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The crater is approximately 300 m in diameter, enclos-
ing a smaller, 150 m diameter ring of vents. Erupted
gases and pyroclastic materials often occurred through
the ring-shaped arrangement of vents. The largest ob-
served eruption exited through vents spread over nearly
the whole dome, while smaller events were emitted
through the inner ring vents only. The ring structure is
thought to represent the surface expression of a funnel-
shaped series of fractures generated from a much nar-
rower conduit at depth. Santiaguito’s eruption charac-
teristics are consistent with slug, or intermittent, flow,
that is the release of gas pockets from depth. The dome
cap appears to be fairly rigid, with no observed flexure
during eruptions. Summit fumaroles include two types:
those unaffected by and apparently isolated from the
main eruptive conduit, and those which are alternately
opened and sealed by the eruptive activity. These phys-
ical characteristics of Santiaguito’s eruptive and pas-
sive activity may provide clues to help decipher SO2
degassing trends.
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Volcanic plumes are classified as strong and weak
plumes, when the characteristic plume velocity is much
greater or much smaller than the wind speed respec-
tively. Eruptions like the 1902 Santa Maria Plinian
event are characterized by strong plumes, which are
less common in nature than weak plumes, but they
are typically more hazardous due to the larger volume
released and the wider area affected. They are char-
acterized by a sub-vertical convective column that, at
the neutral-buoyancy level typically 15 to 35 km (Santa
Maria c. 20 km), spreads out as a lateral current that
sediments particles of various sizes. Numerical model-
ing helps understand plume dynamics and is an impor-
tant tool for hazard assessment. We develop descrip-
tions of key processes influencing tephra dispersal from
strong volcanic plumes and describe the propagation of
the spreading current due to both gravity and wind ad-
vection using scaling arguments and a simplified geom-
etry. New parameterizations are used to describe the
wind field below the spreading current, particle aggre-
gation and particle-density variations. We conducted
a broad study to investigate the effects of these pro-
cesses and made comparisons with field observations.
The greatest variations resulted from wind advection
below the spreading current, which shifts downwind the
plume-corner mass accumulation and the position of
transitions in fallout regimes. Aggregation makes the
deposit thin more rapidly and distal segments, repre-
senting fine-particle fallout, can be suppressed. Parti-
cle aggregation strongly depends on the initial grainsize
distribution. Variations of particle density and lithic
content do not significantly affect sedimentation pat-
terns represented on semi-log plots. The model pro-
vides acceptable reproduction of observations of the
propagation of the spreading current and tephra-fallout
deposits.
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Sabancaya volcano is a complex edifice located ∼70
km NW of Arequipa, Peru. It is surrounded by a
large (∼64 km2 andesitic/trachyandesitic lava flow
field comprising 39 identifiable lobes that were em-
placed during the Holocene. Flow morphology is dis-
tinct from that observed on evolved lavas in North
America, providing an important foil to these well stud-
ied examples. The Sabancaya flows are channeled, and
are characterized by steep, thick (>120 m) margins.
Underlying slopes range from 10◦ near the vent to <1◦

distally. Surface folding, with multiple fold genera-
tions, is common. Fold wavelengths and amplitudes
are on the order of 25 m and 5 m, respectively. The
flows are covered with angular blocks ranging in size
from 40 cm to several meters. Preliminary data sug-
gest that block-size distribution within a single lobe is
more dependent on the proximity of fold crests than on
distance from the vent. Fold amplitude (∼5 m) sug-
gests a minimum thickness for a ductile surface crust
during emplacement; in contrast, the largest block size
on the surface (>3 m) reveals the thickness of the brit-
tley deforming surface crust.

Hand-sample analyses reveal large (>>0.5 cm) pla-
gioclase phenocrysts in a glassy, avesicular matrix
with occasional cm-sized inclusions of basaltic an-
desite. Crystal-size distributions in the groundmass de-
termined from samples collected along the flow length
are essentially constant, suggesting that the lavas ex-
perienced little cooling during emplacement, consistent
with a well insulated lava flow. Model results indicate
that the flow lobe interior could have remained hot,
and possibly molten, for thousands of years. Thus,
the Sabancaya flows display 3 types of surface crust:
a brittle, thin (3-5 m) surface layer that generated the
large, angular blocks observed on the surface; a ductile,
thicker (>5 m) layer that deformed during emplace-
ment to generate the observed folds; and the thermal
crust, which may have been several tens of meters thick.
Morphologic, petrologic and geochemical evidence sug-
gest that these flows were erupted at high temperatures
and emplaced relatively rapidly; these characteristics
can be better understood in light of recent observations
of active flows at the Santiaguito dome.
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Volcan de Colima has produced frequent eruptions
during historic times; both effusive, with dome growth
and blocky lava flows, and explosive, e.g. the plinian
event of 1913. In general, the mechanisms that influ-
ence an eruption to change from effusive to explosive
or vice versa remain poorly understood. Field mea-
surements and monitoring at Volcn de Colima have
allowed the development of a model of its most re-
cent effusive eruption, which started with the forma-
tion of a lava dome on 8 May 2001 and continues to the
present. Based on physical characteristics, the erup-
tion has been divided into seven phases. Digital mod-
els of the different stages of dome growth were used
to calculate the volume and the associated extrusion
rates. The initial stages included the filling of the large
crater, which had been formed by the three major ex-
plosions that occurred in 1999, and the smaller inner
crater formed by the 22 February 2001 explosion. Later
stages followed the over-spilling of the crater rim and
the development of several short blocky lava flows with
associated rockfalls.

The 2001/2 eruption has been characterised by a
low rate of effusion (maximum 0.62 m3 s-1). The rate
of degassing has been variable, with the flux of SO2
varying from 50 to 900 t d-1. The location and tem-
perature of the summit fumaroles have undergone mi-
gration associated with the development of different
lobes of the dome. In addition, the seismicity has var-
ied from extremely low levels at the beginning of the
eruption, to extended periods of harmonic tremor in
May 2002. These parameters, along with temporal geo-
chemical variations within the local spring waters and
monitoring of diffuse degassing of CO2 at several lo-
cations, have been combined to form a model of this
eruption.
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Geochemical studies of continental flood basalt
magmas provide evidence for contributions from one
or more enriched reservoirs. There is, however, no
consensus on the role of continental crust as a major
source of enriched signatures. With its stratigraphy
defined and mapped at the scale of individual flows,
the Columbia River Basalt Group (CRBG) is the most
thoroughly studied continental flood basalt province in
the world. Its tectonic position (overlying both thin ac-
creted Mesozoic crust and thick ancient cratonic crust)
makes the CRBG ideal for isolating the contribution of
crust in the petrogenesis of continental flood basalts.
Many flows are plagioclase-phyric. Because plagioclase
in basaltic magmas can be assumed to have grown
at crustal pressures, growth layers in plagioclase phe-
nocrysts record changes in the chemical and isotopic
composition of the magma occurring at crustal depths.

We have initiated a micro-sampling study utilizing
laser ablation multicollector ICP-MS (ThermoFinnigan
Neptune) to analyze 87Sr/86Sr variability in plagio-
clase and clinopyroxene phenocrysts (where present)
and associated groundmass. Initial results are: 1) pla-
gioclase and clinopyroxene phenocrysts within CRBG
lavas are overall less radiogenic than host groundmass
and 2) plagioclase phenocrysts are commonly zoned
from less radiogenic cores to more radiogenic rims. The
rims may have similar compositions to, or be less ra-
diogenic than, host groundmass. One-dimensional dif-
fusion modeling applied to observed 87Sr/86Sr zon-
ing and crystal/groundmass gradients constrains phe-
nocryst residence times, and the timescale of crustal-
level petrogenetic events that modified CRBG magmas.
Residence times for phenocrysts in their final host liq-
uid may be as little as 10 years prior to quenching.

These results require that the 87Sr/86Sr compo-
sition of the CRBG magmas increased rapidly with
time at crustal pressures during and after phenocryst
growth. This could result from mixing between magmas
from isotopically distinct mantle reservoirs. If so, some
involvement of the isotopically more enriched magma
must always occur after the initiation of crystalliza-
tion in the less enriched magma, in order to generate
the monotonic crystal-groundmass variations observed.
More likely, our results indicate crustal contamination
is occurring during and after phenocryst growth in
crustal magma chambers, and/or during transport to
the surface as the magma is erupted.
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Magmatic viscosity varies in function of pres-
sure, temperature, silica content, and volatile content,
whereas apparent viscosity depends also on size, shape
and concentration of its crystals and vesicles.

The primary effect of high crystallinity is to physi-
cally increase the apparent viscosity depending on the
packing type, size distribution, and aspect ratio of its
crystals. Although a crystal concentration of <5% has
virtually no effect on apparent viscosity, the high crys-
tal concentrations found in the common arc-type an-
desite, can play a very significant role, for they not
only act as chemical and physical buffers but also as
movement inhibitors.

The Einstein-Roscoe equation η=η0(1-Φ/Φm)−2.5

can be used to determine the apparent viscosity η of a
liquid with an initial viscosity η0 that contains a known
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concentration Φ of particles, which have a known max-
imum packing Φm value. Limitations? The formula
works only for Φ being <50% of Φm, which translates
into a viscosity increase of 5 orders of magnitude.

The secondary effect of crystallisation is to increase
the volatile and silica content of the magma, respec-
tively reducing and increasing its liquid viscosity. Like-
wise, the primary effect of vesiculation is to physically
decrease the apparent viscosity but its secondary effect
is to dramatically increase it by dehydrating the sur-
rounding liquid and creating a high viscosity framework
throughout the magma. By comparison, a decrease of
4wt.% H2O would increase the viscosity of an andesite
by a 0.5 order of magnitude, the equivalent to a 9% in-
crease in crystal content. In rhyolitic liquids however,
4wt.% H2O would be equivalent to adding 30% more
crystals to a pure liquid!

Since eruption style is directly linked to explosivity,
and explosivity depends directly on the magma’s ability
to store potential energy, should there be a connection
between apparent viscosity and eruption style? Classi-
cally, a faint distinction can be observed by comparing
the bulk silica content of the rocks, but one could argue
that bulk silica content is an illusive representation of
the actual interstitial liquid’s true composition, espe-
cially for rocks that are >50% crystalline.

In the well-documented deposits of Mt Pele (Mar-
tinique), there are significant physical distinctions be-
tween the different volcanic products of the last 4500y.
The most striking distinctions are crystallinity and
vesicularity, which can be directly linked to their ap-
parent viscosity, thus to the explosivity of their respec-
tive eruption style i.e. plinian, pelean, or vulcanian.
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Thermal analysis experiments described herein ap-

ply two methodologies by which to estimate absolute
nucleation rates and/or temperature dependencies us-
ing a multi-component glass-ceramic as a test material.
In particular, the Marotta and the Ray et al. meth-
ods were applied to to the low-expansion material Ze-
rodur and both provided valuable insight into a rel-
atively complicated crystallization process. Previous
nucleation and crystal growth rate data were used in
a comparative manner. Although the Marotta method
accurately predicted the maximum nucleation temper-
ature, the nature of the technique precluded an esti-
mation of absolute nucleation rates. The Ray et al.
technique provided reasonable quantitative nucleation
rates, but failed to provide useful estimates of the num-
ber of quenched-in nuclei, in part due to a substan-
tial ”blank” contribution coming from additional, un-
wanted nucleation during heating and cooling stages of
the DTA technique.
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Pyroclastic obsidian, a common product of rhyolite

eruptions, could provide unique information on con-
ditions of magma ascent and eruption if the origin
of these clasts were known. Current models suggest
that pyroclastic obsidian may form syn-eruptively by
quenching against conduit walls, by degassing and col-
lapse of bubbly magma in the conduit interior or by in-
complete vesiculation of magma prior to fragmentation.
Alternatively, these clasts could be remnants of a previ-
ous eruption. Here we test these models by combining
FTIR measurements on obsidian clasts with analysis of
bubble and crystal textures in the same samples to con-
strain the degassing and crystallization history.

The classic study by Newman et al. (JVGR, 1988)
on the volatile content of obsidian from the 1340 A.D.
eruption of Mono Craters shows a trend of decreasing
H2O and CO2 content as the eruption progressed. They
also inferred a change from closed- to open-system de-
gassing styles across the explosive-extrusive transition.
Our samples are 41 obsidian pyroclasts (3-5 clasts from
each of 10 beds) that were analyzed for H2O by R. Herd
(1997). We have reproduced Herds H2O data, analyzed
the samples for CO2 by FTIR, and examined the bub-
ble and crystal textures with petrographic and scanning
election microscopes.

The first obsidians erupted are relatively dry (<0.7
wt.% H2O) and have abundant microlites. Pre-
served vesicles vary from non-existent to isolated, near-
spherical bubbles to numerous irregular, elongate bub-
bles. The next obsidians erupted have lower crys-
tallinities and higher H2O and CO2 contents than basal

samples and contain sparse ellipsoidal bubbles. The
average and maximum volatile content of the glasses
then decreases upward, with microlite abundance and
volatile content inversely correlated. Bubbles are more
numerous than in early-erupted clasts. Most of these
bubbles have irregular shapes, including multicuspate
forms that we interpret to have partially collapsed. Ob-
sidian pyroclasts from the uppermost bed show a small
increase in volatile content and decrease in bubble num-
ber density, with values similar to samples of the two
basal layers. However, the later clasts differ from the
early obsidian in having more highly deformed bubbles
and more equant feldspar microlites.

We agree with previous interpretations that the ob-
served changes in volatile content with time may re-
flect changes in fragmentation depth during the erup-
tion. Our textural data provide additional insight into
the origin of this obsidian. First, the observation that
clasts from lower and upper beds are texturally dis-
tinct despite similar volatile contents makes a xeno-
lithic origin unlikely. Second, the high crystallinity and
low H2O content of the basal obsidian clasts suggests
that they represent magma that stalled and degassed
at shallow depths during initial stages of magma as-
cent. Third, finely crushed xenolithic material found in
25% of the obsidian clasts suggests obsidian formation
and shearing along conduit walls. Finally, irregularly-
shaped bubbles prevalent in samples with the highest
bubble number densities provide evidence for bubble
collapse and gas escape from a formerly vesicular melt.
However, a model of degassing through, and subsequent
collapse of, permeable bubble networks seems inconsis-
tent with the high CO2 content of the glasses, as CO2
is rapidly stripped from melt under conditions of open-
system degassing. This discrepancy may be resolved
by considering spatial and temporal scales of degassing,
which, together with shear rate information supplied by
bubble deformation and kinetic information from crys-
tal growth, may allow constrain time scales of degassing
and conduit flow.
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We are developing laboratory experiments to inves-
tigate dynamics of magma fragmentation during explo-
sive volcanic eruptions. Fragmentation of such a mix-
ture as magma consisting of viscoelastic melt, bubbles
and solid particles, is not known yet, and experiments
are necessary to establish a mathematical model. It has
been shown that viscoelastic silicone compound (Dow
Corning 3179) is a useful analogous material to sim-
ulate magma fragmentation. In the previous work, a
porous specimen made of the compound was rapidly
decompressed and development of brittle fragmentation
was observed. However, there were arguments that the
experiment was different from actual processes which
produce fragments as small as volcanic ash, because in
the experiment the specimen was broken into only sev-
eral pieces. This time, results of the improved experi-
ments are presented.

The experimental apparatus is a kind of a vertical
shock tube, which mainly consists of a high pressure
test section and low pressure chambers. The test sec-
tion is made of acrylic tube of which inner diameter
is 25 mm. The internal phenomenon is recorded by a
high-speed video camera. Pressure is measured in the
gas above and beneath the specimen by piezoelectric
transducers.

The specimen is prepared in the following way.
First, an acrylic tube filled with the compound is put
in a nitrogen tank and kept at 45 bar for more than 8
hours. The compound absorbs the gas and equilibrates
with the nitrogen. Next, the tank is decompressed back
to the atmospheric pressure slowly. Nitrogen exsolves
and bubbles are formed in the compound quite uni-
formly. Finally, the expanded compound sticking out
of both ends of the tube is cut down, and the tube con-
taining the specimen is attached to the shock tube.

The specimen is rapidly decompressed by 24, 16,
and 8 bars. The high-speed video images demonstrate
a sequence of the fragmentation process. We observe
propagation of a clear fracture front at 50 m/s for 24
bar of decompression and at smaller speed for smaller
decompression. The pressure change associated with
development of the fragmentation is analyzed and ef-
fects of over pressure in the pores and permeable gas
flow on fragmentation behavior are discussed.
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For many decades, volcanologists and sedimentolo-
gists have debated whether pyroclastic flows and other
geophysical gravity currents are emplaced from highly-
expanded, dilute turbulent flows or from concentrated,
frictional, and poorly fluidized flows. Numerous mod-
els exist for these two end-members but none are ca-
pable of modeling the full range of possible grain con-
centrations (dilute to highly concentrated). The task
is difficult as the rheological behavior of the granular
phase will be dependent on the loading conditions (di-
lute vs. concentrated). We have modified -to geophys-
ical applications- a multi-phase flow model developed
by the U.S. Dept. of Energy (MFIX). MFIX specifically
accounts for the full range of grain concentrations and
rheologies depending on the loading conditions. The
model solves the equations of continuity, momentum
and energy of all the phases and species in the system
(steam, air and particulate) assuming the continuum
hypothesis for the dispersed phase. In the dilute to
moderately concentrated part of the flow (< 50 vol.%
solids), grains randomly fluctuate, translate, and col-
lide which gives rise to a viscous kinetic and collisional
dissipation. This behavior is modeled through Boltz-
manns statistical mechanics approach as done for gas
kinetic theory. For the highly loaded part (> 50 vol.%
solids), grains endure long, sliding and rubbing con-
tacts, which gives rise to a very different form of dissi-
pation and stress. This frictional behavior is modeled
through the plastic potential and critical states theo-
ries (visco-plasticity). We define a total stress tensor
which is the sum of the kinetic, collisional and fric-
tional stress contributions. As predicted by the theory,
the plastic stress tensor is rate-independent, while the
kinetic-collisional is rate-dependent. Overall, this com-
plex, non-linear rheological behavior is non-Newtonian
(for more details, see the granular.org website).

We carried out two-dimensional cylindrical simula-
tions of collapsing ash-laden pyroclastic fountains with
initial conditions of 3 vol.% solids, 1000 K, and an up-
ward velocity of 30m/s, which represents a small vol-
canic event. All our simulations show that the gravity
current has a basal poorly fluidized and visco-plastic
undercurrent several meters thick, overlain by a thicker
(several tens of meters) dilute current with concentra-
tion between 10-8 to 5 vol.% solids. The deflation zone
is very restricted, and deflation occurs rapidly over
short distance (a few meters). The dynamical behavior
of both parts of the gravity current is clearly different
but closely related. Our experiments support the need
of a multiphase flow model with a comprehensive gran-
ular rheology to fully understand pyroclastic flows and
other phenomena such as turbidity currents and snow
avalanches.

URL: http://www.granular.org
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