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The source materials for magmas in continental
arcs are not well known. Magmas are typically as-
sumed to be derived from the subducted slab, sub-
ducted sediment, and mantle wedge, but some con-
tinental arcs have isotopic signatures that are incon-
sistent with these sources. For example, a large vol-
ume of the Sierra Nevada batholith consists of rocks
that have initial Sr ratios of about 0.706-0.708 and
εNd values ranging from -3 to -8. Late Cenozoic vol-
canic rocks erupted through the batholith, and their
entrained xenoliths, have similar isotopic compositions.
These characteristics are inconsistent with derivation
from only the sources above and are most easily ex-
plained by derivation from enriched continental litho-
spheric mantle. However, there was never enough litho-
spheric mantle under the arc to produce the observed
volume of enriched arc rocks; mass balance fails by one
or two orders of magnitude, and lithosphere cannot flow
by viscous processes to provide material to the arc.

A possible solution to this problem lies in kine-
matic mass balance of the arc system. In many con-
tinental arcs (e.g., Cenozoic Andes, Mesozoic north-
ern Cordillera and Sierra Nevada), thrust faults have
carried the arc at least 100-200 km toward the cra-
ton. This motion requires moving a comparable amount
of sub-detachment lower crust and mantle toward the
arc and produces a tremendous cross-sectional balance
problem. Geologic field studies and geodynamic model-
ing indicate that this antithetic subduction feeds con-
tinental lithosphere into the convecting mantle wedge
where it can contribute to magma genesis. This process
provides a large volume of enriched and probably fertile
continental lithospheric mantle to the arc system and
may account for the unusual geochemical signatures of
some arc rocks.
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Solutions to the ”Arc Paradox”
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The accreted Talkeetna arc, exposed in the Chugach
Mountains of south-central Alaska, represents a cross
section from the Moho to surficial volcanic deposits of
a Jurassic intra-oceanic arc. We are using SIMS and
partial dissolution-TIMS U/Pb zircon analyses of plu-
tonic rocks in the Talkeetna arc to study how island
arcs grow, evolve, and morph into continental crust.

Our partial dissolution analyses (PDA), following
the chemical abrasion technique developed by Mattin-
son (2000, 2001a, 2001b), used high-T (800◦C) anneal-
ing of radiation damage, followed by successive acid di-
gestions of grain populations, to generate reproducible
high precision ages. Low-T (160-170◦C) ”clean-up”
digestions typically showed signs of Pb loss, consis-
tent with removal of discordant zircon, whereas high-
T (>170◦C) and residue steps gave concordant age
plateaus. Repeat analyses of samples showed similar
dissolution patterns and ages agreed within two sigma
errors.

The SIMS and TIMS U/Pb zircon analyses from the
Talkeetna arc yielded ages of 184.3 ± 0.4 Ma, 185.0
± 0.4 Ma, 186.6 ± 0.4 Ma, 192.4 ± 2.9 Ma, 193.2 ±
0.4 Ma, and 198.6 ± 0.4 Ma, indicating that the arc
was active from ∼184-199 Ma. Previous 40Ar/39Ar
hornblende cooling ages for the arc range from ∼175-
182 Ma, suggesting a total arc lifespan of ∼20 My.
This is consonant with fossil ages within arc volcanic
rocks that range from early Sinemurian to upper Toar-
cian (∼180-202 Ma) and biochronology that bounds
arc growth between Late Triassic and early Bajocian
(∼169-206 Ma). Intermediate to felsic plutonic rocks

in the Talkeetna Mountains intrude the volcanic cara-
pace of the arc, but were not previously considered to
be part of the Talkeetna arc. Our new SIMS and TIMS
ages of 163.9 ± 3.6 Ma, 170.0 ± 4.2 Ma, 171.3 ± 5.1
Ma, 175.6 ± 0.4 Ma, 180.8 ± 2.7 Ma, and 183.8 ± 2.1
Ma, overlap the ages reported above for the Chugach
Mountains, suggesting that portions of the intermedi-
ate plutonism could be related to the Talkeetna arc.

Our new age data from the Talkeetna and Chugach
Mountains may explain the apparent paradox of inter-
mediate continental crust being produced by the accre-
tion of mafic intra-oceanic arcs. The lifespan of the
Talkeetna arc, combined with Raleigh-Taylor instabil-
ity modeling by Jull and Kelemen (2001) and thermo-
barometry on lower crustal garnet gabbronorites (Mehl
et al., 2001), suggests that the lower crust of the Tal-
keetna arc could have become convectively unstable,
and sunk into the asthenosphere prior to accretion. The
removal of mafic lower crust would drive the bulk arc
composition toward more continental values. Addition-
ally, previously unrecognized intermediate arc plutonic
rocks in the Talkeetna Mountains would lead to a more
intermediate composition for the Talkeetna arc and also
help solve the arc paradox.
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Zircon U-Pb And Biotite 40Ar/39Ar
Ages Of Kohistan Lower Crustal
Tonalite And Their Implications For
The History Of Continental Collision

Takashi Nakajima1 (81-298-61-3957;
tngeoch.nakajima@aist.go.jp); Ian Stuart
Williams2 (61-2-612-55164;
ian.williams@anu.edu.au); Hironobu Hyodo3

(81-86-252-3161; hhyodo@rins.ous.ac.jp); Kazuhiro
Miyazaki1 (81-298-061-2390;
kazu-miyazaki@aist.go.jp); Sakae Sano4

(81-89-927-9443; sano@edserv.ed.ehime-u.ac.jp);
Allah Baksi Kausar5 (92-51-9255139;
kausar@geolab.is.sdnpk.org)

1Geological Survey of Japan, Institute of Geoscience,
1-1-1 Higashi, AIST Central-7, Tsukuba 305-8567,
Japan

2Resarch School of Earth Sciences, Australian Na-
tional University, Australian National University,
Canberra, ACT 0200, Australia

3Okayama University of Science, 1-1 Ridai-cho,
Okayama 700-0005, Japan

4Geological Survey of Japan, Ehime University, Fac-
ulty of Education, 3 Bunkyo-cho, Matsuyama 790-
8577, Japan

5Geoscience Laboratory, Geological Survey of Pak-
istan, Shazad Town, Islamabad 000, Pakistan

The Kohistan block in northern Pakistan exposes a
crustal cross section through an ancient oceanic island
arc, comprising garnet pyroxenite, garnet granulite,
banded amphibolite, norite gabbro, metasediment and
metavolcanics. The Dasu Tonalite intrudes the lower
crustal Kamila Amphibolite. The tonalite is foliated
and folded concordantly with the host amphibolite, in-
dicating syn-tectonic intrusion, and contains abundant
magmatic epidotes, indicating high-P crystallization.

The Dasu Tonalite is extremely poor in K2O (0.6-
0.9 wt.% for SiO2 64-70%) and has a low initial
87Sr/86Sr (0.7037-0.7038, similar to the associated
lower crustal amphibolite and granulite), consistent
with juvenile granitic magma free of contamination by
recycled upper crust.

The Dasu Tonalite gave SHRIMP zircon U-Pb ages
of 97.6+/-1.0 Ma and 98.0+/-1.1 Ma on two sam-
ples, and biotite 40Ar/39Ar ages of 69.7+/-0.7 Ma and
69.7+/-0.9 Ma. The euhedral shape and lack of over-
growth or resorption features in CL images of the zir-
cons suggest a simple magmatic history starting at ca.
98 Ma with no evidence for a later major thermal event.

The large discrepancy between the U-Pb and Ar-
Ar ages might record the deep crustal residence time
of the Dasu Tonalite. The tonalite magma was proba-
bly generated and crystallized at ca. 98 Ma, then re-
mained in the lower crust at a temperature of about
700C (which is given by geothermometry of the inter-
calating Kamila amphibolite), cooling down to ca.300C
at 69.7Ma. 69.7Ma is a cooling age during the process
of exhumation of the Kohistan arc caused by the Indian
collision.
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The processes involved in, and the timescales over
which large bodies of silicic magma are generated
and stored in the crust are addressed here by stud-
ies of the Oruanui eruption (530 km3 magma), the
latest caldera-forming event (26.5 ka) at Taupo vol-
cano (Taupo Volcanic Zone, New Zealand). The erup-
tion was mildly zoned, dominantly 73-76% SiO2, but

was non-systematically tapped. Here we report (238U-
230Th) disequilibrium data on whole rocks and zircon
by TIMS on bulk samples and SHRIMP-RG on single
crystals and show that the Oruanui magma contained
a suite of zircons with a bimodal age distribution. The
dominant population yields a weighted mean age of
35.4±3.6 ka (10 ka in excess of the eruption age, which
includes zircons actively crystallising in the Oruanui
magma at the time of eruption), versus a smaller age
population yielding a weighted mean age of 91.5±8.8
ka (65 ka in excess of eruption age). We believe that
these data indicate that accessory phases such as zir-
con record episodic growth histories, where the older
age population represents crystals relating to an ear-
lier magmatic episode(s).

In addition, we present preliminary 87Sr/86Sr mi-
croanalysis data for feldspar crystals separated from
the Oruanui rhyolite. High resolution electron micro-
probe traverses and Normarski imaging reveal a growth
history punctuated by magmatic events that are mani-
fested as unconformities and inclusion rich zones within
the crystals. The opaque feldspar cores have 87Sr/86Sr
of 0.70550, whereas rims are 0.70562, the latter be-
ing compatible with the whole-pumice values for Oru-
anui rhyolite. These variations are accompanied by
changes from ∼An30 at the rim (in equilibrium with
the host pumice) to ∼An65 in the core. However, some
feldspars show a much more complex crystallisation his-
tory, where Sr isotope variations within the grains are
far outside values seen in the whole-pumices. We in-
terpret these variations and the age spectrum of the
zircons to represent open system processes in the gen-
eration of the Oruanui rhyolite.
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We searched for possible relationships between

earthquake swarms at volcanoes and tectonic earth-
quakes nearby, using the Global Volcanic Earthquake
Swarm Database (GVESD). From the GVESD we ex-
tracted a sample of 358 swarms with reported start
dates. The durations of these swarms are in the range
15 minutes to 4.6 years and they occurred at 93 vol-
canoes around the world. Then we used the NEIC
earthquake database to search systematically for earth-
quakes with magnitude >6 and distance <1000 km
from the volcano, occurring in the ten years before the
swarm start date. The relation between tectonic earth-
quakes and swarm start dates was analyzed by plotting
the number of earthquakes, their magnitudes, and their
distances to the volcano versus delta T, the time differ-
ence between earthquake occurrence and swarm start
date. The time distribution of precursor earthquakes
was divided into bins of 6 months and 1 month and
all distributions were tested for significance of peaks in
the number of earthquakes, magnitudes, or distances.
For 50 randomly selected swarms with durations less
than 120 days we found only one peak in the number of
precursor earthquakes that appears to be statistically
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significant. This peak occurs in the 4th month bin be-
fore the swarm start dates.

We also tested for smaller time scales and for earth-
quakes after the swarm start dates. We constructed
plots of the number of earthquakes, magnitude, and dis-
tance to the volcano dividing the time axis in bins of
1 day and extending the search range up to one month
after the swarm start dates. A peak in the number of
precursor earthquakes occurs at the 15th day bin before
the swarms start, but the peak is not significant as es-
timated using the t-test. The results are somewhat sur-
prising considering that the group of precursor earth-
quakes includes events that are large (M=7.9), nearby
to the volcanoes, and relatively close in time to the
swarm start dates. Recent well-documented cases for
triggering of seismicity at volcanoes in Alaska indicate
that the triggered swarms are small and short (e.g. 17
events in 13 hours at Katmai). This suggests that most
swarms in the GVESD may be too large or long lasting.
Those likely to be triggered may be too small to be re-
ported. Future studies would benefit from knowledge
of the initial conditions at the volcanoes. This would
help to determine whether there is some magnitude-
distance threshold that the tectonic earthquake needs
to overcome to trigger a volcanic swarm.
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Following the July-August 2001 flank eruption, Mt
Etna volcano did not show any significant eruptive ac-
tivity for several months. The new supply of fresh
magma within the volcano was detected since Decem-
ber 2001 by gravimetry and especially by ground de-
formation, which showed a general trend of inflation of
the whole volcano. The mass of gas-rich magma enter-
ing the system has been localised at 3-4 km b.s.l. The
refilling of new magma caused growing stress within
the volcanic pile. In turn, stress accumulation trig-
gered sudden release and a diffuse seismicity in the up-
per crust (0 to 5 km depth) of the eastern and south-
western flanks of the volcano. This behaviour has been
observed on Etna a number of times, and most recently
before the last flank eruption. It is commonly recorded
several months before flank eruptions. Refilling of the
shallow feeding system became evident in March 2002,
when lithic ash was emitted from Bocca Nuova, one of
the four summit craters of the volcano. Ash emission
interested also NE-Crater in April, with ash becoming
increasingly richer in the juvenile component. Between
June and August, Strombolian activity resumed at NE-
Crater, with bombs falling well outside the crater rim.
Several pulses of gas-rich magma entering the system
have been detected by COSPEC measurements of SO2
gas flux and FTIR measurements of the SO2/HCl ratio.
Thermal surface measurements and structural surveys
have shown the gradual but limited expansion of a field
of fractures along a N-S direction between NE-Crater
and SE-Crater for a total length of 4 km.

URL: http://www.ct.ingv.it
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Abstract. During the period July 17 - August 9,
2001 a very intense eruption occurred in the upper
southern flank of Mt. Etna in Sicily (Italy). The seis-
micity from August 1999 to August 2001 has been stud-
ied in order to map the intrusive process inside the
volcano edifice by positive anomalies in the frequency-
magnitude distribution (b-value) of earthquakes. The
dataset, collected by the permanent network of System
Poseidon, spread out over eastern Sicily, contains 1207
events with Md ≥ 1, concentrated in the upper 15 km
of the crust within a volume of about 7 km radius. We
have analyzed the b-value as a function of space and
time, using a dense grid with 0.005◦ spacing sampling
the 50 nearest earthquakes which occur in a maximum
radius of 3 km. By this technique we find out, in the
period November 5, 2000 - July 11, 2001 (when intense
swarms occurred) a highly significant b-value positive

anomaly (b = 1.86 ± 0.11) respect to the background
value (0.72 ± 0.08). This anomaly, with an approx-
imately NE-SW trend in agreement with earthquake
alignment, located at 4 ± 2 km depth in the south-
ern flank, has been correlated with a dike emplacement.
The increase of b-value observed during this period may
infact reflect the increasing fracture density due to the
intrusion activity. In the period July 12 - 18, 2001,
preceding the eruption, the volume of high b anomaly
migrated to 1 - 2 km depth in combination with an-
other very intense swarm. The excellent correlation of
these results with the high Vp - body revealed by to-
mographic images confirms the analysis of b-values as
a very useful support in the resolution of volcanoes’
feeding conduits and their migration in time.

URL: http://www.ingv.it
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The continuous monitoring of seismic signals
recorded on Stromboli, Italy, since 1985 has allowed
to gain insight on this peculiar volcanic system. The
spectral analysis of the persistent volcanic tremor along
with the polarization analysis have highlighted an in-
ternal dynamics which evolves in long time spans of
the order of months. According to previous studies,
we demonstrate that the slow evolution of the internal
changes can be followed with the application of tech-
niques of multivariate statistics.

In this note, we considered two unsupervised classi-
fication methods, i.e., the Principal Component Analy-
sis and the Cluster Analysis. In particular, the Cluster
Analysis allows us to identify three different clusters of
spectra, according to the spectral amplitude of the sig-
nal and its frequency content. We present an overview
of the results obtained from the application of statis-
tical analyses we carried out from 1990 to 1999. For
the most recent years, we combine these results with
those of polarization analysis, considering azimuth and
incidence angle of the seismic signal. Our interpreta-
tion of the overall data takes into account the relation-
ships with volcanic activity using the images of a per-
manent video camera of INGV, which monitors the ac-
tive craters 24 hours a day.

Cyclic changes of the spectral features of tremor
along with the incidence angle lead us to highlight seis-
mic sources acting at different depth within the volcano
feeder. This finding has important consequences for
the understanding of: i) changes of intensity of Strom-
bolian activity visible at the surface, and ii) the pro-
cesses of lateral intrusion of magma, such as that in-
ferred from the data recorded in 1997 and 1998.
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Stromboli volcano is well known among volcanol-
ogists to be in a moderate and continuous explosive
state. For this reason in the last years, it has been
object of several geophysical experiments. Explosions
have been recorded using optical and infrared video-
cameras, pressure sensors, thermal radiometers and
broad-band seismometers. The combined use of these
different sensors allows to better constraint the dynam-
ical process and provides new experimental evidence
to support a dynamical model based on the gas flux
model. Seismic activity generated by the volcanic ac-
tivity is not well explained in terms of dynamics of the
source process. In the last years, experiments with
a large number of broad-band seismometers have ev-
idenced new features of the seismic source. Moment
tensor inversion describes the explosive process as char-
acterized by a volumetric source associated with a sin-
gle force. Laboratory experiments indicate that when

the gas rises along the conduit fluid moves downwards
inducing a strong decompression. Models based on the
single force best explain small strombolian explosion
as well as large volcanic eruption. We provide new ex-
perimental data to demonstrate that the seismic low-
frequency signal is mainly linked to the gas flux during
the explosion. Source is shallow and is dominated by
a strong contraction. Low-frequency seismic signal can
be converted in gas flux rate and thus contribute to
quantify the explosive process in terms of gas quantity,
gas velocity and gas overpressure.
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Infrasonic array represents a major tool in monitor-
ing the activity of explosive volcanoes and could easily
track the position of the source of the sound produced
by volcanic activity. On volcanoes such as Stromboli
the possibility to control the evolution of the explo-
sive activity at each single crater, is believed to be
crucial for a correct risk assessment. Explosions were
recorded at Stromboli by a small aperture (120 m) in-
frasonic array at ∼ 350m from the 3 active craters. A
grid searching technique based on semblance allows a
fine location of the explosive vents. The location of
the sound source lead to define, by stacking the infra-
sonic signals, the main characteristics of the acoustic
wavefield produced by each crater. The NE crater pro-
duces short (<1 s) and strong (∼ 40 Pa) acoustic waves,
while explosions at the SW crater generate a sharp low-
pressure (∼16 Pa) onset followed by a long (∼ 15 s)
acoustic coda. These acoustic waves reflect the erup-
tive styles observed during the experiment. Activity at
the NE crater was characterised by short-lived (4-5 s)
explosions, highly energetic and with a large amount of
scoria. The explosions at the SW crater were long last-
ing (10-20 s) and rich in cold volcanic ash. We found
that, in spite of the longer coda, the acoustic waves
of the two craters show very similar onsets indicating
that the source process is the same at the two craters.
The duration of the explosion is mainly a function of
the gas overpressure, which directly controls the gas
jet velocity. High gas overpressure will produce large
pressure perturbations in the atmosphere, but the du-
ration of the explosion itself will be short. However, low
regimes of gas overpressure will generate long living ex-
plosions with small acoustic amplitude as in the case of
fountain-like explosions. The correlation of the acous-
tic waveforms with eruptive styles is the evidence that
mass discharge rate is controlling the acoustic emis-
sion of the infrasonic coda. We suggest that the long
acoustic coda can be associated to the mass discharge
rate and reflects fluctuations of a sustained pressure
release.
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Stromboli volcano is characterized by a persistent,

moderately explosive activity. This behavior is inter-

rupted once or twice a year by stroger explosions that

present a serious risk to turists who gather to watch

the activity. Simultaneous thermal, infrasonic and seis-

mic measurements have revealed strong temporal links

between variations in degassing and explosive activity.

These results indicate that degassing, and thus explo-

sive activity, cycles between contrasting states. These

cycles consist of week-long periods of strong and weak
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levels of degassing activity, which are associated with

marked changes in the style of activity. During May

2002, we installed a permanent station 250 meters from

Stromboli’s active craters in order to track changes be-

tween vigorous and weak states. The station includes a

vertical short-period (Mark 1s) seismic sensor, a pres-

sure sensor and 3 thermal sensors. The pressure sen-

sor consists of a pre-amplified condenser microphone,

with a sensitivity of 46 mV/Pa, in the 1-20Hz infra-

sonic band. The 3 thermal sensors are Omega infrared

thermometers with a sensitivity of 1 mV/◦C, in the

range between -40 and 1200◦C. Each thermal sensor

is installed in weather-and-gas-proof Pelican cases and

is targeted through a thermally transparent selenium-

germanium-arsenic window onto a single crater. The

15◦ degree field of view of each thermal sensor allows us

to monitor the activity over most of the crater terrace.

Signals are converted to 16 bits digital data at 18ms

sampling interval. Digital data are radio-transmitted

from the summit to the recording site in the Labora-

tory of Geophysics of the University of Firenze, using

an asynchronous serial protocol at 9600 baud rate. We

plan soon to telemeter the data to a networked com-

puter in Stromboli village. From there data will be

downloaded via the web for analysis. We use thermal

signal and delay time statistics collected by this system

to define cycles of activity, with the aim of achieving a

fuller understanding of conduit processes and eruption

triggers.
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Low-frequency, quasi-monochromatic seismic events
called tornillos have been recorded beneath Tongariro
Volcano, New Zealand, for over one year as part of our
routine volcano surveillance. As the waveforms and
characteristics are similar to those recorded at Galeras
Volcano in Colombia, where tornillos have been found
to precede small to medium-sized eruptions, we are
monitoring them closely. We have compiled a one year
time series of measurements of tornillo properties e.g.,
peak frequencies and amplitudes, peak widths, number
of events per day.

The resulting series show some interesting trends.
The dominant frequency peak (near 1.2Hz) system-
atically increased from the beginning to the middle
of 2001, before decreasing to its lowest values during
September and October, 2001. The low values of fre-
quency are coincident with a peak in the number of
tornillo events per day and a decrease in the width of
the 1.2 Hz peak width.

We attempt to model the tornillo events with a
crack containing a viscous fluid embedded in an elas-
tic solid. Because of their extremely low phase veloc-
ities (c∼1 km/s), we assume that the tornillos consist
primarly of S waves. Most existing resonator models
result in a predominantly P wavetrain in the far-field.
Here we present a new model by solving the dispersion
equations assuming total internal reflection of P waves
within the crack, and transmission into the solid of S
waves only.

Taken together, the changes in the tornillo parame-
ters (decreased frequency and increased quality factor,
Q) suggest an increase in the gas volume fraction of
the magmatic fluid, resulting in an increase in tornillo
production. Although the increase in tornillo activity
in 2001 did not end in eruption, the systematic changes
in the tornillo parameters provide an indication of the
evolution of the magmatic system.
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Using the daily seismicity rate that is one of the pri-
mary observation on most volcano observatories, date
and time of eruption on Piton de la Fournaise (PdF) are
difficult to foresee except within a few hours from the
surface lava flow. When using superposed epoch analy-
sis to average the seismicty rate before the 15 eruptions
of the April 1988 - September 2001 period, we find an
increase of seismicity rate 10-15 days from the eruption
time. During the last 6 days, the daily seismicity rate
diverges as (te−t)−α , te being the eruption time. This
behavior is statistically significant when comparing the
observation to the results from a randomised seismicity
catalog on the 1988-2001 period. This average behavior
argues for pre-eruptive processes to occur 10-15 days
from eruption time even if this pattern is not recovered
individualy for each eruption. The power-law accelera-
tion of seismic rate when approching the eruption time
mimics the increases of Acoustic Emission rates that
are reported before failure for a wide range of materials,
including crustal earthquakes. This volcano sismicity
acceleration, that maps damage of storage capability
of the volcano edifice, possibly argues for the eruption
to be the end product of a damage process that last for
10-15 days on PdF volcano, for the studied period.
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Since it last erupted in April 1999, Shishaldin vol-
cano (Alaska) has exhibited an extremely high level of
background seismicity with hundreds of small earth-
quakes occurring each day. Most of the recorded events
are low frequency (1-2 Hz), with hypocentral locations
at shallow depths (0-3 km) beneath the summit. On
March 13 2002, however, following several days of rel-
ative quiescence, a sequence of hybrid earthquakes be-
gan. Each hybrid event consists of a high-frequency (4-
7 Hz) signal, followed by a low frequency (1-2 Hz) por-
tion. Unlike hybrid events detected at other volcanoes,
the timing between the high and low frequency phases
changes dramatically over the course of hours. In some
cases the low frequency portion follows immediately af-
ter the high frequency precursor, while at other times
there may be as much as a 15 second delay between
the two phases. In March and April 2002, there was a
strong degree of variability in the delay time between
high and low frequency phases. In May and June, how-
ever, the system appeared to stabilize, with episodes of
low-frequency phases occurring at fixed times (approx-
imately 10-12 seconds after the high-frequency precur-
sor). The high frequency waveforms are extremely simi-
lar, suggesting a fixed, repeating source. Neither phase
exhibits clear S-waves, and both have extended codas.
We propose that the hybrid events represent the exci-
tation of two fluid bodies within the edifice and that
vibrations set up within the first reservoir trigger res-
onance in the second. The large variability in delay
time between the two phases suggests that the trigger-
ing mechanism itself moves at variable speed. Further-
more, the fact that the delay time can be as much as 15
seconds for two sources within the volcanic edifice re-
quires that at times the trigger moves extremely slowly.
Possible triggering mechanisms include seismic energy
moving through a foam layer, or direct transport of en-
ergy via a rising gas bubble. Both mechanisms require

a large amount of gas in the system, consistent with ob-
servations of a ubiquitous steam plume at Shishaldin’s
summit.
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Since the 1999 eruption of Shishaldin volcano,
Alaska, the network monitoring its seismic activity has
recorded a continuously high background level. We ob-
served up to ∼700 low-frequency (1-2Hz) earthquakes
per day with M ≥ 0.5 originating beneath the sum-
mit within the volcanic edifice, although 300-500 events
per day are more typical. The event sizes vary but the
vast majority of events are below M=1.0 and the largest
event has a magnitude of 1.8. The events which meet
a certain selection criteria show episodes of increased
numbers higher than any other monitored volcano in
Alaska. Some of the events have similar waveforms,
which may represent a repeating source process. They
can be classified as distinct families segregated by dif-
ferences in waveform. The dominance of a given family
lasts for a time period of several days to months un-
til it gradually decreases. Some of the observed event
families are characterized by a later phase interpreted
to be a ground-coupled airwave. These events occurred
in September–October 1999 (up to 26 per day), from
December 1999 through February 2000 (up to 213 per
day), in May–June 2000 (up to 73 per day) and from
July–September 2000 (up to 93 per day). Other events
are hybrid in nature, starting in March 2002. In Au-
gust 2002, some of the hybrid events (up to 33 per day)
show an airwave phase. A waveform cross-correlation
technique has been applied to extract individual low-
frequency event types. Using the rates and magnitudes
above, we estimate that Shishaldin has been produc-
ing the equivalent of one M=3.0 to 3.5 earthquake per
day. This rate is far higher than that for any other
monitored volcano in Alaska, exceeding most by 3 to 4
orders of magnitude. Even though details of the phys-
ical processes acting at Shishaldin are not known, this
is a significant energy release at one of the most active
volcanoes in Alaska.
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After more than twenty years without access to Erta

Ale volcano, field campaigns are once again feasible.
Between February 15 and February 20, 2002, a com-
bined thermal and seismic data set was recorded at
Erta Ale volcano, Ethiopia, to study activity of the
persistent lava lake. Analysis of continuous tremor and
thermal fluctuations suggests that lava lake activity, as
recorded by temperature variations, is related to seis-
mic energy and spectral content. When we compare
these parameters at timescales of minutes to hours, we
find that correlations range from good to poor. How-
ever, these two parameters do not significantly corre-
late on timescales of a full day. Both thermal and seis-
mic data indicate that the lava lake exhibits cyclical
behavior between 20 to 80 minute periods character-
ized by low (∼0.05 ms−1) and high (∼0.2 ms−1) rates
of convection, respectively. We use our measurements
to constrain two models to explain these convection cy-
cles. The first model relates variable convection rates
to pulses in the rate at which magma is supplied to
the lake. This model requires supply rates to cycle be-
tween high convection rate phases fed by a magma vol-
ume flux of 0.2 m3s−1 and low convection rate phases
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fed by a magma volume flux of 0.03 m3s−1. The sec-
ond model assumes that supply to the lake is steady
and that cyclic convection is set up by the genera-
tion of convective instabilities within the lake. In this
case, cooling of the surface layer generates a slow mov-
ing, viscous convection cell at the lake surface over-
lying a faster moving convection cell of lower viscos-
ity. Recharge of the lower cell increases the buoyancy
of the lower layer, and eventually triggers an overturn
event. At this point the surface of the low viscosity
cell extends to the lake surface and the high viscosity
cell sinks to be drained from the lake. We find that the
second model, whereby cyclic convection is generated
by processes acting within the lake, is more plausible.
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The model for the 2000 intrusive event between

Kozu-jima and Miyake-jima volcano, Japan, was rein-
vestigated. After the sudden earthquake swarm in
Miyake-jima volcano, a dike intrusion of large volume
lasting for two months was detected by the nation wide
GPS network (Geonet). We extracted the step-wise
displacement of the GPS station by fitting a function
which represents a step, a linear trend and an annual
sinusoidal variation. The displacements due to the dike
intrusion were detected with stations in the area with a
radius of about 200km. The displacement we obtained
shows a distribution that is consistent with the idea
that the source is located near Miyake-jima volcano.

The displacement apparently indicates that a dyke
of large volume was intruded between Miyake-jima and
the neighboring Kozu-jima volcano. However, the dis-
placement cannot be reproduce solely by the dike even
with some earthquakes associated with the intrusive
event. Therefore, Yamaoka et al. (2000) and Nishimura
et al. (2001) introduced an aseismic creep near the
dike tip opposite to Miyake-jima. The magnitude of
the creep that is required corresponds to M7 which is
anomalously large. As there is no evidence which sup-
port such a large aseismic creep, we tried to explain the
deformation with another model.

We, here, introduced a deflation model, which is
well know as Mogi model, instead of creep source. We
searched for the optimum values for the model with pa-
rameter search. We assumed a vertical dike with the
length of 20km centerred at the middle of earthquake
swarm region. We searched for the azimuth, the depth
of the top, the depth extent of the dike and the ten-
sile dislocation for the dike. For the deflation source
we assumed that it locates beneath the dike between
the depth of 15km and 40km. The optimum solution
we obtained for the dike is 42 degree for the azimuth,
2.5 km for the top depth, 14km for the depth extent
and 6m for the tensile dislocation. These values cor-
respond to the volume expansion of 1.7km3. For the
deflation point source, we obtained the deflation vol-
ume of 2.1km3 at the depth of 30km. This model also
explains the regional and local pattern of displacement
detected by GPS network.
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The volcanic activity of Miyake-jima started at
18:30 (JST) on June 26, 2000 with large ground de-
formation and earthquake swarms. The seismic activ-
ity started at the southern part of the island. The
hypocenter distribution migrated northwestward and
slipped away out of the island by early in the morning,
June 27. Low frequency (LF) earthquakes with domi-
nant frequencies of 0.2 and 0.4 Hz were first observed
in the afternoon of June 27. The LF activity lasted till
the first summit eruption on July 8.

Earthquake Research Institute of Tokyo University
and National Research Institute for Earth Science and
Disaster Prevention deployed 3 CMG-3T and 4 STS-
2 broadband seismometers in the island. More than
300 LF earthquakes are detected during the period from
June 27 to July 8. Most of the LF events whose dom-
inant frequency is 0.2Hz occurred before July 1, while
LF events with dominant frequency of 0.4Hz mainly oc-
curred after July 2.

We determine hypocenters of these LF events by us-
ing the following technique. For each LF event, we as-
sume a source location on a grid point in a homoge-
neous half-space. A reference station is chosen among
all the stations. The cross correlation coefficients are
computed between the waveform of the reference sta-
tion and those of other stations. Then, the coefficients
for all the stations are summed. In the same manner,
summations of the coefficients are computed grid by
grid. A grid point that gives the maximum value of the
sum of the coefficients is regarded as the best estimate
of the source location of the LF event under consider-
ation.

The result shows that hypocenters of LF events are
spread over the southern to western part of the island
and they migrate from south to the west day by day.
Hypocenter migrations associated with volcanic activ-
ity have been often reported but usually for short pe-
riod events. This is one of remarkable cases in which a
migration of earthquakes with dominant frequencies as
low as 0.2 and 0.4Hz are clearly observed.
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Groundwater level changes associated with erup-
tions have been observed at Mayon Volcano, Philip-
pines and Usu and Miyake-jima Volcanoes, Japan. Pos-
sible mechanisms include strain, uplift or subsidence
of the ground surface, boiling away of recharge and
changes in the permeability of the aquifer. These mech-
anisms may work alone or in combination. In order to
use such information for eruption forecasting, the spe-
cific mechanisms should be determined.

By studying the tidal response of the aquifers and
comparing the data with GPS data a previous study
showed that crustal deformation can account for the
water level changes in deep confined aquifers at Usu.
Another study showed localized opening of fractures
caused changes in unconfined aquifers six months prior
to the eruption. Groundwater level monitoring can be
an inexpensive supplement to more precise, but expen-
sive, monitoring systems such as strainmeters and GPS.

Anecdotal evidence at Mayon indicates that the
shallow unconfined aquifer water level 8 km from the
summit dropped several meters prior to the 1993 erup-
tion. In order to determine the mechanisms responsible
for the groundwater level change, MODFLOW is being
used to model the groundwater system. The water level
change at Mayon was probably caused by a combination
of enhanced permeability and rainfall pattern changes.
Opening of fractures in the indurated lahar deposits
making up the aquifer would increase the permeabil-
ity. Since the radial distance at which strain changes
from dilatation to compression depends on the depth
of the source, these water level changes help constrain
the estimated depth of intrusion.

Hourly groundwater level measurements of an un-
confined aquifer at Miyake-jima show tens of centime-
ters rises and drops during seismic activity and the
caldera forming event in 2000. The water level changes
over time are consistent with uplift and subsidence of
the ground surface. In systems similar to Miyake-jima
hourly water level measurements can be used to sup-
plement GPS data that is collected on a daily basis.

While groundwater level changes in unconfined
aquifers are not sufficient to make eruption predictions
or restrain models on their own, they can be an inex-
pensive supplement to more precise deformation data.
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The emplace of the new lava dome at the Colima
volcano began in may 2001. It occur afther a still phase
of some months denoting the end stage of the 1997-2000
unrest. The lava dome appear without seismicity before
and during this extrusion. The deformation parameter
monitoring by a system of three electronic inclinome-
ter located around the volcano edifice shows variations
that indicate the process of extrusion. The Colima vol-
cano is one of the most active volcanoes Mexico with
most than 30 explosive activities in the last 500 years.
During the last 500 years the volcano has displayed a
cyclic eruptive pattern with alternate explosive and ef-
fusive episodes with a period of 100 year. The last
big activity occurred in 1913 with an activity of type
subplinian-stombolian. Here we show the deformation
monitoring of the last extrusion of the lava dome from
2001- 2002 and the correlation with the seismicity and
sulphur dioxide emission (SO2) of the gas fumarole. We
correlate this parameter before, during and afther the
occurrence of this lava dome to describe its evolution.
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By means of a roman-age submerged wharf, dated
2000 ± 50 a BP, we modelled the volcanic source
which produced the long term vertical deformation of
Basiluzzo island, located in the volcanic arc of the
Aeolian island (Italy). This is the first attempt to
model crustal deformation through a submerged ar-
chaeological structure. Nowa-days the top of the wharf,
which can be considered as a non conventional levelling
benchmark, is located near Punta Levante, at an aver-
age depth of 3.20 ± 0.10 m be-low a.s.l., and it is still
in good conservation. Its present location is due to
combined effect of sea level uprising, volcanic and tec-
tonic activity occurred since its building. Taking into
account the architectural features of the wharf and that
the mean sea level uprising for the Mediterranean sea
has been estimated in 0.45 m during the last 2000 years,
was estimated a total subsidence of 3.75 ± 0.10 m, at
a rate of 1.87 ± 0.05 mm/a. Our model, considering
the Earths crust as a Maxwell body, aims to propose
a possible mechanism to explain the long term subsi-
dence on scale of time of thousand years, of a volcanic
area, such observed in Basiluzzo island. We can sup-
pose that the observed crustal deformation is mainly
due to the slow cooling of a magmatic source located
under Basiluzzo dome which underwent to a progres-
sive solidification and a subsequent volume reduction,
during the last 50000 years.
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We have analyzed changes in gravity and ground
height between 1981 and 2001 in order to obtain gravity-
height change (∆g/∆h) gradients during unrest at the
Campi Flegrei caldera (CFc), Italy. ∆g/∆h gradients
during inflation and deflation are interpreted in terms
of sub-surface mass redistribution, density changes or
some combination of these. Within the context of a
new model, we show that ∆g/∆h gradients obtained
from precise gravity-deformation surveys provide valu-
able contributions to i) determination of the driving
mechanism of caldera unrest, ii) forecasting eruptive
volcanic activity and iii) assessment of associated haz-
ards. At the CFc, the detailed evaluation of the tem-
poral variations of ∆g/∆h gradients enables the effects
of shallow hydrothermal processes to be separated from
those of deeper-seated magmatic processes and thus fa-
cilitates the identification of magma dynamics within
the reservoir. Our analysis suggests that the 1.8 m in-
flation of the CFc between 1982 and 1984 was caused
by the replenishment of the magmatic system beneath
the caldera. Thermal relaxation of the magma reser-
voir associated with some degree of mass loss provides
a plausible explanation for the overall pattern of slow
deflation since 1984. Large ∆g/∆h gradients associ-
ated with short terms of minor inflation of the caldera
since 1984, however, appear to represent shallow lo-
calized mass/density changes within the hydrothermal
system(s) beneath the caldera. For a number of other
restless calderas, we report end-member ∆g/∆h gradi-
ents that provide a framework from which to infer when
these calderas develop from a state of unrest to a state
when eruptive activity must be anticipated.
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The statistical asymmetry of volcano distribution
is the reason why latitude, altitude of the volcano, tec-
tonic setting and season of the year have a significant
influence on the quantity of volcanic gas emissions, es-
pecially those reaching the stratosphere, in high depen-
dence on. The evaluation of the geographic distribution
of volcanic gas emissions results in a ratio of 4:5 (N:S)
in the tropics (0◦-30◦) (frequency of eruptions from
northern [N] to southern [S] hemisphere). We found ra-
tios of 1.5:1 for N:S in the latitudinal interval 30◦-40◦,
2:1 (N:S) in 40◦-50◦, and 5:1 (N:S) between 50◦-60◦.
The eruption frequencies in the polar latitudes (60-90)
result in a N:S ratio of 1:1. All eruptions that emitted
gas into the atmosphere during the past century are
included in the ratios. The ratios are very similar for
those eruptions that injected their gas directly into the
stratosphere. Volcanoes between the 50th and 60th lat-
itude generally can inject gas more frequently into the
stratosphere. We calculated a ratio of 5:4 (N:S) for
stratospheric eruptions. Volcanoes between 30◦ and
40◦ (ca. 2 eruptions/a reaching the stratosphere; N
and S) and also between 40◦ to 50◦ (ca. 2 eruptions/a;
N and S) contribute less to the stratospheric gas input.
Approximately 20 percent of volcanic plumes of all sub-
aerial eruptions are able to reach the stratosphere.

URL: http://www.geomar.de/∼mhalmer
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Explosive volcanism is the predominant pathway for
sulfur species to enter the stratosphere. The most im-
portant species is sulfur dioxide (SO2) which subse-
quently converts to sulfuric acid (H2SO4) aerosol parti-
cles. The aerosol particles have relatively long lifetimes
in the dry, stable stratosphere and have potential con-
sequences for both climate and atmospheric chemistry.
The aerosol particles can reflect incoming solar radia-
tion, but can also absorb outgoing radiation. Also, the
surfaces of aerosol particles catalyze other chemical re-
actions by providing a surface for additional reactions
to take place. To better understand and constrain these
effects, it is necessary to examine the chemical fate and
transport of volcanogenic SO2 emplaced in the strato-
sphere.

Since 1978, detection and quantification of strato-
spheric SO2 from explosive eruptions have been pre-
dominantly accomplished with the Total Ozone Map-
ping Spectrometer (TOMS). To date, over 100 erup-
tions have been detected. However, to study the fate
and transport of volcanic SO2, the cloud must be gener-
ated from a discrete event and be observable for multi-
ple days. Although the TOMS database contains many
detected events, only infrequent, powerful eruptions
produce large SO2 clouds that reach the stratosphere
and have multiple-day lifetimes. Thus, SO2 loss rates
in the stratosphere have been difficult to study with
TOMS for lack of sufficient statistical data. More re-
cently, an SO2 retrieval algorithm has been developed
for the Tiros Operational Vertical Sounder (TOVS)
suite of instruments. TOVS data cover nearly the same
24 year period as TOMS, and provide valuable valida-
tion and comparison information.

In this study, we begin a comparative analysis of the
available multiple-day SO2 clouds observed by TOMS
and TOVS throughout their 24 year record. SO2 clouds
from explosive eruptions have been chosen and pro-
cessed using the latest algorithms. These eruptions in-
clude Mt. St. Helens (1980), El Chichon (1982), Cerro
Hudson (1991), Mt. Pinatubo (1991), and Mt. Spurr
(1992). We examine the influence of total erupted ton-
nage, latitude, eruption altitude, and meteorological
conditions on the SO2 loss rates calculated for each
eruption. Preliminary results show that e-folding times
are proportional to altitude and total mass, but in-
versely proportional to temperature.
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Mt. Etna is an active volcano located in the South-
ern region of Italy, its last eruption was in July 2001.
Periodical surveys on this volcano were carried out
since 1989 in order to measure diffuse CO2 flux from
soil. The acquired data suggest a strong dependance of
peripheral soil gas emissions from volcanic activity. In
particular, rapid decreases of diffuse emissions were ob-
served before the onset of the eruption 1989 and 1991-
1993 and very low values were also observed during all
the eruptive phases. These data were interpreted as
an increase of the gas drainage capability of the erup-
tive vents to the detriment of the peripheral areas (Gi-
ammanco et al.1995).

According to these observations a soil gas network
was designed in order to acquire more information on
volcanic activity. The whole project consists of 15 re-
mote stations located on the South and East side of the
volcanic edifice where periodical surveys highlighted
the highest values of diffuse soil gas emissions.

Each remote stations of the gas network is able to
measure CO2 and CH4 fluxes from soil according to the
method proposed by Gurrieri & Valenza (1988). More-
over, the stations are also equipped with several sensors
to measure soil water content (which gives indirect in-
formation of soil permeability variations with rainfall)
and the atmospheric parameters: pressure, tempera-
ture, relative air water content, rainfall, wind speed
and wind direction.

A very low correlation has been found between soil
degassing and atmospheric parameters in areas charac-
terised by strong soil gas emissions. This seems to be
due to the volcanic trend at the measuring time, which
totally overlapped the flux variations induced by atmo-
spheric variations.

URL: http://www.pa.ingv.it
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A small explosive eruption at Masaya volcano on
23rd April 2001 was preceded by a change in plume gas
ratios and fluxes measured by open path Fourier trans-
form spectroscopy (FTS) and other spectroscopic tech-
niques. Between April 2000 and April/May 2001 the
SO2/HCl molar ratio increased from 1.8 to 4.6, and the

SO2 flux decreased from 11 to 4 kg s-1. These changes
are interpreted to be the result of scrubbing of water-
soluble magmatic gases by a rejuvenated hydrothermal
system. The increased magmatic-hydrothermal interac-
tion may have been caused by a sequence of M5 earth-
quakes with epicentres about 7 km from the volcano in
July 2000, altering the fracture permeability close to
the magmatic conduit, leading, in a few months, to the
phreatic eruption in 2001.
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Volcanic emission rates of As, Sb, Pb, Hg, Se, Cl,
and F were determined at Mt. Erebus, Antarctica,
based on chemical traps using 4M NaOH solutions. The
trace element emission rates were determined using the
species to S ratios in the solutions with independently
determined SO2 emission rates measured by correla-
tion spectrometer. At Mt. Erebus, metal flux values
for Pb = 2x10-3 and Hg = 6x10-4 kgs-1 were deter-
mined. Fluxes for Cl, F, As, Se and Sb (0.32, 0.13,
2.3x10-4, 1.2x10-4, and 1.0x10-5 kgs-1, respectively)
agreed within error limits for values determined by the
LiOH impregnated filter method (Zreda-Gostynska et
al., 1997), which demonstrates the utility of the chem-
ical trap method. The traps were effective under ex-
treme environmental conditions typical at Mt. Erebus.
Using a simple box model, the estimated average con-
centration of Pb in snow distributed over the entire
Antarctic continent is 6.1 ngkg-1. This implies that
the Pb flux from Mt. Erebus is sufficient to account for
Pb concentrations in snow and ice samples from South
Pole and Dome C that were previously attributed to
anthropogenic sources (Rosman et al., 1994).
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On the basis of water chemistry, three distinct
hydrothermal systems have been identified on Mount
Hood. Swim Warm Springs has a series of vents with
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temperatures ranging from 9◦ to 25◦C with temper-
atures determined by mixing of thermal and nonther-
mal water. The hottest feature was 25.6◦ to 26.2◦C in
1976-78, 25◦C in 1997, and 24.7◦C in 2001. The hot-
water component is interpreted to have a source wa-
ter that boiled from 187◦C, re-equilibrated at 96◦C,
and then mixed with nonthermal water to produce the
range of compositions found in various springs. The
Meadows Spring is a slightly thermal spring with mea-
sured temperatures of 4.8◦, 6.1◦, 6.6◦C in 1997, 1999,
and 2001 related to mixing of thermal and nonther-
mal water. The hot-water component is interpreted
to have a source water that boiled from 223◦C, re-
equilibrated at 94◦C, and then mixed with nonther-
mal water to produce the range of compositions found
in the spring over several years. Both systems con-
tain water from precipitation at high elevation. The
summit fumaroles have gas-geothermometer tempera-
tures generally over 300◦C, indicating that they are
not the steam discharge from the Swim and Meadows
hydrothermal systems. Field measurements in July-
August, 2002, after the magnitude-4.5 earthquake of
June 29, 2002, showed that the highest-temperature
vent at Swim Warm Springs was 25.7◦C, similar to
values found in other years. Measurements on a hot
afternoon and a cool morning yielded temperatures of
25.7◦ and 25.2◦C, indicating that this low-flow fea-
ture is subject to some solar heating. The Meadows
Spring was 6.3◦C, consistent with its previous behav-
ior of mixing. The lower temperature indicates that
there is a variability associated with unknown hydro-
logic factors rather than confirming an apparent trend
of continuously increasing temperatures for the 1997-
2001 period. The Crater Rock fumarole was 89◦C, sim-
ilar to previous measurements. Post-earthquake mea-
surements of spring temperatures show no obvious ef-
fect of the 6-km-deep earthquake on the Swim, Mead-
ows, and Crater Rock hydrothermal systems. However,
the lack of any surficial effects does not preclude the
possibility of change at depths below that sampled by
the springs.
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Numerical models of tephra accumulation are im-

portant tools in assessing hazards of volcanic erup-
tions. Such tools can be used far in advance of fu-
ture eruptions to calculate possible hazards as condi-
tional probabilities. For example, given that a vol-
canic eruption occurs, what is the expected range of
tephra deposition in a specific location or across a re-
gion? An empirical model is presented that uses phys-
ical characteristics (e.g., volume, column height, parti-
cle size distribution) of a volcanic eruption to calculate
expected tephra accumulation at geographic locations
distant from the vent. This model results from the com-
bination of the Connor et al. (2001) and Bonadonna
et al. (1998, 2002) numerical approaches and is based
on application of the diffusion advection equation us-
ing a stratified atmosphere and particle fall velocities
that account for particle shape, density, and variation
in Reynolds number along the path of decent. Distri-
bution of particles in the eruption column is a major
source of uncertainty in estimation of tephra hazards.
We adopt an approach in which several models of the
volcanic column may be used and the impact of these
various source term models on hazard estimated. Cast
probabilistically, this model can use characteristics of
historical eruptions, or data from analogous eruptions,
to predict the expected tephra deposition from future
eruptions. Application of such a model for computing
a large number of events over a grid of many points is
computationally expensive. In fact, the utility of the
model for stochastic simulations of volcanic eruptions
was limited by long execution time. To address this
concern, we created a parallel version in C and MPI, a
message passing interface, to run on a Beowulf cluster,
a private network of reasonably high performance com-
puters. We have discovered that grid or input decompo-
sition and self-scheduling techniques lead to essentially
linear speed-up in the code. This means that the code
is readily adaptable to Bayesian updating for applica-
tion in near-real time in volcanic crises. Conditional
probability maps of expected tephra accumulation are
compared with deposits resulting from eruptions of the
Soufriere Hills Volcano (Montserrat), Cerro Negro vol-
cano (Nicaragua). This code is freely distributed and
open-source.

URL: http://www.cas.usf.edu/˜cconnor/parallel/
tephra/tephra.html
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A finite-difference scheme is used to model the seis-
mic radiation pattern for a fluid filled conduit sur-
rounded by a solid medium. Seismic waves travel slower
than the acoustic velocity inside the conduit and the
propagation velocity is frequency dependent. At the
ends of the conduit the waves are partly reflected back
along the conduit and also leak into the solid medium.
The seismometer signal obtained is therefore composed
of a series of events released from the ends of the con-
duit. Each signal can be characterised by the repeat
time of the events and the dispersion seen within each
event. These characteristics are dependent on the seis-
mic parameters and the conduit dimensions.

For a gas-charged magma, increasing the pressure
with depth reduces the volume of gas exsolved, thereby
increasing the seismic velocity lower in the conduit.
From the volume of gas exsolved, profiles of seismic
parameters within the conduit and their evolution with
time can be obtained. The differences between a vary-
ing velocity with depth and a constant velocity with
depth are seen in the synthetic seismograms and spec-
trograms. At Soufriere Hills Volcano, Montserrat, sin-
gle hybrid events merge into tremor and occasionally
gliding lines are observed in the spectra indicating
changes in the seismic parameters with time or varying
triggering rates of single events. The synthetic seismo-
grams are compared to the observational data and used
to constrain the magnitude of pressure changes neces-
sary to produce the gliding lines. Further constraints
are obtained from the dispersion patterns in both the
synthetic seismograms and the observed data.
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The Colima Volcano (19.51◦N, 103.61◦W) had been
considered, historically, the most active volcano in
Mexico, located in west side of Trans Mexican Volcanic
Belt, this stratovolcano has andesitic activity: explo-
sive eruptions of sub-plinian type, with generation of
piroclastic flows and fall deposits, and effusive erup-
tions that generated block-lava domes and flows. The
most recent eruption is a sample for this, it was erupted
since May of 2001, with generation of summit dome
and little lava flows. Result of comparison between
the pictures from visual monitoring network and explo-
sive events of low magnitude recorded in RESCO (State
of Colima Seismic Network), we observed that surface
expression of explosive events and its seismic record
had a variable temporal delay. This fact motivated us
to define the zone where this dynamical process takes
place (the zone where the pressure of gasses contained
into bubble overcomes confined pressure for the magma
and that had seismic and visual expressions). Particles
movement and spectral analysis of seismic records show
that each explosive event is composed of body and sur-
face waves, moreover, shock waves are also observed for
near stations. From Arrival times of these phases and
group velocities, we obtained a multilayer structural
model for more proximal region to the volcano that sat-
isfied our observations. We plotted a Wadatis Diagram
for body and surface waves and added a simple correc-
tion to obtain the origin time. A simple PC program for
location of these explosive events was implemented. A
small correlation between explosive events and tremor
volcanic duration for the tremors which occurred dur-
ing the months of April, May and early June of 2002
was also observed. Location of the source of the small
explosions is another tool of surveillance that could be
added to those which are already been carried out in

Colima, since temporary or space variations of these
sources could inform from physical changes in the be-
havior of the volcano.
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We apply the finite difference method to calculate
the magma motions and seismic wave radiation associ-
ated with a volcanic eruption. Our model consists of
a cylindrical reservoir and narrow cylindrical conduit
embedded in a homogeneous crust. A lid caps the vent
and a plug blocks the flow of magma between the cham-
ber and conduit. The magma reservoir is overpressur-
ized prior to the eruption. The sudden removal of the
plug triggers the transfer of magma from the chamber
to the conduit, and an eruption occurs when the pres-
sure at the conduit orifice exceeds the strength of the
lid capping the vent. The exit pressure remains fixed
to the atmospheric pressure throughout the eruption.
Magma dynamics is expressed by the equations of mass
and momentum conservations in a compressible fluid,
in which the vesiculation process associated with de-
pressurization is accounted for by a constitutive law
relating pressure and density. Seismic waves are calcu-
lated from the equations of elastodynamics. The fluid
and solid are dynamically coupled by applying the con-
tinuity of wall velocities and normal stresses across the
conduit and reservoir boundaries. Free slip is allowed
at the fluid-solid boundary. Our numerical simulations
show that (1) the removal of the plug generates a com-
pression wave which propagates up the conduit, and a
rarefaction wave which propagates into the chamber;
(2) a high-amplitude pressure pulse occurs at the lid
when the magma impinges the lid, causing the failure
of the lid; (3) the magma reservoir gradually deflates,
and (4) superimposed on the reservoir deflation are de-
caying long-period oscillations caused by acoustic res-
onance in the reservoir. Magma motions are detected
as (1) seismic signals prior to an eruption; (2) large-
amplitude Rayleigh waves excited by the rupture of the
lid; and (3) a gradual subsidence of the crust and (4)
periodic oscillations of the seismic waves. These char-
acteristics of the simulated seismic wave field are often
observed at volcanoes such as Sakurajima, Tokachi, and
Popocatepetl. The strength of the lid plays an impor-
tant role in shaping up seismic waveforms associated
with Vulcanian eruptions.
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Explosion activity at Stromboli Volcano in May,
2001, was especially intense with numerous vents erupt-
ing with repose times of a few minutes. Broadband seis-
mic and infrasonic acoustic recordings captured this ac-
tivity over a period of 10 days during the 2001 multidis-
ciplinary STROBE Experiment. During this period the
Stromboli vents appear to have consistent seismic and
acoustic source signatures, based on cross correlation
cluster analysis and frequency response of the multi-
variate time series. Cross correlation of the ground dis-
placement response to explosions from specific craters,
such as the NE crater, form dense waveform clusters,
while displacement waveforms from other craters, such
as the SW crater, exhibit slightly weaker clustering.
This suggests a more complicated source mechanism
operating at the SW crater. Infrasonic arrays allow
for the recovery of source origin locations and times,
which confirm that the clusters of events are associated
with specific vents or, more generally, craters. Detailed
analyses of eruptions reveal a correlation between im-
pulsive acoustic waveforms, i.e. the bursting of a sin-
gle bubble, and shorter, simpler ground displacement
responses. Furthermore, similar degassing mechanisms
from vents of the NE crater and the Central crater (hor-
nito), show common characteristics in their displace-
ment waveforms. The cross-correlation cluster anal-
yses is a statistical means to develop an understand-
ing of the near surface conduit of multi-vent volcanoes.
Combined with other statistical techniques (Settle and
McGretchin, 1980), thermal monitoring (Harris et al.,
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1996), and infrasonic monitoring (Braun and Ripepe,
1993, etc.), the clustering of the broadband recordings
of events by cross-correlation analysis provides a valu-
able tool for developing and testing physical models of
the near surface volcanic system operating at Strom-
boli, and other multi-vent systems. An automated cross
correlation cluster procedure provides a mechanism for
the analyses of massive continuously recorded datasets
where handpicking may be onerous.
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We are assembling a relational database of infor-

mation on past eruptions of the Mono-Inyo volcanic
chain, eastern California. The most fundamental tables
within the database contain information on locations at
which pits were dug through the volcanic stratigraphy,
or at which data were collected on a dome or lava flow.
The locations include both those at which new data
were collected as well as those in the literature.

Our working hypothesis is that the database will
prove useful for unraveling the complex recent vol-
canic history of the Mono-Inyo chain. The chain con-
sists of an assortment of domes, craters and flows that
stretches for 50 km north-south, subparallel to the Sier-
ran range front fault system. Almost all eruptions
within the chain probably occurred less than 50,000
years ago. Because of the variety of magma and erup-
tion types, and the migration of source regions in time
and space, it is nontrivial to discern patterns of be-
haviour.

The database allows us to extract the features di-
agnostic of particular tephra layers, domes or flows.
The diagnostic features include depth in the section,
layer thickness and internal stratigraphy, mineral as-
semblage, major and trace element composition, tephra
componentry and granulometry, and radiocarbon age.

At the present time, the database can be queried to
show all layers of a particular depth, composition, age,
etc., using standard statements of the Structured Query
Language (SQL). Our goal is to automate the query
and report process so that all location data can be
queried simultaneously to produce derived tables con-
taining maximum likelihood estimates of vent location,
eruption type and eruption age. By statistical analy-
sis of the information in the derived tables, we may be
able to produce estimates of future vent locations and
times of eruption.

URL: http://www.volcano.buffalo.edu/mmvz
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Volcanic ashclouds pose increasing hazards to air
traffic. To enable accurate detection, tracking, and ul-
timately nowcasting (ie. near-real-time tracking and
short-term forecasting), it is becoming increasingly im-
portant to be able to retrieve, in addition to informa-
tion on SO2 (and aerosols) and ash (ice) mass, and ash
(ice) size, key information such as cloud peak height,
average height and height of the leading cloud edge,
intensity changes, lateral and downwind spreading,
ash/gas separation, evidence of microphysical changes
(eg. mixed-phase aggregation), duration and cloud
thickness. Here, we have systematically examined radar
data and satellite data from a variety of sensors in com-
bination with field and meteorological information (eg.
balloon soundings) for a number of ashclouds covering
a large range of spatial and temporal scales, as well

as a large range of eruption intensity and meteorolog-
ical conditions. We illustrate that the analysis of de-
tailed surface features such as the overshoot geometry,
cloud top gravity waves and cloud top or cloud edge
Kelvin-Helmholz (K-H) shear billows can supply key
additional information, compared to previous studies.
We document that the overshoot size allows extraction
of an independent estimate of cloud-top average height,
that the number and characteristics of gravity waves
allow to derive another independent estimate of col-
umn height as well as information on the height differ-
ence between peak and neutral buoyancy heights (Ht-
Hb). These estimates are compared with estimates of
cloud edge height extracted using the shadow method
and also comparisons with wind profiles data, and also
lead to the identification of ash/gas separation in some
cases. The gravity waves can be understood by analogy
with fluid mechanics modelling of mixed region collapse
in a stratified fluid. Conditions for the development of
K-H billows are also considered and we show how they
can be used to identify the transition from the gravity-
advection flow phase and the advection-diffusion phase
of spreading. We also discuss their potential use in
deriving ashcloud thickness from the quasi-2D satellite
images. This, together with the information from ash-
gas separation and gravity waves, enables to extract
3D information from quasi-2D satellite images. Impli-
cations of this work for generic understanding of pro-
cesses in ashclouds and for aircraft safety are briefly
discussed.

V21B MCC: Hall C Tuesday 0830h

Volcanic Gases Posters

Presiding: L Jaffe, University of
California, San Diego

V21B-1194 0830h POSTER

The Effects of Persistently Degassing
Volcanoes on the Natural
Environment as Exemplified by
Kilauea, Masaya and Poás Volcanoes.

Glyn Williams-Jones1 (glynwj@higp.hawaii.edu)

Luke Flynn1 (flynn@higp.hawaii.edu)

Andrew J.L. Harris1 (harris@higp.hawaii.edu)

Barbara Gibson2 (bgibson@hawaii.edu)

Peter J. Mouginis-Mark1 (pmm@higp.hawaii.edu)
1HIGP/SOEST, University of Hawai’i at Manoa, 1680

East-West Rd, POST 602, Honolulu, HI 96822,
United States

2Department of Geography Environmental Studies,
University of Hawai‘i at Hilo, 200 W. Kawili St.,
Hilo, HI 96720, United States

While the effects on the global environment of large
volcanic eruptions have been frequently studied, there
has been little work on the impact of lower tropospheric
emissions from persistently degassing volcanoes. In
contrast to large volcanic eruptions which may have a
short term but hemispheric/global effect (through in-
jection of gas and ash into the stratosphere), persis-
tently degassing volcanoes can have significant long-
term (years to decades), local and regional effects. To
examine these effects, we consider 3 persistently ac-
tive degassing systems: Kilauea (USA), Poás (Costa
Rica) and Masaya (Nicaragua). These volcanoes are
characterized by SO2 emission rates ranging from 100s
to 1000s metric tonnes per day, and have emitted acid
gases into the troposphere for extended periods of time.
Masaya, for example, has degassed approximately the
same amount of SO2 (21 Tg) over a period of 140 years
as the 1991 eruption of Mount Pinatubo injected into
the atmosphere in just a few hours. The extended de-
gassing at Kilauea, Masaya and Poás impacts on com-
mercial agriculture and has led to attempts to mechan-
ically mitigate the hazard through capping of the ac-
tive crater at Masaya and flooding to reinstate the acid
crater lake at Poás. In order to investigate the environ-
mental effects of persistent degassing, we use remote
sensing data (Landsat ETM+, IKONOS) with NDVI
band ratio algorithms to delineate poorly vegetated ar-
eas downwind of each volcano. These data are incor-
porated, through a GIS, with DEM and various ground
truth data (soil pH, dry deposition rates, precipitation
acidity, etc). Extremely distinct zones of vegetation
kill off are noted that correlate with changes in topog-
raphy. It appears that sharp topographic changes allow
the gas plume to decouple or couple with the ground,
hence lessening or increasing its impact at any down
wind location. This integrated study of degassing at
persistently active volcanoes may aide in limiting the
effects on human populations and agriculture down-
wind of such systems through improved land use man-
agement.
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Volcanic activity at Tenerife is mainly concentrated
along three major volcanic rift-zones of NE-SW, NW-
SE, and N-S directions as well as in the central part of
the island where the Teide stratovolcano located. The
goal of this study is to evaluate diffuse CO2 and H2
degassing through the N-S volcanic rift-zone and com-
pare these results with those observed for the NE and
NW rift-zones.

Surface degassing surveys were performed along the
NW and NE rift-zones during the summer of 2000 and
2001, respectively. From July 18 to August 16, 2002, a
new survey was performed along the N-S rift-zone cov-
ering an area of 352 Km2. Soil CO2 efflux reached val-

ues up to 44 gm−2d−1. Soil gas samples were collected
at a 40 cm depth to estimate soil H2 efflux by means of
multiplying H2/CO2 ratio times soil CO2 efflux. Soil

H2 efflux reached values up to 25 mgm−2d−1. The to-
tal output of diffuse degassing rate from the study area
was estimated about 412 td−1 for CO2 and 290 Kgd−1

for H2. The NW rift-zone surface degassing survey cov-

ered an area of 72 Km2 and showed rates of 283 td−1

and 74 Kgd−1 for diffuse CO2 and H2 degassing, re-
spectively. The NE rift-zone degassing survey covered
an area of 210 Km2 and showed rates of 685 td−1 for
CO2 and 65 Kgd−1 for H2. If surface degassing rates
are normalized by areas in order to compare these re-
sults among the major Tenerife’s rift-zones, similar dif-
fuse CO2 degassing rates are osberved for the NW and
NE rift-zones, but they are three times higher than the
osberved for N-S rift-zone. In the case of H2, similar
diffuse H2 degassing rates are osberved for the NW and
N-S rift-zones, but they are three times higher than the
observed for NE rift-zone. These results suggest that a
shallower hydrotermal system is affecting more the NW
than the others major rift-zones at Tenerife island.

URL: http://www.iter.es
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La Palma (730 Km2) is the northwestern most is-
land of the Canarian archipelago. Cumbre Vieja (<1
Ma) is situated in the southern part of La Palma, and is
the most active basaltic volcano in the Canaries where
the most recent eruption occurred in 1971, T eneguia
volcano. The main structural features of Cumbre Vieja
(220 Km2) are three major volcanic rift-zones of N-S,
NE, and NW orientations. Diffuse CO2 degassing stud-
ies is becoming a useful geochemical tool for volcano
monitoring (Hernandez et al., 2001). Since (1) helium
is an ideal geochemical indicator because it is chemi-
cally inert, physically stable, sparingly soluble in water
under ambient conditions and almost non-adsorbable,
and (2) helium-3 is the best fingerprint for magmatic
activity and reach levels up to 9.6 Ra at La Palma
(P erez et al., 1994), the goal of this study is evaluate
the use of diffuse helium emission for volcano monitor-
ing of Cumbre Vieja.

Diffuse degassing survey of 619 sampling sites was
carried out from July 19 to August 13, 2002, at Cum-
bre Vieja volcano. Soil CO2 efflux measurements were
performed by means of a portable NDIR sensor and ac-
cording to the accumulation chamber method. At each
sampling site, soil gas samples were collected at 40 cm
deep using a metallic probe and analyzed for 4He and
CO2 contents by means of a Omnistar QMS within 24
hours. Spatial distribution of soil gas helium expressed
as (∆He = Hesoilatmosphere - Heair) showed that
relatively high ∆He values (> 1,800 ppb) occurred in
the summit zone of Cumbre Vieja along the N-S rift-
zone, suggesting a deep origin for the degassing through
this major structure. Soil He efflux was estimated by


