure 
radial coordinate 

temperature 
vertical component of velocity 

dissolved water fraction in wt.% 

distance along the conduit 
vertical coordinate above sea level 
radial extent of physical domain (Fig. 4) 

Greek 

a gas volumetric fraction 

E pyroclast volumetric fraction 

p density 
4 crystal volumetric fraction 

Subscripts 

atm atmospheric 

C 

cr 
f 

g 
0 

P 
S 

V 

crystal 

country rock 
fragmentation 

gas phase 
magma chamber location 
particles or pyroclasts phase 

exsolution 
vent 
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