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Melt Evolution Beneath Mid-Ocean
Ridges and Mantle Plumes From a
Coupled Thermodynamic and
Geodynamic Model

Massimiliano Tirone (tironem@fiu.edu)

CeSMEC, Florida International University University
Park Campus, Bldg. VH150, Miami, FL 33199,
United States
We have developed a model that combines a Gibbs

free energy minimization routine incorporating the
thermodynamic database for melts, pMELTS (Ghiorso
et al., G3, 2002) and a geodynamic multiflow 2D nu-
merical model that solves transport equations for mass,
heat, momentum and chemical elements. The effects of
latent heat, viscous dissipation and adiabatic heating
are also included in the model. For brevity only few
common features for melting in mid-ocean ridges and
plumes are discussed here. Local equilibrium approx-
imation is the main assumption of the model (Knapp,
GCA, 1989). From experimental data on diffusion in
mantle minerals, the approximation seems reasonable
if porous flow is assumed as the mechanism of melt
transport within the molten region. Channeling flow,
induced by dissolution reactions (melting) (Spiegelman
et al., JGR, 2001), is observed through large portions of
the mantle. The location of the channels is extremely
variable in time and size. Channels are defined here as
mantle regions where melt fraction is approximately 2-
3 times higher than the surrounding mantle and where
melt transport is still controlled by porous flow. Melt
far from the plume/ridge axis accumulates at the base
of the lithosphere (Sparks and Parmentier, EPSL, 1991)
and the residence time in this area determines peri-
odic fluctuations in the melt extraction to the surface.
In the plume model, reactivation of the melting pro-
cess is observed at about 350 km from the plume axis.
Petrology and geochemistry of residual solids and melt
are the result of a polybaric process with continuos
melt mixing. Preliminary comparison with data from
lavas, melt inclusions, abyssal peridotites and mantle
nodules shows that the model, within the limits of the
available thermodynamic database, produces petrolog-
ical and major elements geochemical variability similar
to that observed in natural samples.
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Mantle Heterogeneity Beneath the
Southwest Indian Ridge (9◦ - 25◦ E)
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Recent isotopic measurements of 20 glasses from 9◦
to 25◦ E on the Southwest Indian Ridge reveal striking
correlations with trace element data. The isotopic vari-
ation in Sr, Nd, Hf, and Pb of these lavas confirms that
along-axis heterogeneity exists in the MORB source be-
neath this part of the SWIR. Major and trace element
systematics and isotopic compositions indicate that the
along-axis variation in basalt chemistry, specifically the
contrast between orthogonal supersegment and oblique
supersegment lavas, can likely be explained by 1) vari-
able extents of melting of a heterogeneous depleted
peridotite lithology, or 2) variable extents of melting
of a two component MORB source; a heterogeneous
depleted peridotite lithology and a pyroxenite/eclogite
lithology of varying proportion. This chemical varia-
tion is coupled with distinct tectonic and morphologic
differences between the orthogonal supersegment and
the oblique supersegment. One of the most noticeable
differences between the two segments is the spreading
geometry. The orthogonal supersegment spreads nearly
perpendicular to the spreading axis, while the oblique
supersegment spreads at up to 35◦ from the axis. This
abrupt change in ridge obliquity results in an effective
spreading rate or mantle upwelling rate on the oblique
supersegment as low as 4.5 mm/yr (half-rate), which
may dramatically influence the thermal structure of
the melting zone. Systematic enrichment of the man-
tle source from east to west along the orthogonal su-
persegment (16◦ to 25◦ E) is contrasted with a more
variable, but more highly enriched isotopic and trace
element composition on the oblique supersegment (9◦
to 16◦ E) (Figure 1A; see link below). Present day
influence from the Bouvet Hotspot is unlikely, as the
oblique supersegment lies nearly 800 km to the east,
and the most enriched lavas are found on the eastern
end of the oblique supersegment. Interestingly, the
two areas of high magmatic flux on the oblique su-
persegment, Joseph Mayes Seamount, an axial volcano,
and Narrowgate, a long-lived cross-axis volcanic high,
have very different isotopic signatures, further suggest-
ing a difference in the source composition or possibly
a difference in the amount of time-integrated deple-
tion of each residual mantle column. Figure 1B (see

link below) illustrates a well-defined linear correlation
between 143/144 Nd and La/Sm (normalized to chon-
drite) for both oblique supersegment (filled) and or-
thogonal supersegment (open) lavas. This strong cou-
pling of trace element and isotopic ratios supports our
interpretation of a heterogeneous mantle source, but
also presents the possibility that the observed glass
compositions are the result of variable melting pa-
rameters (depth, extent, temperature). Isotope ratios
are also generally correlated with major element in-
dices, such as K/Ti and Mg#, providing additional con-
straints on the petrogenetic evolution of these basalts
and lithologic character of the depleted upper man-
tle. Forward modeling of peridotite versus pyroxen-
ite/eclogite melting should provide useful constraints
on the source composition, while inverse trace and ma-
jor element modeling will add additional limits on the
amount of melting on each segment.

URL: http://www.whoi.edu/science/GG/jstandish/
Fall03agu.jpg
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Channelling of Melt Above Plumes and
Beneath MORs
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We investigate melt transportation in partially
molten rocks under different stress fields above the
head of a mantle plume or beneath a spreading mid-
oceanic ridge under hydrous and anhydrous conditions.
We model such aggregates with the 2D-FD code FD-
CON [1] by means of a porous deformable matrix with
melt under the influence of a given stress field to clarify
the following key questions: Could channeling occur in
a matrix containing a random melt distribution under
a given stress field? Which orientation does it take?
Is it possible to achieve a focusing of melt towards a
MOR (dykes)? Does applying simple or pure shear to
the matrix result in a difference in the formation and
orientation of channels? How does the channel insta-
bility evolve during finite simple shear? In a deform-
ing partially molten aggregate, weakening of the solid
matrix due to the presence of melt creates an instabil-
ity in which melt is localized by the following mecha-
nism: regions of initially high melt fraction are areas
of low viscosity and pressure, so that melt is drawn
into these regions from higher pressure surroundings.
This further enhances the melt weakening, producing
a self-excited localization mechanism [2]. The chan-
neling developing in models with a random melt dis-
tribution of 3.5 ± 0.5% shows that melt is accumu-
lated preferably in inclined channels. For both, sim-
ple as well as pure shear, the growth rate is highest
for an orientation parallel to the direction of the max-
imum compressive stress and proportional to applied
stress and the reverse of the Melt Retention Number.
This also confirms the theoretical growth rate found
by Stevenson [2]. In our isothermal models we found
that the influence of water reduces the growth rate,
in contrast to non-isothermal models of Hall [3]. Un-
der simple shear melt channels evolve from an irregular
melt distribution at angles of 45 degrees to the direc-
tion of shear. Upon further straining they rotate out
of the orientation of maximum growth rate and partly
disrupt. At later stages the mean channel orientation
deviates from the compressive stress orientation. We
further seek to clarify which physical quantities may af-
fect the orientation of channels and their wavelengths.
Possible factors are the compaction length and the na-
ture of the stress field. The latter assumption will be
tested combining pure and simple shear. References [1]
H. Schmeling. Partial melting and melt segregation in a
Convecting mantle. Physics and chemistry of partially
molten rocks; N. Bagdassarov and D. Laporte and A. B.
Thompson, Kluwer Academic Publishers, 141-178, 2000
[2] D.J. Stevenson. Spontaneous small-scale melt seg-
regation in partial melts undergoing deformation. Geo-
phys. Res. Lett., 16(9):1067-1070, 1989 [3] C.E. Hall
and E.M. Parmentier. Spontaneous melt localization in
a deforming solid with viscosity variations due to water
weakening. Geophys. Res. Lett., 27:9 -12, 2000
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Geochemical data for many plutonic and volcanic

cogenetic suites provide overwhelming evidence for
open system behavior. Significant petrogenetic pro-
cesses influencing the geochemical evolution of magma
bodies include magma Recharge, heating and partial
melting (Assimilation) of country rock, formation and
separation of cumulates by Fractional Crystallization
and the formation of enclaves by rapid chilling of
newly-intruded recharge magma. We have extended
the EC-RAFC trace element and isotopic geochemi-
cal model (Spera and Bohrson, 2002; Bohrson and
Spera, 2002) to include the effects of magma Eruption
and variable amounts of assimilation , Aχ. The EC-
E’RAχFC model tracks the geochemical path (trace el-
ement and isotopic composition) of magma body melt
(host melt), eruptive magma, cumulates and enclaves
for magma undergoing simultaneous eruption, recharge,
assimilation and fractional crystallization as a function
of magma temperature. EC-E’RAχFC is formulated
as a set of 4 + t + i + s coupled nonlinear ordinary
differential equations, where the number of trace ele-
ments, radiogenic and stable isotope ratios simultane-
ously modeled are t, i and s, respectively. There are no
limitations on the values of t, i or s. Solution of the
EC-E’RAχFC equations provides values for the aver-
age temperature of wall rock (Ta), mass of host melt
within the magma body (Mm), masses of cumulates
(Mct), enclaves (Men) and wall rock involved in the
thermal interaction (Mao), the mass of anatectic melt
generated (Ma�) and assimilated (χMa�), the concen-
tration of t trace elements and i+s isotopic ratios in
host melt (Cm), eruptive magma, cumulates (Cct), en-
claves (Cen) and anatectic melt (Ca) as a function of
magma temperature (Tm). Input parameters include
the (user-defined) equilibration temperature (Teq), the
efficiency of mixing of anatectic melt factor (χ), the
initial temperature and composition of pristine host
melt (Tmo, Cmo, εmo), recharge melt (Tro, Cro) and
wall rock (Tao, Cao), distribution coefficients (Dm, Dr,
Da) and their temperature dependencies (∆Hm, ∆Hr,
∆ Ha), heat of transition for wall rock (∆ha), pris-
tine (∆hm) and recharge (∆hr) and the isobaric specific
heat capacity of assimilant (Cp,a), pristine (Cp,m) and
recharge melt (Cp,r). The magma recharge mass and
eruptive magma mass functions Mr(Tm) and Me(Tm),
respectively, are specified a priori and allow one to pre-
dict the effects of recharge and magma eruption on the
geochemical evolution of the system. Melt productiv-
ity functions, which prescribe the relationship between
melt mass fraction and temperature, are defined for
end-member bulk compositions characterizing the local
geologic site. EC-E’RAχFC makes testable quantita-
tive predictions for relative masses and compositions
for volcanic and plutonic products of magma system
evolution which can be can be compared to informa-
tion gathered from field studies to critically test pet-
rogenetic hypotheses. The ’systems’ approach to un-
derstanding magma chamber evolution promises to en-
hance the ability to describe the efficacy of petrologic
processes in various petrotectonic settings. Illustrative
examples of complex EC-E’RAχFC simulations are pre-
sented to highlight the salient features of the model.

URL: http://magma.geol.ucsb.edu/
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The Makaopuhi Lava Lake formed during an erup-

tion of the Kilauea volcano in March 1965. During a
U.S.G.S. study of the lava lake (Wright and Okamura,
1977), direct measurements were made of the thermal
history, oxygen fugacity, volatile content, petrography-
chemistry, viscosity, and density. These observations
provide a unique opportunity to place trace element be-
havior into the context of a well-defined, natural mag-
matic system. Samples used in this study were col-
lected at temperatures between 1160 and 990◦C and
at an approximate fO2 equal to the NiNiO buffer. All
samples represent coexisting crystals and glass. The
crystallization sequence within the lake was: olivine,
augite, plagioclase, ilmenite, pigeonite, magnetite, ap-
atite. During crystallization the olivine composition
ranges from Fo85 to Fo50 and the MgO of the melt
ranges from 3 to 9 wt.%. Trace element measurement
(K, V, Cr, Mn, Co, Ni, Y, Sm, and Th) on individual
phases were made using secondary ion mass spectrom-
etry. Absolute concentrations of each element for each
phase were calculated using empirical relationships of
Trace Element/30Si+ ratios, which were normalized to
known SiO2 content. Our initial results show that as
the temperature decreases, the melt composition ex-
hibits a predictable decrease in Ni, Co, and Cr, a minor
increase in Mn and V, and substantial increases in K, Y,
Sm, and Th. Nickel and Cr decrease from olivine core
to rim, whereas Mn, Co, and V exhibit limited varia-
tion from core to rim. The behavior of trace elements
between olivine and melt changes systematically with
decreasing temperature. The distribution coefficients
(D ol/melt) for highly incompatible elements such as
K, Y, Sm, Th decrease with decreasing temperature.
The D (ol/melt) for Ni remains the same over much
of the temperature range (15), but increases dramati-
cally at very low temperatures. The D (ol/melt) for Cr,
V, Mn, and Co systematically increase with decreasing
temperature.
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Extreme Magma Differentiation in a
Hawaiian Magma Chamber: An
Analysis of Gabbro and Syenite
Xenoliths From Hualalai Volcano
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Large volumes of highly differentiated trachyte
magma erupted from Hualalai Volcano 103±11 k.y.a. as
a >275m thick flow on the north flank, a large pumice
and obsidian cone, lavas at the NW tip of the main
rift zone, and as blocks in a maar deposit. The prin-
ciple flow is recognized as the largest single eruptive
event on the island of Hawaii (Moore, et al., 1987).
This episode contradicts previous notions of Hawai-
ian evolution, which generally associate highly evolved
magmas with the conclusion of the post-shield alkalic
stage (e.g., West Maui volcano). Hualalai differs from
this pattern in that the evolved magmas appeared at
the beginning of the post-shield alkalic stage and were
erupted over a relatively narrow time interval. These
distinctions have significant implications for our un-
derstanding of Hawaiian volcanoes’ magmatic plumb-
ing systems, including the depths, magma replenish-
ment and extraction frequencies, and longevity of the
reservoirs that feed eruptions, especially in the tran-
sitory interval between the tholeiitic shield and alkalic
post-shield stages. Gabbro and syenite nodules erupted
<10 k.y.a. from Hualalai’s summit vents may represent
cumulates, residual liquids, and/or crystallized mag-
mas associated with trachyte differentiation, and thus
provide insight into the processes leading to extreme
fractionation. Because they contain a large number of
phases and preserve reaction relationships in the form
of mineral textures, the crystalline nodules may in-
corporate more information about magma differentia-
tion conditions than can be extracted from the rela-
tively homogeneous and micro-crystalline trachyte it-
self. The nodules were transported to the surface in
alkali basalt at numerous vents and were found dis-
tributed in spatter and tephra deposits near the sum-
mit of the volcano over a region several km in di-
ameter. They span broad compositional and textural
spectra. Modes range from 58-93 vol% felsic minerals,
dominantly plagioclase, with augite and Ca-poor py-
roxene comprising most of the balance. Several nod-
ules contain the hydrous minerals biotite and calcic
amphibole. Accessory phases include ilmenite, mag-
netite, apatite, zircon, ± olivine or quartz. In many
instances, the major minerals are clearly in reaction
relationship with their surroundings. E.g., blebs of
alkali feldspar dispersed throughout large plagioclase
phenocrysts suggest the existence of precursor ternary
feldspar; crystallographically-controlled oxide stringers
along pyroxene planes suggest oxidation. We are con-
sidering deposit characteristics, mineral assemblages,
and phase compositions of the basalt-hosted xenoliths

to infer the depth and H2O content of magma fraction-
ation.
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Although much attention is currently focused on ap-
plications of radiogenic isotope microanalysis to petro-
genetic problems, many volcanic suites do not exhibit
a large enough range in, for example, Sr isotope ra-
tios for the technique to be useful. Advances in LA-
ICPMS instrumentation allow rapid and routine trace
element microanalyisis of minerals and glasses at a spa-
tial resolution approaching that of the electron micro-
probe, providing a microanalytical complement to iso-
tope studies in igneous petrogenesis. We apply this ap-
proach to clinopyroxenes from the basanitic through
phonolitic mixed-magma rocks of the bimodal Diego
Hernandez Formation (DHF), Tenerife, Canary Islands.
Two distinct phonolite types, distinguished on the basis
of REE and HFSE abundances, have alternated in vol-
umetric significance during the 180 ky eruptive history
of the DHF. Also, there is abundant petrographic evi-
dence for repeated mingling of phonolitic and basanitic
magmas prior to explosive eruptions, while whole-rock
compositions of several associated mafic lavas are con-
sistent with more complete hybridization of basanitic
and phonolitic liquids. Clinopyroxenes from the suite
fall into three groups: 1) titanaugites with unremark-
able REE patterns; 2) salites with elevated REE con-
tents and negative Eu anomalies; 3) salites with nega-
tive Eu anomalies and strong MREE depletion. Type
1 titanaugites crystallized from basanitic liquids, Type
2 salites from tephriphonolitic and phonolitic liquids,
and Type 3 from highly-evolved phonolitic melts sat-
urated with titanite. All three types are found, as
discrete grains and as zones within complex grains, in
the products of the largest explosive eruptions in the
DHF, clearly demonstrating repeated crystal transfer
between basanite, phonolite, and highly evolved phono-
lite, prior to the mingling events that triggered the
individual eruptions. The ability to fingerprint crys-
tals derived from different phonolite types is an im-
portant step in unravelling complex shallow-level mag-
matic processes on Tenerife. The large gap in REE
abundances between Type 2 and 3 pyroxenes is con-
sistent with earlier suggestions that the highly-evolved
phonolites may contain a component of strongly dif-
ferentiated syenite recycled from within the island ed-
ifice.
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It is unclear whether the Alban Hills volcano near
Rome is extinct or whether it is inactive. To address
this question we have been studying the chemical evo-
lution of its eruptive products, where unaltered mate-
rials are found only as inclusions in phenocrysts. We
measured the 87Sr/86Sr of Sr in clinopyroxene phe-
nocrysts from a complete suite of volcanic products
(pyroclastic flows, lava flows, and granular ejecta) of
the ultra-potassic Alban Hills Volcanic District, encom-
passing its entire eruptive history for the time span 608
- 35 ka. Each analyzed sample was dated by means
of 40Ar/39Ar geochronology, in order to investigate
the evolution of the magmatic system. The 87Sr/86Sr

of the pyroxenes ranges from 0.7112 to 0.7085, and a
correlation between eruption age and 87Sr/86Sr is ap-
parent. In particular, 87Sr/86Sr shows a near-linear,
time-dependent decrease from the oldest to youngest
samples. An exception to this occurs at 70 ka, the
age of the start of the latest eruptive cycle in the Al-
bano Maar, whose pyroxenes have 87Sr/86Sr below this
long-term trend. Based on the long duration of the
eruptive history and the large volume of erupted prod-
ucts, we interpret the general trend as representative
of variation in the magma source, rather than assimila-
tion during storage in crustal magma chambers. Partial
melting of metasomatically-veined and fertilized mantle
has been proposed to explain the origin of these ultra-
potassic magmas. If correct, the decreasing 87Sr/86Sr
with time could reflect the progressive exhaustion of
the metasomatic components (i.e. veins) in the man-
tle source region. In contrast, in the light of indepen-
dent petrologic and geochronologic data, we hypothe-
size that the 70 ka anomaly may be linked to a renewal
of the magma source.
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The Galapagos Islands represent a hotspot system

where the distribution and number of simultaneously
active volcanoes, their petrologic and morphologic di-
versity, and the lack of a chemical evolutionary pat-
tern distinguish them from the more familiar exam-
ple of Hawaiian hotspot volcanism. The large western
Galapagos shield volcanoes share many geomorphic and
chemical attributes, yet in detail each is unique. 88 new
major and trace element analyses document that Vol-
can Darwin, one of the large shield volcanoes of Isabela
island, has erupted a range of compositions from basalt
to andesite. The diverse compositions of Darwin are
unlike those of the neighboring volcanoes of Wolf and
Alcedo. On average, lavas of Darwin and Alcedo are
much more highly evolved than the lavas of Wolf. For
example, at Darwin, total alkalies (K2O+Na2O) range
from 2.5 to 4.6 wt percent, SiO2 ranges from 47.6 to
57.0 wt percent and MgO ranges from 2.9 to 6.2 wt
percent. Geochemical modeling shows that this com-
positional range is due mostly to crystal fractionation
involving olivine, plagioclase and clinopyroxene. Petro-
graphically, the population of Darwin lavas are strongly
bimodal. Eighty percent of the samples collected are
extremely crystal-rich and contain up to forty percent
plagioclase phenocrysts and zoned megacrysts up to
8 mm in diameter. Conversely, about twenty percent
of the samples collected are aphyric or only sparsely
phyric. These differences in crystallinity and the oc-
currence of highly evolved compositions suggest that
the thermal flux and residence times for Darwin’s mag-
mas are highly variable. We believe that at Darwin,
as has been shown for other Galapagos volcanoes, most
batches of magma are mixed in a large, thermally regu-
lated chamber which commonly results in the eruption
of very uniform tholeiitic basalt. However, the struc-
ture and longevity of Darwin’s lithospheric storage and
transport system must be highly variable, as some iso-
lated magmas have cooled and evolved to much greater
degrees than most Galapagos magmas, resulting in the
eruption of andesite.
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Theo’s Flow, a 120-m thick differentiated lava

flow in Munro Twp, Ontario, is an unusual magma
body which calls for an unusual formation mechanism.
New systematic sampling of the flow for geochemistry
and petrography offers additional clues to its post-
emplacement differentiation. Evidence for differenti-
ation comes from both petrography and geochemistry.
Theo’s has four lithologic units: a basal peridotite (3-
9 m), a thick pyroxenite (50 m) and gabbro (40 m),
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and a capping (8-12 m) hyaloclastite. Contacts be-
tween lithologic layers are gradual, mostly marked by
changes in modal mineralogy, although there is also a
distinct change in plagioclase morphology concurrent
with its modal increase. From pyroxenite to gabbro,
plagioclase shifts from fine, interstitial sprays to large
laths in a subophitic intergrowth with pyroxene. Whole
rock and pyroxene compositions display typical frac-
tionation trends (e.g. Fe/Mg, Ti, Zr, Nb increase up-
section). Furthermore, a weighted sum of 22 whole
rock compositions from the internal layers match the
hyaloclastite composition well for most non-mobile ele-
ments. All these factors suggest formation of the three
internal layers by fractional crystallization and evolu-
tion of a magma whose composition is represented by
the hyaloclastite. Any proposed differentiation process
must address some specific observations. Cluster and
CSD analysis reveal that pyroxene grains grew in clus-
ters under steady-state conditions of nucleation and
growth. Pyroxene grain size is nearly uniform through-
out the pyroxenite, suggesting thermal conditions were
maintained over a long crystallization interval. Pro-
gression of a typical solidification front would produce
a fine-grained roof crust beneath the quenched top, but
there is no evidence of such a layer in Theo’s. Un-
like magmas for which solidification fronts are invoked,
Theo’s parent magma was highly mafic and Al-poor,
yielding a low viscosity magma (4 Pa-s) that crystal-
lized only pyroxene over a long temperature interval.
We will consider two formation models in which differ-
entiation was driven by crystallization at flow top and
bottom, but accumulation only occurred at the base.
One model addresses the possible role of convection.
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Persistently degassing volcanoes contribute sub-
stantial amounts of many different chemical species to
the troposphere, including acidic gases (sulfur dioxide,
HF and HCl), toxic trace metals (including mercury,
cadmium and lead) and aerosols of different types. The
continuous release of such species from active volca-
noes may lead to significant short- and medium-range
environmental impacts as well as constituting an im-
portant contribution to global natural emissions inven-
tories. However, the emissions from many important
volcanic centers remain poorly characterized meaning
that the global volcanic emissions of many species are
not reliably constrained. Further, the chemical evolu-
tion of volcanic plumes from emission source (magma)
to the point of deposition remains poorly understood.
Our work seeks to build upon and extend previous
efforts in this field. We have deployed a range of
field instruments at active volcanoes (including those
in Nicaragua, Italy and Chile) in order to study differ-
ent aspects of volcanic plume chemistry. These stud-
ies have included the use of an impactor (particles),
sun photometry (particles), filter packs (particles and
gases) and UV spectrometry (gases). Our primary aims
are to look for trends in emission composition with
style of degassing (e.g. open-vent vs fumarolic) and to
consider how the emittants are processed during trans-
port under different atmospheric conditions. As well
as contributing to the understanding of local and re-
gional scale impacts of volcanic plumes, this work will
enable us to improve global flux estimates of volcanic
emissions, such as trace metals and aerosols (partic-
ularly important given the ongoing efforts of climate
modelers to include particles in their models). We are
also working to identify previously unconsidered com-
ponents in volcanic plumes. We have recently identified

nitric acid emissions from volcanoes, suggesting that
volcanoes are not only important atmospheric sources
of chemicals exsolved from magma, but may also be im-
portant as high temperature reaction environments for
plume-air mixtures.
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In order to investigate the early evolution of

aerosols within a volcanic plume, atmospheric sam-
ples were collected at Poas, a persistently degassing
volcano in Costa Rica. Chemical bulk compositions
and morphologies of the collected aerosols were exam-
ined using transmission electron microscopy. Aerosol
morphologies correlate with distinctions in composition
and with sampling location. A bimodal size distribu-
tion of aerosols is observed at all sampling locations.
The small aerosols exist in clusters of semi-spherical
bodies averaging 35nm across, characteristic of homo-
geneously nucleated aerosols. The large aerosols are
solid and/or liquid, with the solid aerosols averaging
150nm across, characteristic of primary aerosols. The
large liquid aerosols have more complex bulk chemistry
than the small homogeneously nucleated aerosols, both
size and composition suggesting they condensed on al-
ready existing aerosols. Both size modes of aerosols
are 300nm larger 280m distant from source, indicating
that coagulation commences immediately and occurs
uniformly for both modes of aerosols. Aerosol composi-
tions were compared with predictions of an equilibrium
model assuming homogeneous nucleation of aerosols
generated by mixing the 92◦C volcanic gases with am-
bient temperature air. The collected aerosols have dif-
ferent and more complex compositions than the model
predicts to be stable in the plume. We suggest that het-
erogeneous nucleation and coagulation are important
processes in the first seconds of plume travel and these
processes, as well as the inclusion of airborne, locally-
produced mineral dust must be considered in an accu-
rate model of plume evolution.
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From the Congo to the Galápagos Islands to Ice-
land, effusive eruptions of sulfur-rich basaltic magma
often liberate prodigious quantities of SO2 (∼0.05-5
Tg) over days or weeks of continuous emissions. Much
of this SO2 (and hence derived sulfate aerosol) resides
in the troposphere, although there is evidence that
small amounts reach the stratosphere following larger
eruptions. Measurements by the Total Ozone Mapping
Spectrometer (TOMS) instruments since 1978 indicate
that such emissions represent an important and per-
sistent source of tropospheric SO2, contributing >30%
of the total volcanic SO2 measured by TOMS to date.
Continued monitoring of this SO2 source is therefore
critical to any assessment of global volcanic degassing
and its potential environmental or climatic impacts.
Detection of SO2 emissions from space also acts as an
important signature of eruptive activity in the absence
of other observations, allowing eruptions from remote
volcanoes to be monitored. The ultraviolet wavelengths
used by TOMS are comparatively insensitive to the ef-
fects of atmospheric water vapor, which perturbs re-
trievals of SO2 in the infrared. Since the most pro-
lific sources of tropospheric SO2, such as Nyamuragira
(D.R. Congo) and the Galápagos volcanoes, are located
in the tropics, TOMS has been the most suitable tool
for measuring these emissions, which are also very diffi-
cult and hazardous to study using ground-based or air-
borne techniques. UV measurements at higher spatial
and spectral resolution than TOMS will be continued

in 2004 by the Ozone Monitoring Instrument (OMI) on
the EOS/Aura satellite. The increased sensitivity of
OMI will permit detection of smaller volcanic clouds,
along with lower tropospheric and boundary layer SO2
plumes and hence expand the capabilities of UV satel-
lite data. Temporal resolution is the major constraint
on polar-orbiting UV satellite data, with only one im-
age per day available at low latitudes. This compli-
cates attempts to estimate the mass of SO2 produced
by continuously-emitting effusive eruptions, and will
also apply to observations of passive degassing using
OMI. We are exploring several techniques to combat
this, including derivation of SO2 fluxes and loss rates
from TOMS data and use of contemporaneous geosta-
tionary satellite imagery to constrain eruption timing.
Several examples will be presented, including eruptions
of Nyamuragira and Cerro Azul (Galápagos Is).

URL: http://skye.gsfc.nasa.gov
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Current algorithms for volcanic ash cloud detec-
tion by satellite, based upon a difference in transmis-
sivity of silicate ash at 11 and 12 microns, are sub-
ject to significant and yet poorly quantified modula-
tion by atmospheric water vapor. In order to investi-
gate these effects we have written an aerosol forward
model, based upon Mie-scattering code, and embedded
it in a MODTRAN-based atmospheric radiative trans-
fer model. This facilitates investigation of errors as-
sociated with inverse solutions derived from satellite
data, and more importantly for this study, can be used
to vary the atmosphere within which a hypothetical
volcanic ash cloud is contained. We have taken im-
ages of the most well parameterized ash clouds of the
satellite age, the sequence of eruptions of Mt. Spurr
in mid to late 1992, and applied the forward model to
predict transmission spectra of the ash clouds. Calcu-
lations were performed for the ash clouds both within
the cloud’s original atmosphere and within that of a se-
quence of eruptions of Soufriere Hills Volcano, Montser-
rat, in the British West Indies in the late 1990s. Pre-
liminary results indicate a +1-3.5 K brightness temper-
ature difference (BTD) effect associated with increas-
ing the temperature and water vapor content of the at-
mosphere. This translates to a significant loss of de-
tectability in terms of cloud area; up to half the area of
the clouds no longer have a negative brightness temper-
ature difference, and an effect on reducing the optical
depth and mass of the cloud. In most cases there was
very good agreement between the ’clear ocean’ BTD
and the modeled effect, suggesting a potential source of
in-image calibration for detection algorithms. In terms
of mass and optical depth retrievals however, it is obvi-
ous that both 11 and 12 micron channel radiances are
affected by the presence of water vapor, clearly indicat-
ing the need for atmospheric correction before quanti-
fying the size or concentration of ash in clouds from
satellite data.
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Simultaneously measurements of BrO, SO2 and
other trace gases in volcanic plumes were made. With
a Mini - MAX-DOAS (Multi Axis Differential Optical
Absorption Spectroscopy) an image of the BrO and SO2


