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The East African Rift System is an ideal location for
investigating the link between tectonism and magma-
tism during rift evolution. Geochemical studies in this
region provide insight into plume-driven rift processes,
including documenting the chemical structure of the
sub-lithospheric mantle. The structure and chemistry
of the Oligocene Afar plume were categorized by Pik et
al. (1999) and Marty et al. (1996) in Ethiopian flood
basalts of the northern rift. Plume influences have also
been noted in Quaternary samples of the Afar/Red Sea
region (Barrat et al. 1993) as well as at Turkana, N.
Kenya (Furman et al., 2001).

We use new data on primitive (6-28 wt. % MgO)
mafic lavas of Tertiary age from Turkana to investi-
gate possible temporal and spatial evolution of the sub-
lithospheric source region(s) beneath the East African
Rift. Preliminary data suggest a plume influence in the
source region for Tertiary Turkana mafic lavas. For ex-
ample, most primitive lavas have La/Nb greater than
0.6 and Ba/Nb values between 3 and 20. Furthermore,
Zr/Nb ratios from the Turkana suite demonstrate that
incompatible trace element signatures in this area are
spatially controlled; Zr/Nb values in central Turkana
mafic lavas (about 5.5) are significantly higher than
those observed 40 km to the south (around 2.5). La/Nb
ratios also show spatial control, with values in the
north ranging from 0.75-0.85 and those in the south
ranging 0.45-0.7. These data imply consistent, latitu-
dinal spatial heterogeneity in the Turkana source area.

U/Th ratios of the Turkana Tertiary suite overlap
mafic Turkana Quaternary samples, suggesting a com-
mon, sub-lithospheric source component. Geochemical
differences between Turkana and Ethiopian HT2 flood
basalts (Pik et al. 1999) in the Tertiary may reflect
the chemical structure of the Afar plume, or may im-
ply a more complex scenario of melt segregation and
transport within the lithosphere. The geochemical and
isotopic data from Turkana basalts are thus an impor-
tant part of a comprehensive interpretation of the dy-
namic East African Rift System and will enable us to
constrain temporal and spatial chemical structures of
the Afar plume.

References cited: Barrat et al. 1993, GCA, 57,
2291-2302 Furman et al. 2001, EPSL, submitted Marty
et al. 1996, EPSL, 144, 223-237 Pik et al. 1999, GCA,
63, 2263-2279.
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In sustained explosive volcanic eruptions, the verti-
cal velocity of gas and entrained pyroclasts may exceed
Mach 1 relative to the speed of sound in the erupting
fluid. This commonly occurs when the vent geometry
allows the fluid to be pressure-balanced with the atmo-
sphere, and many eruptions have been shown to have
had sustained eruption velocities of up to at least Mach
4. This includes some basaltic eruptions, such as the
plinian phases of eruptions at Tarawera.

The dynamics of the transition from sub-sonic to su-
personic flow place lower and upper limits on the lateral
spreading rate of a subsurface supersonic gas-pyroclast
mixture. If the volcanic fluid is in contact with the
conduit walls, the gradient of the walls must be greater
than a lower limit controlled by both the speed of sound
in the erupting gas-pyroclast mixture and the wall fric-
tion factor: the walls must form a de Lavalle nozzle.
The upper limit to the spreading rate of the mixture
is equal to the inverse of the speed of sound of the
erupting fluid. For eruptions that are supersonic at the
vent, this can significantly affect near-vent conditions,

resulting in significantly over-pressured (choked) erup-
tions in circumstances where pressure-balanced erup-
tions might be expected.

This helps to explain discrepancies between ob-
served and modelled vent radii in many volcanic erup-
tions. Application of the constraint also helps with
problems in model continuity between sub-surface vol-
canic dynamics and eruption plume dynamics, as the
same constraint applies to volcanic jets above the sur-
face.
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The formation of gas bubbles in magmas drives ex-

plosive volcanic eruptions. Bubbles form in response to
gas supersaturation by first nucleating and then grow-
ing. Studies of bubble nucleation in magmas have fo-
cused on whether it is homogenous or heterogeneous.
Homogenous nucleation involves random clustering of
gas molecules in a melt into stable entities, whereas
heterogeneous nucleation involves clustering on pre-
existing surfaces. For either mechanism, however, lit-
tle work has focused on the nucleation rate. Therefore,
here we investigate experimentally these rates in mag-
mas.

Experiments were performed on natural rhyolitic
glasses. These were hydrated at high temperatures and
pressures, and then isothermally decompressed rapidly
to lower pressures, where they were held for varying
lengths of time before quenching. Specially designed
pressure vessels enable quenching within a couple of
seconds. Quenched samples were analyzed for the sizes
and number densities of bubbles that nucleated as a
result of the lower pressure. Control experiments were
run to ensure that no small bubbles nucleated before
decompression. Bubble size distributions allow us to
determine the variation in nucleation rate with time,
and estimate the size distribution of nucleated bubbles.

Initial experiments were run at 800◦ C and various
hydration pressures. Pressure drops were such that the
same percent supersaturation was achieved. Results
show that the rate of bubble nucleation is insensitive
to water content in the range of 4-6 wt.%. Nucleation
was heterogeneous, with bubbles nucleating on Fe-Ti
oxide microlites. Almost all bubbles nucleated within
45 seconds, although a few nucleated up to 120 sec-
onds. The peak nucleation rate occurred between 10

to 15 seconds, and was 2.5-3.5x106 cm−3 s−1. Even
in the shortest runs, all bubbles are 0.5 m or larger,
suggesting that the critical size water bubbles is about
that size. These results indicate that bubble nucleation
is very fast, and can be considered instantaneous com-
pared to growth rates. Further work will explore nucle-
ation rates as a function of supersaturation pressures.
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Vesiculation and fragmentation of magma in the

conduit are the most fundamental processes to charac-
terize explosive eruption. The interval from the vesic-
ulation front to the fragmentation front critically con-
trols the size distribution of pyroclasts and hence the
style of eruption. The vesiculation process has been ex-
tensively investigated through experimental and model-
simulational approaches. As for the fragmentation pro-
cess, on the other hand, its physical basis is still not
well-understood. In the above context, the movement
of the fragmentation front is an important subject to
be clarified. In this poster, we present a simple model
which demonstrates how the fragmentation front is
formed and how it moves. The model assumes mixture
of gsolidh particles and ggash particles, each having
contrasting values of density and compressibility. The
initial state is compressed state of all particles. After
removing externally-constrained pressure, particles be-
gin to move driven by the forces due to the compression
and mutual collision, exchanging the momentum be-
tween ggash and gsolidh particles. 2D numerical inte-
gration on this particles system clearly shows formation
of quasi-shock front, which, we consider, corresponds
to the fragmentation front. Non-linearity of the com-
pressibility of ggash phase and cross-over of the contin-
uous phase(pressure-sustaining phase) actually control
the formation of the fragmentation front. Its propaga-
tion velocity is characterized by considering effective
gHugonioth of this system.
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In many volcanoes like the Popocatepetl, it is not
well known if seismicity induces explosive eruptions,
or inversely if the dynamics induces seismicity, or how
both mechanisms trigger each other. In order to un-
derstand this mechanisms we numerically simulate, at
greater scales than in laboratory, the behaviour of
highly viscous magmas submitted to an incoming PSV
wave involving high stresses. For that purpose we use
a finite volume scheme of second order with a semi im-
plicit algorithm in time for the fluid and a classical
velocity/stress formulation at the second order to de-
scribe the elastic waves. The magma is considered as
compressible and consists in a high viscous fluid and
volatile gases. The gas fractions are computed fol-
lowing a power state law of the pressure. The dis-
turbance of the fluid by the wave causes the pressure
to increase and the gas to exsolve. The magma is
then submitted to a convection behaviour and can arise
through the conduit till reaching a certain depth which
defines the location of fragmentation of the mixture.
These simulations allow us to conclude that, depending
on the magnitude of the wave, a viscous compressible
fluid like a magma can be highly disturbed and dif-
fer strongly then from the quasistatic and acoustic be-
haviour classically taken into account in classical mod-
elling of waves travelling through acoustic fluid/elastic
solid structures. Depending on the Reynolds number,
from laminar to turbulent, the fluid can not any longer
be assumed incompressible, irrotational and non vis-
cous. Inversely, when the magma has reached the frag-
mentation depth in the conduit, the fluid becomes mul-
tiphasic with specific exit velocities, pressures, temper-
atures, particle fractions. It is modelled with one parti-
cle phase and one gas phase interacting with drag forces
and heat exchange terms. With a similar algorithm as
described before, we show that the flow can be expelled
at shock speeds and produce travelling elastic waves in
the ground through the conduit walls. We show the
pattern of the recorded waves at the free surface and
their associated spectra.
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Volcanic explosions produce pressure perturbations
in the atmosphere (infrasound) which are not contam-
inated by path effects as for the seismic wavefield and
contain useful and direct informations on the source
dynamics. Recently, many dynamical models of the ex-
plosive process are based on the analysis of the acous-
tic field. We have analyzed the acoustic wave field
in terms of elastic wave propagation in a two-phase
medium where the viscosity and compressibility are
spatially inhomogeneous. At low pressure (<10 MPa)
the magma can not be considered as an homogeneous
medium, but has to be treated as a mixture of fluid
magma and gas bubbles. Gas bubble nucleation starts
when the pressure of the system drops below the su-
persaturation level (a few hundreds of meters for H2O
in basaltic magmas) and increases towards the surface,
reaching its maximum value at the magma-air interface.
Such a variation is non-linear with depth and is par-
ticularly strong at shallow depth. With the decrease of
depth the density of the mixture and the sound velocity
drop drastically while the shear viscosity of the mixture
increases. We calculated the propagation of an elastic
wavefield generated by an explosive source embedded
in the magma column as function of the void fraction



V

2001 Fall Meeting

Cite abstracts as: Eos. Trans. AGU, 82(47), Fall Meet. Suppl., Abstract #####-##, 2001.

F1367

increase in the magma. Large gas bubble concentra-
tions (>70%) prevent the elastic wavefield to propagate
suggesting that or the source is shallow or it is charac-
terized by a high pressure drop. We propose a source
model which explain the infrasonic wavefield in terms
of a shallow unsteady pressure front.
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The independent component analysis (ICA) on low
frequency events recorded at Stromboli volcano reveals
that these signals can be viewed as the superposition
of three independent components in three different fre-
quency bands. The first two are mainly composed
of body waves coming from a direction in a range of
30◦:30◦ around the crater area. Such a result is a
clear indication that the whole signal, in these fre-
quency bands, comes from the source area. The last
independent component is, on the contrary, dominated
by other kinds of waves coming from many different di-
rections, suggesting that it is mainly composed of noise.
On the base of such results we propose a simple model
for strombolian explosion quakes based on a non linear
self-sustained oscillator which exhibit the same dynam-
ical characteristics of the experimental signal. The first
few seconds of this one are exactly reproduced integrat-
ing the equations of the non linear oscillator, while the
rest of the signal are qualitatively reproduced introduc-
ing random fluctuations of a parameter of the model.
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Dome growth at the Soufrire Hills volcano between
1996 and 1998 was frequently accompanied by repet-
itive cycles of earthquakes, ground deformation, de-
gassing, and explosive eruptions. In particular, high-
resolution tiltmeters recorded in real-time 6-14 h infla-
tion cycles up to 20 microrad at two stations near the
dome. These tilt data were used in eruption forecast-
ing since peak rockfall and pyroclastic flow activity oc-
curred with deflations. The cyclic ground deformation
was ascribed to pressurization of the conduit magma
beneath the degassing plug. The pressure source has
been previously modeled as a point source or finite line
source in an elastic medium without considering the to-
pography of the volcano.

Using the finite difference code FLAC3D, we mod-
eled the edifice as an elastic medium in three dimen-
sions by integrating surface topography from Montser-
rat DEMs. We use the available tilt and geodetic data
to constrain the geometry and the pressure distribution
of the source and the properties of the edifice model.
We analyse the effect of the edifice shape as compared
to flat free surface models as well as the influence of
varied pressure source geometries, pressure distribu-
tions, depths and conduit location. Results are com-
pared with previous studies based on analytical models
of point or line source and numerical models of conduit
pressurization.
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In this work, we analyse both the space-time evo-
lution of seismic activity and ground deformation (by
GPS data measurements) affecting Mt. Etna during
the last thirteen years, with particular attention to
the years following the 1991-1993 lateral eruption. Af-
ter a short period of deflation following this eruption,
ground deformation measurements indicate that dur-
ing 1994-2000 the entire edifice underwent a marked
inflation, which preceded the recent July-August 2001
lateral eruption.

Careful analysis of the spatial pattern of the seismic
energy release, since the second half of 1996, evidences
some strict relationship to the GPS ground deformation
behaviour, and both strongly support a link between
magma-related mass changes at depth and associated
stress and strain variations. This observed stress-strain
pattern is clearly influenced by the regional tectonic
and the NNW-SSE trending fault zone which plays a
relevant role in the recent volcano dynamic, until the
July-August 2001 lateral eruption. Our observation
suggests that there has been no major magma reser-
voir inside the upper crust (depth < 10 km) or within
the volcanic pile but that high-level storage occurred
in dykes, not concentrated in a specific area, with their
position variable in the time. Moreover, the comparison
between seismic and ground deformation data suggests
that during the period of observation a transfer of dif-
ferent magma pulses from the volume located at depth
in the western flank occurred toward the central area
of the volcano.
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The dramatic eruption on the southern flank of
Etna in July and early August 2001 was the most signif-
icant activity at the volcano in a decade. The eruption
produced both vigorous strombolian activity, that built
a number of prominent new scoria cones, and lava effu-
sion. Texturally, the eruptive products are remarkably
varied. Lavas erupted from vents near the summit are
monotonous Hawaiites, typical of Etna’s most recent
products.

Ejecta from lower flank vents are petrologically and
texturally distinct. In particular, they contain a promi-
nent xenolith assemblage, principally comprising blocks
of a white, friable arenite. The blocks are porous,
have frequently been invaded by and reacted with the
host melt, and show signs of having vesiculated on ap-
proach to the surface. Centimetre-scale magmatic en-
claves are also common in these ejecta, and range in
texture from coarse glomerocrysts to vesicular gabbroic
inclusions. These eruptive products bear a remarkable
textural similarity to the materials erupted during the
1892 activity of Etna’s southern flank. Did these two
eruptions share a common plumbing system? Or have
they been tapped from the same reservoir, rejuvenated
by the intrusion of primitive magma from depth?

We report the results of ongoing work that is aimed
at characterising the 2001 eruptive products in detail;
and of the continuing investigations into the links be-
tween FTIR measurements of Cl and S degassing during
the eruption, the state of the erupted, degassed, prod-
ucts and of analogue experimental modelling of gas-
melt separation in basaltic magma systems.
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Based on the UHF wind profiler technique, a
medium power (100 W) pulsed Doppler radar has been
specifically developed for the sounding of explosive vol-
canic jets. Named Voldorad (Volcanological Doppler
Radar), this radar can operate at medium distance
(∼0.5 - 4 km) from the active vent and is compact
enough to be easily set up on a volcano. The last
version of the radar is housed in one unit (∼60x60x60
cm) and its total weight is ∼50 kg. A PC is used for
real-time monitoring and data storage. The radar an-
tenna is a 2*2 array of 24 elements Yagi antenna (9◦
beamwidth) set up on a tripod which is steerable in
azimuth and elevation. A pulsed signal (typical dura-
tion 0.75 µs) is transmitted every 100 µs with a wave-
length of 23.5 cm. After amplification and filtering,
the received signal is digitized. Each digitized sample
corresponds to a received echo at a selected time (i.e.
selected range), thus defining the so-called range gates.
The Doppler spectrum is then computed for each gate.
Three parameters characterizing the ejecta can be de-
duced from this spectrum: reflectivity, mean velocity
and maximum velocity of the jet particles.

We present results from experimental campains
at Mount Etna during strombolian activity of the
SE crater in October 1998 and July 2001. Quasi-
continuous and powerful echoes were observed in the
central gates, on either side of the jet axis, whereas
echoes of side gates were weaker and more intermit-
tent. The temporal variations of the radar signal were
analyzed at two time scales. First, the time variations
of reflectivity appear to be a good indicator of the long-
term evolution of the eruption and also follow the over-
all trend of the tremor signal. Secondly, detailed anal-
ysis of the radar signal (typical integration time ∼64
ms) reveals 5 s periodic outbursts during fountain ac-
tivity. Moreover, the maximum velocity of the jet par-
ticles estimated from Doppler spectra might represent
the velocity of the finest particles directly entrained by
gas.
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On July 13, 2001 a summit paroxysmal eruption
(with strong strombolian activity and lava overflows)
occurred at the SE Crater of Mount Etna volcano. It
was , coincident with the start of an intense earthquake
swarm. During the following three days, more than
2500 earthquakes were recorded, and a dry-fracture
field began to open on the higher southern slope of
the volcano Another paroxysmal eruptive episode oc-
curred at the SE Crater on July 17, while a few hours
later the higher part of fracture field (2995 m a.s.l)
became eruptive, producing mild strombolian activity
and a lava flow extending to SSE. During the same day,
also a second part of the fissure became eruptive (a
large pyroclastic cone formed at 2700 m a.s.l.) and
a major lava flow was produced. On the morning of
July, 18 a M=2.7 seismic event accompanied the open-
ing of a third eruptive vent at about 2100 m a.s.l. This
fissure in the following days produced mild to intense
strombolian activity and emitted lava flows that slowly
advanced southward. On the evening of 18 July, a fur-
ther eruptive vent opened at about 2550 m a.s.l., along
the same fracture system. This vent was the main ex-
plosive one, producing powerful phreatomagmatic ex-
plosions with huge ash columns, turning to strombo-
lian activity and lava fountains in the following days,
and then producing again phreatomagmatic explosions.
The eruption ended on early August 10. On August 3,
a seismoacoustic array, composed by three stations, has
been deployed at few hundreds of meters from the vent
located at 2100 m a.s.l.. A fourth station was installed
much closer to the summit craters, at the site Torre del
Filosofo (TDF), coupled with a thermal-infrared sensor.
All seismo-acoustic stations were equipped with three-
components (5 seconds) seismometers and one acous-
tic sensor, sensitive in the infrasonic band between 1
and 20 Hz. The thermal-infrared sensor (a Omega
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thermometer) was sensitive in the band between 8-14
microns. The array recorded infrasonic waves coming
from both vents located at 2100 and 2550 m a.s.l. Each
vent showed a different infrasonic signature according
to the different strombolian and phreato-magmatic ac-
tivity. The analysis of the time delays between seis-
mic, infrasonic and infrared onsets has evidenciated
that the explosions at both craters were sub-sonic.
The explosive source in both vent is relatively shal-
low. Time delays between the infrared and infrasound
onsets recorded for the crater located at 2550 m a.s.l.
indicate that the source is ca. 200 m below the crater
rim. The source mechanism of seismic signals relating
to the strombolian activity at the vent at 2100 m a.s.l.
shows a strong decompression at the source.
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Three distinct episodes of eruption from Kilauea
volcano, Hawaii, during July, September, and Decem-
ber of 1974 exhibit a pattern of westward migration,
from the upper East Rift Zone, across the summit of
Kilauea, and down the volcanos southwest flank. Lock-
wood et al. (1999) suggest that the 1974 eruptions were
initiated by intrusion of ”new,” more mafic magma into
a shallow conduit system in which more differentiated
basalt resided. Crystal size distribution and mineral
chemistry data presented here, together with whole-
rock data presented in Lockwood et. al, show that lavas
associated with each episode are characterized by pro-
gressive chemical and petrologic changes that are con-
sistent with the suggestion that the lavas originated by
magma mixing in the conduit system.

All of the lavas from 1974 are tholeiitic basalts
and contain a typical mineral assemblage for Hawai-
ian basalts, including olivine, plagioclase, clinopyrox-
ene and FeTi oxides. Lavas from the July eruption are
characterized by a wide range of MgO, from 6.7-10.9 wt.
%. The total mode of the three most abundant phases,
plagioclase, olivine, and clinopyroxene, is ∼18 (vol.) %,
with plagioclase making up ∼90% of all phenocrysts.
Plagioclase has an average An content of 70.3, olivine
has an average Fo content of 80.7, and clinopyroxene
is characterized by Wo39.3En49.6Fs11.2. CSD analy-
sis documented a maximum crystal size of 1.26 mm for
plagioclase, and 1.33 mm for olivine. CSD slopes cal-
culated from ln number of crystals vs. crystal size are
-2.73 for plagioclase and -0.95 for olivine. September
lavas are more homogeneous, with MgO wt. % of 7.2-
7.5. Phenocryst mode is ∼18%, with plagioclase mak-
ing up ∼50% and olivine ∼30% of the phenocryst pop-
ulation. The average An content for plagioclase is 64.1,
the average Fo content for olivine is 79.7, and clinopy-
roxene is characterized by Wo34.7En49.3Fs16.0. Crys-
tal size distribution analysis documented a maximum
crystal size of 0.58 mm for plagioclase and 1.02 mm for
olivine. Calculated CSD slopes are -13.32 for plagio-
clase and -4.83 for olivine. Lavas from the final episode
in December include some of the most mafic magmas
to erupt from Kilaueas summit since 1959, with MgO
wt. % of 12.5 to 15.6. The phenocryst mode is ∼20%
with olivine constituting ∼90% of all crystals. The av-
erage An content of plagioclase is 64.2, the average Fo
content of olivine is 84.6, and clinopyroxene is charac-
terized by Wo30.1En53.6Fs16.3. Crystal size distribu-
tion analysis determined a maximum crystal size of 0.22
mm for plagioclase and 2.62 mm for olivine. The cal-
culated CSD slopes are -21.88 for plagioclase and -1.10
for olivine.

These data show that the July lavas are the most
differentiated, have the highest abundance of plagio-
clase, and for a constant growth rate, have the longest
crystal residence times. In contrast, the December
lavas are the most mafic, have the highest proportion
of olivine, and have the shortest residence times. Lavas
erupted in July therefore represent more differentiated
magma that resided in the conduit, December lavas
have the largest component of the newest, most mafic
magma that was intruded into the system and may have
catalyzed the eruption, and September lavas are a mix-
ture of the two.
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Drilling into a hot conduit of the 1991-95 dacite
lava dome is carried out in the Unzen Scientific
Drilling Project (USDP), a part of which is a joint
project with ICDP starting in 2002. The target
depths are shallower than 1.3 km under the summit.
Swarm of low-frequency earthquakes occurred in this
depth during eruption, and petrological studies suggest
fragmentation-anealing of magma there. Rock samples
corrected by drilling will clarify the degassing efficiency
mechanism and its evolution history.

The dome lava of the 1991-95 eruption at Unzen
had changed its vesicularity and crystallinity of the
groundmass with time, showing their good correlation
with its effusion rate. The vesicularity reflects the de-
gree of degassing, while the crystallinity does that of
undercooling induced by decompression. The latter is
strongly linked to degassing during ascent. The tem-
poral chemical variation of plagioclase microlite rims
is harmony with the crystallinity change, whereas that
of amphibole microlite rims is not. As amphibole sta-
bility in the Unzen melt is limited in the water pres-
sure larger than 0.5 kbar, different degrees of degassing
(crystallization) occurred only in the shallow depth.
Ineffective-degassing mainly due to magma’s fast as-
cent creates over-pressurization of magma vesiculated.
The 1991-95 itself was effusive, but the initial-eruption
style was rather violent. Over-pressurization probably
was high at first and decreased with time. If such mag-
mas were successively frozen (quenched) on the con-
duit wall, the temporal change of over-pressurization
can be read by measuring water contents in glass and
crystallinity of the conduit-margin samples.

Sulfur dioxide flux during eruption, in harmony
with the lava effusion rate, may suggest a possibility
that degassing occurred principally using the crater.
Fragmented or microcrack-networked material on the
conduit wall may be responsible for the effective de-
gassing to the crater. Unzen volcano has developed
in a fracture-dominated circumstance, characterized by
an active graben. Water-abundant nature just below
the summit may also favor to create the above struc-
ture. Results of drilling on flanks at this volcano in this
project revealed that the eruption activity began with
explosive eruption of pumice-flows ca. 50 ka, graded
into a moderate style of eruption, and, now, is charac-
terized by the lava dome eruption. Historical change in
degassing efficiency of magma may be caused by tem-
poral variation of the above circumstance.
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In the latest Unzen eruption during 1991-1995, ex-
cess volatile supply has been pointed out based on com-
parison of bulk SO2 contents of the magma (130-450
ppm) estimated from SO2 flux by COSPEC measure-

ment and magma extrusion rate [1] with S contents
of melt inclusions (MI) in quartz and plagioclase phe-

nocrysts and matrix glass (< 50 ppm) [2]. In order
to reveal the source of excessively supplied volatile, we
carried out the microanalysis of MI in pyroxene phe-
nocrysts in 1993 dacite clast.

Major compositions for coarse calcic and low-
Ca pyroxene phenocrysts in 1993 dacite were
Wo35En55Fs10 and Wo4En84Fs12, respectively.

Pyroxene geothermometer [3] yielded 900-980◦C for
typical pairs of the small grains and 1000-1100◦C
for large ones. Elemental profiling on a large calcic
pyroxene (∼500 µm) showed high-Al2O3 core (∼3.5
wt%), suggesting derivation from Al2O3-rich less-
evolved magma. We found that MI especially in the
most Al2O3-rich calcic pyroxene core have relatively
less SiO2 (67-68 wt%) and much higher S (600-870
ppm) contents than those in other phenocrysts (SiO2
= 72-76 wt%; S < 80 ppm). The S-rich MI in pyrox-
ene shows negative correlation in SiO2 vs. Al2O3,

K2O, and S plots, suggesting that MI entrapment
could have occurred during magma differentiation by
mixing between S-rich less evolved and S-poor evolved
magmas.

These results suggest that the pyroxene MI could
be a likely proxy of volatile source for the latest Unzen
eruption. Based on a mass-balance calculation, bulk
SO2 content of extruded magma based on COSPEC re-
sults (< 450 ppm) could be explained by mixing be-
tween ∼70% of near S-free dacitic and ∼30% of S-rich
mafic magmas.

[1] J. Hirabayashi, T. Ohba, K. Nogami, Geophys.
Res. Lett. 22, 1709 (1995).

[2] Y. Yamaguchi, Proc. Unzen International Work-
shop, 117 (1997).

[3] D. H. Lindsley, Ame. Min. 68, 477 (1983).
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Three-dimensional P- and S-wave velocity struc-
tures around Usu volcano, Japan, are investigated using
traveltime data of earthquakes by which eruptive activ-
ity in 2000 was accompanied, in order to clarify magma
plumbing system and background structure. The veloc-
ity inversions are started from three-dimensional initial
structure which is constructed from density structure
inferred from gravity measurements around the vol-
cano, as well as usual one-dimensional initial structure.
As a result, (1) a low velocity region is detected at a
depth of 6 km beneath Usu volcano, and (2) a lateral
velocity gradient from southern coast of Lake Toya to
coast of Uchiura bay at depths from 2-4 km. The low
velocity body may be due to a magma chamber, be-
cause precursory earthquakes of the 2000 eruption initi-
ated at the top of the body and distributed to shallower
depths, and few earthquakes occurred at the body. The
body can be shallower one of two magma chambers
which are inferred from petrological study. The lat-
eral velocity gradient is consistent with deepening of
high density and high apparent resistive layer toward
Uchiura bay which is interpreted as due to deepening
of Pre-Tertiary layer. The precursory earthquakes and
earthquakes after the beginning of the eruption mainly
occurred within or at the uppermost part of the high
velocity area which implies that locations of earthquake
occurrence are largely restricted by the structure.
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Mt. Usu is a dacitic stratovolcano located in south-
western Hokkaido, Japan, and has erupted repeatedly
(in 1910, 1943-45, and 1977-78). In the end of March
2000, after twenty some years of quiescence, Usu vol-
cano began its activity with an intensive earthquake
swarm. After several days of the earthquake swarm, on
March 31, 2000, the eruption began at the northwest
foot of the volcano.

We have installed five broadband seismometers
around the volcano, and detected long period (12 sec)
tremors (hereafter called LPTs) which are continually
emitted from the volcano. Although these LPTs are
continually observed at an interval of a few minutes,
there exist no corresponding surface activities such as
eruptions. The source of these LPTs are located rel-
atively deep at a depth of 5 km, and their amplitude
variation well correlates with the uplift rate of the erup-
tion area. We thus attribute these LPTs to the flow
induced vibration of a magma chamber and its outlet
located around the source region of the LPTs. The es-
timated moment tensor for LPTs shows a reversed po-
larity for the isotropic and CLVD components. This is
consistent with a combination of a deflating spherical
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source and an inflating crack which opens northwestern
direction toward the eruption site.

The volumetric magma flow rate may be estimated
from the observed RMS amplitude of LPT through
a seismic moment rate, and turns out to be around

3 × 105m3 per day. Geodetic observations report the

volume change of the order of 107m3 within the first
few days. It appears that the volume flow rate es-
timated from LPTs is about one order of magnitude
smaller than that of the actual flow rate. This may be
reasonable if we consider that through seismic waves
we are observing a fluctuating part of the magma flow.
This may be the first seismological detection of dynam-
ics of a main magma plumbing system beneath volcanos
directly related to eruption activities.
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There was intense acoustic activity associated with
the eruption of Mount Usu, which began on March 31,
2000. Repeating phreatic explosions generated many
isolated infrasonic signals, which were observed at plu-
ral acoustic stations. During the periods when acous-
tic activity was high, infrasonic pulses as many as
200 were identified every 10 minutes. Source location
of infrasonic signals could be well identified from the
records of the low frequency microphone network. Two
active craters, Nishiyama craterlets and Konpirayama
craterlets, are clearly distinguished by sound source de-
termination analysis though distance between them is
around 1 km. To investigate the transition of acous-
tic activity from April to June, 2000, we contrive a
method to detect arrival and amplitude of infrasonic
signals automatically. The number of automatically
identified infrasonic signals exceeds 1.46 million during
three months. It seems that there is a good correla-
tion between acoustic activity and seismic signal am-
plitude. Patterns of acoustic activity and infrasonic
pulse shapes observed at Usu volcano are very similar
to those of observed at Stromboli volcano, Italy. We
name the acoustic activity accompanied with phreatic
explosion that scatters a lot of clods ‘mud-pool Strom-
bolian type’. Phreatic explosion excites not only infra-
sonic pulse but also seismic signal observed before the
arrival of infrasonic pulse. Existence of Rayleigh wave
phase with large amplitude suggests that the seismic
wave is excited at a shallow part.
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The 2000 Miyakejima eruption has been very unique
among 13 historic eruptions since 1469 A.D, and its
activity has continued now. The activity had been de-
tected as westward migration of the magma since June
26, part of which erupted from submarine craters at
the western flank of the volcano on the next day. After
that, eruption has continued at the summit to form a
summit caldera since July. Based on both the tem-
poral variations in the historic ejecta and petrology
of the 2000 ejecta (scoria of June 27 from submarine
craters and volcanic bombs of August 18 from the sum-
mit caldera), we discuss its magma system and explain
the sequence of the 2000 eruption. Most of the his-
toric ejecta show evidence for magma mixing. In or-
der to identify end-member magmas, we focus on the
assemblage and compositional relationship of crystal
clots in a single sample, suggesting that many of the
historic ejecta are mixing products of basaltic and an-
desitic magmas. The magma system during the his-
toric activity has been derived from two magma storage
systems; deep sheeted basaltic and shallower andesitic
ones. In many cases, the basaltic magma injected
into the shallower andesitic one to form mixed magma,

whereas andesitic magma also rarely erupted alone
without extensive injections of the basaltic magma.
The basaltic magma has differentiated gradually since
1469 AD, and its magmatic temperature has decreased
from 1220 to 1180 C. On the other hand, the andesitic
magma has become more mafic (magmatic tempera-
ture; from 1050 to 1100 C), possibly due to repeated
injections of the basaltic magma. In conclusion, just
before the 2000 eruption, it has been estimated that
the basaltic magma has been least mafic, and that an-
desitic one to be most mafic. The scoria from 2000
submarine craters is aphyric, basaltic andesite, whereas
the volcanic bombs from the summit are porphyritic
basalt. Whole-rock chemistry and mineral composi-
tions of these magma suggest that both magmas are
quite similar to two types of magmas (shallower an-
desitic and deeper basaltic magmas) possibly existed
in magma storage systems beneath the volcano. In ad-
dition, no evidence for magma mixing is recognized in
these ejecta. Therefore, we could interpret the sequence
of the 2000 eruption as follows: Shallower andesitic
magma had moved westward, and part of the magma
erupted at submarine. Then, deep sheeted basaltic
magma ascended to fill the shallower space formed by
migration of the andesitic one, and has erupted from
the summit. Furthermore, considering continuous dis-
charge of SO2 since August, it could be also suggested
that another basaltic magma distinct from the historic
one has ascended. In conclusion, it should be empha-
sized that historic magma plumbing system since 1469
AD must be completely destroyed during the 2000 erup-
tion. We believe that the activity of Miyakejima vol-
cano has progressed to a new phase.
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Miyakejima volcano, central Japan, has been experi-
encing an enormous seismic swarm, crustal deformation
and emission of volcanic gases since June 26, 2000. The
NIED (National Research Institute for Earth Science
and Disaster Prevention) Miyakejima volcano observa-
tion network has continuously and successfully moni-
tored the volcanic activities, mainly by the borehole-
type seismometers and tiltmeters, and broadband seis-
mometers. The 2000 Miyakejima volcano eruption is
characterized by four stages in the first two months:
the first stage: the dike intrusion and migration from
the southeastern to the western part of the volcano
(June 26 June 27 1200 LT), the second stage: the
shrinkage of the volcanic body (June 27 1200 LT July
7), the third stage: episodic summit eruption and sum-
mit crater collapse (July 8 August 18) and the fourth
stage: episodic summit eruption and volcanic-gas emis-
sion (August 18 - ). In this presentation, we focus on
two significant phenomena among many suggestive vol-
canic activities, that is (1) dike migration during the
first stage and (2) tilt-steps with 50-s pulse wave, asso-
ciated with caldera formation at the summit area dur-
ing the third stage. (1) dike intrusions and migrations
were revealed by the analyses of tilt-data observed at
the five stations in the island. We applied the ten-
sile crack-opening models by Okada [1985] to recognize
temporal and spatial tilting changes. The results sug-
gested that the magma began to climb up toward the
summit with the dip angle about 60- 70 degrees, reach-
ing almost the ground surface, but the magma did not
erupted. After that, the magma intruded vertically to-
ward the western frank of the volcano and furthermore,
moved toward western-off the island, causing the huge
seismic swarms, those were never recorded. (2) the tilt-
steps with 50-s pulse waves were observed during the
third stage. This stage began after the first summit
eruption at July 8 1841LT, interpreted to be due to the
first summit collapse. The tilt-steps with 50-s pulse
waves occurred intermittently once or twice per day
on average, but none of their events were synchronized
with the summit eruption except the first tilt-step on
July 8 1841 LT. Analyses of tilt and broadband seismic
data show that the tilt-steps with the 50-s pulse waves
were caused by the opening of sill-like tensile cracks
oriented in a SE-NW direction with a dip-angle of 20
degrees, at a depth of 7-8 km. Each volumetric change

ranges 106-107 m3. This source can be interpreted to
be thermal two-phase flow instabilities and the caldera
formation may be due to the result of this perturbation
of stress-field of volcanic body.
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A circular collapsed caldera was formed at the sum-
mit of Miyakejima Volcano during the 2000 eruption.
The collapsed caldera appeared on July 8, 2000 with
minor phreatic eruption. The formation of the col-
lapsed caldera followed 12-days seismic activity be-
neath and western off the volcano, suggesting the evac-
uation of magma from the reservoir to westward. The
initial scale of the caldera was about 1.0 km in diame-
ter, 150 m in depth, and 5.6 107 m3 on July 9. Growth
of the caldera continued about 1 month with seismic
swarm associated to the continuous intrusion of magma
in the northwestern off of the volcano, and the final
scale of the caldera reached 1.6 km in diameter, 450 m

in depth, and 6 108 m3 in volume. The growth rate

of the caldera kept nearly constant ratio about 1.4 107

m2/day. Major phreatomagmatic eruptions occurred
intermittently after the growth of the caldera, produc-

ing a total of about 1.6 1010 kg (1.1 107 m3) of volcanic
ash, from middle of August to September. Volume of
the eruptive materials is only 1.1 % of the volume of
the caldera. The eruptive materials contain about 25
wt % of juvenile materials of basaltic scoria, suggesting
the ascending of new magma to the stoping column.

Structure of the caldera floor shows the subsidence
of the caldera floor with circumferential faults, suggest-
ing the subsidence with columnar plug on the magma
reservoir. Landslides from the caldera wall enlarged the
outline of the caldera during subsidence of the floor and
the final outline of the caldera wall was much larger
than the subsidence area indicated by the circumfer-
ential faults. The final outline of the caldera is much
larger than the area of the stoping column indicated
by the circumferential faults on the caldera floor dur-
ing its growth. The oval area about 600-700 m across

(2.8-3.8 105 m2) surrounded by circumferential faults
in the caldera floor may represent the horizontal scale
of the stoping column. Subsidence of the stoping col-
umn consumed the whole volume of the caldera, which
was 1.6 km across and 450 m depth. Ratio between the

area of the stoping column (2.8-3.8 105 m2) and the

final volume of the caldera (6 108 m3) suggests that
the stoping column may have subsided 1.6-2.1 km into
the reservoir. The averaged rate of subsidence of the
stoping column was 40-53 m/day, during 40 days of the
subsidence from July to August.
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The 122BC eruption of Etna volcano, Sicily, is one
of the few known examples of basaltic Plinian volcan-
ism. The eruption had two Plinian phases, each of
which was preceded and followed by periods of weak
phreatomagmatic activity. The main goal of this study
is to investigate the mechanisms that permit basaltic
magma to erupt in Plinian fashion. Several possible
mechanisms have been proposed, including: (1) delayed
onset of vesiculation leading to rapid runaway vesic-
ulation at high levels in the conduit; (2) interaction
between the magma and the conduit walls; and (3)
degassing-induced microlite crystallization and conse-
quent effects on magma rheology. An additional goal
is to examine possible reasons for the abrupt changes
in style and intensity that occurred during the erup-
tion: why did a Plinian plume form, then cease, twice?
One hypothesis to explain the slowing and stopping of
the Plinian phases is constriction and eventual blockage
of the conduit through buildup of relatively degassed
magma along the sides of the conduit.

Quantitative studies of pyroclasts are used to
constrain the ascent and degassing history of the
magma. Systematic measurements for samples at dif-
ferent stratigraphic levels within the Plinian units show
that distributions of bulk clast densities, and hence
vesicularities, changed with time. Early in each Plinian
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phase, a uniform population of low-density, microvesic-
ular pumice clasts was ejected; later, the clast popula-
tion became progressively more dense and less uniform,
displaying a broader and in some cases bimodal density
distribution. In addition to these bulk density studies,
the size, shape, and distribution of vesicles have been
observed and quantified through computer-aided anal-
ysis of images obtained with petrographic and scanning
electron microscopes. The combined results from these
techniques provide insight about the rates and timing
of degassing and vesiculation processes that preceded
fragmentation of the 122BC basaltic magma.
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The eruption of Novarupta on June 6-8, 1912 was
the largest eruption of the 20th century, producing c.

11km3 of ignimbrite and c. 17km3 of plinian fall de-
posits. The Plinian fall deposits are divided into 8 units
formed during three episodes (I through III) of sus-
tained eruptive activity interrupted by two short breaks
of up to several hours in duration. After 60 hours ex-
plosive volcanism ended, replaced by dome growth and
disruption. Lack of caldera collapse at the vent has pre-
served proximal eruption products which help to reveal
a complex, pulsatory pattern to Novarupta volcanism
even within the three episodes of sustained eruption.

The deposits at Novarupta thus enable us to ex-
amine the questions: 1. What causes powerful explo-
sive eruptions to pause and, ultimately, to stop, and 2.
What drives intervals of pulsating unsteadiness, on a
shorter time scale, in the eruption? By measuring clast
density and crystal content and performing image anal-
ysis on samples that span the transitions between each
eruptive pause and shifts in intensity, the range of tex-
tural features from individual stratigraphic levels can
be quantified and the processes that create the features
can be ascertained.

Density data from juvenile pumices show that there
is an abrupt decrease in density/increase in vesicular-
ity at the break between episodes I and II and a grad-
ual change in density/vesicularity toward the close of
episode III. Image analysis data include vesicle size
distributions (VSDs) measured on clasts from samples
that extend over changes in eruption activity. These
VSDs help to quantify the role of ascent-driven changes
in the physical state of the volumetrically dominant
dacitic magma, which influenced the dynamics of the
explosive eruption. In addition, the effects of phe-
nocrysts on apparent values of bulk vesicularity were
investigated by combining data from density measure-
ments for individual clasts and glass/crystal separates.
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This study focuses on the cause of the abrupt tran-
sition from the stable sustained Plinian phase (EU2,
EU3) to discrete phreatomagmatic explosions gener-
ating highly destructive pyroclastic density currents
(EU4-EU8) during the 79 AD eruption of Vesuvius,
Italy. Density data for clasts from these phases shows
that the density (and vesicularity) ranges within sam-
ples widen significantly at the EU2/EU3 contact rather
than at the EU3/EU4 boundary. From the density sam-
ples of 100 clasts we selected subsets of 10 clasts that

represent the mean values of density/vesicularity and
the density/vesicularity minima and maxima in each
sample to quantify the vesicle and crystal populations
of each clast. Our goal in this characterization is to
establish the range of textural features within individ-
ual clasts and within stratigraphical units before and
after the key transition, and to link the textural fea-
tures to changing processes in the volcanic conduit.
Preliminary results show that the processed pumices
from the phonolitic white EU2 and phono-tephritic gray
EU3 Plinian fall phases show a pronounced contrast
in bubble shapes, number densities and crystal con-
tent. EU2 pumices show a narrower range in vesicle
textures, and are characterized by a low percentage of
microlites, mainly leucite, the dominant phase in all
the 79AD samples, and have very thin glass walls. The
mean and most dense pumices show zones of deformed
vesicles. The EU3 pumice are instead characterized by
a wider range in vesicle textures, they contain a high
percentage of microlites, vesicles are generally equant
and vesicle walls are thicker than in EU2. Although of
the same chemical composition as EU3 pumice, EU4 fall
pumice (emplaced after the change in eruptive style)
show different vesicle textures. They have only a high
content of crystals in common with the EU3 pumice,
but the vesicle size distributions of the EU4 pumices
are more similar to those of EU2.
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In active volcanoes the potential for advective heat
distribution from the summit towards the flanks de-
pends on the amount of heat supplied to the sys-
tem by the underlying magma, the amount of water
recharged into the system and the permeability struc-
ture of the edifice. High resolution temperature logs,
geophysical techniques and water level measurements
in deep drill holes on or near volcanic summits pro-
vide an opportunity to analyze the role of circulat-
ing groundwater in distributing heat within the edi-
fice. Where temperature-gradient inversions are mea-
sured, the high-temperature sections are commonly as-
sumed to represent lateral flow of hot fluid through thin
aquifers embedded between low-permeability zones. In-
verse modeling of such temperature profiles can pro-
vide estimates of groundwater flow rates, heat fluxes,
and the time that has elapsed between the onset of hy-
drothermal flow and the temperature measurement.

We propose two contrasting groundwater flow mod-
els to interpret the complex temperature profiles from
a deep well on the summit of Kilauea volcano, Hawaii.
The first is a confined lateral-flow model with a con-
tinuous flux of hydrothermal fluid. The second is a
transient-flow model in which slow conductive cooling
follows a brief advective heating event. Numerical sim-
ulation results for both models are sensitive to the ini-
tial conditions, and with realistic initial conditions it
takes between 750 and 1,000 simulation years for ei-
ther model to match the measured temperature pro-
files. With somewhat hotter initial conditions results
are consistent with the onset of a hydrothermal plume
approximately 550 years ago, coincident with the initi-
ation of caldera subsidence. We believe that the tran-
sient flow model is more consistent with geochemical
data from the hydrothermal system and more appropri-
ate for this highly dynamic environment. This model
implies that thermal perturbations may last for thou-
sands of years after hydrothermal flow has essentially
ceased.
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Water samples were collected from the only deep
well (Keller Well-NSF Well) on the summit of Kilauea
volcano, Hawaii. The well was drilled in 1973 to a depth
of 1262 m, but sat idle until 1998 when a drilling rig
was used to remove mud and renew access to the hy-
drothermal system at a location very close to summit
fumarolic activity. The chemistry and isotopic compo-
sition of fluid samples collected in 1998-2001 differ sig-
nificantly from those of samples collected before 1998
and reported in previous studies.

The water from the well is rich in sulfate and has
a near-neutral pH. The major element chemistry dif-
fers significantly from seawater composition and from
that of hydrothermal fluids from Kilauea’s east rift
zone. The well water has a low chloride concentra-
tion relative to typical magmatic-hydrothermal fluids
and a high sulfate to bicarbonate ratio (approximately
4:1). Based on the S/Cl mass ratio and on carbon and
helium isotopes in the well fluids, summit fumaroles
and the parental Kilauea magma, we conclude that
the hydrothermal fluids sampled from the well formed
by condensation of magmatic volatiles into shallow,
mainly meteoric groundwater. The oxygen and deu-
terium isotopic composition indicate that the meteoric
component was recharged on the eastern margin of the
caldera. Steam condensation and gas dissolution be-
neath the crater formed an acidic fluid that dissolved
the host basalt at high temperatures. The hydrother-
mal fluid was then modified by cooling and precipita-
tion of secondary minerals along a flow path away from
the crater towards the well.

Geochemical modeling based on fluid chemistry and
geothermometry suggests that the well fluids equili-
brated with an assemblage of secondary minerals at
temperatures between 90 and 140◦C. The C/S ratios
in the well water, the parental magma, and the gas
plume emanating from the caldera indicate that most
of the sulfur degassed from the magma is scrubbed by
groundwaters beneath the summit. However, based on
the mean sulfate concentration in the well water and
on the estimated mean annual water recharge in the
caldera region, we conclude that the sulfate concentra-
tion in groundwater beneath Kilauea’s summit must be
an order of magnitude higher than that found in the
well water.
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Correlation spectrometer (COSPEC) measurements
of sulfur dioxide (SO2) from active volcanoes are col-
lected using both airborne and ground-based meth-
ods. Utilizing both methods for volcano monitoring
is useful because a more robust data set is produced,
comparisons can be made between the different tech-
niques, and environmental conditions or logistics can
inhibit the use of either method. However, a num-
ber of errors are unique to the static method that
make fixed-position measurements less reliable than
airborne measurements. Among these are increased
path lengths, variable plume geometries, and inconsis-
tent background conditions.

We use COSPEC measurements collected at
Soufriere Hills Volcano, Montserrat to investigate
shortfalls in static COSPEC measurements. The data
consist of five scans collected from a fixed position in
February 2001 in which a clinometer was used to mea-
sure scan rotational speed. Data collected at Soufriere
Hills are ideal because 1) helicopter and static mea-
surements are both collected on a near-daily basis,
and 2) static measurements are consistently lower than
airborne measurements. Plume geometry and view-
ing angle are investigated as causes of underestima-
tion of static SO2 measurements. Constraining errors
associated with fixed-position scanning makes static
COSPEC measurements more accurate and dependable,
especially important when conditions prohibit airborne
surveys.


