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There is growing evidence that volcanic activity is
strongly coupled to the climate system on a range of
timescales [1,2]. Theoretical work suggests that glacial cycles
may ‘pace’ volcanic activity, modulate eruption style and
influence rates of melt production, storage and eruption [3,4].
Recent work, brought into focus in a paper by Huybers and
Langmuir [3] develops the hypothesis that the end of the Last
Glaciation was followed by a dramatic pulse of volcanic
activity in regions that had once been glaciated. But the field
evidence for this volcanic pulse is weak: other than in Iceland
[4] and Europe [5], few places have been investigated
sufficiently carefully to see whether or not this effect is real.
One reason why the response of volcanic activity to
deglaciation is not well understood is due to an absence of
regional-scale studies of post-glacial volcanism. To fill this
gap, we have begun to reconstruct the post-glacial volcanic
history of the southern Chilean volcanic arc, from 38–55oS, by
integrating archives of eruptions (tephra) and climate from
peat bogs and lake core sediments with information from the
deposits of major explosive volcanic eruptions from other
geological contexts across the region. This work sheds light on
the response of a volcanic arc to deglaciation, and extends our
recently completed study of the post-glacial tephra
stratigraphy of central Patagonia (41–44oS [6]. Although this
work is in progress, preliminary results nonetheless reveal
some interesting features. We find a pronounced regional N-S
gradient in the age of the oldest preserved post-glacial tephra
deposits from 38-47oS: we infer that this is a preservational
effect, reflecting the timing of latest phase of local ice-retreat.
Taking this into account, there is still strong evidence that the
earliest post-glacial eruptions from several volcanoes of the
region were their largest eruptions of the post-glacial period.
This plausibly reflects magma chamber instability following
glacial unloading [c.f. 4]. Coupling the arc-scale information
with evidence from individual volcanoes of glacially-modulated activity [e.g. 7] is starting to allow us to quantify eruptive
fluxes through time, and to test models for the influence of
deglaciating volcanoes on global atmospheric CO2.
[1] Rampino, Self & Fairbridge (1979) Science 206, 826-829
[2] Mason, Pyle, Dade & Jupp (2004), J Geophysical
Research 109, B02206 [3] Huybers & Langmuir (2009), Earth
and Planetary Science Letters 286, 479-491 [4] Sigmundsson
et al (2010) Philosophical Transactions Royal Society of
London A368, 2519-2534 [5] Nowell, Jones & Pyle (2006), J
Quaternary Science 21, 645-675 [6] Watt, Pyle, Naranjo &
Mather (in review), Quaternary International [7] Singer et al.
(2008), Geological Society America Bulletin 120, 599-618

!

"=!

Petrological insights into the recent
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K. PREECE*1, J. BARCLAY1, R. GERTISSER2 AND R.HERD1
1
2

!

School of Env. Sciences, UEA (*K.Preece@uea.ac.uk)
School of Earth Science and Geography, Keele University

Merapi is one of the most active and dangerous volcanoes
in the world. Despite its almost constant threat to over 1
million inhabitants living in the surrounding area, the
magmatic system of Merapi is still relatively poorly understood, as the recent eruptive events in Oct and Nov. 2010 have
highlighted. Over the last century, activity had been dominated
by the extrusion of basaltic andesite domes, which frequently
collapsed producing block-and-ash flows (BAFs), as observed
during the 2006 eruptive episode. This eruption began in April
2006, with the extrusion of a new lava dome. The peak of
activity occurred on 14th June when BAFs travelled 7 km,
resulting in two fatalities. Subsequent flows were emplaced,
producing at least eight overlapping BAF deposits [1]. Low
rates of dome extrusion and minor rockfall activity continued
into 2007, after which, activity returned to background levels.
We have extensively sampled these deposits, resulting in a
well-constrained set of juvenile products, spanning the entire
eruption, including samples taken from the dome in August
2008 during ‘background’ activity. Activity during 2006
contrasts strongly with the most recent eruptive episode
(ongoing at the time of writing), which has displayed more
rapid pre-eruptive deformation and a strong explosive
component compared with earlier eruptive activity. Although
whole rock XRF analysis of the 2006-08 eruptive products
shows a narrow bulk composition (~55-56 wt.% SiO2),
chemical and petrographic examination of mineral phases
reveals evidence of a dynamic system. For example,
plagioclase crystals often display oscillatory zonation or sieve
textures. Generally, feldspar microlites consist of cores of
elevated anorthite contents (Ab35-53An45-63Or2-3) compared to
the rims (Ab47-57An37-50Or3-5). However, microlites with higher
anorthite cores (Ab19An80Or1) or with orthoclase-rich rims
(Ab59An11Or29) have also been discovered. Amphibole
phenocrysts are either surrounded by reaction rims consisting
of intergrown plagioclase, pyroxene and oxide crystals,
seemingly formed during magma ascent, or surrounded by
rims solely composed of oxide crystals, inferred to be formed
via late-stage oxidation. Micro-textural and CSD analysis
reveal differences in crystal population density between
different phases of the eruption. For example, samples
collected from the dome in 2008 display a higher microlite
abundance than products from the peak of the eruption.
Differences are inferred to be related to differing extrusion
rates and dome residence times. Clinopyroxene-hosted melt
inclusions range in composition between 64 and 69 wt.% SiO2
and yield low totals, suggestive of volatile contents between
0.6 and 4.5 wt.%. Comparison of these findings with
petrological analysis of products from the 2010 eruption will
help identify parameters that have driven the change in
eruptive behaviour and to understand better the processes that
enable persistent and long-lived activity at Merapi. [1]
Charbonnier & Gertisser (2008) J.Vol.Geo.Res. 177, 971.
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High Level magma chamber
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The chemical heterogeneity and textural appearance of
zoned crystals can provide important clues into the processes
that occur in the magmatic chamber during the lifetime of a
crystal. By combining this knowledge from multiple crystals
within a single eruption or unit it allows us to unravel the
evolution of the magmatic system. Importantly, the timescales
over which some of these magmatic processes occurred can
potentially be investigated by the relaxation of the chemical
gradient between two adjacent crystal zones using diffusional
techniques. This can provide some fundemental insights into
the timescales of magmatic processes that occur in a volcanic
system prior to eruption.
Mount St. Helens in the Western USA is one of the most
extensively studied active explosive volcanoes with a series of
well-documented recent eruptions. Here we focus on zoned
orthopyroxene crystals from the 1980-1986 eruptives.
Orthopyroxene crystals are observed in pumice and pyroclasts
throughout these eruptions, but are sparse in cryptodome
samples prior to 12th June 1980. Zonation in orthopyroxene
crystals is rare prior to June 1980. However, post June 1980,
zoning of orthopyroxene becomes increasing common with
overgrowth rims frequently observed with both Fe-rich and
Mg-rich cores and oscillatory zoning identified.
Chemical traverses across core-rim interfaces of
orthopyroxene crystals by electron microprobe provides
insights into the magmatic processes responsible for the
formation of crystal zonation and thus the magmatic processes
operating in the system prior to eruption. The timescales over
which these processes occur are determined using a simple
one-dimensional diffusion model. An initial step-function
profile, is assumed, thus the calculated timescales are maxima.
Greyscale intensity of backscattered electron images of
orthopyroxene crystals is used as a proxy for Fe-Mg
concentration. This allows a proxy chemical profile with
sufficient resolution to be allow timescales on the scale of
months to be calculated following the method of Morgan et al
[1] adapted for orthopyroxene.
Results indicate that the majority of orthopyroxene rims
from the 1980-86 eruptions of Mount St. Helens eruptions
grew in the months prior to eruption with a few rare examples
of older crystals preserved in several eruptions.
[1] Morgan, D.J., Blake, S., Rogers, N.W., DeVivo, B.,
Rolandi, G., MacDonald, R., Hawesworth, C.J. (2004), Earth
and Planetary Science Letters 222, 933-946.
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Colli Albani is a quiescent caldera complex located within
the Roman Comagmatic Province, Italy. The recent Via dei
Laghi phreatomagmatic eruptions led to the formation of
nested maars. The largest is Lago Albano (ca 70-20ka) which
has erupted at least seven times. The highly explosive nature
of the eruptions from Colli Albani and contrasting alkali-rich,
silica under-saturated magma compositions has resulted in two
contrasting petrogenetic models: (a) Sub-volcanic assimilation
of crustal carbonates and addition of volatiles [1], (b) Subcrustal addition of carbonatitic fluids from the subducted
Adria plate to the mantle [2].
Preliminary results are presented from a petrological and
geochemical study of the Lago Albano deposits. Juvenile
clasts in the deposits display evidence for mingling of
different melt fractions, and interaction with carbonate. The
juvenile (magmatic) fragments from explosive (base surge and
fall deposits) and effusive (lava flows) episodes provide an
opportunity to constrain the temporal magmatic and volatile
history of the system. New WDS-EPMA and LA-ICPMS data
for interstitial glass and minerals in magmatic cumulates (preeruptive), and melt in juvenile clasts (syn-eruptive) reveals: (a)
the presence of Ca-silicate melts and Ca-‘fluids’, which
suggest high levels of contamination by sedimentary
carbonates; and (b) extreme sub-volcanic fractionation
generating distinct magma compositions (K-rich foidites).

!

[1] Gaeta et al. (2009), J. Petrol. 50, 361-385 [2] Giordano et
al. (2010), IAVCEI Sp Pub

!"#$%&'$(%&)(*%+,%-'$(.-/)'01(23"/4!"##$%&!'(()*#+!
,$((#-.!/0&&(+(!/%123*4+(5!678!9%#$%3:!;<==!
!
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The proximal succession of the 273 ka Poris eruption in
the Diego Hernandez wall of Las Cañadas caldera, Tenerife,
records opening, main and waning stages of explosive activity
and caldera formation. Stratigraphic and geochemical
correlations between proximal and distal ignimbrite
components show varying processes over the 15 km reach
from near the vent to coastal flanks. The proximal history adds
to and complements the established distal counterpart.
Following the opening Plinian phase, fountaining of the
eruption column created pyroclastic density currents (PDCs)
that were partly blocked topographically within the preexisting caldera. Stripping of the upper parts of the PDCs was
associated with reworking of fallout deposits and re-deposition
of stratified layers of pumice lapilli with abundant ash matrix
rich in fine lithics. Dilute parts of the PDCs are recorded by a
fine-grained, crystal-poor ash with accretionary lapilli. Later,
phreatomagmatic explosions formed lithic- and crystal-rich
stratified tuff, with widespread scour at the base. A second
deposit of a dilute PDC, a fine ash with accretionary lapilli,
succeeds this and is overlain by a stratified, locally clast
supported, pumice block tuff. These units correlate
geochemically with a distal fallout deposit, showing that
Plinian activity was ongoing. Interplay between flow and fall
processes in the proximal area generated the hybrid, stratified
pumice block tuff.
Proximally, the main stage of ignimbrite deposition is
marked by !10 m of massive lapilli tuff with lithic-rich layers
and associated scour and bypass surfaces that record periods
of current waxing. Caldera collapse towards the end of this
stage is recorded by a layer of lithic boulders marking a
bypass surface; we infer that lithic-rich waxing currents
crossed the proximal region with little deposition, and formed
the thick lithic breccias that occur distally. The waning phase
is recorded proximally by a 10 m thick pumice block breccia,
the full extent of which has not been previously reported. In
the succession to this level pumices are predominantly
phonolitic, although black phonotephrite blebs are common
and rare banded pumices occur. In the post-collapse, waning
phase the deposits are rich in banded, green and black
phonolitic, tephriphonolitic, and phonotephrite pumices !1 m
in diameter, which indicate energetic evacuation of
petrogenetically distinct batches of magma.
Future research will investigate the phreatomagmatic and
sedimentary features in the DH wall, to investigate the
structural setting recorded by the succession. This should
inform the debate regarding the possible interplay of the
manifestly repeated caldera collapse with the more cryptic
sector collapse that affects Las Cañadas.
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The deformation of a volcanic edifice is dependent not just
on active volcanic processes, but also on its composition,
structure and morphology. Although geodetic measurements
of volcanic deformation are commonly made in the hope of
capturing magmatic processes, they can also provide insight
into surface processes important for understanding edifice
stability. We measured the deformation of Arenal Volcano,
Costa Rica, using interferometric synthetic aperture radar
(InSAR) for a time period of just over three years between late
2005 and early 2009. InSAR uses phase difference between
time-separated radar acquisitions to find ground movement in
the satellite line of sight to centimetric precision in equatorial
regions. Its good spatial coverage and high resolution allow
the investigation of complex deformation systems that would
be unresolvable from sparser data.
We find that Arenal’s western ﬂanks are moving
downslope at an angle of !55° below the horizontal plane and
at a consistent rate of at least !7 cm/yr. We use the pattern,
rate and direction of motion to test several hypotheses for its
origin. Our favoured explanation is slip driven by the loading
of lava emplaced by the almost continuous eruption of Arenal
since its reactivation in 1968. We consider the most likely
sliding plane to be the interface between deposits post-dating
1968 and the older lavas and paleosoils beneath.
Our measurement of slope movement adds to a small set
of rate measurements for gravity-driven deformation at
volcanoes and is distinctive in both its relatively high rate and
shallow origin.
Observation of deformation at Arenal
contributes both to the assessment of particular hazards around
Arenal itself, and more generally, to the study of the stability
of young stratovolcanoes.
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The South Sandwich arc, in the South Atlantic, is one of
the world’s prime examples of an intra-oceanic arc in an
entirely oceanic setting, and is unaffected by collision or arc
rifting. During the 2010 (cruise JR206) we succeeded in
completing, for the first time, bathymetric mapping of the
entire 650 km x 100 km submarine arc using multibeam sonar.
The new survey shows nine main volcanic centers and ca. 20
main seamounts in the 540 km long volcanic arc. The central
seven centers are 3-3.5 km high and emerge as the main South
Sandwich Islands. The northernmost center, around Protector
Shoal, is an at least partly silicic cluster of seven stratovolcano
seamounts and a 15 km diameter volcanic plateau. The
southern Adventure center, which is 45 km across and 1.7 km
high, is newly-discovered, and consists of a chain of
seamounts and two submarine calderas. Seven distinct
calderas are identified in both large centers and seamounts.
There are also three 60 km long tectonically controlled, NWSE-trending seamount chains that extend from the volcanic
front to the rear of the arc. The volcanoes have been affected
by a range of mass wasting phenomena, including debris
avalanches, slumps, erosion at sea level and sediment dispersal
by mass flows. There is abundant evidence of slope instability
and landsliding of volcanoes during their initial stages of
growth. On the other hand, the forms of the emergent
volcanoes indicate that they have only rarely collapsed to form
large tsunamigenic landslides. There are abundant large,
striking, wave-like structures that have wavelengths of 2-4 km
and amplitudes of 50-150 m on the ca. 2°-3° submarine slopes
of these volcanoes. TOPAS sub-bottom imagery shows
stratified units in the wave-like structures that prograde
downslope from wave crests and that can locally be traced
from crest to crest, indicating that they are sediment waves,
although modified by slumping. Sediment wave fields have
central channels and originate from chutes connecting them to
shallow shelves around the islands. The origin of the large
volumes of sediment required to form the sediment wave
fields is interpreted to result from high rates of coastal erosion.
The emergent volcanoes are largely glaciated, with many
glaciers discharging sediment at the coast. Coasts are
unprotected from South Atlantic swell and dominated by
eroding cliffs. Sediment on the shelves is discharged along the
cutes as turbidity currents or other mass flows towards to
sediment wave fields.
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We have captured a remarkable sequence of
microearthquakes showing progressive melt intrusion of a
dyke moving upward from a sill at 18 km depth in the midcrust of the northern volcanic rift zone in Iceland. Two-thirds
of the earth’s crust is created at mid-ocean rifts. Two-thirds of
that crust is formed by intrusion and freezing in the crust of
molten rock generated within the underlying mantle. Here we
show seismicity accompanying melt intrusion from 18 to 13.5
km depth along a dyke dipping at 50º in the mid-crust of the
Icelandic rift zone. Although the crust at these depths is
normally aseismic, high strain rates as melt intrudes generate
microearthquakes up to magnitude 2.2.
Moment tensor solutions show dominantly double-couple
failure, with fault mechanisms sometimes flipping between
normal and reverse faulting within minutes in the same
location, but breaking along fault planes with the same
orientations. We attribute the flipping fault mechanisms to
melt intrusion along multiple sub-parallel or en echelon dykes
into the local stress field created and maintained in the elastic
crust by recently preceding intrusions, or to the breakage of
solidified plugs of basalt within the dyke itself by the pressure
of intruding melt. Although the faulting is produced by melt
movement, there is no resolvable volumetric component in the
moment tensor solutions. The inferred fault planes from
microearthquakes align precisely with the overall plane of the
dyke delineated by hypocentres. Melt injection occurs in
bursts propagating at 2–3 m/min along channels c. 0.2 m thick,
producing swarms of microearthquakes lasting several hours.
Intervening quiescent periods last tens to hundreds of hours.
A close analogue to the present-day rift zone in Iceland is
the volcanic rifted margins formed when the North Atlantic
broke open at 62–55 Ma. The Atlantic rifted margins are now
underwater so can be imaged well using normal incidence and
wide-angle controlled source seismology. We show that the
mid and lower igneous crust beneath the rift comprises
multiple sill intrusions overlain by thick extrusive basalts.
Combination of the evidence from the present day in Iceland
and the early Tertiary on the rifted margins enables us to build
a comprehensive picture of the way magmatic intrusions build
both the intrusive and extrusive igneous crust at volcanic rifts.
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Hyaloclastite deposits and associated volcaniclastic
sediment are a major component of flood basalt provinces and
igneous affected basins (e.g. the Faroe-Shetland Basin). Their
significance is being increasingly realised as studies of the
bases of Large Igneous Provinces are revealing more and more
examples, particularly at the onset of flood volcanism [1].
Although some hyaloclastite deposits have been described,
very little information exists about their rock properties, their
formation in terms of key lithofacies,
facies
distributions/associations and their early to late stage burial
diagenesis. This is not only of interest in our understanding of
the processes that form hyaloclastite lava deltas, but also help
us understand these horizons in offshore petroleum prospects.
Using examples from onshore Iceland where lava flows
from subaerial to submarine settings and on the flanks of an
emergent volcano, we demonstrate that different lithofacies
stacking patterns exist due to differences in uplift and
subsidence. The subsequent development of hyaloclastite
deposits may not be to form prograding sequences of
brecciated material, instead complex facies distributions
develop from lava breakouts and lava tube development
changing the locus of lava fragmentation.
Using parameters that lead to pore space reduction (the
formation of clay’s and authegenic minerals) coupled with
both shear and compressive strength estimates we envisage
how diagenetic effects in hyaloclastite deposits develop
through time and how they may control factors such as
petroleum seal potential. A clear conclusion from this work is
that our current models of hyaloclastite deposits are too
idealistic, and that the true range of facies variations that can
be found require new models to resolve the primary volcanic
processes operating within hyaloclastite deposition.
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The eruption of continental flood basalts (CFB) is often
associated with crustal extension and rifting. Models for CFB
volcanism include (a) appearance of a mantle plume followed
by extension [1] (b) continental extension preceding eruptions
from a mantle plume [2]), and (c) models avoiding the
necessity of a mantle plume, and instead invoking upper
mantle convection related to craton boundaries and rift
margins [3]. Accordingly, determining the relative timing of
CFB volcanism and associated extension and rifting is crucial
to understanding the origin and cause of these major eruptive
events.
The 1.3 # 106 km3 Deccan of north-western peninsular
India is a prime example of a rifted CFB province [4,5]. Its
major flow units were erupted during the Late Maastrictian –
early Danian (c. 67 – 64 Ma; chrons 30N – 29N) [6]. Our
research clarifies the relative timing of extension in western
India with the main Deccan eruptions. Initial E-W extension,
which eventually led to separation of the Seychelles from the
Indian continent, is recorded by the Panvel flexure and
associated N-S listric faults and shear zones. Using new
geochemical and40Ar/39Ar data, the relative ages of three
distinct groups of dikes tht cut the youngest Deccan basalt
flow stratigraphy and extension-related shear zones, the
sequence of events can now be determined. Major extension
began at 64-65 Ma after the main Deccan eruptions, including
the earliest Wai subgroup flows (ca. 65.5 Ma), but before
intrusion of N-S oriented lamprophyric dikes (64.9 Ma) and
spilitized basalts of the Mumbai Volcanics (64.5Ma).
Accordingly, magma generation could not have been triggered
by secondary convection at the edge of the rifted continent
because the main eruptions predate the formation of those
rifts. Similarly, neither could rifting have caused the earlier
main flood basalt eruption. Therefore, we conclude that a hot
mantle plume was able to ascend and decompress sufficiently
to cause extensive melting before significant extension began
[7].
[1] Campbell (2005), Elements 1, 265 - 269. [2] White &
McKenzie (1995), Journal of Geophysical Research 100,
17543-17586. [3] King & Anderson (1998), Earth and
Planetary Science. Letters 160, 289-296. [4] Mahoney (1988),
Continental Flood Basalts. Kluwer, Dordrecht, 151-194. [5]
Jay & Widdowson (2008), Journal of the. Geological Society,
London 165, 177-188. [6] Chenet et al. (2007), EPSL 263, 115. [7] Hooper et al. (2010), Geology 38(9), 839-842.
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geochemistry of Holocene lavas,
Al Haruj volcanic field, Libya
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The Al Haruj volcanic field is found in central Libya. The
volcanic field has been mapped on the basis of absorption
spectra in ASTER images and field observations into 6
recognisable phases. The age of the Al Haruj has been
estimated to range from 0.1—5.27 Ma. Phase 6, the youngest
of volcanism is found in the NW of the volcanic field. Phase 6
can be split into 2 sub-phases the youngest of which, 6.2,
emanates from the lava shield Qarat al Jawabyah flowing to
the NW for 60 km with an estimated volume of 18 km3.
The Al Haruj volcanic field is composed of both alkali and
tholeiitic basalts which show a wide range in chemistry.
However volcanic phase 6 is purely tholeiitic in nature. The
lavas of phase 6 show a wide range in MgO (5.1-10.2 wt %)
but consistent trace element ratios; La/Yb = 7.86±0.86. The
lavas show depletion in incompatible trace elements relative to
the rest of the volcanic field and enrichment in Nd-Sr isotopes
Inverse
(87Sr/86Sr = 0.70389, 143Nd/144Nd = 0.51290).
modelling of REE profiles show the basaltic melts can be
produced by 5-6 % melting beneath a 70km thick lithosphere.
This is a significantly higher degree of melting than observed
for older alkali basalts; 3-4 % melting beneath a 70km thick
lithosphere.
As well as being chemically distinctive, phase 6 is unique
in its field appearance displaying original flow structures such
as pahoehoe ropes and squeeze up features. Five new in situ
cosmogenic 3He exposure age dates from volcanic phase 6.2
of the Al Haruj volcanic field demonstrate that the basalts are
of Holocene age, yielding ages of 2.31±0.81 ka (1!, n=5). The
errors on the age determinations are large that is due to the
principally low concentrations of cosmogenic helium in the
samples, just above the detection limit of the machine. Despite
this it is evident that the lavas of phase 6 are considerably
younger than the previously presumed age of 0.1--0.5 Ma.
Given the young age, the tholeiitic nature and relatively high
melt fraction of phase 6 volcanism, the Al Haruj volcanic field
should be considered as an active volcanic region.
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The rifting of continental crust and the formation of new
oceanic ridges is a fundamental part of the plate tectonic cycle.
A key process governing the transition from a continental to
an oceanic type rift is the localisation of magmatic activity to a
narrow rift axis, where strain is accommodated by magma
intrusions and new crust formed. However, transitional rift
systems are not commonly found on the Earth’s terrestrial
surface and the early stages of oceanic-ridge formation are
largely unconstrained by quantitative observational data. Here,
we present new high precision 40Ar/39Ar eruption ages for
lavas from a young oceanic-type rift in Afar, Ethiopia, that
constrain its evolution over the last ~350 kyr. We find that the
spatial distribution and ages of lavas erupted up to 200 kyr is
consistent with their eruption at the rift axis and transport via
plate spreading processes, implying that the system had
achieved its oceanic character by this time. There is also a
discrete ‘off-axis’ volcanic region, which our 40Ar/39Ar results
show has remained active whilst volcanism elsewhere has
been confined to the axis. Trace element and isotopic
variations between lavas from the axial and off-axis region
suggest that they represent varying extents of melting of a
common mantle source, with the higher degree melts being
erupted at the axis. The persistence of a discrete zone of offaxis volcanism may imply that pre-rift structures still exert an
influence on the sub-rift (but axially focussed) magma
plumbing system.
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The ground deformation measurements showed a complex
evolution, from a smooth bell-shaped dome evolving towards
a plateau with a flat top and steep edges. This final topography
correlated well with the final shape of the intrusion, which
consisted of a flat sill at its centre and inclined sheets at its
edges. We used analytical modelling that is commonly used
for interpreting ground deformation data on active volcanoes
(Mogi, 1958; Sun, 1969; Pollard and Johnson, 1973) for
quantifying the mechanics of ground deformation due to
magma intrusion. We found that there is an important
mismatch between the experimental and the analytical results.
These discrepancies confirm that such analytical solutions are
not appropriate for characterising the physics of volcanic
plumbing systems.
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Inclined concentric sheet intrusions (ring dykes and cone
sheets) are key elements of the intrusive framework of subvolcanic systems (central complexes). The nucleus of volcanic
centres are often identified by the focus of inward dipping
cone sheets based on Anderson’s model showing how the
general geometry and disposition of the sheets may relate to a
(central) source. We have tested the implications for magmatic
plumbing (magma flow and linkage) that is generated by this
model, thereby examining this fundamental assumption of
sub-volcanic systems. Here we present evidence for magma
flow and emplacement dynamics from the cone sheets of
Ardnamurchan, NW Scotland, using anisotropy of magnetic
susceptibility (AMS) measurements and structural field
observations.
AMS data from over 100 oriented block samples from the
Ardnamurchan cone sheets reveals magnetic lineations that are
consistent with visible magma flow indicators (i.e. broken
bridge axes) and therefore are interpreted as the primary flow
axis. Flow directions vary from strike parallel to dip parallel
and cannot be traced back in a simple way to a source. The
vast majority of lineations describe a strong consistent NWSE, predominantly sub-horizontal, flow regime throughout
Ardnamurchan. Field observations show host rock structure
and behaviour controlled the dip and local variations in cone
sheet geometry. Cone sheets are often observed parallel to
bedding and abruptly transgressing up the sedimentary
sequence, exploiting a parallel, pre-existing inward-dipping
(with respect to the central complex) fracture set. The $3
orientation of the local stress field controls the ability of sheets
to intrude bedding and fracture planes.
Flow direction data does not support a centralised source
model. We propose laterally propagating NW-SE regional
dykes were deflected into a ‘cone sheet’ geometry by the
interference between the local and regional stress fields: with
the strike controlled by the strain ratio between the two
competing stress fields and the inward dip controlled by the $3
orientation and the pre-existing host rock structure. Stress field
interference creates diagnostic triple points of low strain. The
proposed position of one such zone on Ardnamurchan to the
SE of the central complex coincides with the Ben Hiant
Dolerite intrusion. Its geochemical similarity, sheeted nature
and corollary magma flow regime, suggestive of a source to
the SE, indicates a genetic relationship with the deflected
regional dykes (originally cone sheets). This interpretation
supports a dominant regional dyke source to the minor sheet
intrusions on Ardnamurchan.
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Magmatic differentiation and
eruption trigger at a maficintermediate arc centre: Insights
from Tofua volcano, Tonga
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The geochemical effects of differentiation are commonly
overlooked in our quest to identify mantle sources and
constrain mantle evolution. But differentiation is a critically
important process, largely responsible for creating the
diversity of igneous rocks observed in and on the lithosphere.
Differentiation is a general term which incorporates a
number of important petrogenetic processes such as fractional
crystallisation, magma mixing and contamination. The record
of such processes is frozen into the petrological and geochemical characteristics of the rocks themselves. Crystals provide a
faithful record of changing magma conditions over the time
that they grew. Core-rim zoning in isotope ratios can reflect
contamination and/or magma mixing. The combination of
geochemical transects with textural criteria such as dissolution
surfaces can be used to determine whether these magmatic
processes were episodic – associated with thermal or
compositional pulses causing disequilibrium and dissolution,
or continuous. Populations of crystal core or rim isotopic
compositions can similarly fingerprint sources and processes
which are shared. Careful P-T work on crystal populations
(barometry, melt inclusions etc) may be used to track the
pathways taken through the lithosphere. Recent work has
highlighted the role of decompression in crystal growth. While
it may explain microlites it cannot explain isotopically zoned
crystals with multiple dissolution horizons and cannot work as
a mechanism for hydrous minerals such as amphiboles. Thus
crystallisation may occur preferentially at the boundary layers
of storage reservoirs – which may also serve to enhance open
system exchange. A key question though is how long does a
magma take to traverse the lithosphere? U-series isotopes
suggest that some travel from source to surface within a few
thousand years. On the other hand growth rates of common
phenocryst phases and isotopic ages of magmatic zircon
crystals suggest that crystal populations may be thousands to
hundreds of thousands of years old. This apparent paradox is
reconciled by recognising that many (most?) magmas are
actually mechanical aggregates of crystals from different –
albeit usually related – magmatic sources swept up in an
evolving liquid. Such an understanding of magma systems has
several important consequences; 1. Open system
differentiation can be shown (simply from textures, but also
from in situ isotopic studies) to be very common. 2. Whole
rock compositions do not represent equilibrium liquids
(although given the generally cognate nature of the crystal
cargo they can often still be used as approximations) 3.
Interpretation of “equilibrium” pressures and temperatures
from crystals requires care – they may not relate directly to the
magma in which they are hosted. There is a positive take home
message here, namely that there is a rich archive of
information in the textures and associated mineral-scale
geochemistry of magmatic rocks, now amenable to our most
recent analytical approaches.
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Tofua volcano is located mid-way along the Tonga
oceanic arc and has undergone two phases of ignimbrite
forming activity. The island is approx. 8 km in diameter with a
summit caldera up to 4.5 km across. Deposits are almost
entirely basaltic andesites (52.5 – 57 wt. % SiO2) with the
exception of a pre-caldera dacite. The rocks are low-K
tholeiites, typical of the Tonga arc. Glomercrystic aggregates
are ubiquitous, clusters frequently show a common alteration
rim, continuous along truncated/broken crystal margins,
indicating plucking and recycling. Phenocryst assemblages
comprise calcic plag (An92-73) + cpx ± opx + late stage
microlites of ti-magnetite. Results of major and trace element
models show that 65 % crystal fractionation can account for
the observed compositional range. In addition, we have
identified a distinct, incompatible element depleted magma.
Two pyroxene thermobarometry suggests crystallisation
occurrs between 950 - 1200°C and at 0.8 – 1.8 kbar. SIMS
analysis of glassy melt inclusions yielded a maximum H2O
content of 4.16 wt. % H2O. CO2-H2O saturation curves
indicate that crystallisation occurred between 4 – 5.5 km and
1.5 – 2.5 km depth and was largely controlled by volatile loss.
A feature of Tofua rocks is the occrrrence of phenocryst cores
that demonstrably have not crystallised in equilibrium with
their groundmass composition, surrounded by narrow rims in
equilibrium with their host matrix. An explanation for this
observation is that crystal cores represent the solid fraction of
a crystal mush that becomes partially entrained by the
separation and upward movement of interstitial liquid. Thus,
whilst crystal interiors reflect the bulk composition of the
system, crystal rims record crystallisation in equilibrium with
the extracted liquid. Using fractionation models, the dactie is
estimated to have contained 6.5 wt. % H2O. A comparison
with empirical solubiltiy curves [1] predicts that the dactie was
H2O saturated at ! 2 kbar. As such, the development of an
unstable dacitic pocket, possibly accentuated by recharge, may
have triggered the caldera forming event. Alternatively,
crystallisation of highly calcic plagioclase may be critical in
the development of the pre-eruption crystal mush. At Tofua,
relativley H2O rich, shallow (! 2 kbars) magmas may have a
tipping point, beyond which extensive nucleation and growth
of plagioclase fundamentally changes chamber conditions,
triggering eruption. [1] Moore, Vennemann & Carmichael
(1998), American Mineralogist 83, 36-42.
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The chemical architecture of key accessory minerals like
zircon and apatite has proved crucial in assessing the early
mechanisms of crustal growth and differentiation. However,
the exact stages at which they crystallise during the evolution
of granite plutons, and therefore the processes they record are
poorly constrained.
A combined micro-analytical and
petrological study of these important accessory minerals
reveals the significance of early and previously unrecognised
incremental assembly of intermediate zones in the I–type
(margins) to S-type (centre) zoned Scottish Caledonian pluton,
Criffel. Within intermediate zones, two distinct magmatic
trends are seen in trace element compositions of apatites
enclosed by zircon and other major phases respectively.
The fluorine concentrations of apatites included within
different phases have been used as a proxy for the degree of
melt evolution and S-type melt involvement, and indicate that
zircon-hosted apatite compositions often preserve the earliest
and most primitive record of I-type magmas. Together with
textural evidence, this provides key geochemical evidence that
zircon started crystallising sufficiently early to capture a
record the role of I- and S-type magmas, placing important
constraints on the interpretations of zircon O and Hf isotopic
data.
Thus, the earliest records of magmatic processes indicate
that final intermediate bulk compositions are primarily the
product of both I- and S-type magma components, providing a
new perspective on granite genesis and crustal evolution.
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Petrological observations indicate that assimilative
recycling of partially to fully crystallized magmas left behind
by previous phases of activity is common in arc magmatic
systems. Assimilation of silicic magmas can have significant
leverage on incompatible trace element ratios and may
produce chemical trends similar to input of material recycled
from the slab. Moreover, if the residence times of the
assimilated magmas in the subvolcanic systems are
comparable to the half-lives of U-series nuclides (1.6-76 k.y.),
this process may significantly overprint mantle-derived
disequilibria and blur time scales information. Assimilative
recycling of plutonic roots is, however, difficult to monitor
due to low Nd-Sr-Pb isotopic contrast.
Our work on mafic lavas erupted at Volcán Llaima, Chile
establishes a well documented example of the consequences of
assimilative recycling of plutonic roots of the Andean arc and
demonstrates that linear arrays defined by U-series activity
ratios for nuclides with contrasted half-lives is the most
reliable indicators of this cryptic but important process. In
particular, the Llaima case demonstrates that assimilation of
ancestral magmas in the upper crust can produce inclined UTh isotope arrays and positively correlated (238U/230Th),
(226Ra/230Th), and Ba/Th trends which could easily be mistaken
as slab-fluid indicators and chronometers, or tracers of
sediment recycling in subduction zone. Cannibalization of
ancestral magmas by ascending melts warrants careful
evaluation when considering the components and chemical
fluxes in subduction zones.
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melt supply along a spreading
segment, Askja, Iceland
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We have detected lower crustal earthquakes (12 – 27 km
depth) in the Askja volcanic system, central Iceland, since
August 2005 in the normally ductile part of the crust. The
earthquakes are located in three clusters, which are interpreted
as ‘pipes’ of melt supply through the lower crust from the
mantle. The stable dimensions and locations of the clusters
through time indicate that melt repeatedly follows the same
pathways through the lower crust, probably through a network
of cracks. These cracks are re-opened by fresh pulses of
magma causing the earthquake swarms we observe. There has
been some lower crustal seismicity every week for the entire
period we have been monitoring this activity with a dense
seismic network since 2006, indicating a persistent ongoing
process. The sharp upper cut-off of the clusters suggests that
the melt is stalling (as it is no longer moving fast enough to
produce earthquakes), probably within mid to lower crustal
sills, which eventually freeze to build the crust. Measurements
of the seismic Vp /Vs ratio are consistent with the presence of
bodies of partial melt and/or high temperatures in the lower
crust at Askja.
The spatial separation of the clusters shows that there are
multiple positions of melt injection within this one magmatic
segment and all three positions are currently active. This
pattern of melt supply is more similar to that observed on fast
spreading ridges than slow spreading ridges and is probably a
consequence of the increased melt production beneath Iceland
compared to the rest of the Mid-Atlantic Ridge. However, the
relative number of earthquakes in each cluster shows that two
thirds of the melt is currently supplied to the central volcano
(i.e. the segment centre). During the last major rifting episode
in 1875, the upper crustal magma chamber beneath the caldera
was the source of long distance, shallow, lateral melt
migration. Therefore on long time scales melt supply is
probably greater at the segment centre, with melt
redistribution in the upper crust, even though there are
multiple points of lower crustal injection along the segment.
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Swarms of inclined sheets (cone sheets) are a basic
constituent of the interiour of extinct and eroded volcanoes,
exposed e.g. in the British Tertiary Igneous Provice and
Iceland. Inclined-sheet swarms represent a record of the stress
field inside a volcano and have therefore been used to derive
information about the location, depth, shape, and size of their
magmatic source.
The deep fjords of Eastern Iceland cut through several
extinct central volcanoes, exposing sections from the
volcanoes’ flanks down to the plutons that fed surface
eruptions and dense inclined-sheet swarms. We have studied
inclined sheets in the 12 Ma old Dyrfjöll Volcano and the 5-6
Ma old Geitafell Volcano in Eastern Iceland. Structural field
data was then used to reconstruct the geometry of the inclinedsheet swarms at depth via 3D projection with the software
3DMove.
The results show that in case of the Geitafell Volcano,
most sheets belong to one swarm that converges towards an
adjacent gabbro body. The gabbro therefore represents part of
the source magma chamber of the sheets. A few steeplydipping sheets deviate from the overall orientation of the first
swarm. In the field, these sheets crosscut the sheets of the first
swarm and are thus younger. From the three-dimensional
model, their focus is deduced to lie south of the gabbro body
beneath the current level of exposure.
In case of the Dyrfjöll Volcano, most sheets were
identified to belong to a circular swarm that corverges towards
a focus at a depth of 1 to 3 km beneath the current level of
exposure. In addition, six other swarms and at least 3 foci
were identified according to their location and attitude.
Our results show significant differences in the character of
inclined-sheet swarms in the two volcanoes studied: The
Geitafell Volcano is characterised by one main magmatic
source that fed a dense swarm of inclined sheets. With time
only little shift in the location and depth of the magma source
occurred. In comparison, the inclined sheets of the Dyrfjöll
Volcano record the simultaneous activity of several magma
chambers feeding inclined sheets, as well as shifts of the
activity with time. The Dyrfjöll area represents thus rather a
cluster of volcanoes. Both types of volcanoes have currently
active equivalents in the rift zone of Iceland. Understanding
the intrusive structure of extinct and eroded volcanoes, thus
provides valueable insight into the processes that occur in
active volcanoes.
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Impact of melt segregation on
chemical composition with
application to deep crustal hot zones

The influence of crustal composition
on magmatic differentiation across
five major crustal terranes
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The emplacement of mantle-derived basaltic sills in the
mid- to lower crust can lead to the generation of large volumes
of evolved melt in deep crustal hot zones (DCHZ). However,
the few published models of heat and mass transfer in DCHZ
which include melt segregation, describe phase change using
simple melt fraction-temperature relationships. These fail to
capture the impact of melt segregation on the chemical
evolution of melt and residual solid. Motivated by this
problem, we present a model of melting and buoyancy-driven
melt segregation in a binary eutectic system in which phase
fractions and compositions are explicitly described using a
phase diagram. Melt segregation is assumed to occur along
grain boundaries and local thermodynamic equilibrium is
maintained. A 1-D column is modelled, with several different
initial compositions and thermal boundary conditions.
We find that the porosity evolution of an initially
homogenous column is similar to that predicted previously;
however, melt migration causes the bulk composition to
evolve towards the eutectic composition at the top of the
column and towards the solid end-member at the base. In a
heterogeneous column comprising two layers with initial
compositions located on opposite sides of the eutectic, melt
segregation leads to mixing of melt at the interface between
the layers. Consequently, even though the temperature remains
fixed, very large melt fractions with the eutectic (or close to
eutectic) composition are generated. Our results show that
melt segregation can have a significant and non-intuitive
impact on melt and bulk composition, particularly in an
initially heterogeneous source, which is not captured by
models which omit melt segregation, or describe phase change
during segregation using simple melt fraction-temperature
curves. This has profound implications for our understanding
of the processes that generate evolved magmas in DCHZ.
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The British-Irish Palaeocene Igneous Province (BPIP) is
an ideal testing ground for the influence of crustal composition
on ascending magmas as five major tectono-stratigraphic
terranes are traversed on a transect from Skye in the North, to
Carlingford in the South. These crustal blocks are bounded by
major discontinuities, the Moine Thrust, the Great Glen Fault,
the Highland Boundary Fault, the Southern Uplands Fault and
the Iapetus Suture, and are isotopically extremely diverse. This
led to the suggestion that ascending mantle-derived magmas
may be variably contaminated by the terrane through which
they pass (crustal provincialism, e.g. [1, 2]), but no
comprehensive model has been presented so far. We have
analysed over 200 samples for Sr, Nd and Pb isotopes in a
spectrum of mafic to felsic igneous rocks from the central
complexes of Rum (Hebridean Terrane), Ardnamurchan, Mull
(Northern Highlands Terrane), Arran (Grampian and Midland
Valley Terranes), Slieve Gullion and Carlingford (Southern
Uplands Terrane). Together with previously published data
and data from crustal lithologies (surface exposures and
xenoliths), our results suggest that the local crust has been a
significant influence on the majority of magma compositions
at all of the complexes. The mantle Sr-isotope ratio (at 60Ma)
for the region is suggested to be 0.7023–0.7032 [3, 4]. Our
basaltic samples from throughout the province show a range of
0.7028 to 0.7111. Felsic rocks yield a range that shows further
elevation (0.7066 – 0.7226), while crustal compositions span a
range from 0.7065 to 0.7379. Therefore, a broad correlation
between crustal terrane and the isotopic composition of BPIP
igneous rocks does exist (crustal provincialism), implying that
ascending magmas were significantly, and characteristically,
modified by the crust through which they have travelled. Our
data imply that only very primitive, and generally rare, highMgO rocks are unequivocally suited for the extraction of
sensible information on primary magmatic source(s). In turn,
evolved mafic rocks frequently display lower crustal
influences, while felsic rocks regularly record a more
complex, multi-stage, evolution, reflecting the cumulative
effects of successive fractionation and contamination events in
deep and upper crustal reservoirs.
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Phase relations of ascending volatilebearing magma

The role of volatiles during historical
eruptions of Kilauea Volcano,
Hawai`i: Constraints on source to
surface processes using melt
inclusions

JON BLUNDY, PRISCILLE LESNE AND JENNY RIKER

Dept Earth Sciences, Bristol (Jon.Blundy@bristol.ac.uk)
Magmas erupted above subduction zones typically contain
dissolved volatiles: H2O, CO2 and sulphur species. During
ascent volatile saturation is attained and a mixed volatile phase
exsolves. The exsolution of volatiles during degassing leads to
crystallisation as magma ascends. The crystallisation sequence
that a magma follows during descent and degassing is
sensitive to the nature of the dissolved volatiles. It is not
possible to extrapolate simply from the case of a simple H2Osaturated magma to a magma saturated in multiple volatile
species. Using experimental data from Mount St. Helens
andesites and Stromboli basalts we will demonstrate that
degassing of a multi-component volatile phase can lead to
unexpected results. For example, at Stromboli we show that
there is a hiatus in crystallisation between ~100 and 200 MPa,
which corresponds to a gap in the melt inclusion volatile
record. The hiatus in crystallisation occurs under isothermal
conditions of ascent and leads to the resorption of earlyformed clinopyroxene phenocrysts, in accord with petrography
of Stromboli rocks. At Mount St. Helens, an early history of
CO2-rich gas exsolution is masked by the phase relations in
the andesite-H2O-CO2 system, wherein the rival effects of CO2
and H2O on liquidus temperatures serve to delay
crystallisation (and melt inclusions trapping) until much of the
original gas budget has been lost. Melt inclusions may not
always be reliable indicators of the total volatile budget and its
evolution during ascent. The situation is further complicated
by the possibility of disequilibrium degassing, prompted by
the slower diffusion of CO2 relative to H2O, magma recycling
by convection, and gas fluxing through the shallow reservoir
by gases derived from deeper portions of the system.
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Kilauea Volcano is known to tap a heterogeneous source
region, giving rise to changes in the isotopic and trace element
compositions of parental melts supplied to the volcano over
decades to millennia. The source region is also expected to be
heterogeneous with respect to volatiles. Variation in parental
magma CO2 and H2O contents will influence melt transport,
degassing and eruption style. While Kilauea is famous for its
effusive eruptions and lava fountains, the eruptive history of
the volcano has also been punctuated by violent explosive
episodes. We investigate changes in the volatile concentrations
of parental melts with time, melt degassing prior to and during
eruption, and the impact on eruption style.
Tephra samples from more than 30 eruptions of the past
600 years were collected from the summit region. Olivinehosted melt inclusions (MIs) and matrix glasses from each
eruption were analysed for major, volatile and trace elements
using electron microprobe (S, Cl, F), SIMS (CO2, H2O, B, Li)
and LA-ICP-MS. MIs contain 0.09 - 0.6 wt% H2O and <30 1000 ppm CO2. Many of the MIs do not follow predicted
degassing pathways, with higher than expected CO2
concentrations for their H2O contents. This relative
dehydration or CO2 enrichment is, in some samples, due to
diffusive loss of H+ from MIs during shallow melt storage. For
other samples, the low H2O concentrations correlate with low
sulphur values, suggesting convective degassing and flushing
of stored magmas with a CO2-rich vapour phase. MI sulphur
contents vary between 0.02 and 0.17 wt%. Sulphides are
present within some MIs and glasses, indicating sulphur
saturation; these may buffer melt sulphur concentrations
during degassing.
Previous studies have shown the ratio of CO2/Nb and
H2O/Ce to be nearly constant during mantle melting. Using
these ratios, with measurements of incompatible trace
elements, we estimate that the parental melts supplying
Kilauea over the past 600 years have varied in their volatile
concentrations between 2800 – 7400 ppm CO2 and 0.4 - 1.2
wt% H2O. The data reveal significant temporal variations in
the concentrations of trace elements and volatiles, resulting
from mantle source processes and not shallow crystallisation
or degassing. We use the pre-eruptive volatile concentrations
to create models of degassing, vapour segregation and loss,
and magma eruption and compare these with observations of
eruption styles in the literature.
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Reconstructing H2O degassing in
pumiceous pyroclasts from the 181
AD Taupo eruption: How to
overcome the hydration problem?
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The 181 AD rhyolitic eruption at Lake Taupo, New
Zealand involved a phase of exceptionally explosive magmawater interaction that generated the Rotongaio ash. In order to
assess why such violent phreatomagmatism occurred we have
conducted a detailed study of magma degassing in variably
vesicular Rotongaio pyroclasts, using a combination of microanalytical and bulk techniques.
Pyroclast water concentrations as measured using
synchrotron-source (S)-FTIR and bulk thermogravimetric
analysis indicate an unexpected trend, with glass water content
increasing with vesicularity. However, micron-scale SIMS
mapping of H2O and Li heterogeneities in the same samples
allow the identification of non-hydrated domains; the results
show the opposite vesicularity-H2O trend and demonstrate that
even the S-FTIR data is dominated by post-eruptive hydration
in >30 vol. % vesicular pyroclasts.
The resultant degassing model is therefore very different,
indicating shallow closed-system degassing of stalled,
partially-degassed magma that had accumulated directly under
Lake Taupo. This helps to explain why such explosive
fragmentation occurred. The data also demonstrate how
painstaking micro-analysis of volatile concentrations in
pumiceous material can provide insights into the subtleties of
shallow magma degassing that cannot be obtained from the
densest pyroclasts alone.
[1] Tuffen, H., et al. Earth and Planetary Science Letters, in
review.
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Subduction transports volatile species, notably H2O and
CO2, from Earth’s surface reservoirs (e.g., hydrosphere,
biosphere, atmosphere, sediments and crust) to both the
shallow and deep mantle. One obvious consequence is waterinduced melting in mantle wedges and the generation of
subduction-related magmas that, in turn, contribute new
volatile additions to surface reservoirs. In the case of carbon,
subduction has helped to moderate the long-term evolution of
climate and to generate and maintain the exosphere and, so,
support life.
Most volcanic rocks cannot be used to investigating what
happens to H2O and CO2 inside subduction zones because
their volatiles are lost during eruption into the atmosphere.
Southern Mariana Trough basalt glasses are particularly well
suited because (i) eruption under water has frozen in volatiles
that were originally in vapour (now vesicles) and dissolved in
melt (now glass), and (ii) recycling of other elements from the
subducted slab has been shown to diminish to negligible levels
in the southernmost part of the area.
Reconstructed parental CO2, He and Ar characteristics of
Southern Mariana Trough basalts are indistinguishable from
those of mid-ocean ridge basalt. This implies that there is
negligible transport of carbon, helium or argon from the
subducted Pacific Plate into the Mariana Trough mantle. In the
Mariana system, any carbon in the slab that passes the zone of
arc front magmatism is returned to the deep mantle.
During transport from source to surface Southern Mariana
Trough magma experienced three stages of volatile
fractionation;
(1) deep degassing that commenced within the mantle when
the melt reached CO2 saturation;
(2) pre-eruptive degassing during crystallisation in the crust
– mantle transition zone and which involved addition of
wall-rock CO2 to the vapor phase;
(3) eruption.
CO2 released during stage 1 was, at least partially,
incorporated into wall rock and subsequently remobilized
during stage 2 degassing of later magma batches.
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Volatile degassing in subglacial
rhyolitic eruptions: Evidence for
palaeo-ice thicknesses and eruptive
mechanisms
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For many decades volcanologists have been interpreting
the lithofacies of subglacial volcanoes to reconstruct the
thickness of ice covering a volcano at its time of eruption.
However, for eruptions that did not pierce the ice sheet and
become emergent, interpreting the elevation of this ice surface
becomes very difficult. However, since the new millennium, a
new technique has been developed in which the volatiles that
are retained within the magma are used to reconstruct palaeoice thicknesses [1]. Typically, this is performed with water
data as solubility-pressure relationships are well known.
I have applied this technique to three subglacial rhyolitic
volcanoes in Torfajökull (southern Iceland), producing the
largest data-set to date for a volatile based reconstruction of
palaeo ice thicknesses. At Bláhnúkur (a small volume, effusive
and entirely subglacial eruption) I conclude that the ice was
400 m thick at the time of the eruption [2]; the water contents
of the rocks at Dalakvísl (an entirely subglacial eruption that
went through a transition in style), suggest that the ice was
thicker here; but for SE Rau"fossafjöll (a large volume
explosive eruption that pierced through the ice sheet) all the
samples are completely degassed, which illustrates a limitation
of the degassing method. The method is also limited by the
large uncertainties that are associated with some of the
parameters and therefore it is my opinion that the method
should not be used quantitatively without additional
constraints.
Volatiles do, however, shed light on pressure conditions
and thus eruptive mechanisms, which has lead to new models
for the construction of Bláhnúkur [2] and Dalakvísl. These
involve intrusive formation of the Bláhnúkur lobes and a syneruptive jökulhlaup at Dalakvísl. Future work hopes to address
the role that volatiles have in determining the eruptive
behaviour of subglacial rhyolitic volcanoes; can volatiles
explain the three different eruption styles seen at Bláhnúkur,
Dalakvísl and SE Rau"fossafjöll?
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Degassing processes during lava
dome extrusion: Spectroscopic
insights from Santiaguito volcano
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The high viscosity of intermediate-silicic magmas favours
closed system degassing, resulting in highly explosive
eruptions. However these magmas, having similar initial
volatile contents, may also erupt effusively to form lava
domes. Lava dome extrusion requires open system degassing
to release gas overpressure in the shallow subsurface.
Currently, processes which allow the escape of gas from silicic
magmas are poorly understood.
Extrusion of dacitic magma since 1922 has formed the
Santiaguito lava dome within the crater of the 1902 Plinian
eruption of Santa Maria volcano. Ongoing activity is
characterised by continuous extrusion of block lava flows
accompanied by regular (0.5-2 hr-1) low-intensity explosions.
Santiaguito thus presents an ideal target volcano for advancing
our knowledge of degassing processes acting during dome
extrusion.
In this study we collected spectroscopic SO2 emission rate
data using the ultra violet imaging camera (UV camera). The
UV camera provides a 2D image of gas emissions, allowing us
to avoid atmospheric and turbulent effects which obscure the
primary gas emissions pattern. Our results, corrected for
distance and interference due to in-plume ash, show that the
dome is continuously permeable, with repose gas emission
rates of 0.35 - 1 kgs-1. Eruptions are characterised by an
increase in SO2 emission rate up to 2 - 3 kgs-1. Single
eruptions emit ~800 kg of SO2.
Patterns of degassing are not consistent with a model of
gas pressure building beneath a thin viscous cap rock, as this
cap rock is continuously permeable. If the observed excess
SO2 emitted during eruption is stored progressively during the
preceding repose period, storage rates of just 10% of the
observed repose emission rates are implied. Rather, we
propose that the observed eruptions are caused by shear
fracture processes at the conduit margins. Simple viscosity
modelling of Santiaguito magma suggests that shear fracture is
likely to occur for the observed viscosity-geometry-extrusion
rate conditions. Furthermore we find that shear fracture will
likely initiate 200-500 m beneath the surface, in line with
independent estimates of eruption initiation depth.
Combining degassing data with simple rheolological
analysis provides insight into processes occurring during
fracture, degassing, and healing of Santiaguito magma. We
conclude that shear fracturing is a valid mechanism by which
to promote open system degassing at shallow regions in
intermediate magmatic systems.
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Gas slug rise in open versus plugged
basaltic conduits and the transition
from strombolian activity to
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Strombolian eruptions are characterized by low-energy
explosive activity, which may repeat, at fairly regular
intervals, for long periods of time. Explosions at the vent are
thought to result from the arrival of discrete slugs of magmatic
gas that have risen through the magmatic plumbing system.
We develop a one dimensional, analytical model of gas slug
rise in a volcanic conduit, which we use to investigate the
controls on the dynamics of strombolian eruptions. The model
is supported by large-scale experiments in which gas slugs rise
up a 12m vertical pipe. We consider slug rise in a cylindrical
conduit containing stagnant degassed magma, that is initially
in magma-static equilibrium with a constant pressure magma
reservoir at depth. We determine the temporal evolution of the
pressure distribution in the conduit, and the motion of the
magma above and below the slug, as the slug rises,
decompresses, and expands isothermally; we validate our
model against experimental data. We investigate two scenarios
of volcanological relevance: 1) Vent plugged with cooler,
more-viscous magma. In this case, as the slug rises and
expands beneath the plug, it pushes the degassed magma
below it down the conduit, consequently, magma re-enters the
chamber from the base of the conduit. The slug reaches the
viscous plug at the top of the conduit with a significant overpressure, causing a strombolian explosion. Fresh magma then
moves up from the chamber, into the conduit to restore
magma-static equilibrium. 2) Open vent. As the slug rises and
expands, the volume of magma held in the falling-film that
encircles the slug increases. This film is supported viscously
by the conduit walls so it does not contribute to the magmastatic pressure at the base of the conduit; consequently,this
pressure decreases, causing fresh magma to flow upwards.
Fresh magma entering the base of the conduit may cause a
new slug to form, either through decompression and
exsolution, or by tapping a gas-rich layer at an asperity, or at
the chamber roof. In either case, scenario 1 (plugged vent) will
lead to periodic, strombolian eruption, whilst scenario 2 (open
vent) will lead to sustained eruption at higher discharge rate. A
noteworthy feature of the model is that the conduit is
recharged with fresh magma following slug rise, even if no
magma is erupted at the surface.
We apply our model to the case of Stromboli, and compare
model output with monitoring observations. We find that the
most important parameters controlling eruption style and
vigour are magma viscosity, mass of gas in the slug, and the
ratio of slug radius to conduit radius.
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Mantle plumes and the core – Is there
any connection?
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The origins of mantle plumes are the source of lively
debate in the Earth Sciences. Of interest to the geochemist is
the identification of chemical heterogeneities within plumes
and their attribution to one of a number of sources within the
Earth. Since the original recognition of the trace element and
isotopic differences between MORB and OIB, various models
have been proposed to account for an increasingly complex
array of possible end-member components. The outer core has
received increasing attention over the past decade, fuelled in
part by a need to find a reservoir for unradiogenic He (R/Ra
>> 10), but also to account for some exotic Os isotope ratios
and anomalously high Fe/Mn ratios observed in some plumerelated picritic lavas.
The talk will focus on new major and trace element,
187
Os/188Os ratios and precise Fe/Mn ratios on a suite of MgOrich picritic lavas from the Ethiopian flood basalt province that
shed new light on these arguments. The lavas form a
significant section (up to 1000 m) through the 30 Ma flood
basalts. Picrites and ankaramites are interbedded with more
evolved basaltic lavas of a transitional tholeiitic composition.
They are characterised by unusually high (2.5 – 5.5 wt%) TiO2
contents and belong to the so-called HT2 group. MgO varies
from 5 – 20 wt.% although the primary magma is inferred to
have an MgO content of ~ 16 wt.%. The primary magma is
characterised by low Al2O3 contents (7 - 9 wt.% at 15 wt.%
MgO), implying an origin from ~150 km depth at a
temperature in excess of 1600 °C, consistent with an origin in
the early phases of Afar mantle plume activity. Fractionated
REE patters imply melt fractions of 3 – 5 % generated in the
presence of residual garnet at high pressures. Osmium isotopes
in magnesian samples are unradiogenic with 187Os/188Os <
0.127. Fe/Mn ratios determined by ICP-MS vary from 65.4 to
78.5 in rocks with > 10 wt.% MgO and show greater variation
to both higher and lower values in less magnesian samples.
These values are high compared with MORB, comparable
with the Fe/Mn ratios of Hawaiian and other selected OIB, and
are a characteristic of the primary magma.
The lack of association of radiogenic 187Os/188Os with the
high Fe/Mn ratios of the Ethiopian picritic basalts calls into
question the link to possible entrainment of core material in
the source of the Afar mantle plume. Similarly, the
unradiogenic 187Os/188Os ratios preclude a significant
contribution from ancient recycled oceanic lithosphere. An
alternative model is suggested in which melts generated at
high pressures (>7 GPa) during the initial turbulent ascent of
the Afar plume head form pyroxene rich veins with high
Fe/Mn ratios and high incompatible element contents in a
peridotite matrix. These highly fertile source regions
contribute significantly to melt compositions during the early
phases of plume emplacement.
Examples of other volcanic provinces with high Fe/Mn
ratios will be discussed briefly. These examples also show
evidence of a shallower pyroxenitic source component.
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Lithium and magnesium isotope
constraints on mantle processes
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Melt generation processes beneath a
magmatic arc: Direct evidence from
Antarctic Peninsula spinel-peridotite
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The two isotopes of Li are strongly fractionated during
Earth’s surface weathering processes, hence they have been
proposed to have potential as a diagnostic tracer of recycling
processes. However, it has been demonstrated that Li isotope
ratios can be significantly influenced by high temperature
diffusive effects. Diffusive fractionation of Li isotopes is
clearly evident in some mantle xenoliths and is argued to
result from cooling after eruption in a host lava flow. In more
slowly (tectonically) exhumed alpine peridotites, such
fractionations should not be evident. Therefore the study of
alpine peridotites should provide better constraints on the Li
isotopic composition of the mantle. To distinguish between
diffusive effects and slab related influences, Mg is used as
another potential tracer of diffusion, since the diffusion
coefficient of Mg is similar to that of Li in olivine [1] and
chemical diffusion experiments has shown as much as 7‰
fractionation of 26Mg/24Mg which is the second highest
metallic cation after Li [2] [3]. The Horoman peridotite massif
is a good study target as it is unusually fresh and therefore
isotope systematics should not be disturbed by secondary
alteration processes. However, there is some complexity in the
Horoman with abrupt lithological boundaries, as well as latestage melt infiltration. Results show that most Li and all Mg
isotopic compositions of the Horoman peridotites are constant,
which constrain pristine mantle Li and Mg isotopic ratios.
However, there are also some anomalously light %7Li values (0.3-1.5 ‰) which coincide with the locations that show
enrichment of incompatible elements, indicative of the passage
of small degree melts. We suggest Li diffused from high [Li]
the infiltrating melts into the low [Li] wallrock and kinetically
fractionated %7Li as a result. Invariant %26Mg values ("25Mg = 0.12 ± 0.02 ‰ and "26Mg = -0.23 ± 0.04 ‰) of Horoman
peridotites suggest the Mg isotopes do not fractionate
significantly (>0.02‰) under these mantle thermal- and
concentration-gradients.
[1] Dohmen, Kasemann, Coogan & Chakraborty (2010),
Geochimica et Cosmochimica Acta, 74(1), 274-292 [2]
Richter, Davis, DePaolo, & Watson (2003), Geochimica et
Cosmochimica Acta, 72(1): 206-220. [3] Richter, Watson,
Mendybaev, Teng & Janney (2008), Geochimica et
Cosmochimica Acta, 72(1): 206-220.
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Spinel-bearing peridotites and pyroxenites from the
Antarctic Peninsula provide rare, direct evidence of mantle
processes operating during and after a major subduction event.
Subduction occurred off the west coast of the peninsula and
lasted for 200 Ma before ceasing after a series of ridge-trench
collisions, which began at ~50 Ma in the south of the
peninsula and ended at ~4 Ma in the north. The end of
subduction was followed by the formation of a slab window,
producing extensive alkaline volcanism. Both syn- and postsubduction volcanics host mantle xenoliths at several
localities. The widest variety, so far collected, occur in ~ 5 Ma
basanites and tephrites on Alexander Island and Rothschild
Island, in the southern fore-arc. Pressure and temperature
estimates derived from these xenoliths indicate that the
Antarctic Peninsula had a normal, unperturbed mantle
geotherm and a lithospheric thickness of ~70 km at 5 Ma.
The Alexander and Rothschild Island xenolith suites show
an almost continuous range of compositions from harzburgites
and lherzolites to pyroxenites, as well as large ranges in
major- and trace-element mineral chemistry. For example,
some clinopyroxenes have low LREE/MREE ratios
([La/Sm]n=0.01) whereas others are enriched in LREE relative
to MREE ([La/Sm]n=8.56). The depleted xenoliths resemble
abyssal peridotites and may represent either: (i) accreted suboceanic lithosphere or (ii) residues of melting in the
underlying mantle wedge that have been incorporated in to the
base of the Antarctic Peninsula lithosphere, post subduction.
The ‘enriched’ peridotites and pyroxenites appear to have
formed as a result of mantle refertilisation. Much of the
lithosphere appears to have undergone varying degrees and
styles of metasomatism, which has resulted in the formation of
pyroxene-rich lithologies and also increases in bulk-rock
concentrations of Fe and Al in the lherzolites. High bulk-rock
concentrations of strongly-incompatible trace elements (e.g.
Rb and Ba) together with the presence of rare phlogopite,
richterite and pargasite provide evidence of enrichment by
volatile-rich melts and/or fliuds.
Combined high Ti and Cr# in spinels, together with
increased modal orthopyroxene in the peridotites, indicate
possible reaction with boninite-type melts. We propose that
sub-Antarctic Peninsula lithospheric interacted with mantlewedge derived, Mg-rich, hydrous, high-degree silicate melts
during subduction whereas highly-oxidised small-fraction
silicate melts further modified the lithospheric mantle
following ridge-trench collision.
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New samples collected from the Krafla, Fremri-Namur,
Askja and Kverkfjoll rift segments of the Northern Rift Zone
(NRZ) all show the need for a sediment influenced
‘Öræfajökull type’ mantle signature (low 143Nd/144Nd, high
87
Sr/86Sr) as well as a recycled oceanic crustal component (low
&207Pb) similar to that seen in the Eastern Rift Zone (e.g. [1])
However, in contrast data from Theistareykir [2,3,&4]
shows that whilst there is a likely recycled oceanic crustal
component present, the Öræfajökull signature is not observed
in Holocene lavas. The most likely cause of this absent
signature is the influence of the Husavik-Flatey transform
fault.
Vogt and Johnson (1979) have suggested that transform
faults are able to act as a ‘barrier’ limiting asthenosphere flow
from a plume [5]. The Husavik-Flatey transform fault runs for
~25km across Tertiary and Inter-glacial lavas in the Tjörnes
Peninsula, however interaction with the Theistareykir rift
segment has until now only been speculated [6].
The data presented here strongly indicates that interaction
with the Husavik-Flatey fault on NRZ is causing the
Öræfajökull signature to be shut off at Theistareykir; giving
the implication that this signature must be a shallow
component within the Icelandic mantle. Furthermore looking
at the presence of this signature over time provides a novel
way in which to constrain the age of faulting.
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in MORB crystal cargoes:
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The crystal cargo of a mid-ocean ridge basalt (MORB)
may display significant heterogeneity in its isotopic and
chemical compositions, both within populations of its
individual crystal phases, and with respect to its carrier liquid.
Such variability may reflect changes in melt composition
during or after crystallisation of a particular phase, due to
processes such as mixing of primary mantle melts or
assimilation of crustal material. Addition of crustal xenocrysts
or hydrothermally-altered crystals may also affect the crystal
populations. Crystal compositions from Borgarhraun, a
primitive basaltic flow from the Theistareykir volcanic system,
N. Iceland, highlight complex and contrasting histories
recorded by different phenocryst populations from the same
flow. Both olivine- and clinopyroxene-hosted melt inclusions
and clinopyroxene crystal compositions adhere to a model in
which these phases were crystallised from heterogeneous
primary mantle melts undergoing mixing in the lower
Icelandic crust. Clinopyroxene and olivine phenocrysts from
the most recent (Sept. 1984) eruption of the adjacent Krafla
volcanic system also appear to be related to their host flow by
concurrent crystallisation and mixing of mantle melts. In
contrast, the relationship between plagioclase phenocrysts and
their flows is complex. These plagioclase crystals vary in
terms of textures, style of zoning and anorthite contents (80.8–
89.4 mol% in Borgarhraun, 68.3–88.9 mol% in Krafla),
indicating that the plagioclase phenocrysts are not simply
recording evolution and mixing of parental melts more
primitive than their carrier. To investigate the origins of
plagioclase in Borgarhraun and Krafla, we undertook a
textural and micro-analytical study, including analyses of
major and trace elements and Sr and O isotope ratios in
compositionally zoned crystals. By comparing the known
liquid compositions of Krafla and Borgarhraun with feldspar
trace element and isotopic data, we aim to determine whether
the plagioclase crystals are of a) magmatic or b) hydrothermal
origin, and if magmatic, whether the crystals are cognate to the
carrier melt or of xenocrystic origin. Preliminary O and Sr
isotope data suggest that a sub-population of plagioclase
crystals in each flow underwent direct hydrothermal
interaction, while others crystallised from melts contaminated
by crustal material. Some aspects of the current plagioclase
dataset can also be explained by concurrent mixing and
crystallisation of variable primary mantle melt compositions.
The contrasting and diverse origins for the chemical and
isotopic heterogeneity in separate crystal phase populations in
these basalts highlight the need for full characterisation of
individual crystal phases when making inferences from bulk
isotopic or chemical analyses on MORB phenocrysts.

"=C!

!"#$%&'$(%&)(*%+,%-'$(.-/)'01(23"/4!"##$%&!'(()*#+!
,$((#-.!/0&&(+(!/%123*4+(5!678!9%#$%3:!;<==!
!

Reactive transport and the genesis of
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When studying the bulk rock analysis of kimberlites a
significant correction for visible xenocrysts must be made
[1,2]. Such studies concluded that olivine in kimberlite has a
xenocrystic core and cognate margin. Previously, material
entrained by the melt and dissolved during transport has only
been qualitatively discussed [3]. We find bulk rock and
electron microprobe data strongly support dissolution of
orthopyroxene coupled with crystallization of cognate olivine
rims in the Majuagaa kimberlite sensu stricto dyke. This
reaction was suggested by the topography of phase diagrams
for systems containing Enstatite, Forsterite and CO2. The
‘parental’ melt for Majuagaa kimberlite was magnesiocarbonatite which entrained 50wt% harzburgite, consistent with
melting experiments. The melt processed ~20wt% SiO2 but at
any given time had no more than ~5wt% SiO2. We explain
geochemical variations across the southern West Greenland
kimberlites sensu lato using similar processes. We may also
account for the intercraton variety in kimberlite composition
and mineralogy.
Mg# and Ni composition was obtained for transects across
olivine grains. Pure Rayleigh fractionation did not explain the
shape of the nickel transects.
Diffusion between
homogeneous olivine grains and melt was also eliminated.
The data was replicated using a combination of growth and
minor later diffusion. Growth was modeled using AFC
equations [4]. Later diffusive equilibration between core and
margin was minor. Since kimberlite transport time was short
magmatic temperatures of ~900oC were supported.
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[1] Nielsen & Sand (2008), Canadian Mineralogist 46, 10431061 [2] Ardnt, Guitreau, Boullier, Le Roex, Tommasi,
Cordier & Sobolev (2010), Journal of Petrology 51, 573-602
[3] Mitchell (2008), Journal of Volcanology and Geothermal
Research 174, 1-8 [4] De Paulo (1981), Earth and Planetary
Science Letters 53, 189-202
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The strongly linear compositional trends commonly found
for Hawaiian tholeiites are widely interpreted to result from
olivine fractionation and accumulation. It is from these trends,
together with co-existing olivine data, that the composition of
parental (possibly primary?) magma compositions and
temperatures are deduced. Parental magmas for Mauna Loa
volcano, for example, are thought to contain around 17-18 %
MgO, with estimated mantle temperatures between 1500 1600 oC. Other Hawaiian tholeiitic volcanoes yield similar
results. These temperatures are significantly hotter than those
inferred for MORB and provide critical support for the mantle
plume hypothesis. There is a problem, however, with this
analysis. There are compelling arguments that these linear
trends are not the simple results of olivine fractionation and
accumulation, but are, instead, mixing trends between olivine
scavenged from prior eruptions and evolved, multiplysaturated, basaltic magmas with around 7 % MgO. There is,
therefore, no a priori reason why the parental magmas should
lie on these mixing lines, with the consequence that the
inferred temperatures may be in error, being too high, thus
bringing a plume origin for these magmas into question. The
common practice of back-calculating from a glass composition
by adding small increments of equilibrium olivine, does not
solve the problem either because most glass data are not on
olivine-control lines but follow multiply-saturated cotectic
trends. Careful analysis of co-existing glass, whole-rock and
olivine data show that, in addition to forsteritic olivine and an
evolved, multiply-saturated melt, a third, picritic melt
component is required to account for the whole-rock linear
trends. The typical olivines in these lavas (Fo87-91) crystallized
from a picritic melt with MgO >12 -18 %. Such a melt is the
obvious source of the forsteritic olivines, and is an appropriate
parental magma for the evolved end-member of the mixing
trends. These picritic magmas lie on, or very close to, the
linear whole-rock trends. Consequently, the high magma
temperatures estimated from these trends are reasonably
robust and supportive of the plume hypothesis.
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The explosive summit eruption of trachyandesite at
Eyjafjallajökull, Iceland, that began on 14 April 2010 was
preceded by an effusive flank eruption of basalt from 20
March - 12 April 2010. The behaviour of the volcano during
these events, and preceding intrusions, has been constrained
by satellite geodetic measurements (GPS and InSAR) and
seismic observations. The 2010 events are the culmination of
18 years of intermittent volcanic unrest, with major earthquake
swarms in 1994, 1996, 1999-2000 and 2009-2010. The 1994
and 1999 swarms were associated with intrusions at 4.5-6.5
km depth, best modelled as sill intrusions. The 1996 swarm
occurred at 20-25 km depth near the Moho, and had no
measureable surface deformation. Seismicity increased again
in March 2009. Formation of a new but minor intrusion
followed in summer 2009, resulting in 10-12 mm movement
of one GPS-station. In late December and early January 2010
activity escalated. A magma upflow channel appears to have
fed an intrusive complex under the eastern part of the volcano.
Bursts of earthquakes occurred during incremental growth of
the intrusion, in a temporally and spatially complex manner. In
early March major seismicity occurred on an E-W trending
segment, in relation to progressive evolution of a dyke at
depth and the opening of a narrow magma channel from it to
the site of the flank eruption. Deformation in 2010 was
unusual because more than one magma source was involved.
Deformation was rapid prior to the first eruption (>5 mm/day
after March 4), but negligible during it. Lack of co-eruptive
deflation indicates that the net volume of magma drained from
shallow depth during this eruption was small implying that, in
agreement with the earthquake distribution, magma flowed
from considerable depth. The geodetic data indicate that the
volume of the 2010 pre-eruptive intrusion was ~0.05 km3.
Furthermore, the data show the summit eruption was then
associated with gradual contraction of a source, distinct from
the pre-eruptive inflation sources. Seismic tremor shows a
complex relation to the amount of inferred magmatic flow;
large amplitude tremor occurred during the phase of
predominant lava production, but low amplitude tremor during
explosive phases. The seismic and geodetic data show not only
how intrusion at depth triggered the onset of the explosive
eruption, but also how new input of magma from depth,
fuelled an intensification of the summit eruption in early May
2010.
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The ash cloud produced by the eruption of
Eyjafjallajökull, Iceland during April and May 2010 caused
major disruption to European airspace. One of the most
significant consequences of the eruption was the introduction
of an ash threshold limit, below which ash concentrations are
deemed safe for aircraft. If ash dissipates rapidly, and
therefore cannot be detected in near real-time, then it becomes
difficult to advise whether it is safe for aircraft to fly through
an area. This makes it even more imperative that measurement
techniques are able to accurately monitor and quantify ash in
near real-time. Ash and SO2 have been observed to travel in
opposing directions and at different altitudes. In most cases,
clouds of SO2 are accompanied by very fine ash at levels
below current detection limits, which itself poses a threat to
aircraft. Furthermore, SO2 also presents a risk, causing
respiratory problems for those on board and also in corrosion
of the airframe. Satellite-based instruments are currently able
to detect both species, with varying threshold limits.
Ash concentrations in excess of 5 mg m-3 (assuming a cloud
thickness of 500 m) were measured by satellite-based
instruments during the period April 14 – May 24, and initially
low SO2 concentrations were seen to increase during early
May up to values approaching 1.2 mg m-3. Here we use a
number of satellite-based sensors with varying spatial, spectral
and temporal resolutions in order to investigate the separation
and differential transportation of products from the
Eyjafjallajökull eruption. Ash and SO2 detection using thermal
infrared channels between 10 and 12 µm from the Meteosat
Second Generation (MSG) SEVIRI instrument, the
Atmospheric Infrared Sounder (AIRS) and the Infrared
Atmospheric Sounding Interferometer (IASI), along with
SO2 products from the ultraviolet Ozone Monitoring
Instrument (OMI) and the Global Ozone Monitoring
Experiment-2 (GOME-2) are used in order to constrain the
differential transport of ash and SO2 from the eruption and
assess the implications of this on effective aircraft hazard
mitigation.
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Explosive volcanic eruptions have the capability to
generate sound waves with infrasonic frequencies (<20Hz).
As such waves can propagate over distances of thousands of
kilometres within the atmosphere, they present an opportunity
to remotely monitor volcanic eruptions and potentially
constrain eruptive characteristics. Though most volcanoes in
sensitive areas of the world are monitored individually, many
volcanoes in remote locations are not monitored directly but
can still pose a threat, especially to aviation. The growing
International Monitoring System (IMS) network of infrasound
stations provides an opportunity to monitor these remote
volcanoes. Currently comprising of 43 arrays, the network is
designed to achieve global coverage for surface explosions
equivalent to a few hundred tonnes of chemical explosive
In recent years work has been published on the detection
of specific volcanic eruptions at IMS stations, primarily at
regional ranges (< 1000 km from volcano to receiver). In
contrast, work presented here looks to create a catalogue of
volcanic eruptions that have been detected at IMS stations,
with the aim of assessing the capability of the IMS network
for use in global volcano monitoring. At this time 40 eruptive
events at 19 volcanoes have been investigated from the period
2004 - 2009; however the work is on-going and it is planned to
extend this catalogue.
In total we document 61 individual detections that have
been made on the IMS network. These range from
Strombolian activity at Mount Erebus (Antarctica) recorded at
a range of 25 km distance, to the Plinian eruption of Manam
Volcano (Papua New Guinea) recorded at ranges of over
10,000 km distance. The observed signal frequencies for
different eruptions range from less than 0.01 Hz to greater
than 5 Hz, and in general, lower frequencies are generated by
the larger eruptions. This study adds weight to the idea that a
global network of infrasound stations may be used to remotely
monitor volcanoes, and that it may be possible to infer
eruption size or style based on the characteristics of the
observed infrasonic waveforms.
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Understanding the environmental and ecological effects
posed by gas emissions at persistently active volcanoes is an
important step towards a better assessment of volcanic
hazards. The active degassing system at Masaya volcano
(Nicaragua) emits significant quantities of gas on a daily basis
[1], and the contaminants released in this way ultimately enter
the food chain via uptake by plants [2]. Determining how the
total concentration of volcanic contaminants in the area is
affected by gas emission is consequently of great importance
for human toxicology and agricultural productivity.
Total contaminant deposition in the plume-affected area
was assessed by gas flux monitoring, quantification of
sulphate distribution, and compositional analysis of soil and
vegetation samples. A bio-monitor was also identified to
consider contaminant uptake by plants in more detail. The
locally abundant epiphytic Tillandsia recurvata and Tillandsia
ionanthe (Bromeliaceae) display a good correlation with the
distribution of volcanic pollutants and due to their nonreliance on soil-derived water and minerals are considered
excellent potential bio-monitors of atmospheric pollution [3].
The growth distribution of Tillandsia is closely linked to the
concentration of contaminants, and the species first appears at
~1.7 km from the gas source, corresponding to an exposure to
sulphur dioxide of 100-180 t day-1 and a sulphation rate of
~1100 mg SO2 m-2 day-1. This suggests a level of resistance
that allows the plant to grow until a certain contamination
threshold has been reached. Future work will include the
analysis of the total enrichment of heavy metals of this plant.
As high levels of contaminants raise concern of public health
the identification and calibration of bio-monitors such as
Tillandsia may allow us to recognise concentrations of
contaminants associated with the presence of a particular plant
in a volcanic setting.
!
[1] Nadeau & Williams-Jones (2009), Bulletin of Volcanology
71, 389–400. [2] Peralta-Videa, Lopez, Narayan, Saupe &
Gardea-Torresdey (2009), The International Journal of
Biochemistry & Cell Biology 41, 1665–1677 [3] Wannaz &
Pignata (2006), Journal of Atmospheric Chemistry 53, 185–
209.
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We quantify the potential negative health hazard that
would arise if a Laki-style eruption were to happen under
present-day conditions using an advanced global aerosol
microphysics model (GLOMAP) together with concentrationresponse functions from the literature. The 1783—1784 AD
Laki eruption lasted 8 months and represents one of the largest
flood lava eruptions in recent history. The emission of ~122
Tg of volcanic SO2 over the course of 8 months is of the same
order of magnitude as the current total of global anthropogenic
SO2 emissions per year.
According to our simulations a total of around 139,000
additional cardiopulmonary fatalities would arise in Europe in
the year following a Laki-style eruption. Thus, our results
show that such a volcanic air pollution event would be a
severe health hazard, increasing excess mortality in Europe on
a scale that is at least comparable with excess mortality due to
seasonal flu. Our simulations reveal highest excess
cardiopulmonary mortality rates in the Netherlands, Belgium,
UK, Germany, and northern France, which is a result of
population density combined with highest pollutant
concentrations (in our case particulate matter with diameters
smaller than 2.5 microns). We compare our findings to
historical records of the aftermath of the 1783—1784 AD Laki
eruption which suggest an increase in mortality in summer
1783, and find that the simulated scale and the spatial pattern
of mortality are very similar. Given historic records of the
Laki eruption and the probability of a recurrence of such an
event we deem it crucial to assess the scale on which a future
Laki-style eruption could impact society.
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Eyjafjallajökull volcano in south Iceland has been in state
of unrest for 16 years. An intense seismic and intrusive event
starting in December 2009 culminated in a small basaltic
fissure eruption on the eastern flanks on 20th March. The
eruption lasted until 12th April. In the early morning of 14th
April, a summit eruption, preceded by an intense seismic
swarm, commenced at the volcano. During the first few hours
activity was subglacial and a visible steam-dominated plume
was observed at 6 AM, followed by onset of meltwater
discharge onto the glacial river plains to the north of the
volcano. A black ash-rich plume rose up from the summit
shortly after 18:30. A sustained Vulcanian explosive eruption
followed, supporting a 5-6 km plume and lasting into 18th
April. The eruption produced unusual amounts of fine-grained
ash of trachyandesite composition. Prevailing winds carried
the ash-rich plume towards southeast and south and in over
Europe. The style of eruption changed to magmatic on 18th
April, lasting until 3 May, featuring weak explosions and lava
emission. Renewed moderately intense, sustained Vulcanian
activity emerged between 3-6 May, lasting until 22 May.
The high proportions of very fine to fine ash produced by
the summit eruption facilitated extremely wide dispersal of the
ash plumes as well as slow atmospheric removal rates of ash.
Many people across Europe were affected by the summit
eruption because of airspace closures induced by the presence
of Eyjafjallajökull ash clouds. The closure of European
airspace left thousands of tourists stranded and delayed
delivery of air freight. As a consequence the eruption cost the
European economy hundreds of millions of Euro each day.
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The UK response to the
Eyjafjallajökull volcanic ash crisis
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The regulatory response to the subglacial eruption at
Eyjafjalljokull volcano on the Eastern Volcanic Zone in
southern Iceland in April 2010 resulted in major economic
impacts and significant disruption to air passengers. The
regulations were quickly modified by the Civil Aviation
Authority in discussion with airlines and jet engine
manufacturers to allow flying at predicted low ash
concentrations. Predicted ash concentrations are based on
dispersion models run by the London Volcanic Ash Advisory
Centre (UK Met. Office). The models require a time series of
observations about the source (plume height, eruption rate,
particle size distribution etc) but this is challenging in real
time. The models are validated by a combination of satellite,
airborne and ground-based observations and measurements.
The UK was not prepared for the impacts of volcanic
eruptions. A Scientific Advisory Group in Emergencies was
tasked by government to discuss a range of critical issues.
Volcanoes are now in the UK National Risk Register but
although lessons have been learned during this crisis, there is
still a long way to go before the UK is fully prepared for
disruption caused by volcanic eruptions.
The volcanic eruption was small on a global scale but it
was problematic for three reasons:
1. Large volumes of very fine ash were generated.
2.The eruption was sustained.
3.The wind was blowing from the northwest for most of
April and May.
A great deal of volcanic and interdisciplinary research is
required, in particular bringing together volcanologists,
atmospheric scientists and meteorologists. There is also a
requirement for more engagement between the research
community, operational agencies and the aviation industry.
We must continue to find novel ways to support decisionmaking in the face of considerable uncertainty.
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Recycled sedimentary halogens
preserved in the Tristan da Cunha
hotspot source
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Continental-marine tephra
correlations using volcanic glass
geochemistries from the Aeolian
Islands, Italy
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The halogens (Cl, Br and I) are moderately volatile
elements, show highly incompatible behaviour during melting,
and are fractionated by biological processes. They share
similar geochemical properties to the noble gases in many
systems, and a similar potential to trace planetary processes. In
contrast to the noble gases however, the heavy halogens have
been underutilised as geochemical tracers because of the
analytical difficulties related to determining their very low
abundances in geological materials.
Halogen compositions of melt and fluid inclusions in
olivine separates from a suite of ocean island basalts,
including Tristan da Cunha (Tristan and Inaccessible Island),
South Atlantic, have been analysed using an extension of the
Ar-Ar technique. The Tristan da Cunha basalts exhibit a
subducted halogen signature, showing a strong overlap in I/Cl
and Br/Cl with marine pore fluids. I/Cl values for the basalts
extend up to 4.1 x 10-3 (molar ratio) with Br/Cl values ranging
up to 3.4 x 10-3. A mixing trend between MORB and
sediment/marine pore fluid end-members is observed.
The Inaccessible Island olivine samples have higher
halogen ratios than the Tristan olivines, suggesting that the
Tristan hotspot source has evolved chemically over the last 6
Ma.
Lower than MORB 3He/4He values (~<6RA) were obtained
by in vacuo crushing of unirradiated Tristan samples. This is
also consistent with the presence of a sedimentary recycled
component generating radiogenic 4He during U,Th decay.
Estimates of the halogen abundances in the Tristan mantle
source are derived at 90 ppm Cl, 0.46 ppm Br and 0.25 ppm I,
giving Br/Cl 2.3 x 10-3 and I/Cl 776 x 10-6; these are enriched
relative depleted MORB mantle values. The Tristan mantle
source would only need to contain a maximum of 400 ppm of
subducted I-rich pelagic sediment to account for this
enrichment.
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The near synchronous and instantaneous deposition of
volcanic ash over wide geographical regions provides useful
isochronous layers within a variety of sedimentary archives
[1]. These tephra layers provide enormous potential to unravel
the chronolgy of marine cores by matching the glass
geochemistries of distal glasses to dated (e.g. 40Ar39Ar, 14C)
proximal explosive juvenile deposits.
The proximity of the Aeolian to the Marsili Basin,
Tyrrhenian Sea, offers a test-bed for determining provenance
solutions. The Aeolian islands display significant geochemical
variability: (1) calc-alkaline series (2) highly potassic calc
alkaline series (3) shoshonitic series (4) high-potassium series
[2]. This proximal magmatic hetrogentiety offers us a great
opportunity to assign provenance to distal tephras. Grain
specific analyses of volcanic glasses (EPMA & LA-ICP-MS)
are presented for visible marine tephras and proximal ocean
island volcanostratigraphies.
The provenance of four visible tephra layers from the
Marsili Basin marine core have been explored and proximal
solutions found within the sub-Plinian fall and surge deposits
on the islands of Salina, Lipari and Stromboli erupted over the
last ~30ka. Results highlight the importance of coupling major
and trace element glass data to verify previously established
proximal-distal tephra correlations [3].
[1] Giaccio et al. 2008 J. Vol & GeoRes 177: 1:1 [2] Ellam et
al. (1988). Bul. 50 (6) 386-398 [3] DiRoberto et al. 2008. J.
Vol & GeoRes 177:1:133-144
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The Newry Igneous Complex comprises three granodiorite
plutons with a number of associated intermediate-ultramafic
bodies at its northeastern end (Fig. 1). We present an
interpretation of existing structural field data and compare
these to preliminary anisotropy of magnetic susceptibility
(AMS) results for the complex. These structural data are in
turn compared to interpreted aeromagnetic anomalies (Fig. 2)
and variations in the radiometric signature of the plutons as
revealed by the recent Tellus geophysical survey of Northern
Ireland.
We also present preliminary results of U-Pb zircon age
dating, which indicate that the complex was intruded over a ~5
Myr interval from c. 414 – 409 Ma in the Early Devonian.
A future objective of the study will be to conduct Ar-Ar
thermochronology of samples across the three plutons to test
thermal relationships between individual components. The
ongoing research will play an important role in determination
of the origin of the geophysical ring structures and the
emplacement and structural evolution of the complex.
Fig. 1
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Detecting degassing-induced
crystallisation in basaltic lavas
JANE APPLEGARTH*, HUGH TUFFEN,
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Volatile loss is a fundamental volcanic process that can
play a major role in controlling eruptive styles. Degassing
during magma ascent and decompression increases the
liquidus temperature of the residual melt, resulting in
undercooling that can trigger crystallisation [1,2]. Late-stage
crystallisation and vesiculation are significant controls on the
eruptive behaviour of intermediate volcanoes [2], but their
effects on basaltic activity have yet to be fully investigated.
We present the results of experiments designed to measure the
degassing and crystallisation behaviour of volcanic rocks at
temperatures up to 1250°C, using thermo-gravimetric analysis
coupled with differential scanning calorimetry and mass
spectrometry (TGA-DSC-MS). During TGA-DSC-MS
analysis, volatiles released from a sample under a controlled
heating programme are identified in a mass spectrometer
whilst changes to the sample weight and heat flow are
simultaneously recorded. By subjecting samples of basaltic
lava and bombs to two heating cycles, we have shown that the
onset of degassing (mass loss) is systematically followed by
crystallisation (an exothermic event) on the first heating cycle.
During the second cycle, when the sample has been fully
degassed, no mass loss or crystallisation are recorded. Our
results also highlight complexities in the processes; in some
cases up to four pulses of degassing and crystallisation have
been identified during a single heating cycle. Our results allow
us to measure the total volatile content of samples; the onset
temperatures of degassing and crystallisation and the time lag
between the two processes; and the enthalpy, hence
percentage, of crystallisation taking place. These results have
important implications for our understanding of basaltic
volcanic eruptions. During effusive basaltic eruptions, lava
can travel many kilometres, threatening property and
infrastructure. The final areal flow extent is partly dependent
on the highly variable rheology. While cooling is mainly
restricted to thermal boundary layers, degassing-induced
undercooling may alter the bulk rheology through rapid
microlite growth. Crystal growth may lead to yield strength
development [3], impeding flow advance. Alternatively, the
release of latent heat [4] may render the lava more mobile. As
yet, the complex effects of degassing on the crystallisation,
and hence rheological, behaviour of basaltic melts are not yet
sufficiently well constrained for inclusion in the current
generation of numerical lava flow models. There is a need to
improve our understanding of degassing processes in order to
improve our ability to forecast flow behaviour. Our
experiments represent a first step in this direction.
[1]. Sparks & Pinkerton (1978) Nature 276, 385. [2]. Blundy,
& Cashman (2001) Contrib. Mineral. Petrol. 140, 631. [3].
Marsh (1981) Contrib. Mineral. Petrol. 78, 85. [4]. Brandeis
et al (1984) J. Geophys. Res. 89(B12), 10161.
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Pleistocene volcanic activity in the
oceanic Cameroon line

The Brava seamount, Cape Verde:
The spatial extent of EM1 and
petrogenesis of highly evolved
alkaline lavas
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The Cameroon line volcanic chain is a 1600 km, linear
intraplate volcanic province extending into both oceanic and
continental lithosphere, centered upon the active Mt.
Cameroon at the continent-ocean boundary. The Cameroon
line is not associated with either an active rift system or with
an age-progressive ‘hot spot’ trace, thus defying explanation
in terms of standard plate tectonic models. Alternative models
invoke reactivation of crustal faults, lateral flow of mantle
plume sources or ‘edge’ driven mantle convection associated
with the Congo craton. A geochronological study of the
Cameroon line aims to provide a detailed framework, e.g.,
magma production rates, recurrence intervals, etc., for
understanding the origin and evolution of this unique system
and place it in a context for comparison with other volcanotectonic regimes.
New Ar-Ar determinations of alkaline basaltic rocks from
São Tomé and Annobon islands in the Gulf of Guinea, western
Africa, yield ages between 25±10ka to 920 ±30 ka,
confirming, along with previous chronologies, ongoing
volcanic activity through the Pleistocene along various points
of the chain. The youngest ages on São Tomé are associated
with monogenetic cinder cones found in the NE and SW
regions of the island. A recurrence interval of ~100 ka is
calculated for basaltic eruptions on the island. Two deposits, a
pyroclastic flow and lava flow on the north end of Annobon
yield ages of 300±40ka and 260±30 ka respectively
representing the youngest activity on the island.
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Alkaline lavas from the Brava seamount, Cape Verde are
investigated to establish the spatial distribution of
compositional heterogeneity in the southwest of the Cape
Verde archipelago. Highly evolved lavas provide a record of
shallow level magma-crust interaction beneath the Brava
seamount.
The Brava seamount, located southwest of the island of
Brava, Cape Verde was sampled during research cruise 8/85 of
the R.R.S. Charles Darwin in 1985. Two groups of highly
evolved alkaline volcanics are distinguished from the Brava
seamount: 1) pyroxene-phonolites containing clinopyroxene,
amphibole, nepheline, ±biotite, and minor sanidine and 2)
nosean-phonolites containing nepheline, nausean, minor
biotite and leucite. All of the samples have MgO between 0.8
and 2 wt%, comparable to the most evolved volcanics sampled
in the Cape Verde archipelago. The nosean-phonolites have
NaO2 of 12-13 wt%.
Alkaline lavas from the Brava seamount have higher
87
Sr/87Sr (0.70337 to 0.70347) at #Nd of +6 to +7 than
previously sampled in Cape Verde. Sr isotopes will be
integrated with oxygen isotopes to establish magma and crust
interactions in the magmatic plumbing system beneath the
Brava seamount.
The Brava seamount phonolitic lavas have high 206Pb/204Pb
of 19.5 to 19.8 with negative $8/4 and high #Nd of +6 to +7 in
contrast to the positive $8/4 for lavas from nearby Brava and
the southern islands of the Cape Verde archipelago. Lavas
from the Brava seamount have Pb-Nd isotope systematics
comparable to the northern Cape Verde islands, indicating the
southwestern boundary in mantle heterogeneity and thereby
the spatial extent of the EM1-like source contributing to the
southern islands. This implies that an EM1-like source is not
found in the mantle source, the shallow lithosphere or crust
beneath the Brava seamount.
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Do Proterozoic calc-silicate rocks
represent metamorphosed tuffs?
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Grey quartz - albite - chlorite – calcite rocks (and their
brown alteration products) within the Dalradian Supergroup
[1, 2] and the Torridonian Supergroup [3, 4] of Scotland have
been described as metamorphosed tuffs. These tuffs have
experienced
prehnite-pumpellyite/greenschist
facies
metamorphism. Experimental petrology has shown that this
lithology will generate calc-silicate rocks at higher
(amphibolite) metamorphic grades. Crucially, chlorite is
consumed, plagioclase feldspar becomes more calcic,
epidote/zoisite and grossular garnet appear. Some calcite
remains as inclusions within the garnet. Calc-silicates are a
feature of the Moine Supergroup in Scotland.
Both the tuffs and calc-silicate rocks occur as thin beds
with sharp contacts with their host, occur in groups in isolated
suites, and share chemical characteristics. In all cases Fe>Mg,
implying a tholeiitic affinity. Selected trace elements indicate
magmatic trends. The failure to recognise them as tuffs could
explain the apparent sparsity of volcanogenic material through
300 million years of early Earth history even though the
prevailing extensional tectonic environment would predicate
for some kind of magmatism which would be expected to be
tholeiitic in character. Indeed, two occurrences of
contemporary volcanic activity in the Torridonian Supergroup
have been decribed recently [5, 6].
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[1] Batchelor (2004). Scottish Journal of Geology 40, 67-72.
[2] Batchelor (2004). Scottish Journal of Geology 40, 181184. [3] Batchelor (2005). Geological Magazine 142, 209-215.
[4] Batchelor, Prave, Oliver & Raeburn (2008). Geological
Magazine 145, 858-867. [5] Batchelor (2008). Scottish
Journal of Geology 44, 35-41. [6] Batchelor & Prave (2010).
Scottish Journal of Geology 46, 1-6.
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Mesozoic North Sea alkaline
volcanism and the upside-down
dripping tap hypothesis
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A well-documented transient phase of domal uplift
preceded alkaline volcanism at ca. 150 Ma in the North Sea
Forties field. Is this due to lithospheric processes or could the
explanation lie in hot blobs of asthenosphere rising from depth
(the upside-down dripping tap model)? In order to test these
hypotheses we are combining drill-core and seismic evidence
from another North Sea location, the ca. 144 Ma Zuidwal
volcano, buried beneath Cretaceous and younger sediments in
the Dutch Waddenzee. First identified from magnetic and
gravity anomalies and then imaged by 2D seismic lines, shot
in pursuit of oil and gas, the eroded remnant of the highly
alkaline Zuidwal volcano, draped by a reservoir sandstone,
disrupts Mesozoic sediments some 2km below the sea-bed in
the centre of the SE-NW-trending Vlieland basin. The seismic
high (co-incident with a magnetic anomaly) was drilled in
1970 and gas extracted from the mid-1980s, at which time a
50 km2 3D seismic grid was also shot. To date, we have
interpreted structure and stratigraphic evolution from the 3D
seismic survey, sampled and analysed the volcanic and
sedimentary horizons and examined drilling logs and core
samples from various wells within the Vlieland basin.
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˙˙ = K "
Voight’s relation "
( ˙ ) between the acceleration "˙˙
and rate "˙ of earthquakes or other geophysical parameters has
been proposed as a falsifiable hypothesis for precursory
signals prior to volcanic eruptions (K and ! being empirical
constants). Importantly, models based on Voight’s relation
may permit forecasting of eruption time. However, in existing
retrospective analyses it is common to find examples of (1)
inappropriate techniques for fitting these models to data and
(2) inappropriate data selection that fails to account for the
complexity of pre-eruptive processes. Here we test the two
main competing hypotheses based on Voight’s relation exponential and power-law acceleration – using maximum
likelihood techniques and an information criterion for model
choice, based on a Poisson process with variable rate. For
examples from Mt Etna and a laboratory brittle creep-tofailure experiment, the power-law is clearly the best model,
both in terms of the fit and the resulting error structure, which
is consistent with the Poisson approximation. At Kilauea, a
spectrum of precursory behaviour is observed indicating
different mechanisms controlling the approach to volcanic
events. When these are accounted for, an exponential is clearly
the best model for all 7 of the appropriate sequences.
Deviations from the models most likely reflect local
interactions and/or non-stationary loading processes not
captured by the mean-field approach inherent in Voight’s
relation. In addition, we use simulations to demonstrate an
inherent problem with model preference, in that a power-law
model will only be preferred if failure or eruption occurs close
to the singularity. Consequently, even under ideal conditions,
a power-law trend may only be observed a short time ahead of
an eruption. We conclude that prospective mode model testing
is essential for quantifying the predictability of volcanic
eruptions using Voight’s relation.

!

";8!

Volatile release from crustal-xenolith
during subvolcanic magma transport

S. BERG1, V.R. TROLL1,2, H. ANNERSTEN1, C. FREDA2,
L. MANCINI3, L. BLYTHE1, E. M. JOLIS1 AND A. BARKER1
Department of Earth Sciences, Uppsala University,
Villavägen 16, 752 36 Uppsala, Sweden
2
Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
3
SYRMEP Group, Sincrotrone Trieste, Basovizza (Trieste),
Italy
1

!

Magma-crust interaction in magma reservoirs and conduits
is a crucial process during magma evolution and ascent. This
interaction is recorded by crustal xenoliths that frequently
show partial melting, inflation and disintegration textures.
Frothy xenoliths are widespread in volcanic deposits from all
types of geological settings and indicate crustal gas liberation.
To unravel the observed phenomena of frothy xenolith
formation we experimentally simulated the behaviour of
crustal lithologies in volcanic conduits. We subjected various
sandstones to elevated temperature (from 810 to 916 °C) and
pressure (from 100 MPa to 160 MPa) in closed-system
autoclaves. Experimental conditions were held constant for
24h up to 5 days, then controlled decompression simulated
xenolith ascent. Pressure release was a function of temperature
decline in our setup. Temperature lapse rate proceeded
exponentially; the first 20 minutes experienced an enhanced
decline of 24-20˚C/min, whereas the following 6-8 hours had a
slow cooling rate towards room temperature..
Experimental products closely reproduced the textures of
natural frothy xenoliths and define an evolutionary sequence
from partial melting to gas exsolution and bubble nucleation
that eventually leads to the development of three-dimensional
bubble networks. The lithology proved decisive for degassing
behaviour and ensuing bubble nucleation during
decompression. Increased volatile content (chiefly water) and
amount of relict crystals in the partial melt promote bubble
nucleation and subsequent bubble coalescence to form
interconnected bubble networks. This, in turn, enables
efficient gas liberation. Our results attest to significant
potential of even very common crustal rock types to liberate
volatiles and develop interconnected bubble networks upon
heating and decompression. Volatile input from xenoliths may
therefore considerably affect explosive eruptive behaviour.
Moreover, H2O, CO2 and CH4 are severe greenhouse gases and
their input into the atmosphere from crustal xenoliths and
magma chamber wall rocks may have implications for Earth's
past and present climate. Our experiments offer a detailed
mechanism of how such crustal volatile liberation is
accomplished.
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Erupting or not erupting –
Correlations between volcanic
activity, long-term volcanic output
rates and plumbing at basaltic
volcanic systems
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Flood basalt provinces typically have long-term output
rates of ~ 1 km3 yr-1, which is more than an order of magnitude
higher than that of Hawaii [1]. Would time-travelling to the
end Cretaceous, or the Miocene, guarantee witnessing an
eruption of Deccan or Columbia River Basalt Group flood
basalt? This paper investigates the proportion of time (p) that a
basaltic volcano spends erupting as a function of long-term
output rate (Q). Volcanoes with continuous records of ~100
years or more were selected from the Smithsonian Institution
Global Volcanism Program’s database [2] and cover output
rates ranging from 0.0002 km3 yr-1 (Miyakejima) to 0.05 km3
yr-1 (Kilauea and Mauna Loa combined). Values of p range
from 0.001 to 0.2 and correlate very strongly with Q.
Extrapolating the correlation implies perpetual eruption (p > 1)
for systems with flood basalt output rates, yet geological and
geochronological data suggest long time gaps between
eruptions in flood basalt provinces (0.002 < p < 0.02; [3], see
also [4,5]). These flood lava system therefore behave
differently from present day basaltic systems. Very high
magma production rates may heat the crust sufficiently to
render it capable of accumulating magma more effectively
than colder, more brittle crust that hosts low magma
production rate systems. The mechanical properties of flood
basalt plumbing systems that control the timescales of magma
accumulation and release are therefore argued to be
significantly different from present-day systems.
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[1] White, SM et al. (2006) G-Cubed 7(3) Q03010.
[2] www.volcano.si.edu. [3] Barry, TL et al. (2010) Lithos!
118: 213–222. [4] Walker GPL (1993) Geol Soc Spec Pub 76:
3-38. [5] Chenet, A-L et al., (2008) JGR 113, B04101.
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Anatomy of a flood basalt
dike-fissure system
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The ~15 Ma Roza Member from the Columbia River
Basalt Province (CRBP) in north-western USA, has perhaps
the best preserved flood basalt dike-fissure system of any
reported to date. The fissure system was fed from crustal
magma chambers in east-central Oregon and it propagated
northwards laterally for ~ 300 km into SE Washington.
Detailed geological mapping of the proximal deposits of the
Roza dike-fissure system has uncovered new vent segments.
Exposure at different levels along the fissure allows surface
deposits to be examined as well as subsurface dikes. These
data reveal that the system undergoes a marked rotation from
N17°W to N40°W over an along-strike distance of < 5-10 km.
This re-orientation is coincident with a major tectonic
boundary—the North American continental suture that marks
the boundary between Devonian-Jurassic accreted intraoceanic crust and Precambrian North American craton.
Effusion of lava appears to have occurred from vents along at
least 170 km of the fissure system. Each active segment,
potentially several hundred metres to several kilometres long
appears to have undergone a similar sequence of events. Initial
explosive activity generated high-effusion rate fountains that
deposited coarse densely welded spatter and clastogenic lavas
around the vent; over time the eruptive activity waned, and
fountains deposited non- or weak to moderately welded scoria
lapilli and bombs to build up cones and ramparts. Late-stage
effusion of lava from each active segment appears to have
almost completely buried the vent constructs over time. The
Roza system is the most complete anywhere in the world and
has the potential to constrain key issues about flood basalt
volcanism relating to duration, volatile release rates and
climatic interference.
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We report on a geological expedition to the island of
Sumatra. A south-north traverse over approximately 2500 km
was accomplished along the Sumatran segment of the Sunda
Arc between October 11 and November 7, 2010. We collected
over 100 rock samples and over 50 geothermal samples from
15 volcanic centres, from Rajabasa volcano in the south to
Sinabung volcano in the north.
The aim of the project is to constrain the extent of source
influence versus magma-crust interaction along the Sumatran
volcanic chain. Most subduction systems display geochemical
and petrographic signatures indicative of crustal input. There
is limited information, however, where and when this
contamination takes place, i.e., in the mantle region (source
contamination) or as the magma ascends through the
overriding plate (crustal contamination). Source contamination
is generally considered the dominant process in subduction
petrogenesis. However, some researchers consider crustal
contamination to be significant in this environment too.
The expedition is an extension of ongoing research
currently carried out along the Java and Bali segment of the
Sunda Arc by our groups, and builds upon previous work by
Hilton and Craig (1989) [1] and Gasparon et al. (1994) [2].
We plan to perform major and trace element chemistry as well
as strontium, neodymium, lead, helium, oxygen and beryllium
isotope analyses on rocks and mineral separates. Pyroxenes
and feldspars will be used for geobarometry studies to define
the pressures at which these minerals formed. In addition, high
pressure-high temperature phase equilibrium experiments will
be performed in order to further constrain mineral formation
depth. Gas and hot spring samples from the geothermal
systems will be used for helium, carbon and nitrogen isotope
signals, which will complement information obtained from the
rocks and minerals. Using the combined data, we aim to
produce a comprehensive and quantitative analysis of island
arc magmatism throughout the Sunda Arc region.
[1] Hilton, D.R. and Craig, H. 1989. Nature 342, 906-908. [2]
Gasparon, M., Hilton, D.R. and Varne, R. 1994. Earth Planet.
Sci. Lett. 126, 15-22.
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The Tertiary Skaergaard Intrusion intruded at the shallow
crustal unconformity between Precambrian gneisses and
overlying Tertiary Plateau Basalts. The contact metamorphism
of the basaltic country rock has been subject to detailed
scrutiny but the gneisses have previously been overlooked,
despite their importance in constraining the thermal evolution
of the intrusion and the amount of water available for postintrusion alteration of the gabbros. The Precambrian gneisses
are dominated by quartzo-feldspathic rocks, with bands of
amphibolite. We have investigated the former, in two traverses
corresponding to heights of MZ and LZa, using a combination
of optical and scanning electron microscopy. The onset of
quartz recrystallisation and melting during contact
metamorphism can be examined using cathodoluminescence
(CL). Mapping of centimetre-scale areas of individual sections
has permitted the quantification of melting, while electron
microprobe analysis of Ti content of the quartz in conjunction
with the TitaniQ thermometer provides a temperature
calibration of the CL-maps and of the different metamorphic
and pre- metamorphic textures. The onset of melting occurs
~70m from the contact and is identified under CL by the
appearance of brightly luminescing newly crystallised quartz
overgrowing rounded restitic grains. Maximum recorded
crystallisation temperatures for quartz drop from ~ 780°C 2m
from the contact to ~ 580°C 180m from the intrusion. The
maximum temperatures of melted quartz and quartz subject to
solid-state recrystallisation are the same within error.
However, the latter shows a broader range of temperatures
down to ~520°C. Two types of inherited restitic quartz give
temperature ranges of ~500°C to 600°C and <450°C
respectively. Temperatures <450°C of new quartz probably
represent post metamorphic precipitation from a fluid. The
calculations assume a Ti activity of 1 and P =1kb, hence these
are minimum estimates. However, even for Ti activities of 0.3
or pressures up to 8kb the highest temperatures are below the
dry melting of Qtz + Ab + Or, suggesting the reaction was
water-fluxed. Melt fractions increase to ~60 vol% at the
contact but the increase is not monotonic and melt distribution
is not homogeneous. Melting textures are highly variable and
partly controlled by protolith composition. Microstructures
include granophyric intergrowth, sieve-textured plagioclase,
cuspate feldspar-quartz boundaries, string-of-beads textures
and fine-grained feldspar intergrowth with hopper crystals
indicative of diffusion-limited growth. Restitic quartz and
feldspar are always present, implying that melting was
buffered along the Qtz-Ab-Or cotectic suggesting control by
kinetics or water availability. The preservation of fine-scale
luminesence zonation within restitic quartz requires cooling of
the aureole within 103 – 105 years.
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The Pietre Cotte obsidian lava flow is the product of
effusive outpourings during the 1739 AD activity of the Fossa
cone on Vulcano (Aeolian Islands, Italy). The flow is
characterized by two different components: rhyolitic glass and
dispersed lati-trachytic enclaves. Each lithology displays
textures which can be used to infer the evolution of the final
effusive product from magmatic to postmagmatic stages.
The obsidian host lava is vesicular and phenocryst-poor,
with rare enclave-derived ‘xenocrysts’ of plagioclase,
clinopyroxene, olivine and Ti-magnetite. It contains mildly
deformed spherulites, the majority displaying a radial form.
Flow banding is evident in the glass and wraps around
enclaves, small vesicles, xenocrysts and spherulites, each of
which also shows the effects of shear-related deformation.
Spherulites are often surrounded by a thin oxidised zone,
which has a sharp contact with the non-oxidised obsidian
glass. These birefringent haloes [1] consist of dark brown
glass and also encompass small microlites of alkali feldspar
and quartz in the obsidian (cf. [2]). Cristobolite occurs within
vesicles in the rhyolite lava. The mildly vesicular enclaves are
typically ellipsoidal, containing a crystal cargo of plagioclase
(An46-66), clinopyroxene (Wo47-54, En29-37, Fs11-23), olivine
(Fo64-65) and Ti-magnetite (Usp9-22). Plagioclase displays
compositional zoning, with sieve-textured mantles evident in
some crystals. Clinopyroxene phenocrysts dominantly display
euhedral crystal forms, with occasional evidence of complex
zoning. Glomerocrysts of plagioclase and clinopyroxene are
often present. The groundmass is microlitic-diktytaxitic, and
consists almost entirely of alkali-feldspar (An6-14, Ab41-62, Or2656
), with some clinopyroxene, Ti-magnetite and interstitial
glass.
It is argued that pre-eruptive magma mingling occurred
between lati-trachytic and rhyolitic magmas, and rapid cooling
of the former occurred on contact with the lower temperature
rhyolitic magma. Deformation resulted in shearing of the
enclaves and spherulites in the flow, with microlitic crystals in
the obsidian also incorporated into the enclaves after mingling.
Spherulites are thought to have formed as a result of rapid
undercooling of the rhyolitic magma, with the birefringent
haloes forming at the same time. Cristobolite crystallised in
vesicles during late-stage, vapour-phase crystallization
following extrusion. This study demonstrates how careful
petrographical observations can help to unravel complex
sequences of processes from magmatic to postmagmatic
(subsolidus) stages in the evolution of effusive eruption
products.
[1] Castro et al., (2008) Am. Mineral., 93, 1816-1822. [2]
Piochi et al., (2009) Geochem. Geophys. Geosyst.,
10.1029/2008GC002176.
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Interpretations of geodetic observations are most
frequently based on simple models of point sources embedded
in an elastic half-space (Mogi). We consider the influence of
visco-elasticity, re-melting and crystallization on volume
changes leading to surface deformation.
The injection of magma in a visco-elastic crust will
produce a non-liner increase of pressure and chamber radius
with time. Furthermore the injection of hot magma in a
partially crystallized chamber would result in volume
variations as the colder material re-melts and the hotter
crystallizes. We used numerical simulations of heat transfer to
compute evolution of melt, crystal fraction and temperature as
function of time in a partially crystallized felsic system that is
invaded by hot basaltic magma.
At high fluxes of basalt the effect of re-melting and
crystallization on volume and pressure variation are negligible.
However, at relatively low fluxes, the efficient transfer of heat
to the host mush leads to its significant re-melting while the
basalt cools and crystallizes. The net effect is an increase of
overpressure and chamber volume that is mainly dependant on
the chemistry of the host rather than the basalt.
We additionally investigated the surface manifestation of
these volume changes to relate geodetic observations with
more physically realistic processes occurring at depth. This
has important implication for monitoring of active volcanoes.
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On the southern extent of the volcanically active island of
Montserrat, West Indies, is an interesting but poorly
understood volcanic centre called the South Soufrière Hills
(SSH) volcanic complex. Eruptions from the SSH centre are
dated at ~128-131 ka [1]. Whereas most of Montserrat is made
up of andesitic lavas and pyroclastic deposits, the subaerially
exposed outcrops of the SSH volcanic centre are comprised
predominantly of basaltic lava flows. This study focuses on
sediment cores from the submarine deposits sourced from the
SSH. Recent studies have shown that 80 to 90% of volcanic
material erupted from the currently active Soufriere Hills
volcano on Montserrat ends up in the sea [2]. This illustrates
that a better insight into the volcanic history of the SSH can be
gained from looking at the marine stratigraphy.
We have discovered new evidence which suggests that
there has been a large flank collapse of the SSH edifice into
the sea. Sedimentological analysis on stacked graded beds of
varying grain-size proportions in the marine sediment cores
suggest that the deposit was formed by large retrogressive
flank failures of the subaerial SSH edifice.
The geochemical analyses of samples taken from the
submarine SSH deposits (trace element and high precision
double-spike Pb isotopes) coupled with SEM images illustrate
that the SSH volcano contains a record of complex magmatic
activity. The activity includes multiple injections of mafic
magma followed by magmatic differentiation and episodic
explosive eruptions of andesitic pumice, which were triggered
by mafic pulses, after this were eruptions of poorly vesiculated
basaltic scoria. Significantly, the chemostratigraphic
correlations of the subunits within the submarine SSH deposits
confirm that the SSH edifice suffered multiple retrogressive
collapses of the subaerial edifice. Much of this key
information would have been obscured in the on-land record
by erosion and burial by later volcanic activity.
[1] Harford, C.L et al. (2002). The volcanic evolution of
Montserrat using 40Ar/39Ar geochronology. Geological Society
of London, Memoirs, 93-113 [2] Le Friant, A. et al. (2004).
"Geomorphological evolution of Montserrat (West Indies):
importance of flank collapse and erosional processes." Journal
of the Geological Society 161: 147-160.
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The lowermost unit is a massive scoria-rich breccia
(mScBr). This breccia preserves numerous irregular ragshaped morphologies interpreted as spatter. The ductile nature
of these fragments indicates significant retention of heat
during deposition. The mScBr grades laterally and vertically
into massive lapilli-tuff (mLT) comprising a diverse range of
lithic lapilli including Palaeocene basalt, Cretaceous (?) flint,
and Jurassic calcareous sandstone and limestone. Spatter and
scoria-rich beds up to 10 cm thick are preserved within this
unit. The mLT is locally overlain by a ~2 m thick massive,
matrix-supported breccia (mBr) with rounded to sub-angular
blocks of basalt and flint, which in turn is overlain by a
diffuse-bedded lapilli-tuff, and then by a planar-stratified
lapilli-tuff. Locally, primary pyroclastic textures are destroyed
and the tuffs give way to volcaniclastic siltstone.
Although the vent is not preserved, the massive scoria-rich
breccias and lapilli-tuffs contain key examples of primary
pyroclastic textures, and are interpreted as vent proximal to
medial deposits that record rapid deposition from a sustained,
dominantly granular-fluid-based density current. Syn- and
post-eruptive reworking and deformation of pyroclasts is
locally preserved.
Petrographic and SEM characterisation of these
pyroclastic and volcaniclastic units highlights a variety of
complex textures and diagenetic modification. Qualitative and
quantitative analysis of these microtextures is ongoing and
will provide new data for potential petroleum reservoir and
seal litholigies (mixed volcaniclastic and silicilastic) in
volcanic rifted margins.
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The explosive activity of Popocatépetl volcano is a threat
to the surrounding densely populated areas. It is important to
recognize indicators of change in eruptive style (explosive to
dome building) within a short period of time. In this study we
present results of vesicle size distributions (VSDs) and
compositional analysis of matrix glass in pumice clasts from
the 5 main plinian eruptions of Popocatépetl (ca 23-1.2ka), the
2001 pyroclastic flow and in ashes from 2 vulcanian eruptions
in May and June 1997.
When plot in the quartz-albite-orthoclase ternary system
[1], the glass compositions show a large range of equilibrium
pressure ranging from 0.1 to 1000 MPa. Texturally, the
different samples from each erupted unit reflect a large variety
in percentage of the different common mineral phases as well
as vesicular percentage, shape and size.
Quantitative interpretation of texture in tephra via VSD
analysis allows you to link physical changes experienced by
magma during ascent with conditions responsible for eruptions
[2] and the extent and style of vesiculation in tephras can be
related to eruption style and duration [3]. This study,
combining geochemistry and VSD highlights a more
complicated story in terms of degassing, magma storage,
interaction and ascent rate, for the Popocatépetl volcanic
system.
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[1] Blundy and Cashman (2001), Contrib to Min and Pet, 140:
631-650. [2] Cashman and McConnell (2005), Bul of Vol., 68:
57-75. [3] Cashman and Mangan (1993), Rev Min. 30: 447478
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Here we present new geochemical data for the Holocene
eruption deposits of Volcán de Colima. Historically the
volcano is characterised by effusive andesitic lava dome
growth and frequent Vulcanian-style explosions (up to 6 times
per day) producing steam and ash clouds reaching heights of
several km a.s.l. Throughout the Volcano’s past highly
explosive Plinian eruptions have occurred; the last of which
was in 1913. Holocene and Pleistocene deposits exposed in
road cuts offer a unique insight into the volcano’s explosive
past.
Field investigations along with petrological and
geochemical analyses allow us to characterise the nature of
these highly explosive eruptions which will have a positive
impact on future hazard predication models and evacuation
maps.
A geochemical database of deposits dating back to 30,000
years B.P. compiled from studies carried out by Prof. James
Luhr, Dr. Ivan Savov and Carlos Navarro, and new results
from this study indicate magma from Volcán de Colima range
in composition from basalt to dacite (SiO2 ranges from 47.7 to
63.3 wt.%). Major and trace element plots indicate clear
fractional crystallisation processes with little influence from
magma mingling or crustal assimilation. This is supported by
initial 87Sr/86Sr results, which show very little variation
(0.70345 to 0.70399) suggesting fractional crystallisation of a
mantle source without crustal input. Whole-rock major and
trace element geochemistry of recent (post-1818 and current
lava dome) samples plot within the trend shown by older
deposits. The more recent eruptions are predominantly
andesitic (55.6 to 63.5 wt.% SiO2).
Initial calculations of H2O contents by feldspar
hygrometry for current magmas are ~2-3 wt.%, while highly
explosive eruptions are H2O-rich (up to 5.8 wt.%). Mineralmineral and mineral-melt thermometers indicate magma
eruption temperatures show little variation through time.
!
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Mount Etna, Sicily, is located in a complex geodynamic
position. It is situated at the intersection of the outer front of
the late-Quaternary S-verging Apennine Maghrebian thrust,
and N-S oriented extensional structures formed in response to
a possible reactivation of Malta Escarpment. Extension mainly
affects the eastern side of the volcano where the flank is
sliding eastward. The Pernicana fault system (PFS) is one of
the most important active structures of the eastern side of Etna
and represents the northern boundary of the unstable flank of
the edifice. It is a W-E left transtensive fault that is downthrown to the south. It has been active since late PleistoceneHolocene time, it cuts basaltic lavas over a length of about 18
km, with a maximum throw of about 30 m. The system is a
complex of dextral en echelon segments with a overall
direction of N°110 E. The western and central sectors of the
fault are characterized mainly by stick-slip behaviour with
occurrence of several recent earthquakes over magnitiude 4.0
(e.g. 2/04/2010, M = 4.2). The eastern part of the system is
characterized by stable-sliding motion with aseismic creep
phenomena. Slip rate data are mainly based on geodetic
levelling (%20 years of mesurement) and antropic manufact
displacement measurements (from %1920 A.D. to present) on
the central part of the fault with a values range between 5 and
35 mm/yr. In the western sector, slip rates between 5 and 20
mm/yr have been determined from the displacement of
historical lavas (from 1614 A.D. to present). In order to
accurately determine the vertical displacement rates of
Pernicana fault we have initiated a program of dating lava
flows that are cut by the fault using in situ cosmogenic 3He
(3Hec) exposure ages. Effort has been concentrated on the
western sector of Pernicana fault where the normal component
of fault movement dominates. The first site chosen is in a
basalt flow near Mongibello that is cut by a 13 m fault scarp.
Pyroxene phenocrysts were extracted from 3 samples of
uneroded lava flow tops taken from the hanging wall of fault
scarp. Helium isotope ratios in the melt step are between 7.5
and 22.5 Ra indicating that 3Hec is present in all the samples.
Exposure ages range from 0.9 to 1.2 kyr (n = 6), yielding an
average age of 1,088 ± 96 years (that includes uncertainty in
3
Hec production rate). This suggests that the western sector of
the PFS has had an average vertical slip rate of 11-12 mm/year
over the last 1,000 years. The measured slip rate is consistent
with previous values, but more dating work is underway to
calculate the slip rate in an enlarged temporal window (few
thousand years) with the aim of understanding the fault
behaviour in the past and improving predictions of earthquake
occurrence, i.e. reducing the uncertainties on the expected
mean recurrence times.
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Exposure to volcanic ash is known to trigger acute
respiratory diseases, such as asthma and bronchitis, and has
the potential to instigate chronic diseases if the particles are
sufficiently fine to deposit in the alveolar region of the lungs.
One suspected disease-causing mechanism arises from the
existence of crystalline silica in volcanic ash, specifically as
cristobalite, which is classed as a human carcinogen.
Recently, we have established that the potential toxicity of
volcanic ash is likely to vary depending on the type and style
of eruption, which closely controls the amount of cristobalite
produced. Although extensive research has focused on the
biological mechanisms of silica induced diseases, little
attention has been paid to the mineralogical properties that
may influence biological reactivity. The effects of structure
and composition on the potential toxicity of volcanic
cristobalite are ill-defined as the physiological burden has only
been sufficiently studied at one location; Soufrière Hills
volcano (SHV), Montserrat. It is therefore necessary to
systematically characterize the mineralogical properties of
crystalline silica from different volcanic settings to further
define the disease-causing potential of ash, and to elucidate
properties responsible for adverse biological responses.
Here we present results from the dacitic 1980-1986 and
2004-2006 dome-forming eruptions of Mt. St. Helens (MSH),
USA on the abundance, purity, crystallographic form, and
crystal shape of volcanic silica using XRD, electron
microprobe, SEM, and Raman spectroscopy. As with SHV,
the cristobalite is found within the groundmass as well as
growing into vugs in dome rock, in both platy and euhedral
forms. The composition is impure, containing traces of other
cations such as aluminium. The quantity of cristobalite in
MSH dome rock is elevated relative to SHV (4-15 wt. %
compared with 1-10 wt. %), and similar aluminium impurities
in crystalline silica are observed (up to 3 wt. %). Future work
will combine these results with mineralogical and
toxicological data from other volcanoes (e.g. Merapi, Unzen,
Santiaguito) to provide insights into global respiratory hazard
posed by volcanic ash. As higher levels of cristobalite in
respirable ash raise concerns about the onset of chronic,
injurious disease following human exposure, it will be
possible to recognize hazards based on existing settings;
thereby significantly aiding the work of disaster managers
when assessing health hazards during risk mitigation.
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Prehistoric migrations in response to
volcanic eruptions in Papua New
Guinea: Are there lessons for
evacuation management?

Crustal versus source processes on
the North East volcanic rift zone of
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During recent decades, Papua New Guinea has seen largescale population movements in response to volcanic eruptions,
such as the evacuation of Rabaul in 1994 and of Manam from
2004 onwards. Unusual features of these episodes can be
understood in the context of oral traditions from the region,
which record many volcanic eruptions in the years before
European colonization, and migrations caused by those
eruptions. In traditional New Guinea, exchange (trade) and
marriage relations between communities provided frameworks
within which migrations could occur peacefully. Examples of
migrations in response to volcanic eruptions come from
islands in the Witu group and the Willaumez peninsula on
New Britain, and from Beim Island in the Schoutens group.
The traditions also describe the eruptions, and can be
correlated with geological evidence. Most notably, the island
of Garove (Witu group), has phreatomagmatic craters with
associated surge deposits, whose emplacement is described as
a kanunu or hot blast in the traditions. Eruptions of lava flows,
offshore eruptions causing tsunamis, formation of a crater
breaching a pre-existing caldera and localized uplifts also
appear in traditions from the Witus. Further evidence for precolonial volcanic eruptions and migration patterns comes from
the accounts of early visitors to Papua New Guinea, notably
those from the voyages of Benjamin Morrell in the 1830s.
These accounts provide evidence of eruptions on Beim,
Garove and at Talasea that can be correlated with some of the
events in the oral traditions, and of communities and exchange
networks that disappeared before the colonial period. The loss
of traditional exchange networks may have disrupted a key
disaster coping mechanism in pre-colonial New Guinea and
whose absence presents increased problems for disaster
management in Papua New Guinea today.
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The North East Rift Zone (NERZ) on Tenerife is a well
exposed example of a major ocean island volcanic rift. To gain
insights into the petrologic evolution of the NERZ, and to
unravel the isotopic characteristics of its mantle sources, we
present major and trace element and O-Sr-Nd-Pb isotope
analyses for dykes of the NERZ. Fractional crystallisation is
the major process controlling major and trace element
variability in the dykes. Variable degrees of low temperature
alteration in combination with ca. 10-20 % assimilation of
hydrothermally altered island edifice modified the primary
%18O and the Sr-Nd isotope composition of the dykes, but had
little to no discernable effect on Pb isotopes. Minor sediment
contamination, however, may have affected the Pb isotope
composition of two samples plotting to high 207Pb/204Pb values.
Subsequent to screening of the data for shallow level
contamination, the underlying isotope systematics of the
NERZ reflects a mixture principally of DMM and young
HIMU-type mantle components. Trace element patterns are
additionally consistent with a HIMU-dominated source. The
206
Pb/204Pb–207Pb/204Pb isotope composition of the NERZ
supports a model of initiation and growth of the rift from the
Central Shield volcano (Roque del Conde) as has recently
been proposed based on geochronology [1]. The similar
isotope signature of the Miocene Central Shield, the MiocenePliocene NE rift and the Pliocene Las Cañadas central volcano
suggests that the source feeding the central part of Tenerife
Island was almost constant through the Miocene to Pliocene.
This can be explained by the presence of a discrete blob of
HIMU material, ! 100 km in vertical extent, occupying the
melting zone beneath central Tenerife from the Miocene to
Pliocene. Recent central magmatism on Tenerife probably
reflects greater entrainment of DMM material, perhaps due to
waning of the blob with time.
[1] Carracedo, Guillou, Nomade, Rodríguez Badiola, Paris,
Troll, Wiesmaier, Delcamp & Fernández-Turiel (2010),
Geological Society of America Bulletin (in press).
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Eruption chemistry and ignimbrite
deposition recorded by accretionary
lapilli within pyroclastic density
current deposits, Isle of Skye,
NW Scotland
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The origin and evolution of accretionary lapilli remains
controversial. Ongoing field and petrographic studies have
helped to refine models of formation but there is a paucity of
data relating to important geochemical trends between cores
and rims of the lapilli [1]. Here we use both field and
geochemical data to propose a new model to account for the
growth of accretionary lapilli within pyroclastic density
currents (PDCs) and to trace their evolving eruption
chemistry.
At Kilchrist, Isle of Skye, two Palaeogene accretionary
lapilli-bearing massive lapilli-tuff units (mLTacc), interbedded
with massive breccia, have been mapped and logged in detail.
The lower unit is cut by cooling joints suggesting cooling of
the mass was contemporaneous. Both mLTacc units possess a
dipping fabric allowing way up to be determined. Careful,
methodical sampling of accretionary lapilli was conducted up
section and subsequent EMP analysis undertaken. Distinct
evolved trends from basaltic andesite at the core to dacite at
the rim were noted in 75% of samples and these differences
were also reflected in the changing mineralogy of the lapilli.
Intimately associated changes in matrix chemistry were also
noted, with the mLTacc evolving from basaltic andesite to
andesite to dacite up section. These trends were noted in both
units suggesting similar processes occurred within temporally
distinct density currents.
Our study concurs with and builds on recent work
conducted in Tenerife [2] and suggests that proto-accretionary
lapilli fell into PDCs, and ascended and rotated by
aerodynamic lift into chemically distinct fresh magmatic
pulses. Lapilli interaction, which would have retarded lift
effect within such “dusty” PDCs, would have been minimal
since the matrix is frequently >80 vol. % and other lapilli are
largely absent. The magma chambers that fed these eruptions
were complex, and the mLTacc record tapping of a chemically
stratified chamber from the bottom up.
Our model has significant implications for studies of PDC
deposition, and supports the progressive aggradation of
ignimbrites. Sampling of mLTacc in modern volcanic terrains
to further test our model is ongoing.
[1] Di Girolamo (1968), Rend. Accad. Sci. Napoli 35, 1-68.
[2] Brown et al. (2010), Geol. Soc. of America Bull. 122, 305.
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Aerosol from various anthropogenic and natural sources
has been shown to have a significant effect on cloud albedo,
both locally around aerosol sources and on larger scales, such
as over heavily used shipping lanes (e.g. Campmany et al,
2009). Studies of volcanic plumes from the Sandwich and
Aleutian islands have demonstrated that under particular
circumstances, volcanic aerosol can act in a similar way,
changing the properties of marine boundary layer clouds,
decreasing their droplet size and increasing their albedo
(Gasso, 2008.).
We use level 2 MODIS, AATSR and GLOBAERSOL
cloud and aerosol data to search systematically for a net
influence of volcanic emissions on cloud properties at Piton de
la Fournaise, Réunion betwwen 2002 and 2010. Our
preliminary results show a significant decrease in droplet
effective radius downwind of the plume at Réunion in stacked
images of 8 years of data. This early result suggests that a
volcanic indirect aerosol effect can be observed using satellite
measurements. We aim to develop this work to test the order
of magnitude of such an effect at other volcanoes worldwide.
[1] Campmany, E., D. Grainger, S.M. Dean, A. M. Sayer
(2009). Automatic detection of ship tracks in ATSR-2 satellite
imagery. Atmos. Chem. Phys., 9, issue 6, 1899-1905. [2]
Gasso, S. (2008). Satellite observations of the impact of weak
volcanic activity on marine clouds. JVGR, 113, D14S19
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Drawing isopach maps and
determining uncertainties in tephra
volume estimates

Quaternary high Sr/Y volcanic rocks
of Te Niho a Kewa (Solander
Islands), south of South Island,
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Tephra volume estimates for a specific eruption rely on the
production of an isopach map, produced by drawing contours
around field measurements of tephra thickness. In many cases,
the choice of where to put these contours is very subjective,
especially where thicknesses are small or sample sites are
difficult to find. Volume estimations are frequently produced
using the method of Pyle [1], which is reliant on defining the
area within an isopach, based on the assumption that thickness
of tephra decreases exponentially with distance from source.
Therefore the method is reliant on the assumption of areal
uniformity - which is known to be violated in some cases, the
faithfulness of the isopach map to actual deposits and, in turn,
on the precision of original field measurements of tephra
thicknesses.
We present an approach that relies on a statistical
technique, spline interpolation, to reconstruct data-based
isopach contours from which erupted mass and therefore
erupted volume and magnitude can be more formally
determined. Spline interpolation can be applied to tephra
thickness information, interpolating numerically to calculate
tephra thickness where there is limited data. The method used
here applies bicubic splines in tension to tephra thickness data
of the Fogo Member A pumice deposit. The tension applied to
the spline determines the smoothness of the interpolation
between different measurement points, and can be adjusted to
achieve appropriate goodness-of-fit, commensurate with
uncertainties and sampling limitations in the real data.
The key difference between this research and previous
studies is the incorporation of weightings ascribed to the
primary data. These weights allow for the incorporation of
uncertainty, be it associated with sample measurement or
topography. Using this method we will investigate the
influence of such uncertainties on volume estimation
determined from isopach maps, and hope to formulate a
statistically-based reliable method for making estimates of
tephra deposit volumes.
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New geochemical and Sr-Nd isotopic data are presented
for subduction related Quaternary volcanic rocks from
Solander and Little Solander Island known locally as ‘Te Niho
a Kewa’, located ~30 km south of South Island, New Zealand.
Volcanism is related to oblique subduction of the Australian
oceanic crust beneath southern Fiordland at a current
estimated rate of ~34 mm/yr. Eruptive products on Solander
and Little Solander Island comprise high-K calc-alkaline
trachyandesites and andesites with SiO2 contents ranging from
58.2-62.2 wt %. Phenocryst-microphenocryt assemblages
typically comprise plagioclase, amphibole and biotite.
Clinopyroxene (Mg # ~90) is rare and limited to the Little
Solander lavas and is believed to be dominantly xenocrystic.
The rocks show typical adakitic characteristics including
enrichment in light REE (LREE) and contain high Sr (9502168 ppm) and relatively low Yb (1.05-1.31 ppm) and Y
(11.2-15.9 ppm) concentrations. The isotopic composition of
the Solander Island lavas bears strong resemblance to DSDP
site 279 alkali basalt (E-type MORB) located in the Solander
Trough. 87Sr/86Sr and 143Nd/144Nd isotopes, 10Be and results of
preliminary batch melting models are consistent with partial
melting of the subducting Australian oceanic lithosphere with
little or no sediment input. The HFSE and HREE
concentrations of the Solander and Little Solander lavas can
be reproduced by 10 % partial melting of a rutile bearing
amphibolite with only a minor amount (up to 2 %) of garnet in
the residue. However, the observed enrichment in LILE
suggests addition of a fluid component, likely derived from
dehydration of the altered oceanic crust.
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Opinion is divided as to the role of magmatic versus
phreatomagmatic processes in the formation of kimberlite
pipes. Here we present palaeomagnetically determined
emplacement temperatures of pyroclastic and volcaniclastic
deposits in southern African kimberlite pipes which provide
new constraints on kimberlite eruption temperatures and pipe
emplacement. Lithic clasts have been sampled from a variety
of kimberlite lithofacies from three pipes in the Orapa
kimberlite cluster, Botswana (the B/K9, D/K2 and A/K1
pipes). The sampled deposits included coherent kimberlite – a
welded pyroclastic kimberlite lithofacies, massive and layered
vent-filling pyroclastic breccias, and crater-filling pyroclastic
deposits, talus deposits and volcaniclastic breccias. Lithic
clasts sampled from the vent-filling coherent kimberlite in the
B/K9 and D/K2 pipes have been emplaced at >530°C to
>590°C. Results from A/K1 provide emplacement
temperatures of >570°C for vent-filling pyroclastic breccias
and 200-440°C for crater-filling pyroclastic flow deposits.
Lithic clasts within talus breccias and volcaniclastic breccias,
interpreted as epiclastic deposits, were emplaced at <180°C.
These temperatures fall within the proposed stability field for
common interstitial matrix mineral assemblages within ventfilling volcaniclastic kimberlites [1, 2]. The temperatures are
also comparable to those obtained for pyroclastic deposits in
other silicic volcanic systems. Because the lithic content of the
studied deposits is ~5-30% [3,4], the initial bulk temperature
of cold lithic clasts and juvenile kimberlite magma is
calculated at ~760-960°C. Therefore in the vent-filling welded
kimberlite and pyroclastic breccias, where the lithic clasts are
observed to have thermally equilibriated with the deposits, the
deposit equilibrium temperatures may have been ~300-400°C
hotter than the palaeomagnetic determined estimates. The
evidence of welded deposits [3] within the B/K9 and D/K2
pipes and the high emplacement temperatures of vent-filling
pyroclastic breccias in A/K1 indicate that phreatomagmatism
did not play a major role in the generation of the deposits.
While our findings do not rule out phreatomagmatic activity in
kimberlite eruptions, we propose that the formation of these
kimberlite pipes are largely magmatic events.
[1] Buse et al (2010), Contrib. Mineral. Petrol. 160(4), 533550. [2] Stripp et al (2006), J Metamorph Geol 24, 515–534.
[3] Brown et al (2008), Journal of Geology 116(4), 354-374.
[4] Gernon et al (2009), Lithos 112, 566-578.
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Columnar jointing is a common phenomenon in lava,
resulting from organisation of cooling contraction fractures.
Previous work on column formation has focused on basalts;
this is the first indepth study of columns in rhyolites.
Measurements of columnar joints often concentrate on the
height of striae, s, and the width of column sides, w. Striae
(also know as chisel marks) are prominent bands found
perpendicular to the long axis of columns. They form as a
result of incremental fracture advance as the lava cools.
Previous work on subaerial basalts has found the ratio between
these two measurements (w/s) to be typically around 7-8, but
with a range of 5-20 [1, 2, 3].
New measurements on rhyolite columns from probable
subglacial environments in Iceland have been made at two
sites at the Torfajökull volcano and two lavas at the
Öræfajökull volcano. All w and s measurements are smaller
than previously recorded in basalt columnar joints. The w/s
ratios from these rhyolite columns range from 5-45; each
individual lava has its own distinct w/s ratio. Angle
measurements from rhyolite columns show fewer ‘Y’ shaped
corners (measured as the percentage of angles between 105°135°) than in basaltic columns. Some rhyolitic lavas appear to
show a preference for 4-sided rather than 6-sided columns.
Both the geometry and scale of columns in these rhyolitic
lavas are different from typical columnar jointed basaltic
lavas. Furthermore, unlike in basaltic lavas, there is no clear
two-tiered geometry. There is also no ‘entablature’ zone,
common in basaltic lavas that have interacted with water,
despite evidence for the presence of water.
In conclusion the w/s ratios are similar from a single
locality but vary between lava flows, suggesting that column
formation in rhyolites may reflect local (possibly
environmental) conditions as well as rheological factors.
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[1] Goehring & Morris (2008), JGR 113, B10203. [2]
Grossenbacher & McDuffie (1995), JVGR 69, 95-103. [3]
DeGraff & Aydin (1993), JGR 98, 6411-6430.
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Hydrology of island arc volcanoes:
A numerical modeling approach
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Groundwater flow is a vital agent of heat and solute
transport in volcanic terrains, influencing key chemical and
physical signals used for volcano monitoring and affecting the
timing and dynamics of volcanic eruptions.
In this study we employ the variable-density groundwater
flow model TOUGH2, which couples fluid flow, heat and
solute transport, to investigate the hydrology of an island arc
volcano system.
Simulations are based on the Soufriere Hills Volcano
(SHV) on the Caribbean island of Monserrat, where
hydrothermal activity has been strongly implicated in
controlling volcanic hazard development and also offers
potential for geothermal energy generation.
Results suggest that heat flow from the magmatic source at
depth drives active convection of sea-water-derived fluids
beneath a lens of less-dense, meteoric water, within which
more rapid advective flow is driven by topographic head. This
rapid flow is sufficient to maintain low temperatures within
the meteoric lens while the underlying sea-water-derives fluid
exceeds 90°C.
A sensitivity analysis was undertaken to investigate the
control of magmatic plumbing configuration by varying
magma chamber radius between 0.5 and 1.5km, and depth
between 5.5 and 7km.
These simulations suggest that heat flow is a primary
control on the dynamics of sea-water-derived circulation, with
flow rates increasing with heat input. Freshwater lens
dynamics appear insensitive to heat flow changes, though the
lens depth is reduced by rapid, convective upflow. The depth
of the freshwater lens is also strongly controlled by both the
elevation of the water table and the permeability anisotropy,
with the latter also determining the scale of the seawater
convective system.
These simulations provide important insights into controls
of hydrothermal flow and a foundation for future water-rock
interaction models of hydrothermal processes in island arc
systems. Such simulations are however inherently limited by
the paucity of subsurface data. Thus, whilst we can match
temperatures measured at sub-tidal coastal springs, we do not
reproduce any of the high-edifice hydrothermal manifestations
seen at SHV due to the oversimplified specified permeability.
Indeed, a better understanding of the 3D distribution of
permeability within volcanic terranes is key to the success of
future numerical simulations of volcanic hydrothermal
systems.
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At least two different slab-derived components have been
proposed to be present in arc volcanoes: a sediment
component and a component derived from altered mafic
oceanic crust. Despite a widely held belief of the involvement
of sediments in the genesis of arc volcanoes the unambiguous
identification of this component remains difficult. We propose
stable molybdenum isotopes as a novel tracer for sediment
components in arc magmas. Mo is a redox-sensitive element
that is incorporated into sediments together with Fe-Mn
oxides. Isotopic fractionations associated with this process are
small but resolvable using a double spike technique.
We present Mo isotope data for volcanic rocks and
sediments from the Mariana arc, a well-characterized intraoceanic arc for which sediment components have previously
been independently established. Preliminary data show
variations in "97Mo within the arc lavas. Samples inferred to
be sediment rich using more conventional geochemical tracers
show significantly lighter Mo isotopic compositions. We have
also analyzed a few representatives of subducting sediment
types. The trend of isotopically light Mo in the sediment rich
lavas implicates volcaniclastic turbidites to be major
constituents of the sediment component in the Mariana arc
volcanoes.
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Saucer shaped sills are tabular intrusions observed world
wide on volcanic margins and in sedimentary basins (e.g.,
offshore Norway, Karoo Basin). Although they are common,
their feeding mechanism are still debated mainly because their
feeders geometry is not clear. We tackle here this issue of sill
emplacement mechanisms through a combined approach: i)
we use field observation and geochemistry in order to assess
the three-dimensional relationships between sills and their
potential feeders (dykes or sills) in the well-exposed Golden
Valley Sill Complex (GVSC), Karoo Basin, South Africa; ii)
the results were then compared with laboratory scaled
experiments of saucer-shaped sill emplacement.
Field observations in the GVSC show that sills present
some physical contacts between them, suggesting sill-feedingsill relationships. However, systematic chemical analyses
show that these sills were not connected when they were
emplaced. There are, however, close associations between one
elliptical sill (the GVS) and a small dyke (d4): the dyke crops
out underneath the southern tip of the sill, is parallel and
superposed on the long axis of the sill, and they both exhibit
identical geochemical compositions. Such relationships
suggest that GVS is fed by d4 and that the linear shape of d4
may have controlled the elliptical development of the GVS.
To test this hypothesis, we present preliminary results of
experimental modelling of sill emplacement, in which we vary
the shape of the feeder. In the experiment (E1) with a punctual
feeder the sill develops a sub-circular geometry, whereas in
the experiment (E2) with a long linear feeder the sill develops
an elliptical geometry. The geometrical relationships in E2
show that the elliptical shape of the sill is controlled by the
linear shape and the length of the linear feeder. The
experiment E2 presents strong similarities with the GVS-d4
relationships and thus supports the proposition that d4 is the
feeder of the GVS. Our experimental results also indicate that
the feeders of the other elliptical sills of the GVSC may be
dykes.
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Active volcanism in Galápagos is far more widespread
(>40,000 km2) than in other hotspot-related archipelagos, such
as Hawaii (~20,000 km2). We have employed both
geochemical and geophysical models to constrain the causes
of this [1]. Recent basaltic magmas from the Galápagos
Archipelago exhibit wide ranges in incompatible-traceelement and isotopic ratios. Basalts erupted on islands in the
south west of the archipelago -- and closest to the postulated
axis of the present-day plume -- have the highest [Sm/Yb]n
ratios (typically 2.3 to 3). Rare-earth-element inversion
models suggest that adiabatic decompression melting of
anhydrous peridotite occurs beneath these islands between
~ 85 and 58 km. Closer to the spreading ridge, in the northeast
of the archipelago [Sm/Yb]n ratios are lower (1.0 to 2.3) and
inversion models predict that melting of anhydrous peridotite
occurs between 85 and 45 km depth.
By converting S-wave data from a recently published
tomographic experiment [2] to temperature we have been able
to map the base of the Galápagos thermal lithosphere [1]. An
excellent correlation exists between the results of this
geophysical modelling and our estimates of the top of the melt
column from geochemical modelling. These estimates are also
consistent with those derived from models of conductive
geotherms for plate ages of 5 and 10 Ma and a mantle
potential temperature of 1400oC.
Our study has revealed that there are non-uniform
variations in lithospheric thickness relative to distance from
the Galápagos Spreading Centre (GSC). These are consistent
with the complex nature of the oceanic lithosphere beneath
this part of the Pacific. We propose that thinner lithosphere in
the northeast of the archipelago, combined with radial flow of
material in the Galápagos plume head, are responsible for
active volcanism over a relatively large area. Some of the most
isotopically-depleted basalts in the archipelago occur along a
north-east radial flow line of plume material towards the ridge
and, significantly, the most depleted basalts on the adjacent
GSC are located where this flow intersects the ridge
(-89.5oW). We believe these highly-depleted GSC basalts
provide evidence of lateral flow of plume material at depths
less than the anhydrous peridotite solidus. This interpretation
contrasts with the findings of Ito et al. [3] which predict lateral
flow of low-viscosity plume material at sub-solidus depths,
but is consistent with studies that stress the import-ance of
lithospheric slope in plume-ridge interactions [4, 5].
!
[1] Gibson, S.A. & Geist, D. (2010). EPSL in press. [2]
Villagomez et al., (2007), JGR 2006JB004672 [3] Ito et al.,
(1999). EPSL 165, 81-96. [4] Braun & Sohn, (2003). EPSL
213, 417-430. [5] Kincaid et al., (1995). Nature 376, 758-761.
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Simulating explosive volcanic
eruptions
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Explosive volcanic eruptions represent a significant
geological hazard. Depending on the setting and the
circumstances of the eruption, the hazard may consist of
pyroclastic flows, ash falls from plumes, lahars, or floods from
sudden melting of glaciers. Numerical modelling of volcanic
eruptions is an art still in infancy, but notable strides have
been made in the last few years. With the multimaterial
adaptive-mesh finite-volume code Sage, I have simulated
erupting columns of magma arising from depth, penetrating
layered media, and emerging at the surface. If water or ice is
encountered at or near the surface, the heat exchange results in
the explosion of steam that can pulverise the magma into very
small particles and cause them to be forcefully distributed over
a wide area. The figure below is the result of an axisymmetric
simulation of an eruption under ice that results in such an ash
fountain. At right is shown total material density in a linear
scale (light grey is ice, darker bands are the rock basement).
The left plot is a logarithmic scale of the magmatic material
only, showing the ash production and its dispersal in the
atmosphere. The area shown is 6 km in horizontal extent by
3 km vertical.
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Microseismicity of the Krafla
Volcanic System, Iceland
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Accurate earthquake locations have been found using a
network of 30 three-component broadband seismometers
around the Krafla caldera in the Northern Volcanic Zone
(NVZ), Iceland, during a two month period over the summer
2010. The NVZ is made up of five volcanic systems, arranged
en echelon along the divergent plate boundary, (eistareykir,
Krafla, Fremri-Námur, Askja and Kverkfjöll Each system
consists of a central volcano and a transecting rift zone. The
Krafla and Askja central volcanoes have developed calderas.
The automated earthquake picking program Coalescence
Microseismic Mapping (CMM) was used to create an initial
catalogue of event locations (n=320) which was then refined
by manually picking the best events (n=93). The best events
were then located using HypoInverse and the double
difference location method (HypoDD) of Waldhauser and
Ellsworth (2000). The majority of events occurred within the
Krafla caldera as well as to the northeast in Theistareykir.
Attenuation of high frequencies is seen as the raypaths cross
the Krafla caldera. These events are most likely associated
with cooling and contraction of dike intrusions from the 19741989 rifting episode and high-temperature geothermal activity
within the Krafla caldera and at Theistareykir. Fault plane
solutions show that events outside the caldera are mostly
associated with normal faulting within the rift zone, while
inside the caldera the stress regime is a lot more complex,
resulting in normal, strike-slip and reverse faulting
mechanisms as well as events which show possible nondouble-couple behaviour. Additionally an extended network
including stations around the Askja caldera to the south was
used to find travel times along the plate boundary from events
occurring to the north in the Tjörnes Fracture Zone and to the
south within central volcanoes under the Vatnajökull icecap.
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Etendeka Flood Basalt as a control in
sediment/lava sucessions
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The Cretaceous dunes of the Twyfelfontein Formation
have been drowned by lavas of the Etendeka Flood Basalt
province (133 Ma), preserving complex field relationships
between the sedimentary and igneous environments [1]. Direct
diagenetic effects of igneous activity on the sands occur at
sediment-lava contacts. Indirect diagenetic effects where
dykes and sills compartmentalise the basin, restricting fluid
flow, occur throughout the succession. The unique
preservation of these igneous effects is a consequence of the
combined aridity at the time of drowning and aridity over
geological time.
Where lava ponds in sediment lows the drowned
sediments are indurated with aggressive carbonate cement
which replaces detrital quartz and feldspar. The most intense
hot contact diagenesis occurs where aeolian sediments are
blown into cracks penetrating lava flow cores, in this situation
little detrital material remains. Porosity is reduced to 0 % up to
0.2 m from lava contacts, where carbonate and authigenic
clays derived from volcanically weathered feldspar fill all pore
space. The whole rock %13C value of 7.95‰ at the contact
suggests a magmatic carbon source is dominant. We suggest
lava degassing steam and CO2 and other volatiles provides the
mechanism as opposed to heat transfer or later indirect
diagenesis concentrated at sediment-lava contacts. The amount
of carbonate induration rapidly decreases away from the
contact, at distances greater than 0.3 m carbonate is minor.
Porosity reduction persists to 4.4 m from the contact as a result
of authigenic clay filling pore spaces effects penetrate further
than carbonate precipitating fluids.
Compartmentalisation of the sedimentary system by
igneous rocks controls diagenesis during burial by restricting
fluids, which the prolonged lack of groundwater enhances the
ability to observe. During burial restricted fluid flow has
caused the differential diagenesis of compartments (intrusion
separated or lava flow separated) spectacularly seen where a
dyke has prevented diagenetic fluid from passing. The yellow
sandstone on the right is leached of Fe3+ and feldspars show
greater clay replacement than the red sandstone to the left of
the dyke. The yellow sandstone has reduced macro porosity
but increased microporosity within partially replaced
feldspars. These outcrops allow us to understand how
compartmentalisation effects fluid flow in igneous basins and
how rock properties can vary as a result, over surprisingly
small distances and within the same facies.
[1] Jerram. D. A & Stollhofen. H (2002). Journal of
volcanology and geothermal research 114, 231-249.

!

"B=!

Durations of volcanic eruptions
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Once a volcanic eruption has started, a pressing question is
‘How long will the eruption last?’. The un-interrupted
discharge of magma at basaltic volcanoes can continue for less
than 1 day to several years. For volcanic systems comprising a
pressurized magma chamber, eruption duration can be
influenced by chamber size, country rock properties (e.g., wall
rock strength and elastic modulus), magma properties
(viscosity and compressibility), and conduit size. At a given
volcano, these variables may lie within certain bounds such
that the distribution of eruption durations varies between
volcanoes of different type. We explore this idea using data on
eruption durations of Kilauea [1, 2, 3], Etna [4] and Piton de la
Fournaise [5, 6]. Each of these volcanoes shows a different
distribution, as displayed on survivor function plots of %
eruptions lasting more than d days. These survivor function
curves may be interpreted in terms of magma system
properties and hazard assessment.

!

[1] Klein, FW (1982) JVGR 12: 1-35. [2] www.volcano.si.edu.
[3] Heliker, C & Mattox, TN (2003) USGS Prof Paper 1676:
1-27. [4] Tanguy, G et al. (2007) Bull. Volc. 70: 55-83. [5]
Stieltjes L & Moutou P (1989) JVGR 36: 67-86. [6] Peltier, A
et al (2009) JVGR 184: 93-108.
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Mantle derived sulphides explain
heterogeneities in 187Os/188Os and
osmium abundance of enrichedmantle (EM-) basalts
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Enriched mantle (EM)–basalts have long provided
evidence for discrete but variable mantle reservoirs [1].
However, recent work involving the Re-Os isotope
systematics of EM-basalts [2] suggests that the “mantle zoo”
[3] may contain more reservoirs than previously envisaged.
Analyses of individual sulphide grains from Kilbourne
Hole (USA) spinel lherzolites demonstrate that mantle Os
elemental abundances ([Os]) and Os isotope composition are
dominated by volumetrically insignificant sulphide; silicate
phases are incapable of producing the range of [Os] and
187
Os/188Os observed in EM-basalts. Moreover, a simple
model, involving two populations of compositionally distinct
mantle sulphides can account for the Os heterogeneities of
EM-basalts without the need for additional mantle reservoirs.
During the early stages of partial melting, supra-chondritic
interstitial sulphides are mobilized and incorporated into the
melt. When unradiogenic high [Os] sulphides, formerly
armoured within silicates, are exposed to the melt during
continued partial melting, the aggregate melt will become
more Os-rich and unradiogenic. This simple two-stage model
can account for the [Os] and 187Os/188Os of EM-basalts
worldwide without recourse to additional mantle reservoirs to
those already identified in [1,3]. In addition, these findings are
supported by the behaviour of other platinum-group elements
confirming the dominance of sulphide in this process.

!

[1] Zindler & Hart, (1986) Annu. Rev. Earth Planet. Sci. 14,
493-571. [2] Class et al. (2009) Earth Planet. Sci. Lett. 284,
219-227. [3] Stracke, et al. (2005) Geochem., Geophys.,
Geosys. 6, doi:10.1029/2004GC000824.
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Ground-based instruments have been used to monitor
sulphur dioxide (SO2) emissions from Soufrière Hills volcano
(SHV), Montserrat since the beginning of the eruption in
1995. According to these measurements, SO2 emission has
been appoximately constant, over a timescale of years,
whereas lava extrusion has been discontinuous. The controls
on the short timescale variability of SO2 emissions,
particularly those relating to lava extrusion, are not well
understood. Satellite-based observations of SO2 emissions
(using the Ozone Monitoring Instrument, OMI, on board the
NASA-Aura satellite) are particularly useful during periods of
enhanced volcanic activity, when increased height and ash in
the plume can preclude ground-based measurements. There
appears to be complementarity between the ground-based and
OMI measurements, with the optimal observing conditions for
one being the weakest for the other. During Phase 4 of the
eruption (December 2008 – January 2009), OMI observed
multiple large emissions, which were not detected by the
ground-based array.
On 6th October 2009, SHV began its fifth phase of lava
extrusion. This phase culminated on 11th February 2010 with a
partial dome collapse, a small lateral blast to the north and a
large plume of gas and ash reaching 15 km. The total collapse
volume was estimated at ~40-50 million m3 and the SO2
emission, measured by OMI, was 0.058 Tg. The SO2 emitted
during Phase 5 was monitored daily using the OMI sensor.
Whilst lava extrusion was occuring, SO2 was detected by OMI
on 42% of days. During the pauses before and after Phase 5,
SO2 was detected on 16% of days. There are a number of
possible mechanisms to explain this difference: an increase in
volatile transport from depth; the explosive lofting of gas and
ash; and increased buoyancy of the plume due to the higher
temperature of the dome from the freshly extruded lava. The
latter two mechanisms result in an increase in the measured
SO2 flux because the plume is at a greater altitude and so OMI
is able to observe it more easily due to a decrease in
attenuation from the atmosphere. It is important to determine
which of the mechanisms are dominant to establish whether
the SO2 flux from the magma has actually increased or not.
Cyclic activity with a period of ~50 days, thought to be
related to dike-storage of magma beneath the volcano, was
observed during Phase 5 in the OMI SO2 emission, the
frequency of pyroclastic flows and rockfalls and in the
seismicity. A cycle of ~9 hours, which involves changes in the
gas permeability of the magma column, can not be detected by
OMI but has previously been reported in measurements of the
SO2 flux by ground-based instruments.
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hazards in an ill-defined volcanic setting

ANNA HICKS* , JENNI BARCLAY AND WILLY ASPINALL
1

1

2

School of Env. Sciences, University of East Anglia, Norwich,
NR4 7TJ, UK (*correspondence: a.hicks@uea.ac.uk)
2
Dept. of Earth Sciences, Bristol University, BS8 1RJ, UK
!
Expert elicitation has been used for a long time as a means
for compensating for unreliable or incomplete scientific
information. In recent years a more formalized quantitative
basis for weighting expert judgments about uncertainties has
been developed using mathematical scoring rules to determine
performance-based metrics. Structured elicitation of expert
opinion was first applied to volcanology using this approach in
1995 when the present eruption of Soufrière Hills commenced.
The application of this technique has subsequently evolved,
but is still used successfully by the MVO, and for assessment
of future activity at other volcanoes. A structured elicitation
approach serves to drive discussion between scientists around
substantial amounts of data where professional interpretation
is inescapable. The so-called rational consensus that can be
provided by this procedure is seen as invaluable for decision
support and encourages the creation of ‘one voice’, thus
alleviating any ostensible indecision amongst scientists.
Unlike Montserrat, Tristan da Cunha (S. Atlantic) is an
active volcano, currently with a poorly defined eruptive record
and little or no effective monitoring capability. The last
eruption in 1961 prompted a temporary and traumatic
evacuation of the island’s population. In common with many
other poorly defined volcanic settings, contingency measures
and mitigation plans are needed for responding to future
eruptive activity, but this requires consideration of the range of
plausible eruptive scenarios and potential hazards – within a
context of considerable scientific uncertainty. One of the goals
of this project was to examine the suitability and applicability
of expert elicitation in a data-impoverished setting.
Knowledge of activity at this volcano was compiled along
with a needs assessment of information required by islanders
and administrators, both on and off island.
The expert elicitation was conducted via a structured
protocol, customised for the Tristan hazard assessment
problem by focussing on questions designed to inform civil
contingency planning. Elicitations were conducted
individually and in small groups in 2010 among 18 UK-based
experts with a variety of expertise in volcanology. Analysis of
the process and findings provides insight into issues relating to
the pooling of individual opinions, and the role that experience
plays in making judgements. We also discuss the suitability of
this process in quantifying uncertainty for the special
circumstances of Tristan da Cunha. We will examine the
performance-based weighting of expert opinion via
‘calibration questions’, analyse the degree of consensus that
emerges between experts in the absence of group discussion
and consider whether meaningful scientific insights can be
produced in this abbreviated way to inform decisions and
policy.
1
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The significance of volcanic ash fall
for Earth’s glaciers
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Worldwide glacier mass changes are key indicators of
global climatic change [1]. The effect of volcanic air fall,
which may enhance or hinder ablation depending primarily on
deposit thickness, is a potentially important driver of glacial
change. Below a critical thickness, lowering of surface albedo
by deposits increases ice ablation, while above this threshold
heat conduction to the ice is reduced sufficiently that ablation
decreases and ice becomes insulated from solar radiation
(e.g.[2], [3]). The influence of such deposits is important when
assessing climate variation using glacier fluctuations, and
should also be taken into account when assessing past glacial
advances and retreats with respect to climate in volcanic
regions [3].
Air fall deposits have high potential to affect Earth’s
glaciers as they are capable of covering many thousands of
square kilometres, depending on the magnitude and
explosivity of the source eruption, and are therefore
widespread in a way that local scree and glacial debris
deposits are not. Thicknesses vary from several metres in close
proximity to the source vent, to sub-monolayer coverings in
very distal locations with grading from coarse to extremely
fine with increasing distance from the volcano. Multiple
tephra layers may develop within ice as ash is deposited from
periodic eruptions, which may be rapidly buried and therefore
not affect ablation rates until some time after deposition.
Comparison of the positions of Earth’s glaciers to those of
the 1545 active volcanoes listed by [4] shows that locations of
these features often coincide. Of these volcanoes, 281 (18.2%)
have ice/snow cover, while 229 (14.8%) are sufficiently close
to ice bodies to potentially affect them. At present, 70
volcanoes (4.5% of the total listed) are known to have caused
ash deposition on ice in historical times (with further
occurrences over the last 30,000 years demonstrated in
Antarctic ice cores). This must be a minimum figure due to the
current lack of formal documentation of the occurrence of ash
deposition on glaciers.
[1] Barry (2006), Progress in Physical Geography 30(3), 285306. [2] Driedger (1981), USGS Professional Paper 1250,
757-760. [3] Brock, Rivera, Casassa, Bown & Acuña (2007),
Annals of Glaciology, 45, 104-114. [4] Simkin & Siebert
(2002-), Smithsonian Institution, Global Volcanism Program
Digital Information Series, GVP-3.
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The shallow sub-surface structure of
the Icelandic Rift

Sub-solidus coalescence of Cr-spinel
crystals within layered intrusions
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The Eyjafjallajökull eruption demonstrated the
vulnerability of the UK to volcanic activity in Iceland. In
addition to the need for improved modelling systems to predict
the path of erupted ash, it became clear that a detailed
understanding of the shallow crustal structure and processes
within it are needed in order to understand the likely timing of
activity and to identify future sites of activity.
Our aim is to understand how magma is transported and
stored at shallow depth beneath Iceland. This relates to the
general question of how melt flows up from the mantle to the
crust at spreading plate tectonic boundaries. Seismic studies
indicate that there may be several magma sources even within
a single volcanic system in Iceland’s Northern Volcanic Zone
[2]. We present preliminary gravity data here [1] that will be
used to address the question of whether separate volcanic
systems are linked and if so at what depth.
[1] Rymer, H. et al. (2010). New mass increase beneath Askja
volcano, Iceland – a precursor to renewed activity? Terra
Nova doi: 10.1111/j.1365-3121.2010.00948.x [2] Soosalu, H.,
et al. (2009). Lower-crustal earthquakes caused by magma
movement beneath Askja volcano on the north Iceland rift.
Bull. Volcanol.; doi:10.1007/s00445-009-0297-3.

E. HUNT*1, B. O’DRISCOL1 AND J.M.D. DAY2

School of Earth Sciences and Geography, Keele University,
Keele, Staffordshire, ST5 5BG.
(correspondence: u7o80@students.keele.ac.uk)
2
Geosciences Research Division, Scripps Institution of
Oceanography, La Jolla, CA 92092, USA
1

Cr-spinel seams are common features of layered mafic
and ultramafic intrusions, often hosting economically
important minerals, including Platinum-group alloys (PGAs).
One commonly invoked (classic) hypothesis for their
formation involves mixing of melts of differing composition,
followed by gravitational settling of the chromite crystals to
form seams [1]. More recent studies have proposed that seams
can form after the injection of melt batches with entrained Crspinel crystals [2], or through in situ crystallisation of a seam
within the crystal mush [3]. However, there has been limited
focus on the postcumulus history of Cr-spinel seams,
particularly in terms of processes now known to be important
in the sub-solidus cooling histories of layered intrusions, e.g.,
textural coarsening, or textural equilibration [cf., 4].
This study applies a detailed mineral chemical,
petrographic and crystal size distribution study to examine
textural coarsening in different, variably equilibrated
chromitite textures from the Bushveld (SA), Stillwater (USA)
and Muskox (Canada) layered intrusions. The critical
petrographic observation is that there are two end-member
chromitite textures preserved, based on Cr-spinel grainsize and
degree of textural equilibration. One end-member consists of
small (0.15 mm) equant crystals hosted in intra-seam
orthopyroxene oikocrysts and sometimes at the edges of thick
seams hosted in anorthosite. The second occurs as coarse (0.55
mm) polygonal Cr-spinel crystals that typically exhibit
apparent dihedral angles of ~120° against other Cr-spinel
crystals, suggesting high degrees of solid-state textural
equilibration. The latter end-member occurs as irregular zones
in distinct parts of some seams, making up the central portions
of relatively thin seams [cf. 2], or as the distinctive ‘chaintexture’ typified in the ‘G’ chromitite of the Stillwater
Complex. The best equilibrated zones are always associated
with the presence of olivine crystals (both cumulus and
intercumulus), in contrast to other parts of a seam. We suggest
that the presence of olivine-saturated intercumulus melts or
olivine oikocrysts drove the near-solidus/sub-solidus
equilibration of the Cr-spinel crystals. This is consistent with
sintering of Cr-spinel observed in industrial experiments, in
which olivine-saturated melt is an optimum catalyst for high
quality sinter [5].
[1] Irvine (1975), Geochimica et Cosmochimica Acta 39, 9911020. [2] Waters & Boudreau (1996), American Mineralogist
81, 1452-1459. [3] O’Driscoll et al. (2010), Journal of
Petrology 51, 1171-1201. [4] Higgins (2010), International
Geology Review, 1938-2839. [5] Deqing et al. (2008),
International Journal of Mineral Processing 86, 58-67
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The eruption of Eyjafjallajökull (Iceland) in 2010
disrupted aviation and revealed gaps in operational capacity
for measurement and forecasting of volcanic plume dispersion.
The eruptive plume was monitored using satellites (e.g.
MODIS, OMI) and sensors across Europe (including
EARLINET LIDARs, the German ceilometer network,
AERONET stationary CIMEL Sun photometers, ozone
sondes). Additionally, key requirements for modelling of
plume trajectory include particle distribution, concentration
and particle size distribution at source. Here, we present the
measurements of young (<15 min) volcanic aerosol )
(Aerosol’ is used here as an umbrella term for all particles
transported in the volcanic plume. ‘Ash’ refers only to silicate
particles.) during three eruptive phases of Eyjafjallajökull.
Phase I of the eruption (basaltic lava fountaining) had high
concentrations of very fine particles (0.2-0.4 µm), which are
likely to be soluble particles such as sulphate salts, or water
droplets with dissolved components. Phase II (andesitic
phreatomagmatic explosions) produced high concentrations of
ash. The volume and surface area distribution of suspended
matter was dominated by much coarser grains than Phase I
(>2-4 µm). Time-dependent variations in aerosol distribution
are linked to short-term changes in the eruptive regime. The
near-source ash fallout was poorly sorted and included very
fine grains. Imaging shows that the grains are highly
aggregated, attributed to electric charging and/or water surface
tension, both common processes in phreatomagmatic plumes.
When the explosive power of the eruption decreased in Phase
III (andesitic magmatic explosions), the suspended aerosol
size distribution became strongly bimodal, with a fine
(soluble) mode (0.2-0.4 µm), and a coarser (ash) mode
(>1 µm). The ash fallout in Phase III is better sorted than in
Phase II, attributed to limited particle aggregation. Grains
sized <30 µm decreased from 20-50% of fallout volume to
<5 % between Phases II and III. Vesicularity of the ash grains
increases greatly. This is linked to the decrease in
phreatomagmatic activity.
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Linking the petrogenetic processes that operate on
magmas in shallow level chambers, during ascent and
subsequent eruption is critical to the understanding of the
compositional and textural heterogeneity observed in the
crystal cargoes of volcanic rocks. The volcanic history of
Kelut volcano (Eastern Java, Indonesia) comprises both
effusive and explosive eruptions, suggesting significant
changes in the sub-volcanic magma system. On 3-4th
November 2007, an effusive eruption at Kelut led to the
formation of a new lava dome. The eruption lasted for
approximately six months, expelling ~3.5#107 m3 of lava
(BGVN, 33:07). This study integrates detailed petrographic
observation with mineral and whole-rock geochemistry, as
well as quantitative textural measurements to elucidate the
petrogenesis of the 2007-08 Kelut magma and its crystal
cargo. The data reveal that the Kelut dome dominantly
consists of highly crystalline, porphyritic basaltic andesite.
‘Phenocrysts’ (~45 vol.%) comprise (in order of decreasing
proportions) plagioclase (An36-93), clinopyroxene (Wo35-47,
En41-49, Fs11-17), orthopyroxene (Wo2-4, En64-73, Fs24-32) and Timagnetite (Usp16-34). These are set in a microcrystalline
groundmass (~55 vol.%) of similar mineralogy and
proportions. Complex zoning of plagioclase crystals (sievetextures, oscillatory zoning and resorption surfaces) allow
identification of three distinct populations. The shapes of
plagioclase crystal size distribution plots (CSD) are kinked,
deviating notably from a log linear profile and supporting the
petrographic observation that multiple crystal cargoes are
entrained in the Kelut lavas.
Plagioclase residence times, calculated using a growth rate
of 1#10-11 cm s-1 (cf. Higgins & Roberge, 2007, JVGR 161,
247-260), range from ~8 years for the smallest measured
crystal size fraction (< 0.2 mm) to ~140 years for the largest
crystal fraction (> 0.7 mm). Multiple sieve-textured zones
within the largest population may imply entrainment of
crystals into hotter magmas at depth. All crystal populations
exhibit varying degrees of resorption and generally lack
overgrowth rims. This suggests that magma mixing and
resorption of the crystal cargoes contained therein remained
dominant processes in the conduit during ascent. This study
demonstrates how detailed petrographical and quantitative
textural analyses of the crystal cargo of dome-forming
eruption products can help elucidate the complex processes
operating in the pre-eruptive magma system.
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LA-ICPMS analysis of mineral
phenocrysts from Lesser Antilles
island arc lavas
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Olivine and plagioclase phenocrysts from Carriacou, Petit
Martinique, Guadeloupe, Grenada and St. Vincent have been
analysed using LA-ICPMS to obtain major and trace element
mineral data to provide insight into the petrogenesis of the
Lesser Antilles arc lavas. Between 17 and 20 olivines were
analysed for each lava.
The forsterite contents of the olivines suggest a range from
very primitive (up to 91 Fo mol%) to more evolved (79 Fo
mol%). Some Carriacou, Petit Martinique and Guadeloupe
samples show a bimodality in CaO contents at a given
forsterite content with 6 olivines in particular displaying very
low CaO contents (0.14 wt% compared to 0.35 wt%). These
low CaO olivines also show lower Cr contents at given
forsterite contents than the remainder of the olivines sampled.
The bimodality of CaO contents seen in some of the
olivines may represent different partial melts contributing to
these lavas. Bouvier et al. (2008) [1] report the discovery of
high CaO/Al2O3 in around 10% of their melt inclusions
analysed using SIMS and suggest this may be due to melting
of a repeatedly metasomatised heterogeneous mantle.
However, no low Ca olivines were reported and metasomatism
would not provide a reasonable solution to the low CaO
olivines presented here.
One Guadeloupe lava studied (GU25) exhibits very
distinct geochemical characteristics. These include low Zr
contents and very low Ni, Mn and Cr contents. The olivines
from GU25 are divided into two subgroups; a higher forsterite
group (HFG) with olivines ranging from 82-84 Fo mol% and a
lower forsterite group (LFG) ranging from 72-74 Fo mol%.
The bimodality in forsterite contents seen in these olivines is
not observed in any of the other lava olivines studied and
could potentially represent melt mixing.
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[1] Bouvier et al (2008), Journal of Petrology 49, 1427-1448.
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The electrical resistivity of the Earth’s sub-surface is
strongly dependent on the presence of fluids or melt. The
magnetotelluric (MT) method is an excellent way to probe
resistivity over a range of depths from the near-surface to the
mantle. It uses naturally-occurring variations in the electric
and magnetic fields arising from lightning and solar wind
interactions; they induce eddy currents in the sub-surface
whose geometry and strength depend on the resistivity
structure. To explore the amount and distribution of magma
involved in the current rifting event in Afar, Ethiopia where
spreading is concentrated into narrow magmatic segments, we
have collected MT data primarily along two profiles – one
across the active Dabbahu segment and one across the inactive
Hararo segment. Both profiles are approximately
perpendicular to the segment axes and ~50 km long. In our
most recent field campaign we also collected data along a
short profile parallel to the rift in an attempt to assess
variations in magma storage and supply to the north around
the active Dabbahu volcano at which the Dabbahu rift segment
terminates.
Dimensionality analysis of the complex MT impedance
tensor shows that most of the data from our main profiles
(perpendicular to rift) are consistent with a 2-D conductivity
structure. Here we compare and contrast 2-D models from
both these profiles, showing large conductors bridging the
crust-mantle boundary beneath the Dabbahu segment which
are not seen further south at Hararo. We interpret these
unusually high conductivities as zones of partial melt which
supply the rift with massive volumes of magma. These magma
chambers have been inferred previously by visco-elastic
modelling of the crust with constraints from geodetic
observations but this is the first time they have been imaged
directly.
3-D effects are present in isolated parts of our data set,
particularly our short northward trending profile near Dabbahu
volcano itself. Whilst we are working on 3D modelling of
these data, we can give a preliminary insight into the results by
looking at data pseudo-sections which use the frequency of the
recorded data as a proxy to depth. These suggest very high
subsurface conductivities near the volcano.
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The advection-diffusion model TEPHRA2 has been used
in conjunction with a multivariate inversion (the downhill
simplex method) and a sensitivity analysis (the misfit
function) to reconstruct the eruption conditions and
seasonality consistent with the deposit patterns from the
Bronze Age eruption of Santorini. The misfit function is
defined as the Root Mean Square Error (RMSE) between
observed and calculated deposit accumulation values at
individual locations. The eruption deposit information has
been compiled and used to create four different point files
(proximal terrestrial, distal terrestrial, deep-sea core and
combined terrestrial). These were used in the model to
constrain source conditions and recreate the tephra fall deposit
from the Plinian, co-ignimbrite and combined eruptive phases.
The procedure of conducting the misfit differs from that
typically employed in previous sensitivity analyses. It was
found that iterating the misfit hierarchically (i.e. applied to
eruption parameters in the order that they have most influence
on mass accumulation), for a predefined range of parameters
yields an improved match to the recorded deposits than the
standard approach. It is suggested that this approach is adopted
in similar future studies. The results of the inversion and misfit
agreed adequately well with each other for erupted mass,
plume height and grain-size distribution. It is known that
empirical parameters (diffusion coefficient and fall-time
threshold) cannot be well calibrated which is further supported
by findings from this study. Both approaches were able to
successfully recreate the Plinian deposit which was the direct
consequence of having the most detailed, preserved and
studied dataset. In contrast, constraining conditions that
created the co-ignimbrite and deep-sea core dataset were less
successful. Typically, eruption parameters such as erupted
mass and median grain-size were overestimated. It is
concluded that the poor agreement is the result of the low
quantity (six to 28 deposit points) and quality (inconsistent
deposit depths at localities adjacent to each other) of the
datasets. Different sampling methods between archaeological
and volcanological disciplines and post-depositional processes
which have acted on the tephra deposits since the Bronze Age
can largely explain the discrepancy between these computed
and observed deposits. The seasonality of the Minoan
eruption was investigated by using pseudo-arbitrary seasonal
wind profiles for winter, spring, summer and autumn. Results
of this study suggest that the Bronze Age eruption of Santorini
is likely to have occurred between the spring and summer with
a main dispersal axis aligned East from the volcano.
Therefore, Crete would have received very little ash fall and it
is concluded that the eruption would not have caused the direct
decline of the Minoan civilization as has been previously
hypothesised by members of the archaeological community.
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It has recently been proposed that limestone assimilation
and skarn recycling are important processes in volcanic
systems emplaced within carbonate crust [2]. At Vesuvius
such processes have been recognised affecting magma
composition and gas output [1]. Vesuvius was thus chosen as a
case study to assess the interaction between shallow magma
chambers and the carbonate wall rock through investigation of
the calc-silicate (skarn) xenoliths. Skarn xenoliths have been
found in most eruptive deposits at Vesuvius, but have not yet
been described systematically. In order to understand magmacarbonate interaction and to quantify carbonate assimilation ,
we determined %18O and %13C values of a variety of rock types
from the 472 AD (Pollena) and the 79 AD (Pompeii)
eruptions.
Y$1*?(-!%#4!-:(#*)(-!E%I(!Ö=C\!Ü![NdB7[NF[á!%#4!Ö=C\!Ü!
=<N;C7=<N88á5! 3(-K(?)*I(&:N! /%320#%)(! %#4! 1%32&(!
J(#0&*)E-!E%I(!Ö=C\!I%&$(-!3%#+*#+!A301!=8N=6!)0!d=N6d!á5!
-*1*&%3!)0!)E(!?%320#%)(!@%&&!30?]-!Ä=ÅN!b]%3#!J(#0&*)E-5!*#!
)$3#5!-E0@!%!&%3+(!3%#+(!*#!0J:+(#!*-0)0K(!I%&$(-!PÖ=C\!Ü!
8N6d7;BN8dáQ! )E%)! -K%#-! 2()@((#! )E(! *+#(0$-! %#4! )E(!
?%320#%)(! *-0)0K(! 3%#+(N! OE(! Ö=d/! 0A! ?%320#%)(-! %#4!
-]%3#-!E%I(!I%&$(-!2()@((#!7BN6!%#4!à=NdB!áN!
The lower oxygen isotope values of skarn samples relative
to carbonates and marbles are explained by decarbonation due
to interaction with magma, producing progressively more
lava-like values [3]. The %18O values of igneous-, skarn- and
carbonate samples imply that significant contamination of
Vesuvius magmas has taken place. Geochemical models of
%18O vs. Sr concentrations indicate that between 15 to 21% of
crustal carbonate has been added to parental magmas
undergoing up to 50 % concurrent crystallisation. The
observed decarbonation of host rocks and associated skarn
formation will have liberated crustal CO2 [1]. Hence,
significant crustal volatiles may have been released into the
Vesuvius magmatic system, magnifying the explosivity of
past, and probably future, eruptions.
Ä=Å!`(&!'030!0-(%#^5!;<<=5!>!2E5!;<<=5!KKOe!=67;Bo!Ä;Å!^3(4%!
0-( %#^5! ;<<C5! @'-:"15! KWKed[87B=6oÄdÅ! O$3*! 0-( %#^5! =[8F5!
G"&-3'H^(*'&03"#^(50-3"#^8!??e=7d=N!

"BC!

!"#$%&'$(%&)(*%+,%-'$(.-/)'01(23"/4!"##$%&!'(()*#+!
,$((#-.!/0&&(+(!/%123*4+(5!678!9%#$%3:!;<==!
!

Landscape evolution, volcanism and
sediment flux along the active
Andean margin

ROSIE JONES1*, LINDA KIRSTEIN1, SIMONE KASEMANN2,
RICHARD HINTON1 AND TIM ELLIOTT3
Grant Institute of Earth Science, University of Edinburgh,
West Mains Road, Edinburgh, EH9 3JW
(*correspondence: r.e.jones-3@sms.ed.ac.uk)
2
Department of Geosciences, University of Bremen, Bremen,
Germany
3
Department of Earth Science, University of Bristol, Wills
Memorial Building, Queens Road, Bristol, BS8 1RJ
1

Existing earth system models of active plate margins
decouple shallow processes including exhumation and erosion,
from deep mantle processes such as melt generation. This
project aims to explore potential links between shallow and
deep processes by using the geochemical record preserved in
arc magmatic rocks along the active Andean margin.
The Andean margin is a convergent plate boundary along
which various Pacific oceanic plates have been subducting
beneath the South American plate since the earliest Jurassic
[1]. Subduction zones, such as the active Andean margin, are
the main producers of new continental crust as well as the
Earth’s largest recycling system. Some of the material which
enters the subduction zone, including pelagic and terrigenous
sediments, is recycled to the continental crust via arc
magmatism and some re-equilibrates with the mantle.
Field relationships and the current available age data
suggests a widespread reduction in magmatic activity in the
southern Central Andes between ~39 and ~26Ma (eg. [2, 3]).
Interestingly, this apparent hiatus in magmatic activity occurs
directly after a period of increased erosion and exhumation
(44-40Ma) [4, 5].
The study area lies within the Pampean flat slab segment
in the southern Central Andes (between ~28º and 33ºS). In this
region the Cenozoic plutonic and volcanic rock units occur as
two north-south trending belts which lie to the east of the
Coastal Batholith [2]. A total of 80 samples have been
collected from this region, ranging in age from the Paleocene
to the mid-Miocene. Compositionally they range from
basaltic-andesites to rhyolites and granites (SiO2 range 53-76
wt.%). Presented here are new results from petrographic and
selected major and trace element analysis. These new samples
are placed within the context of published geochemical
variations in Central Andean Cenozoic arc magmatism in
order to investigate potential source contamination.
[1] Stern, C.R. (2004), Revista Geológica de Chile, 31, 161–
206. [2] Parada, M.A., et al., (2007) The Geology of Chile,
eds: T. Moreno and W. Gibbons, The Geological Society:
London. 115-146. [3] Parada, M.A.m et al., (1988) Journal of
South American Earth Sciences, 1(3), 249–260. [4] JuezLarré, J., T.J. Dunai, and G. González, (2006) Geophysical
Research Abstracts, 8. [5] Maksaev, V. & M. Zentilli, (1999)
Exploration and Mining Geology, 8 (1-2), 65–89
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The ash fall of the 1815 Tambora eruption produced a
minimum volume of 27 km3 DRE, covering an area of
1’000’000 km2 [1]. Since Tambora is located on Sumbawa, an
Indonesian Island surrounded by the sea, a substantial amount
of the ash was depositing on the sea floor.
Six ash layers of four different locations have been
recovered from the deep sea (Indonesian-Dutch Snellius 2
Expedition, 1984) and have been analysed to get a better
understanding of the total ash thickness and distal grain size
distribution. In addition to the deep sea deposits, 8 land
deposits [2] have been analysed to compare the results. These
data have also the advantage to compare the two different ash
deposition environments. The fact that ash deposited in the sea
has first to settle through the water column could give another
depositional distribution in terms of thickness, particle shape
and grain size than ash that has fallen on land.
Grain size distribution of distal volcanic ash is an
important factor in assessing potential risks of a volcanic
eruption regarding for example the threat to human health [3]
and aviation [4]. Fine ash can be transported a long distance
away from the source suspended in the volcanic umbrella
cloud. Grain size analysis was performed with a Mastersizer
2000, being able to define the distribution of ash as fine as 0.2
µm [5].
[1] Self et al. (2004), Geophysical Research Letters 31,
L20608. [2] Sigurdsson and Carey (1989), Bulletin of
Volcanology 51, 243-270. [3] Horwell (2007), Journal of
Environmental Monitoring 9, 1107-1115. [4] Casadevall
(1994), Journal of Volcanology and Geothermal Research 62,
301-316. [5] Malvern (2010).
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The Archaen Yilgarn Craton of Western Australia contains
several world-class, nickel-sulphide ore bodies. Komatiitehosted massive nickel sulphide deposits are typically found at
the basal contact of ultramafic bodies, which are thought to
have formed during the eruption of vast, long-lived komatiite
flow fields, which flowed over an underlying, often felsic,
substrate (e.g. 1,2). The felsic and intermediate footwall
successions of many commercially exploited sulphide deposits
are often poorly understood. Consequently investigation into
the succession at Xstrata Nickel Australasia’s Cosmos mine
will enhance the understanding of komatiite-felsic interaction
and Archean volcanism in general.
The footwall to the Cosmos nickel sulphide deposits
consists of a complex succession of both fragmental and
coherent extrusive lithologies, ranging from andesites to
rhyolites, as well as numerous later-formed felsic intrusions.
Although the region has experienced amphibolite
metamorphism and several deformation events, the primary
textures of the footwall lithologies are remarkably well
preserved, aiding protolith identification. The occurrence of
thick sequences of amygdaloidal intermediate lavas
intercalated with extensive sequences of dacite tuff, coupled
with the absence of marine sediments or hydrovolcanic
products, indicates that the succession, including the komatiite
lavas, was formed in a sub-aerial environment.
The chemical composition of the felsic and intermediate
lithologies is dominated by a calc-alkaline signature,
indicative of a volcanic arc setting. REE data shows that the
compositional variability was not achieved via fractional
crystalisation alone, and that crustal assimilation and/or
different sources must be invoked to explain the observed
andesite to rhyolite magma suite. Complex relationships
between komatiite-hosted sulphide deposits and the underlying
felsic and intermediate footwall, imply that the eruption of
felsic, intermediate and komatiite magmas was near co-eval.
The similarity between these Neoarchaen lithologies and their
modern day counterparts allows parrallels to be drawn
between modern and ancient processes and indicates that
volcanic processes in the Archaen may generally have acted in
a similar way to modern volcanism.
[1] Barnes, Hill, & Gole (1988), Journal of Petrology 29, 305331. [2] Dowling, Barnes, Hill,. & Hicks (2004), Mineralium
Deposita 39, 707-728.
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Basalts and gabbros, exposed near Siquisique, Venezuela
have previously been interpreted as Jurassic mid-ocean ridge
basalts, on the basis of an ammonite found in nearby, but not
obviously intercalated, sediments. This, combined with their
current tectonic position, well within the continent, and
because they accreted before the Cretaceous ‘Great Arc’ of the
Caribbean, has led to the Siquisique igneous rocks being
widely regarded as Jurassic ‘normal’ mid-ocean ridge basalts
and gabbros formed as North and South America rifted apart.
We present new geochemical and chronological data which
shows that the Siquisique igneous rocks are 95-90Ma and have
a chemistry which is more consistent with derivation from a
deep mantle plume, than a mid-ocean ridge. It is clear that
these basalts represent part of the original ocean floor of the
Caribbean, which formed before the tectonic emplacement of
the present-day Caribbean from the Pacific. Chemically
similar basalts and gabbros at El Copey on Araya Peninsula
and Sans Souci in northern Trinidad also accreted to the
continental margin of South America before the ‘Great Arc’ of
the Caribbean and may well be part of the same intraCaribbean ‘plume event’. These exposures all indicate that the
oceanic crust of the proto-Caribbean, was likely to have
consisted (at least in part) of thickened oceanic crust formed
by melting of a hot-mantle plume. Although the Siquisique
rocks formed at a similar time to the Caribbean-Colombian
oceanic plateau they were not derived from the same mantle
plume. This supports previous suggestions that the period
around ~90Ma (like that around 120Ma) was marked by a
significant upsurge in global plume-related magmatic activity.
This activity is likely to have contributed significantly to the
major worldwide oceanic anoxia event (OAE2) around the
Cenomanian-Turonian boundary (93.4Ma). Significantly, this
discovery requires a revision of our current understanding of
Caribbean plate tectonic evolution.
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Mt. Cameroon (MC) is a large elongated lava-dominated
volcano with a morphology comprising a broad summit
plateau, ~30° steep upper flanks, sharp slope breaks and
topographic terraces around its base. Recent field observations
were presented as evidence for summit subsidence and
thrusting of the weak Miocene sediments underlying MC,
suggesting large-scale gravitational spreading of the edifice
[1]. The orientation of the identified structures is consistent
with the horizontal styles of deviatoric stress obtained from a
thin-sheet model where the sources of stress arise solely from
excess gravitational potential energy (GPE). The model
deviatoric stresses balance the horizontal gradients in GPE that
result from the gravitational loading of MC. Here this
instability process is further investigated through detailed
interpretation of large-scale structures and vent alignments
delineated on a 30 m Digital Elevation Model. Scaled
analogue experiments are then designed to simulate
deformation at MC. Fault formation is recorded through a
digital image correlation procedure. Simple spreading of an
elongated edifice favours displacement perpendicular to the
long axis, formation of a summit graben and basal thrusts or
folds parallel to this axis, as observed at MC, but fails to
reproduce the steep, and locally unstable, slopes observed on
MC upper flanks. A second set of experiments aims to
simulate the effect of spatial variations in the sediment
thickness as documented by geological and geophysical
evidence in the Rio del Rey and Douala basin on both sides of
MC. Preferential spreading of the central part of MC
perpendicular to the elongation axis along a sediment layer of
increased thickness away from the volcanic axis, more
realistically reproduces the key features observed at Mt.
Cameroon, the steep upper flank being accounted for by more
rapid spreading of the lower flanks relative to the summit. The
relevance of the documented processes for flank instabilities at
large oceanic islands is highlighted.
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[1] Mathieu et al. (2010). Bull Volcanol: in review.
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Mt. Ruapehu is an andesitic cone volcano situated at the
southern end of the Taupo Volcanic Zone. The summit plateau
at Ruapehu consists of three craters (South, Central and
North). Historical activity has consisted of frequent small
phreatic and phreatomagmatic eruptions from South Crater.
The active vents of South Crater are submerged beneath Crater
Lake - a warm, acidic lake. The most recent eruption at
Ruapehu occurred on 25th September, 2007 that generated a
moderate steam column to about 4.5 km above Crater Lake,
and a directed ballistic and surge deposit of coarse blocks and
ash to the north of Crater Lake. It also initiated lahars in two
catchments. The eruption occurred during the ski season and it
resulted in the temporary closure of the three ski fields.
Seismicity for the main eruption lasted for about 4 minutes
and included an explosive phase which lasted for less than 1
minute and a post-explosion phase which probably indicated
resonance in the conduit together with signals generated from
lahars and vent stabilisation. Preceding seismicity occurred ~
10 min before the eruption. The 2007 eruption appears
strikingly similar to phreatic/phreatomagmatic eruptions of
1969 and 1975. In those eruptions, limited precursory
seismicity was recorded, the bulk of the erupted deposits were
accidental lithics, including lake sediments and older lavas,
and only a small amount of juvenile material was erupted
(~ 5%). It is likely that all three eruptions were driven by
magmatic gases, either stored and pressurised beneath a
hydrothermal seal, or rapidly exsolved during a gas release
event.
This poster outlines the plan that we will use to model this
common type of eruption at Ruapehu. We will analyse the
volatile content of phenocryst-hosted melt inclusions to
determine the degassing depth of historic eruptions. This will
allow us to identify where the magmas have been or are
degassing beneath Crater Lake. Analogue modelling of gas
and fluid flow through a visco-elastic medium will also be
attempted. This will simulate the process of erupting large
volumes of magmatic gases with only minor melt. These data
will be used to develop an internally consistent model for the
magmatic-hydrothermal system at Ruapehu and potentially
enable us to better understand the processes driving future
eruptions.
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Particle size segregation can influence bulk flow
properties and hence the rate and distance of runout of a wide
range of geophysical flows, including debris flows and
pyroclastic density currents. This operates largely via the
spontaneous formation of lateral levees from coarse-particlerich lobate flow terminations, where resistance to flow is
relatively high. We report results of large-scale experiments at
the USGS debris-flow flume (in Oregon) with insights from
field studies of Mount St Helens ignimbrites, from small-scale
granular avalanche experiments and from numerical
modelling. At the USGS flume we captured surface flow
patterns with high-speed photography and determined
contemporaneous internal segregation of coarse particles using
tracer particles. Deposit granulometric architecture is captured
by detailed transect sampling and systematic excavation.
Levees form by rapid progressive streamwise accretion, with
material at the flow front partly re-circulated within the flow
head before lateral advection and partly spreading around the
flow surface; along the flow axis tracer pebbles segregate
vertically at up to ~6-7.5 cm s-1 in a flow with a mean channelflow velocity of ~4 m s-1 and frontal advance at ~2 m s-1.
Granulometric architecture of the experimental debris-flow
deposits matches closely that of Mount St Helens pumiceous
lobate deposits, although granular segregation in the
pyroclastic flows to form levees was substantially influenced
by pumice-clast positive buoyancy rather than downwards
percolation of fines (ash). Small-scale laboratory experiments
indicate that fines are deposited to line the leveed-channel
floor, thus promoting large-clast overpassing and flow
mobility. Our results confirm that for dense polydisperse
granular flows, persistent segregation causes persistent
evolution of markedly differing rheologies; there is no
universal rheology.
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Statistical analysis is a promising approach to both
automating volcano-seismic data processing and recognising
regime changes in volcanic systems. Various techniques have
been used recently in volcano-seismic time-series analysis, but
few are applicable in real-time, or to most monitored
volcanoes. We examine the suitability of detrended fluctuation
analysis (DFA) and Shannon entropy by analysis of seismic
data recorded at Volcán de Colima (VdC; Mexico) and
Soufrière Hills Volcano (SHV; Montserrat).
We employ an algorithm written by Little et al. [1] to
calculate the self-affinity of a dataset through time using a
running window DFA approach. Real-time seismic energy
measurements from VdC are found to be ‘persistent’ (nonrandom) in 2005, during Vulcanian activity, and again ~3.5
months prior to the onset of (unpredicted) effusive activity in
January 2007. Analysis of daily volcano-seismic event count
(DVEC) data from SHV and VdC reveals contrasting
correlation properties for different event types. Some types
(notably excluding volcano-tectonic events at SHV) show
‘persistent’ dynamics during phases of activity, and/or quasiperiodic cycles in the self-affinity exponent. ‘Persistence’ may
reflect a greater deterministic component to the signal.
A data sketching algorithm by Clifford and Cosma [2] is
used to estimate the Shannon entropy (a measure of the
uncertainty associated with a random variable) over running
windows of seismic data. A clear increase in the empirical
entropy of raw seismic data recorded at VdC is identified
during all volcano-seismic events, irrespective of their
amplitude or frequency. This suggests that this approach is
suitable for volcano-seismic event recognition, with some
advantages over conventional techniques. Furthermore,
temporal variations in entropy on longer timescales are found
in DVEC and real-time seismic amplitude/energy
measurements from SHV and VdC. Eruptions at both
volcanoes are associated with elevated entropy of amplitude/
energy measurements, and of the DVECs of some event
classes; other classes show distinct temporal DVEC entropy
variations, which may constrain their generation mechanisms.
Both techniques clearly identify specific changes in the
structure of seismic signals, including those that may precede
and/or accompany changes in the state of a volcanic system.
As computationally simple tools requiring little ‘tailoring’,
these methods may be generally applicable in real-time.
[1] Little, M., P. McSharry, I. Moroz, and S. Roberts (2006),
2006 IEEE Int. Conf. on Acoustics, Speech and Signal Proc.,
ICASSP 2006 Proceedings 2, II-1080-II-1083. [2] Clifford, P.,
and I.A. Cosma (2009), preprint on arXiv: 0908.3961v1.
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Textural evidence for unerupted
magma sourcing volcanic gases at
intermediate arc volcanoes
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Intermediate arc volcanoes often emit far more sulphur
gases (and other volatiles) than can be explained merely by
degassing of erupted magma. The discrepancy may, in some
cases, be due to a contribution from unerupted mafic magma
at depth. Mafic magma vesiculates upon quenching against
and mingling with the cooler more evolved magma, exsolving
a vapour containing CO2, H2O and S gases. The mechanism by
which gas transport from the mafic magma occurs is unclear.
Arc setting andesites often show evidence for magma mixing
(e.g. Popocatepetl, Mount St Augustine) or mingling (e.g.
Unzen, Soufrière Hills, Pinatubo) and many studies have
implicated a mafic component in supplying volatiles to the
system. Samples of lava were collected from pyroclastic flow
deposits emplaced in January 2007 at Soufriere Hills Volcano,
Montserrat. The lavas contain mafic inclusions ranging from
sub-centimetres to decimetres in size. Thin sections were cut
and scanning electron micrograph images acquired for areas of
the sections at varying distances from the interface in both
magmas. Sections of breadcrust bomb and pumice from the
same eruption are also analysed for comparison. Image
analysis was performed using ImageJ software to isolate the
vesicles and pore spaces and acquire morphological and
statistical data regarding their distribution. Vesicle size
distributions for the mafic enclaves indicate continuous
nucleation and growth of bubbles after quenching. Shape
factor analysis indicates a considerable degree of bubble
coalescence, which led to the onset of permeability, at around
30% porosity, enabling gases to percolate into the andesite.
We use the statistical information to develop a model for
isobaric degassing, followed by syn-eruptive vesiculation and
bubble expansion. We assess the extent of vapour transport
into the andesite and the implications for gas fluxes measured
at the surface. We discuss the implications of the results for
eruption triggering and eruptive style.
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Phase relations and dynamics of
ascending magmas at Stromboli
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The knowledge of compositions of magmas, their volatile
content, their storage depths and condition at different crustal
levels is crucial to model igneous systems and volcanic
eruptions. Experimental petrology is increasingly used to
constrain the structure of deep feeding systems and to
determine the pre-eruptive storage conditions in sub-volcano
reservoirs. Experimental work linked with melt inclusions
studies allows volcanologist to constrain precisely parameters
such as pressure, temperature and volatile fugacities.
Stromboli volcano is world well known and is one of the
most studied volcanoes (e.g. [1], [2]). Many studies on
volatiles dissolved in melt inclusion from Stromboli ([3,4] and
[5]) have shown that there are two stages of crystallisation at
this volcano: a first stage of crystallisation occurs in a deep
reservoir (7-10km, [5], [6]), where volatile-rich melt
inclusions are entrapped in primitive olivines, whereas the
second stage of crystallisation occurs at shallow level (<3km),
where volatile-poor melt inclusions are entrapped in less
primitive olivines. High-Mg olivines are emitted during largescale paroxysms, whereas more evolved olivines and volatilepoor melt inclusions are found in products emitted during
small-scale paroxysms.
The aim of this study is to determine the phase relations
and dynamics of ascending magmas at Stromboli. Therefore
equilibrium experiments between H2O-CO2 fluid phase and a
basaltic melt are performed in TZM (University of Bristol,
U.K.) and IHPV (University of Tuebigen, Germany) between
25 and 400 MPa, under oxidized conditions and at 1050 and
1100°C. This work is still in progress and the first results will
be presented.
[1] Francalanci, Tommasini & Conticelli (2004) Journal of
Volcanology and Geothermal Research 131, 179-211.
[2] Landi, Metrich, Bertagnini & Rosi (2004) Contributions to
Mineralogy and Petrology 147, 213-227. [3] Metrich,
Bertagnini, Landi & Rosi (2001) Journal of Petrology 42,
1471-1490. [4] Bertagnini, Metrich, Landi & Rosi (2003)
Journal of Geophysical Research-Solid Earth 108(B7):15.
[5] Metrich, Bertagnini & Di Muro (2010) Journal of
Petrology 51, 603-626. [6] Pichavant, Di Carlo, Le Gac,
Rotolo & Scaillet (2009) Journal of Petrology 50, 601-624.
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Recent advances in the study of layered intrusions have
focussed on the properties of mushy layers that develop at
magma chamber margins. However, relatively little effort has
been made to integrate the plutonic and volcanic records of
basaltic plumbing systems by recognising the signature of
mush in erupted products. Furthermore, little is understood
about the relationship between the development or
destabilisation of mush layers and eruption triggering. In order
to investigate magmatic processes in the precursory phases of
the Laki Fires eruption we combined detailed petrological and
geochemical study of whole-rock samples, tephra glasses and
phenocryst phases with simple petrographic measurements.
We find that the Laki Fires whole-rock lava and tephra
compositions are controlled by variable incorporation of
crystal mush prior to eruption. The Laki Fires fissure eruption
took place in AD 1783-84 in the Eastern Volcanic Zone of
Iceland. This eruption, with a total erupted volume of 15 km3,
is the most recent in a series of large fissure eruptions in
Iceland. Lava samples contain phenocrysts of plagioclase
(An72-92 cores), olivine (Fo66-86 cores) and clinopyroxene
(Mg#66-80 cores). Point counting of 50 lava and tephra samples
found that phenocrysts are present with a plag:ol:cpx ratio of
56:14:30 and that porphyritic samples contain a maximum of
35% phenocrysts by mass. The whole-rock samples have
variable major and trace element compositions. For example,
MgO contents vary from 5.64 to 5.88 wt% and the range of Zr
contents is 174-192 ppm. Strong correlations exist between the
major and trace element compositions of the whole-rock
samples and the proportion of phenocrysts present in each
sample, with decreases in the concentration of incompatible
elements with increasing phenocryst content. Simple
accumulation of phenocrysts in a carrier liquid can generate
strong correlations with negative slopes on plots of whole-rock
incompatible element concentration against phenocryst
content, with the intercept at zero crystal content being the
carrier liquid composition and the intercept at a phenocryst
fraction of 1 being the average phenocryst composition.
However, the Laki samples do not sit on these simple crystal
accumulation lines. This observation can instead be matched
by a model where the Laki carrier liquid mixes with a mush.
We used the relationship between the crystal content and
whole-rock composition the composition of the mush liquid
and the relative proportions of liquid and crystal in the mush.
These constraints can be used to estimate the physical
properties of the mush on the walls of the Laki chamber.
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The origin of magma forming
Javaherdasht basalts (Guilan, Iran)
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Javaherdasht Basalts with Cretaceous age are located in a
vast area in Northen part of Alborz Mountains (North part of
Iran).
The Geochemical and Isotopis studies on these Basalts
including the study of the isotopic ratios of 143Nd/144Nd and
87
Sr/86Sr proved that the magma has derived from an
astenospheric mantle (MORB) with depleted Lherzolite.
It is also proved that the magma is originated from depths
lower than 60 km,under presuures between 15-20 Kbar,which
is contaminated with lower continental crust above it in
various quantities while oozing up.
The crustal contamination is the result of geochemical
changes in the studied Basalts.
The changes in geochemical and isotopic characteristics of
Javaherdasht mantle derived basalts which are due to crustal
contamination can be comparable with transitional basalts or
Rio Grand rift, Ethiopian rift and Basin and Range province.
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implications of Tertiary volcanic
rocks of Libya

!"#$%&'$(%&)(*%+,%-'$(.-/)'01(23"/4!"##$%&!'(()*#+!
,$((#-.!/0&&(+(!/%123*4+(5!678!9%#$%3:!;<==!
!

A.A. MASOUD1, F.M. STUART1, D.F. MARK1
2
AND A.S. ABOAZOM

Isotope Geosciences Unit, Scottish Universities
Environmental Research Centre. Rankine Avenue, East
Kilbride, G75 0QF, Scotland, UK
(masoud@suerc.gla.ac.uk)
2
Earth Science Department, Faculty of Science, University of
Sebha, P.O.BOX, 19927, Sebha Libya
1

Libya has five major Tertiary volcanic provinces (Garian,
Jabal Al Hasawinah, Jabal as Sawda, Jabal Al Haruj Assuad
and Jabal Nuqay) that have a surface area of approximately
66,000 km2. The volcanism is mainly basaltic in composition,
with differentiated phases (e.g. phonolite and trachyte) making
up a small proportion. The basaltic rocks are dominantly
alkalic and have an average SiO2 content of 44.75 % at
Garian; 47 % at Al Hasawinah; 48.09 % at as Sawda and
47.22 % at Al Haruj, while phonolitic rocks have SiO2 content
in the range 57.14 - 64.37 %. In general, these rocks represent
by undersaturated alkaline rocks series in terms of their high
Na2O + K2O, Nb and Zr contents with range in compositions
from alkali basalt to phonolite. The volcanism has been
produced over the last 55 Ma, with a general decrease in age
from NNW to SSE; the initial volcanism in the Garian
province occurred at 55–50 Ma with Holocene volcanism
occurring in the latest phase of activity of the Al Haruj field in
central Libya.
There Remains considerable uncertainty in the timing
and duration of volcanism of the main provinces as well as
mechanism responsible for volcanism. Many interpretations
have been given to explain the formation of the Libyan
volcanics provinces. Based on the NNW-SSE linear trend of
the Libyan volcanic provinces and their decrease in age from
NNW toward the SSE, Hegazy (1999) interpreted the origin of
these volcanics as resulting from the NNW movement of the
African plate over a fixed hot spot in the mantle. On the other
hand the linear trend of the Libyan volcanics and their
decrease in age may relate to propagating fractures caused by
intraplate stresses as suggested for many continental rift zones
and also for the Libyan volcanics (Asran and Aboazom, 2004),
Farahat et al (2006) have classified the Libyan volcanic rocks
as a low-volcanicity rift types due to the low rates of crustal
extension, their small volumes, discontinuous volcanic
activity, a wide spectrum of basaltic magma compositions and
small acid magma types.
Forty samples have been collected from all five major
volcanic fields for 40Ar/39Ar dating, geochemical and isotopic
studies in order to unravel the source(s) and timing of
volcanism, and consequently determine the cause of Tertiary
volcanism.
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Gas chemistry data (collected in 2008 and 2009) from the
plume of the current Halema’uma’u eruption of K)lauea allow
us to draw a number of conclusions about the nature of this
new activity, K)lauea’s degassing in general and its
consequences. The gas Cl, F and S systematics are consistent
with previous models of K)lauea’s magma plumbing system.
Comparison of measurements with degassing models suggests
that plume halogen and S compositions are controlled by very
shallow degassing (depths <2 m). Compared to most other
global volcanoes, K)lauea’s gases are depleted in Cl with
respect to S. Similarly, our new Br/S and I/S measurements at
K)lauea are lower than those measured at arc-related
volcanoes, suggesting that contributions from the subducting
slab account for a significant proportion of the heavier
halogens in arc-related systems. Analyses of Hg in
Halema’uma’u’s plume suggest a flux *1 kg d-1 from this new
vent, predominantly (>78%) as gaseous elemental mercury at
the point of emission. We found no evidence to support the
high Hg/SO2 ratios previously reported (1971-1980). Sulphate
is an important component of the aerosol with modal particle
size around 0.44 µm in diameter. Plume concentrations of
many metallic species are elevated above those in background
air. There is considerable variability in the ratios of these
species with SO2 but our ratios, while generally lower than
those measured previously at K)lauea, still support assertions
that K)lauea’s emissions are metal-poor compared to other
volcanic settings. Our measurements of aerosol Re, Cd and Bi
are complementary to, and consistent with, their degassing
trends observed in Hawaiian rock suites. Enrichment factors
are in broad agreement with those from previous studies on
K)lauea allowing similar element classification schemes to be
followed (i.e., lithophile elements being lower volatility and
chalcophile elements being higher volatility). The proportion
of metals associated with the largest size mode collected (>2.5
µm) is significantly higher for lithophiles than for
chalcophiles. This is also true for the proportion of metal
bound to silicate, which was significantly higher for
lithophiles than for chalcophiles. Many metals show higher
solubility in pH 7 buffer solution than Milli-Q suggesting that
acidity is not the sole driver in terms of solubility.
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The late Caledonian Galway Batholith (~420-380Ma) has
a number of satellite intrusions that include the Omey Granite
and the Roundstone Granite (c. 422Ma). These earlier bodies,
together with the Carna Granite, form a NW-SE alignment,
however the tectonic controls on their ascent and emplacement
is poorly understood.
This paper presents new Anisotropy of Magnetic
Susceptibility (AMS) fabric data from the Omey Granite and
the Roundstone Granite. AMS data from the Omey Granite
reveal a fabric, which we interpret as magmatic, that is parallel
to the folded Dalradian host rocks, suggesting that Omey
magma was emplaced WNW-wards along the ESE-plunging
hinge of the pre-existing Connemara Antiform and that the
granite assumed a sheet-like form parallel to the folded
Dalradian host rocks, i.e. a ‘phacolith’. This demonstrates that
there was no upper crustal tectonic control during
emplacement (i.e. it was emplaced into a preexisting
structure). Therefore the NE-SW alignment of these early
satellite imtrusions suggests that their ascent and emplacment
may have been controlled by the reactivation of a previously
unrecognised deeper lithospheric lineament. The E-W trending
Skird Rocks Fault, believed to have been responsible for
emplacement of the later phases of the Galway Batholith
(~400Ma), was not the sole controlling structure when the
satellite granites were intruded.
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The active volcanoes of Papua New Guinea are thought to
be important contributors to the global atmospheric sulphur
budget. Due to a paucity of measurements however – largely
due to the logistical difficulty of fieldwork in the region – this
contribution remains poorly-constrained. The measurements
that do exist suggest the volcanic emissions of the arc may
constitute ~10% of the global time-integrated volcanic SO2
flux to the atmosphere, but are limited to rather short timescale
datasets.
The Ozone Monitoring Instrument (OMI) is a spaceborne
hyperspectral ultraviolet/visible spectrometer, carried aboard
NASA's Aura satellite and launched in July 2004. OMI makes
continuous observations of the concentration of various
atmospheric species, including SO2, in unprecedented spatial
and spectral resolution for a spaceborne instrument. Global
coverage is achieved daily. OMI represents a unique
opportunity to resolve the degassing budgets of remote
volcanoes.
We present maps of monthly average SO2 burdens over
the Papua New Guinea region. These enable clear
identification of the major volcanic SO2 sources along the arc
and illustrate the relative importance of these sources. Daily
measurements of SO2 are also included to elucidate changes in
atmospheric loading caused by changing volcanological
processes. Where possible, ground-based data and
observations are compared with the OMI measurements. The
variation observed in emission between the various volcanoes
in the region is discussed in terms of their composition, history
and characteristic activity.
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The Ozone Monitoring Instrument (OMI) is a spaceborne
hyperspectral ultraviolet/visible spectrometer, carried aboard
NASA's Aura satellite and launched in July 2004. OMI makes
continuous daily global observations of the concentration of
various atmospheric species, including SO2. The instrument
combines better spatial and spectral resolution than any
previous spaceborne instrument. This greater sensitivity to
atmospheric SO2 offers a remarkable opportunity to measure
emissions from both major eruptions and quiescent degassing.
OMI's potential has been documented, for major SO2
releases by large explosive eruptions, strong anthropogenic
sources and general studies of regional degassing. Validation
of the data, via comparison with robust independent datasets,
is currently ongoing. Whilst OMI measurement of a mature
volcanic SO2 plume in the upper troposphere/lower
stratosphere (UTLS) and a strong regional SO2 pollution
signal have been shown to correlate well with ground-based
and aircraft sensing respectively, no validation currently exists
for SO2 plumes released via quiescent degassing into the
planetary boundary layer (PBL) or lower troposphere. These
measurements are of great interest to volcanologists as
changing gas composition and flux can give powerful insight
to processes occurring beneath a volcano.
This study represents part of an ongoing effort to validate
OMI measurements of near-source, lower-atmosphere
volcanic SO2 emissions. We recognise that OMI records
atmospheric burdens, not fluxes and that direct comparison of
OMI and many ground-based instruments is not possible.
Instead, plume masses are predicted for a given input flux of
SO2, based on loss rate in the atmosphere, local
meteorological conditions and plume age, and compared with
OMI measured burdens for the same day. The volcano chosen
for the study is Soufriere Hills, Montserrat, which has
reasonable daily emissions of SO2, a long-established groundbased DOAS network measuring these, recently published
constraints on loss rate and lies in an area of reasonably stable
meteorological conditions.
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Volcanic eruptions are driven by the nucleation and
growth of bubbles that are formed when volatile species
(particularly water) exsolve from magma. Once nucleated,
bubbles may continue to grow through a combination of
diffusion of volatiles from the melt and decompressive
expansion. The kinetics of bubble formation and growth exert
a critical influence on eruption dynamics, particularly on the
explosivity of the eruption; consequently, numerical models of
volcanic eruptions are sensitive to the choice of bubble growth
model. We present preliminary results of analyses of
experimentally-decompressed phonolite and rhyolite samples,
which provide data against which bubble growth models can
be validated. Data interpretation is supported by numerical
modelling of the growth of isolated and paired bubbles in
three-dimensions.
Previous numerical modelling of bubble growth has
demonstrated the importance of the dynamic feedback
between the concentration of water in the melt, its diffusivity,
and the viscosity of the melt shell in which the bubble grows
(e.g. Blower et al., 2001). Diffusion of water, therefore, not
only alters the water concentration profile surrounding the
bubble, but is itself modified by the resulting concentration
profile. This concentration profile may be preserved when the
magma is quenched to glass. We adapt the technique of
Humphreys et al (2008) to extract sub-micron resolution water
concentration data from backscatter SEM images of volcanic
glasses by using greyscale variation as a proxy for water
content. The profiles are calibrated using SEM-Raman and
FTIR. We present preliminary two-dimensional maps of water
concentration around isolated bubbles and bubble-pairs in
synthetically hydrated and decompressed samples of volcanic
glass. To support the interpretation of the data, we have
developed a finite element model of bubble growth, which
couples volatile diffusion with concentration dependent
viscosity and melt hydrodynamics around the growing
bubbles. This approach demonstrates the potential to (i)
provide an experimentally-validated bubble growth model; (ii)
support the interpretation of water concentration profiles in
natural volcanic samples in terms of bubble growth history.
[1] Blower et al (2001), Earth and Planetary Science Letters
193, 47-56. [2] Humphreys et al (2008), Earth and Planetary
Science Letters 270, 25-40.
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The Cenozoic Calatrava Volcanic Province (CVP) is an
alkaline mafic-ultramafic province, comprising over 200
monogenetic cones and vents. It may be the largest expression
of intra-continental carbonatite-melilitite volcanism in
mainland Europe [1]. Magmatic carbonate is prolific, with
extrusive carbonatite comprising much of the matrix of breccia
tuffs in the province; observations supported by trace element
patterns and C and O isotopes [1]. Carbonate globules have
been reported in melilitite glass and as inclusions within
olivine and clinopyroxene xenocrysts [2].
During our recent fieldwork we investigated the olivinemelilitite maar debris flows of Finca La Nava, a matrixsupported carbonatite tuff in the CVP. Country rock
fragments, juvenile silicate lapilli and mantle debris are set
within an igneous carbonate matrix. Direct and rapid eruption
from the mantle is indicated by an abundance of large spinelbearing lherzolite xenoliths and ubiquitous phlogopite and
amphibole xenocrysts [3] . The presence of dune bedding and
internal stratification has implications on eruptive style,
previously unexplored in carbonate volcanism [4].
A stratigraphic log is presented, documenting variations in
structure, modal mineralogy and carbonate content. Our study
will detail the range of melt compositions, using major and
trace-element analyses of glass shards, juvenile material and
mineral inclusions of carbonate, to help shed light on the
mantle origins of this eruption.
On the basis of previous work and initial findings, we
hypothesise a deep mantle source of volcanism, with melts
possibly representing near solidus melting of carbonated
mantle. Future experimental work hopes to investigate the
depths and conditions of melt generation to produce the
observed compositions, at both Finca La Nava and other
localities in the CVP.
[1] Bailey, K. et al. (2005). Mineral Mag 69, 907-915. [2]
Humphreys, E.R. et al. (2010) Geology 38, 911-914. [3]
Villaseca, C. et al. (2010) Geological Society, London, Special
Publications 337, 125-151. [4] Woolley, A. & Church, A.
(2005) Lithos 85, 1-14.
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Garnet-bearing lherzolites and harzburgites from the
Labait (on-craton) and Lashaine (off-craton) volcanoes of
north-central Tanzania have been examined in order to
constrain the petrogenetic evolution of the lithospheric mantle
beneath the East African Rift (EAR) and adjacent Tanzanian
Craton. Our study details the important insight and invaluable
information on the thermal, physical and chemical structure of
the Tanzanian lithosphere that can be gained from mantle
xenoliths.
Pressure-temperature estimates calculated from majorelement concentrations of equilibrated homogeneous grains
suggest that clinopyroxene-bearing garnet peridotites
(lherzolites) last equilibrated at approximately 1300oC and
44kbar at Labait, and 1130oC and 39kbar at Lashaine.
Harzburgites generally equilibrated at slightly shallower
depths. Assuming a mantle potential temperature of 1400oC
[1], reconstructed geothermal gradients beneath Labait and
Lashaine are estimated to be ~53mW/m2 and 50mW/m2,
respectively. These correspond to lithospheric thicknesses of
162km and 172km and confirm that the lithosphereasthenosphere boundary beneath Lashaine is much greater
than would be expected given its off-craton location [2].
Combined major- and trace-element mineral chemistry
(determined using laser ablation ICP-MS), is presented with
specific aims to: 1) explore the amount of melting that has
occurred during formation of the northern Tanzanian
lithospheric mantle; and 2) constrain the nature and possible
agents of metasomatism in the subsequent enrichment events.
Bulk-rock plots and petrographic observations suggest the
xenoliths are most likely residues of high degrees of mantle
melting which occurred at shallow depths prior to lithospheric
thickening. Low modal amounts of garnet have allowed the
buoyant and viscous Tanzanian sub-cratonic lithospheric
mantle to remain isolated from the convecting mantle. A
complex metasomatic history is inferred from a range in
garnet rare-earth-element (REE) patterns. Infiltration of
metasomatic melts/fluids with high LREE/HREE is most
likely related to significant tectonic events, based on
previously calculated model ages [3].
Particular attention is brought to a banded garnet
harzburgite at Lashaine, which contains ultra Ca-depleted lowCr garnets and high-Fo olivines (up to Fo95.38). Very low
concentrations of REE in the ultra Ca-depleted garnets are
similar to those interpreted to be exsolved from enstatitic
orthopyroxene [4]; possibly an important process in the
transition from harzburgite to garnet lherzolite in the deep
upper mantle. ‘U-shaped’ REE patterns in these garnets may
be a consequence of subsequent fluid/melt metasomatism.
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convective instabilities in
Eyjafjallajokull eruption plumes

!"#$%&'$(%&)(*%+,%-'$(.-/)'01(23"/4!"##$%&!'(()*#+!
,$((#-.!/0&&(+(!/%123*4+(5!678!9%#$%3:!;<==!
!

Perspectives on crystal populations
versus individual crystals: Linking
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Convective instabilities are commonly observed at the
base of the ‘umbrella cloud’ region of strong volcanic eruption
plumes, and the horizontal wind-advected region of weak
volcanic eruption plumes. Instabilities develop as a
consequence of ash accumulation at the plume base forming a
turbulent interfacial layer whose settling speed is greater than
that of individual particles, and this causes the layer to
destabilise into a series of descending ‘fingers’ of high particle
concentration. The sedimentation flux in the fingers may be
much greater than that due to particle settling alone, and this
effect is not included in current models of tephra
sedimentation.
Field observations of convective instabilities at the base of
the wind-bent Eyjafjallajokull eruption plume were made on
4th May 2010, from a measuring position approximately 7.7
km South of the vent. Plume heights varied from 3.9 to 5.4
km, and the average plume trajectory and downwind position
where the plume became horizontal were determined.
Convective instabilities were observed to develop from about
200 m downwind of the vent, and the time-evolution of their
width, spacing and length were measured. Their horizontal
advection speed was comparable to their vertical speed.
Laboratory experiments were used to investigate the
development of convective instabilities. We used a plexiglass
tank with a thin removable plastic sheet that separated two
fluid layers: the upper layer was a suspension of particles in
fresh water, and the lower layer was sugar solution, so that the
bulk density of the upper layer was less than that of the lower.
Calibrated light intensity measurements were used to track the
particle concentration in the upper and lower layers as a
function of time and this was compared with one-dimensional
sedimentation models. Particle accumulation at the base of the
upper layer formed a distinct turbulent interfacial layer from
which convective instabilities propagated. This layer controls
the flux into the lower layer and we present calculations that
show how its characteristics control particle sedimentation,
and the implications of this mechanism for tephra deposition.
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Volcanic rocks represent the end product of a variety of
petrogenetic processes, including mixing, assimilation, and
fractionation. The varieties of textural and microanalytical
techniques currently available provide sensitive probes for
investigating the petrogenetic history of erupted magmas and
their crystal cargoes. This is particularly important as we begin
to recognise that crystal populations are commonly mixtures
of primary phenocrysts, recycled antecrysts, and xenocrysts.
The population-scale information recovered from crystal size
distribution (CSD) analysis is invaluable for tracing bulk
contributions to the crystal population that is carried by a
magma. With this information, individual crystal histories can
be extracted by complimentary methods, tracing how and
when those separate components were incorporated into the
magma, and thus the processes that each component represents
can be determined and constrained.
We illustrate this through a study of olivine from Piton de
la Fournaise, La Réunion Island, which erupts "oceanites";
magmas containing 20-30 volume percent of cumulus olivine.
These olivine crystals are well-established to be inherited.
Through quantitative textural analysis of samples spanning 30
years of activity of the volcano, we demonstrate characteristics
of the magma system from which these crystals are derived,
the homogeneous nature of that source, and the timescales
over which the crystals are incorporated into the magma prior
to eruption, which we link to known activity precursors (c.f.,
seismicity).

!"#$%&'$(%&)(*%+,%-'$(.-/)'01(23"/4!"##$%&!'(()*#+!
,$((#-.!/0&&(+(!/%123*4+(5!678!9%#$%3:!;<==!
!

Quantitative textural data from x-ray
element maps: CSDs, crystallinity
and mineral modes
DUNCAN MUIR*, ALISON RUST AND JON BLUNDY

Department of Earth Sciences, University of Bristol, Wills
Memorial Building, Queens Road, Bristol, BS8 1RJ, UK
(*correspondence: Duncan.Muir@bristol.ac.uk)
!
Crystal textures of volcanic rocks record the integrated
decompression history of a magma and can provide
information on magma storage systems and processes.
Crystallisation occurs as nucleation and subsequent growth of
crystals: processes that are largely controlled by the degree of
undercooling of a magma. The intercept of a crystal size
distribution (CSD) provides information on nuclei population
density and the slope is G! (where G = growth rate, ! =
residence time of crystals). Correlated with existing
experimental work, these data can be used to estimate degrees
of undercooling and depths of magma storage.
A method is outlined using x-ray element maps to acquire
textural data. Using element maps it is possible to construct
quantitative, multiphase textural data in the form of CSDs
along with groundmass crystallinity and mineral mode data.
Each pixel of an element map is defined as a particular
mineral, glass or vesicle using and/if/or algorithms in
MATLAB. Binary (black and white) images of each phase are
constructed and the apparent crystal sizes and areas are
measured using ImageJ software. CSDs are compiled using
CSDCorrections (version 1.3.9), which converts crystal size
data from 2-D to 3-D. Crystallinity and mineral mode data are
assembled from measurements of areas of crystals and glass.
Using element maps enables smaller crystals of all phases
present to be analysed compared to more traditional methods
involving hand-tracing crystals or thresholding greyscale
images, that tend to investigate only one crystal phase –
commonly plagioclase in intermediate to felsic volcanic rocks.
Although a relatively large amount of SEM time is required to
produce element maps, subsequent data processing is
relatively quick so a more comprehensive dataset can be
compiled.
Here, the method is applied to natural samples from
Mount St. Helens, USA, erupted between 1980-1986 and
2004-2005. Most of the CSDs are curved and are fitted by two
linear regressions on crystal sizes less than 50 +m (microlites)
and greater than 50 +m (microphenocrysts). Results vary
according to eruption style, which is predominantly explosive
during summer 1980, effusive thereafter. Microlite CSD data
are relatively constant and similar for both plagioclase and
orthopyroxene during the explosive phase and subsequent
dome-building eruptions suggesting microlite growth occurs at
relatively shallow depths over periods of days.
Microphenocrysts show a more secular cooling trend with G!
increasing from 1980 to 1986. An increase in crystallinity over
this period is attributed primarily to plagioclase
microphenocryst growth. Correlations with data from
decompression experiments are made to quantify magma
storage depths and results show that groundmass textures form
in the shallow portions of the magma system between 35 MPa
and 76 MPa.
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Pantelleria is a Quaternary peralkaline volcano located in
the intracontinental Strait of Sicily Rift Zone (SSRZ) between
Sicily and Tunisia. It is the type locality for pantellerite, an
alkali-rich, iron-rich, halogen-rich rhyolite with phenocrysts of
aegerine-augite, anorthoclase and aenigmatite. Alkali basalts
and trachytes are also present. The volcano last erupted
catastrophically at 45 ka to produce the Green Tuff. Numerous
smaller eruptions have occurred during the subsequent, most
recent, volcanic cycle. Rare earth element inversion modelling
[1] of data from basaltic eruptions [2, 3], suggests that
magmas are supplied by ~1.7% melting in the spinel-garnet
transition zone at 60-100 km depth. Low Ba/Nb and high
Ce/Pb of basalts indicate that the melt source region is
chemically associated with North Africa rather than the
Calabrian Arc. Principle component analysis of major element
data shows that crystallisation of basaltic magma is dominated
by clinopyroxene and magnetite. High settling velocities in
peralkaline melts results in rapid fractionation towards more
silicic compositions resulting in an observed absence of
intermediate compositions (49-62 wt% SiO2 [2]) known as a
Daly Gap. Crystallisation of trachytic and pantelleritic
magmas is dominated by increasingly alkali feldspar.
Aenigmatite is a late crystallising phase. Trace element
modelling suggests that alkali basalts, trachytes and
pantellerites are related by fractional crystallisation. Trachyte
is generated by ~76% crystallisation of basalt and pantellerite
by further ~82% crystallisation of trachyte. Although some
ambiguity remains, silicic compositions are better reproduced
by fractional crystallisation of alkali basalt, than fractional
melting. Changes in the composition of silicic erupted
products through time can be explained by evacuation and
fractionation within a highly stratified, long-term magma
chamber located under the southeast of the island. Ion probe
analyses of feldspar-hosted melt inclusions in pantellerites
indicate pre-eruptive H2O up to ~4.9 wt.% and CO2 up to ~150
ppm. Cpx-liquid thermobarometry suggests that basalts are
delivered from a reservoir at ~1.7±2.0 kbar and 1090±45°C.
Alkali feldspar-liquid thermometry suggests that pantellerites
are stored at 802±23°C assuming a chamber depth of 1.6 kbar
based on H2O-CO2 equilibrium. Pre-eruptive pantellerite
viscosities calculated from measured volatile contents are as
low as ~6000 Pa s. F, Cl and S do not degas prior to eruption,
though Cl may enter a separate fluid phase in the most
fractionated melts. Neither F nor Cl play a role in driving
pantellerite eruptions by syn-eruptive degassing.
!

[1] McKenzie & O’Nions (1991), J. of Petrology 5, 10211091. [2] White, Parker, & Ren (2009), J. of Volcanology and
Geothermal Research 179, 33-55. [3] Civetta, Cornette, Gillot
& Orsi (1988), Bulletin of Volcanology 50, 47-57.
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Experimental and analytic modeling
of piercement structures
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Piercement structures, such as mud volcanoes,
hydrothermal vent complexes, pockmarks and kimberlite
pipes, form during the release of pressurized
fluids. Understanding how piercement structures form may
provide crucial knowledge on fast fluid release in volcanic
systems in general. Good examples are found at volcanic
margins where piercement structures are associated with fluid
remobilization and fluid pressure production in metamorphic
aureoles around igneous sills. The goal of this work is to
predict under which critical conditions piercement structures
may form. The critical condition is evaluated through a
combined approach by sand box modeling and analytic
modeling. The sand box experiments were performed by
injecting compressed air through an inlet at the base of a bed
of glass beads. The inlet, with a width w is situated at a depth
h to the upper free surface. Each experiment is performed by
slowly increasing the imposed gas velocity through the inlet.
At an imposed critical velocity v, gas-induced fluidization
occurs within a zone consisting of a diverging cone-like
structure. The fluidization-structure observed in the
experiments share several morphological similarities to the
structures observed in nature. Dimensional analysis shows that
v is correlated to the ratio of h over w.
Analytic modeling were used to predict the experimental
dependency between v, and h/w. The model consists of a
force balance between the total weight and the seepage forces
imparted to the bed by the flowing gas. The seepage force was
calculated from the integrated vertical gradient in the pressure
field. We calculated the analytic solution for the pressure field,
by solving the Laplace equation with boundary conditions
similar to those of the experiment.
The analytic model reproduces the observed correlation
between v and h/w, although a slight under-estimate was
obtained. Our results suggest that the gas-particle seepage
force is the main triggering for fluidization, and, that the
commonly used proxy for fluidization, that fluid pressure must
equal or exceed the lithostatic weight, needs to be reconsidered. By combining the experiments, dimensional
analysis and the analytic model, we derived critical pressure
estimates that were employed to predict critical pressures
within a variety of geological environments. Comparing the
estimated and measured fluid pressures, prior to the Lusi mud
volcano eruption, shows that the presented model overestimates the critical pressures. The model paves the way for
further investigations of the critical conditions for fluidization
in Earth systems.
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The Al Haruj volcanic field covers a 45,000 km2 area in
central Libya. The volcanic field is comprised of a sequence
of 6 volcanic phases and a series of lava shields and scoria
cones. The volcanic phases were distinguished using ASTER
images and field observations. The age of the Al Haruj has
been estimated to range from 5.27-0.1 Ma. New 3He exposure
dates on the youngest lava flow extend this age range,
revealing recent activity with an age of 2.31±0.81 ka (1!,
n=5). Initial phases of volcanism 1-3, consist of both alkali
and tholeiitic basalts which were erupted in close spatial
proximity. The younger phases 4-6 can be attributed to better
preserved continuous lava flows and show a more consistent
geochemical signature evolving from transitional to subalkaline lavas.
The tholeiitic and alkaline lavas show distinctive
geochemical signatures. Major element trends suggest that the
tholeiitic lavas evolved by fractional crystallisation of olivine,
clinopyroxene and spinel at 10 kbar pressure. Greater scatter
in the major element trends of alkali basalts do not allow a
liquid line of descent to be fitted. Tholeiitic lavas show
incompatible trace element depletion and less variability in
trace element ratios than alkali basalts (La/Yb: tholeiites =
8.57±2.0; alkali basalts = 12.31±3.3). The Nd-Sr isotopic
composition ranges from 87Sr/86Sr = 0.70316-0.70415 and
143
Nd/144Nd = 0.51282-0.51292. Pb isotopes show a restricted
range 206Pb/204Pb = 19.03-19.22, 207Pb/204Pb = 15.61-15.65,
208
Pb/204Pb = 38.77-38.9. Helium isotopes have R/R =
a
6.04±0.02. The Nd-Sr isotopes are well correlated with
87
86
tholeiitic basalts showing enrichment in Sr/ Sr towards the
EMII mantle endmember. The isotopic signature is indicative
of a HIU or FOZO type component mixed with varying
amounts of DMM and EMII. Combined assimilation and
fractional crystallisation models suggest 0-4% crustal
contamination may have occurred. This can not account for
all the variation in Nd-Sr isotopes of the trace element
depletion of the tholeiitic basalts.
Given the close spatial and temporal proximity of the
alkali and tholeiitic basalts any melting model must be able to
explain the generation of both types of basalts. Using inverse
modelling of REE profiles it is possible to explain the REE
chemistry of the alkali basalts by 3-4 % melting of a mixed
primitive-depleted mantle source (37:63) beneath a 70 km
thick lithosphere. The tholeiitic basalts can be produced by 56 % melting under the same conditions with a mixed
primitive-depleted mantle source (58:41). Both models require
a deviation from ambient mantle temperatures of 1450±50°C.
Variations in isotopic composition suggest that a
heterogeneous mantle source sampled by varying degrees of
melting could explain the chemical differences of the Al haruj
basalts. Melting in the presence of a hydrous source is not
required to fit the REE.
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A top-sealed plastic tube with a diameter of ca. 15 cm had
been buried ca. 70 cm deep vertically at the base of La Fossa
volcano, Vulcano island, Italy, next to the front of the obsidian
flow. The tube had been filled with layered rock and quartz
wool to condense vapors emanating from the soil. At ca. 75
cm below the surface the sample had been exposed to vapors
from Sept. 2005 to April 2006. The leached sample had not
been in touch with the ground. 2 other glass wool cushions
(ca. 10 cm thick, uncompacted) had been underneath to
minimize capillary effects. A rock wool layer not touching
ground revealed nucleated sylvite (KCl ~10 µm in size) and
barite (BaSO4 ~5-10 µm in size) crystals by SEM/EDS in its
basal portion. Other very small (< 2 µm) particles were
observed on the rock wool fibers but we could not identify
them because they were suddenly volatilized by the electron
beam. The bright appearance in backscattered images suggests
that these particles may be metal compounds. The nucleation
of sylvite and barite documents the presence of ions. Leaching
of the quartz wool at room temperature with deionized H2O
and ICP-MS analysis documented 4 groups of elements: 1.
positive signal: Mg, K, Ca, Cr, Mn, Ni, (Ba); low to moderate
volatility at magmatic conditions. 2. unclear signal: Al, Si, P,
Fe; low volatility at magmatic conditions. 3. no signal: V, As,
Se, Mo, Co. As, Se, Mo, V are considered to be highly
volatile, Co got a low volatiliy. 4. positive signal: Cu, Zn, Cd,
Sn, Pb, W; high volatility at magmatic conditions. Leaching
with nitric acid documented also V and Fe, and produced
higher values for all elements, except K and Sn. This
experiment documents for the first time an unknown element
transport by vapors/gases through a volcanic edifice
interacting with hydrothermal and magmatic gases. More
information can be found at:
http://www.iugg2007perugia.it/webbook/
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Relationship between monogenetic
magmatism and stratovolcanoes in
western Mexico: The role of lowpressure magmatic processes
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A large Quaternary monogenetic volcanic field is present
in the western part of the Trans-Mexican Volcanic Belt. It is
composed by mafic-intermediate scoria cones and silicic
domes that are arranged in two NNW-SSE alignments
(Northern Volcanic Chain and Southern Volcanic Chain,
SVC). Mafic and silicic monogenetic centres from the north
alignment also coexist with two stratovolcanoes (Ceboruco
and Tepetiltic) and sometimes punctuate their flanks.
Whole-rock analyses indicate the existence of 4 different
types of primitive magmas (Na-alkaline, High-Ti, LowTi/SVC and sub-alkaline) which have evolved independently
by low-P magmatic processes. A combination of mantle
source processes plus crustal assimilation have generated
complex geochemical and isotopic characteristics in the
western part of the Trans-Mexican Volcanic belt. The negative
correlation between Sr isotope ratios and MgO contents
observed for Southern Volcanic Chain and High-Ti groups
points to crustal interaction via AFC processes, involving
upper granitic crust and mafic lower crust respectively. In
contrast, the large variability in Nd-isotopic ratios, combined
with low and less variable 87Sr/86Sr, shown by the most mafic
compositions of the High-Ti group is mostly due to mantle
source heterogeneities. Low-Ti and Na-alkaline compositions
are only slightly modified by crustal contamination processes
and their whole-rock geochemistry reflects the complex nature
of the western Mexico sub-arc mantle. Limited magma
interaction between monogenetic and polygenetic magmatism
has been recognised only at Ceboruco, possibly producing the
chemical variability of post-caldera lavas. Indeed, mafic
magma feeding High-Ti monogenetic systems might represent
the possible mafic end-member which triggered the Ceboruco
caldera-forming event. A geographic/tectonic control is also
suggested by the geochemical data. Na-alkaline compositions
are only found in the northern part of the Northern Volcanic
Chain. Parental magmas of both the High-Ti and Low-Ti
monogenetic series, erupted between the Ceboruco and
Tepetiltic stratovolcanoes, were modified by lower crust AFC
processes possibly favoured by the stress regime. Indeed, the
presence of a local left-hand step over along the northern main
fault systems between the two stratovolcanoes might inhibit
free uprising of monogenetic mafic magmas. The preferential
alignment of stratovolcanoes and monogenetic volcanic vents
parallel to the northern main fault systems and the possible
mixing between High-Ti mafic monogenetic magmas and
more evolved Ceboruco magmas suggests that, under the
predominance of regional stress, the influence of central
volcanic vents on monogenetic magmatism might be more
complex than simple control of vent directions and might
favours magma mixing processes.
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Permeability development in volcanic
conduits during persistent degassing
JEREMY PHILLIPS* AND JULIUS BAGHDADI
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During persistent volcanic degassing, magma rises
relatively slowly, and volatile exsolution and bubble growth
can occur. Previous studies suggest that basaltic magmas,
typical of persistently-active volcanism, contain sufficiently
high initial volatile contents that high gas volume fractions,
and the formation of permeable foams, can be achieved at
depths well below the surface. The dynamics of the process of
permeability development under conditions of low magma rise
rate, and its control on degassing, are currently only poorly
understood.
In this study, the processes of permeability development
due to decompressional bubble growth in a viscous liquid
were investigated using laboratory analogue experiments.
Aerated Golden Syrup and water-syrup mixtures, containing
bubbles of about 100 micron diameter, were decompressed at
a range of rates in shock tube apparatus, to simulate bubble
growth during magma rise. Calibrated light intensity
measurements were used to determine the evolution of
porosity within the liquid as pressure decreased. It was
observed that porosity remained approximately uniform
throughout the liquid depth until a critical threshold value was
reached, when permeability developed in a narrow region near
the liquid top, leading to rapid formation of a gas pocket, and
subsequent foam collapse after the gas escaped. The residual
porosity was significantly less than the threshold value,
suggesting that permeability development during persistent
degassing may be hysteretic. We used the experimental
observations to extend the model of hysteretic permeability of
Michaut et al. (Earth Plan. Sci. Letts. VOL) and apply it to
persistent volcanic degassing. In this presentation, the results
of the model application to Stromboli volcano, Italy, and
implications for fluxes and timescales of persistent degassing
will be discussed.
!!
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A petrological study into cataclasite
formation at the Soufrière Hills
Volcano, Montserrat
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The andesitic Soufrière Hills Volcano (SHV) on the island
of Montserrat in the Caribbean has been active since 1995,
with five phases of dome growth to date. Dome growth has
often been accompanied by swarms of long period (LP) and
hybrid earthquakes produced by rising magma [1].
During recent fieldwork, cataclasites were identified
within Phase IV Vulcanian explosion products and Phase V
dome collapse deposits. They occur as dense bands of up to
2m in length and 2cm to 10cm in width, where preserved
within andesite blocks. Typically in hand specimen, they have
the appearance of alternating dark glassy and lighter slightly
coarser-grained bands. Small faults with displacements of up
to 4mm cut across the bands, alongside ductile deformation,
suggesting that the cataclasites have undergone a certain
amount of healing, and therefore formed as a subsurface
process. Initial petrographic analysis shows that the bands are
microcrystalline densely packed fractured quartz, with sparse
broken phenocrysts of plagioclase feldspar (up to 2mm) and
amphibole (up to 5mm) within the darker bands and lighter
bands respectively, and oxides throughout. Deformed bands
within the cataclasites are commonly deflected around
phenocrysts and clasts, alongside internal folding within
individual bands.
XRF analyses indicate that copper
(236ppm) is on average four times higher than SHV andesites
and mafic enclaves, and zinc (123ppm) is on average twice as
high, perhaps as a consequence of enrichment of a sulphurrich gas through the cataclasite shear fractures.
The cataclasites are interpreted as being formed by the
shear fracturing of rising magma within the conduit, with this
producing an acoustic emission. This process therefore, may
be associated with the increased numbers of LP and hybrid
earthquakes typically observed at the SHV, which can precede
dome collapse and Vulcanian explosions [1].
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The Airborne Volcanic Object
Imaging Detector (AVOID) –
A system to detect hazardous volcanic
ash clouds from commercial jet
aircraft
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Current guidelines for operating in airspace containing
volcanic ash clouds are dependent on pilot-visual
identification of ash particles in the atmosphere.
Consequently, positive ash cloud detection is highly subjective
to variability in ash concentration, viewing angle,
meteorological conditions, time of day and pilot-dependent
visual acuity. A new fast-sampling, multi-spectral, imaging,
un-cooled thermal infrared camera system has been developed
to provide rapid spatial information of ash clouds up to 100
km ahead of a commercial jet aircraft. The Airborne Volcanic
Object Imaging Detector (AVOID) exploits the ‘reverse’
absorption effect displayed by micron-size silicate particles
contained in volcanic ash clouds. This effect occurs within the
infrared window between 8–12 µm and allows quantification
of the mass loading of ash particles, an estimate of the
effective particle size and a measure of the infrared optical
depth. The system measures passive infrared radiation and
may be operated equally well during the day and night.
Results will be shown from prototype field trials during the
2003 eruption of Anatahan volcano in the Northern Mariana
islands.
The future commercial solution will provide real-time
detection ahead of the aircraft to allow the pilot sufficient time
(up to 6 minutes at normal cruise speeds) to make slight
course deviations to allow the aircraft to fly safely and
economically to its destination. AVOID is the only airborne
system currently capable of detecting and imaging volcanic
ash clouds.
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Volcanic gas emissions of CO2 and
H2S during an eruptive pause and the
role of the hydrothermal system at
Soufrière Hills Volcano, Montserrat
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Measurements of volcanic gas composition have great
value for volcano monitoring and for assessment of changes in
eruptive style. In order to use these data effectively however, it
is necessary to a) develop methods for data collection that are
of use at hazardous volcanoes where close approach is
difficult and b) understand the controls on the gas
composition, including the influence of the hydrothermal
system. Over the past 15 years of eruption, characterised by
eruptive periods and long pauses, the hydrothermal system
may be an important modifier of degassing fluids that pass
through the shallow edifice, particularly during eruptive
pauses. We have measured the proportions of SO2, H2S and
CO2 in volcanic gases emitted from SHV from June to
October 2010 using a multi-GAS sensor during an eruptive
pause. Fluxes of CO2 and H2S during this period were 3105490t/d and 100-670t/d respectively. The multi-GAS detected
not only the volcanic gases from the plume but also a
background level of H2S (maximum 15ppm and an average of
7ppm) and CO2 that correlate with one another, interpreted to
be emissions from low temperature diffuse sources distal from
the lava dome. The plume gas composition is compared to
thermodynamic models to investigate the controls of pressure,
temperature, depth of gas separation, oxygen fugacity and
interaction between the hot magmatic gases and a cool waterrich hydrothermal system.
!!
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Evidence of enriched cold hotspot
source at 45°N mid-Atlantic ridge?
N. SCHROTH

(ns2r07@noc.soton.ac.uk)
Axial volcanic ridges (AVR) are a ubiquitous feature
along mid-oceanic ridges. Although numerous studies have
been performed on their structure and volcanic activity, many
questions still remain unanswered, e.g. do AVR basalts have a
common parental magma, and are the basalts derived from
different magma chambers erupting at different times?
During cruise JC24 in 2008, nearly 300 basaltic samples
were collected with the ROV ISIS in order to answer some of
these questions.
A large dataset has now been compiled and some
preliminary results will be presented. Rare earth element
(REE) data coupled with trace element data of 30 samples
revealed three different groups of samples. Group I is
charaterized by low La/Yb, incompatible element
concentrations between normal and enriched mid-oceanic
ridge basalt (N- and E-MORB). Group III has highly elevated
La/Yb ratios, and a pattern of incompatibles that is more
enriched in light REE than E-MORB. Group II lies in between
but shows clear gaps to both other groups.
As REEs are not available for all samples yet, the
incompatible and alteration-resistant elements Nb-Zr-Y were
used to extend the grouping to a further 230 samples analysed
by XRF. The results are coherent with the REE groupings. In
addition, groups II and III could be subsequently split into
subroups.
The most enriched samples occur on (1) flat-topped
volcanoes, situated off-AVR, (2) in the median valley near
these volcanoes, (3) in the median valley walls on the western
side as well as in the western axial floor, and (4) at the
northern tip of the main AVR structure. Group II occurs on the
axial floor north and west of the AVR, in the western median
valley wall, and at the northern and southern tips of the AVR.
The origin of the highly enriched basalts is not known.
Isotope work is planned to facilitate a comparison to samples
coming from hotspot locations. However, hotspot influence in
this region is unlikely, as isotope and trace element work on
the Azores [1] and Iceland [2] hotspots have shown. Mello &
Cann [3] suggested a former triple junction near 45°N between
59 and 26 my ago. Maybe the source of the material lies there.
It is the aim of this study to reveal connections between
volcanic structures, as well as to define the various melt
sources.
Wider implications of this study are insights into the
magma storage and plumbing underneath the AVR, and a
detailed geochemical map of a (typical) mid-Atlantic ridge
segment.
[1] Goslin, Triatnord Shipboard Party (1999), Geology 27
(11), 991-994. [2] Taylor, Thirlwall, Murton, Hilton & Gee
(1997), Earth and Planetary Science Letters 148, E1-E8. [3]
Mello & Cann (1999), Journal of Geophysical Research 104
(B12), 29335-29349.
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Storage, ascent, and extrusion of
magma at the Santiaguito volcanic
dome, Guatemala
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The silicic dome complex of Santiaguito is the most recent
manifestation of activity at the Santa Maria volcano in
Guatemala. It has exhibited continuous low-level activity for
nearly 90 years [1]. This long, uninterrupted history may
reveal potential influences over the activity of dome systems
which are less easily recognized in the shorter or punctuated
growth histories of most lava domes. Despite its unusual
longevity, remarkably little is known about Santiaguito.
Preliminary results from a petrological and geochemical study
of Santiaguito provide a tantalizing glimpse of the workings of
this singular, but enigmatic, volcano.
In this presentation, we focus on the ascent path of
magma, from storage in a deep magma chamber, through to
extrusion on the surface. Magma chamber conditions are
constrained using the geochemistry of amphibole, plagioclase,
and pyroxene phenocrysts; conduit processes are examined
using the breakdown rims of amphibole phenocrysts and the
texture and composition of the groundmass; shallow processes
are revealed by the alteration of titanomagnetites and matrix
glass. Our results will be placed in context with direct
observations and prior geophysical investigations of
Santiaguito [2], and with relatively well-studied lava domes
from other regions.
These results contribute to our understanding of the
hazards associated with Santiaguito, and to the mechanism of
dome extrusion, both in Guatemala, and around the world.

Many titanomagnetite phenocrysts from the young dacitic
and andesitic domes of the Santiaguito volcano, Guatemala
contain small (<20 +m diameter) inclusions of unaltered
pyrrhotite. These pyrrhotites provide evidence of a sulfide
melt which coexisted with the silicate melt in the lower crust
at an early stage of magma evolution [1,2]. While these
pyrrhotites are extremely common in Santiaguito rocks, they
are not easily seen in back-scattered electron images because
both they and their titanomagnetite hosts are very BSE-bright.
We propose a targeted search of rocks from other, similar
volcanoes to assess how widespread pyrrhotite inclusions –
and by implication, primitive sulfide melts – may be.
Dissolution of these sulfide melts into aqueous fluids, and
perhaps remobilization of earlier sulfide deposits, may be
responsible for the “sulfur excess” at volcanic arcs.

[1] Rose (1972), Geological Society of America Bulletin, 83,
1413-1434; [2] Sahetapy-Engel, Harris, Marchetti (2008),
Journal of Volcanology and Geothermal Research, 173, 1-14

!

[1] Ackermand, Hekinian, Stoffers (1998), Mineralogy &
Petrology, 64, 149-162; [2] Nadeau, Williams-Jones, Stix
(2010), Nature Geoscience, 3, 501-505
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Constraints on the lithology of the
Iceland plume
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Melt chemistry of post-15 kyr Campi
Flegrei eruptions: A tool for tracing
these chronostratigraphic markers
and a window into the magmatic
system feeding the frequently active
volcano
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From isotopic and trace element studies of basalts, the
convecting mantle has been shown to be markedly
heterogeneous, on length scales of thousands of kilometers to
within the region sampled by a single volcano. However,
linking the diversity of trace element and isotopic
compositions in basalts to distinct source lithologies has
proved more difficult. The primary challenge, given the
pressure and temperature range over which peridotites melt
and the subsequent mixing and evolution of melts in the crust,
has been in finding a unique lithology to fit the major element
observations. We show here that a majority of the major
element variation in Icelandic lavas can be accounted for by
partial melting of an enriched garnet bearing lherzolite source.
Significantly, there is little need for direct melts of a
pyroxenitic or mafic source component.
We first use trace element ratios to define the major
element compositions of typical enriched and depleted melts
in Iceland. By relating melt major element compositions to
whole rock trace element ratios, as a function of MgO content
of the magma, the observable range of major element
variability of melts leaving the mantle is maximized. From
the spectrum of melt compositions recorded in this Icelandic
whole rock data, depleted and enriched end-member
compositions are calculated. Enriched melts are characterized
by lower SiO2, CaO and Al2O3, and higher FeO than the
depleted melts. These end-members are then systematically
compared to a database of experimental melts from lherzolite,
pyroxenite, and eclogite melting experiments for goodness of
fit to the experimental data.
It is found that melting experiments of KLB1 like starting
compositions, at pressures above 2 GPa, provide good fits to
the depleted Icelandic end-member composition. Whilst, to
generate the major element characteristics of enriched
Icelandic magmas, experimental melts of enriched garnet
bearing lherzolites at pressure greater than 2.5 GPa are
required. An important result of these comparisons is the poor
fit that melts from mafic lithologies, and lithologies with a
significant volatile component, provide to the Icelandic endmember melt compositions. This limits the lithological
diversity required in the mantle beneath Iceland, and implies
that the extreme trace element and isotopic heterogeneity
observed is stored in peridotites of varying degrees of
enrichment, rather than recycled mafic material.
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There have been more than 60 explosive eruptions from
Campi Flegrei in the last 15 kyrs, making it one of Europe’s
most active volcanoes. Representative samples have been
analysed from ~45 explosive eruptions. These new major and
trace element analyses of the melt (glass) form a database to
precisely correlate distal tephra to specific eruptions. These
chronostratigraphic markers are invaluable to age models of
Mediterranean palaeoclimate archives. Correlation of eruption
units using the chemistry also helps refine eruption
stratigraphy.
Melt compositions also provide information on magma
storage. The compositional data displays interesting temporal
and spatial trends. The melts erupted after the large 15 ka
Neopolitan Yellow Tuff are indistinct from the magma that
fed the caldera-forming event, suggesting these small events
tapped the remnant magma. Between 6-12 ka, the erupted
melts were the least evolved and most compositionally
diverse. These ‘new’ melts were erupted along the caldera
margin exploiting the fractures generated during the calderaforming event. It appears they did not reside long enough in
the upper crust to homogenise and differentiate. In the last 6
ka, the successive events erupted from vents in the central
caldera were compositionally similar, which suggests they had
a common history and the same upper crustal system.
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assemblages from Grenada, Lesser
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Grenada is the southernmost volcanic centre of the Lesser
Antilles island arc. Products of post-Miocene volcanism
include basalts with >11 wt % MgO, representing the most
primitive lavas of the Lesser Antilles. Within the erupted suite
there are two isotopically distinct lava types: the Mg-rich “Mseries” and the high-Ca, high-Sr “C-series”[1]. As is typical of
Lesser Antilles volcanism, eruptive activity on the island has
also exhumed an abundance of cumulate xenoliths [2].
Cumulates capture snap-shots of early stage crystallisation
and are sensitive to conditions of magma storage in the lower
crust. The primary objective of this study is to replicate the
cumulate assemblages of Grenada using experimental
petrology, and delineate phase relations at lower crustal
conditions by investigating the effects of P, T, ƒO2 and XH2O
on assemblage stability.
A recent sampling campaign collected an array of
primitive (Fo83-79, An95-86) basalt-hosted cumulates including
wehrlite, clinopyroxenite, hornblendite and hornblende
gabbros. In addition, one field area yielded a number of
mantle-derived peridotite xenoliths in the form of spinel
harzburgite (Fo89). Although the textures of the cumulates
testify to relatively simple crystallisation histories, the large
diversity in mineral assemblage and composition is indicative
of significant variations in magmatic conditions at the time of
formation.
Petrographic investigation of the crustal cumulates has
shown Grenada to be geochemically distinct from
neighbouring islands. Magnesiohastingsitic amphibole is
modally dominant over plagioclase, and a spinel phase persists
from chromite (Cr# 66) through to magnetite, with no
evidence of the compositional hiatus found in spinels from St.
Vincent [3]. In addition, Al(IV) of clinopyroxene and
amphibole are demonstrably higher than those from other
islands in the arc. All these features are consistent with
surpression of plagioclase crystallisation.
Equilibrium piston cylinder experiments are being
performed on a primitive (15 wt % MgO) basaltic composition
at 0.9-1.3GPa and NNO with water contents of 0.5-4 wt %.
Initial experimental results pertaining to lower crustal phase
relations will be presented.
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[1] Thirlwall & Graham (1984) J. Geol Soc London 141, 427445. [2] Arculus & Wills (1980), J Petrol 21, 743-799 [3]
Tollan et al. (in prep)
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Widespread inflation and drainage of
a pahoehoe flow field:
The Nesjahraun, "ingvellir, Iceland.
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This study describes the emplacement of the Nesjahraun, a
prehistoric basaltic lava flow that entered lake (ingvallavatn,
Iceland. Onshore the Nesjahraun exhibits a variety of textures
related to the widespread inflation and collapse of a pahoehoe
flow field. This talk describes its emplacement.
Initially, the eruption produced sheet pahoehoe. Lava with
a platy-ridged surface, similar to some other lava flows in
Iceland and on Mars, was formed in the central part of the
flow field. Here, the texture is interpreted to have been
produced by unsteady inflation of stationary sheet pahoehoe,
causing the brittle crust to break into separate plates. The
ridges of broken pahoehoe slabs form as plates of crust move
vertically past each other in a process similar to the formation
of shatter rings. Upstream, fresh lava overflowed repeatedly
from channels and tubes, covering the surface with shelly
pahoehoe.
Formation of a 250-m-wide open channel through the flow
field allowed it to drain rapidly. This phase produced aa lava,
which eroded the channel walls, carrying broken pahoehoe
slabs, lava balls and detaching large (>200 m long) rafts of
compound shelly pahoehoe lava. Much of this channelised
lava flowed into the lake, leaving a network of drained
channels and tubes in the upstream part of the flow.
The platy-ridged texture is associated with a high eruption
rate onto a low slope, as is the case elsewhere. Here, its
formation was possibly enhanced by lateral confinement,
hindered entry into the lake, and an elevated vent location. We
suggest that formation of platy-ridged lava flows is a two stage
process: firstly, a pahoehoe sheet lava is emplaced before
secondly, inflation breaks the surface crust into plates
Furthermore, this reconstruction of the emplacement of the
Nesjahraun demonstrates how high resolution aerial survey
data (LiDAR, aerial photographs) are extremely useful in the
mapping and measurement of lithofacies distributions in large
flow fields, but that fieldwork is still necessary to obtain the
detailed textural information necessary to interpret them.
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Explosive flood basalt eruptions
across the Cretaceous-Tertiary
boundary (KTB): The importance of
red bole horizons within the Deccan
Traps, India

Tracking the seismicity preceding
and during the March 2010
Fimmvör#uháls fissure eruption and
April 2010 summit eruption of
Eyjafjallajökull, Iceland
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The Deccan Continental Flood Basalt Province (CFBP)
represents a major volcanic episode occurring between 67-64
Ma, whose effects have been linked to the KTB global faunal
extinction [1,2,]. However, this Deccan-extinction link has
recently been challenged by researchers exclusively favouring
the Chicxulub meteorite impact scenario [3]. These authors
question the explosive potency of CFB eruptions, and dismiss
Deccan eruptions as a driver for environmental change. It is
accepted that the key route by which a volcanism-extinction
link may occur is through stratospheric volatile and ash
injection resulting in climate cooling [4]; such high-level
injection is governed by eruption style. We have discovered
evidence of widespread explosive volcanism in the Deccan
Traps, indicating that fire-fountaining topped by convecting
plinian or sub-plinian columns occured during the most
voluminous eruptive episodes. This discovery contrasts
strongly with the widely held view that CFBP eruptions were
exclusively quiescent fissure-style effusions.
Deccan ‘red boles’ occur intercalated between flows
erupted during the volcanic acme (Chrons 29R - 29N) [5].
Commonly interpreted simply as flow top weathering
phenomena, petrographic analysis has identified that a number
of these boles contain angular, blocky and cuspate basaltic
shards diagnostic of explosive pyroclastic origin [6], and thus
forcing a re-evaluation of their significance. We interpret these
as ash-fall deposits and, together with evidence of high gas
content [7], reveal explosive volcanic activity during the
Deccan episode. Such activity provides a potent mechanism
by which sulphur and fine ash could have reached the
stratosphere, thus influencing Late Cretaceous climate.
Determining the nature of Deccan volcanism is fundamental to
understanding volatile release budgets, aiding development of
robust palaeo-climate modelling, and evaluating the
contentious Deccan – KTB extinction link [8].
[1] Wignall, P.B. (2001), Earth-Science Reviews 53, 1–33. [2]
Courtillot, V. & Fluteau, F. (2010), Science 328, 973-974. [3]
Shulte, P. et al., (2010), Science 327, 1214-1218. [4] Self et al.
(2006), EPSL 248, 517-531 [5] Jay et al. (2009), Journal of
the Geological Society of London, 166, 13-24. [6] Widdowson
et al. (1997), Geological Society of London Special
Publication, 120, 269-282. [7] Self et al. (2008), Science, 319,
1654-1657. [8] Keller et al. (2009) Journal of Biosciences
34(5), 709-728.
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Using Coalescence Microseismic Mapping (CMM) we
have located over 9,000 earthquakes in the period starting two
weeks prior to the Fimmvör"uháls fissure eruption at the
northeastern margin of the Eyjafjallajökull stratovolcano,
South Iceland. CMM is an automatic earthquake detection and
location program which performs a search in time and space
for a best-fit earthquake location. This is done by migrating
seismic energy from each seismometer location back into the
subsurface and finding an optimum event location and origin
time where the back-projected energy coalesces within a
specified search volume by fitting it to a grid for which P- and
S-wave travel times have been calculated from each point in
the grid to every seismometer.
Following a prolonged period of escalating seismicity we
deployed six temporary, three-component, broadband
seismometers around the Eyjafjallajökull volcano on 5th
March 2010. These data were augmented by data from the
nine closest seismometers of the permanent network operated
by the Icelandic Meteorological Office (IMO).
During March, sustained seismic activity was concentrated
primarily between 3-6 km depth under the northeastern flank
of the Eyjafjallajökull volcano. To first order, seismicity is
observed to migrate eastwards away from the Eyjafjallajökull
caldera and towards the first eruption site at Fimmvör"uháls
during the two weeks prior to eruption, which we attribute to
melt movement within the crust. However, clusters in three (or
more) discrete locations on the northeastern flank are observed
to have been active simultaneously, or with activity alternating
between locations, suggesting magma movement was more
complex than a single dyke propagating towards the
Fimmvör"uháls eruption site.
Seismic activity decreased markedly in the two days prior
to the onset of the fissure eruption on March 20th. The fissure
eruption continued until 12th April and was a pre-cursor to the
more explosive, sub-glacial Eyjafjallajökull eruption which
started on 14th April in the summit crater some 8 km west of
the initial fissure eruption at Fimmvör"uháls. Seismicity
significantly increased again on the day before the second
eruption, this time located under the summit crater.
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Use of graphics software to map rock
thin sections for rapid, repeatable
electron microprobe analysis

Evidence for magma mixing in
Strombolian explosive activity at the
Cova De Paúl Crater, Santa Antao,
Cape Verde Islands
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Coordinate mapping provides a rapid, accurate and
repeatable method of locating target points in rectangular rock
thin sections for microanalysis with, for example, an electron
microprobe. Using graphics software with multilayer ordering
and viewing features, scanned images of the sections are
mapped and target points for analysis are identified before the
section is inserted into the microprobe. During this offline
mapping stage, each target point receives permanent gridreference coordinates measured relative to a fixed point or
reference mark that is inscribed before scanning of the section:
the coordinates for each point are recorded in a spreadsheet
programme. These coordinates provide a permanent record of
the location of target points that can be carried over between
analysis sessions (even if these are years apart, or carried out
by different analysts) or between analysis sessions on different
instruments provided that these have x-y movement type stage
mounts. After measuring the location of the reference mark in
the x-y coordinate frame of the microprobe stage at the start of
each analysis session, simple mathematic formulae are used in
the spreadsheet programme to recalculate the coordinates of
the target points for that particular session into the reference
frame of the microprobe stage. When these session-specific
coordinates are input into the microprobe control system, it
will bring each target grain into the centre of the microprobe
viewing screen at which point photomicrographs can be used
for final identification of the target and fine adjustment of the
analysis point. We find that this method substantially increases
the rate of analyses during sessions on the microprobe,
increasing instrument productivity, and also makes analysis
repeatable and verifiable. The method is applicable to any
point analysis technique that incorporates sample imaging. It
uses common commercial software programs, is easily applied
and is particularly beneficial for new and inexperienced
microprobe users.

!

"F[!

Department of Earth and Planetary Sciences, Birkbeck
University of London, Malet Street, London –
(r.tarff@ucl.ac.uk & h.downes@ucl.ac.uk)
2
Benfield UCL Hazard Research Center, Department of Earth
Sciences, University College, London, Gower Street,
London, WC1E 6BT, UK (simon.day@ucl.ac.uk)
1

The Cape Verde islands, off the coast of west Africa, are
an example of oceanic intraplate silica-undersaturated basaltic
volcanism. Santo Antao is the westernmost island of the
northern group of the Cape Verde Islands. The Cova de Paúl
Volcano is one of three main volcanic centres on the island
and shows evidence of recent (pre-1500 AD) volcanic activity,
although it has not erupted in historic times. The Cova de Paúl
Crater, site of one of the most recent eruptions, is
approximately 1 km in diameter and 500 m deep and was the
source of a complex eruptive sequence of pyroclastic rocks.
An initial small explosive phreatic/phreatomagmatic eruption
was followed by a ‘fire fountain’ Strombolian eruption.
Finally an explosive phreatomagmatic eruption of ‘Roque
Nublo’ type formed well exposed, low-temperature
ignimbrites around the crater.
Hand specimens from the early Strombolian eruptive
phase show cm level macroscopic banding. Thin sections of
these specimens show that the banding is present down to the
microscopic level.
Phenocrysts of clinopyroxene and
amphibole within these rocks display reverse zoning with Ferich cores and Mg-rich rims. Many phenocrysts have resorbed
cores suggesting that they were not in equilibrium with the
magma that produced the later rims. This may indicate that,
prior to eruption, a basic Mg-rich magma was in contact with a
more evolved Fe-rich magma and mixing and phenocrysttransfer had occurred.
From samples collected in 2008 two rock-types appear to
predominate in the Cova de Paúl area that pre-date the crater
sequence, abundant basic lavas from picro-basalt/basanite
scoria cones and less abundant evolved phonolite lava domes.
Holm et al (2006) also found that picro-basalt/ basanite rocks
dominate the Cova area but that more evolved rocks form a
fractionation sequence from picro-basalt to phonolite. Bulk
rock analyses of our Cova de Paúl Strombolian samples
indicate that they are intermediate within the sequence, i.e.
phono-tephrites.
Therefore it is suggested that prior to the Cova de Paúl
eruption a basic magma entered a crystallising phonolite
magma body, gaining phenocrysts from the evolved magma
and possibly mixing with it. This mixing caused a burst of
crystallisation forming the Mg-rich rims on the phenocrysts.
The energy released by the latent heat of crystallisation may
have provided the eruptive trigger.

"8<!

Volcano-seismic monitoring:
What is possible now?
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InSAR observations of the 2006 and
2010 eruptions of Nyamuragira
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While volcano-seismic research is important, equally
important is the ability to build robust software systems which
exploit that research in a real-time monitoring environment at
volcano and seismic observatories. This sort of work isn’t well
represented in research journals, but saves lives.
Regional monitoring agencies typically focus on
producing a catalog of earthquakes, and this is all off-the-shelf
software is designed to support. Such systems are generally
not well designed for monitoring the wider range and much
higher rates of seismicity that occurs near volcanoes.
Capturing seismic signals like tremor, swarms, and
corresponding to rockfalls, pyroclastic flows, explosions and
lahars is key to understanding volcanoes.
In this presentation we follow the evolution of volcanoseismic monitoring over the past 20 years, as computing
power, the world-wide web and relational databases have
allowed improved our ability to monitor volcanic seismicity in
real-time. We also look at today’s research to see where we
might be in 5 years time.
We focus particularly on developments that have come
from the USGS Volcano Hazards Program, the Alaska
Volcano Observatory and the Montserrat Volcano
Observatory. These include RSAM, web-based spectrograms,
tremor and swarm alarm systems, Earthworm/Glowworm,
rockfall/PF/tremor location systems, automated event
classification, Winston, VALVE, the waveform toolbox and
GISMO. We also look at the importance of using digital
telemetry.
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Nyamuragira is Africa's most active volcano, erupting
once every two years on average in recent decades. This intrarift volcano, situated on the Western branch of the East
African Rift in D.R. Congo, has had little contemporary
ground-based study due to years of social and political unrest
in the area.
The most recent eruptive episodes at Nyamuragira
occurred in Nov 2006 and Jan 2010, both on the S flank.
These produced substantial co-eruptive signals (>30 cm) as
observed by InSAR (Interferometric Synthetic Aperture
Radar). Such co-eruptive deformation signals have been
observed for a number of recent eruptions and can be
explained by flank fissures fed by dykes. However, until now,
there has been little evidence for inter-eruption deformation
due to shallow magma transport producing classic volcano
inflation/deflation cycles.
By stacking a number of interferograms we have found
there was a long-lived inter-eruption deflation field beneath
the 2006 eruptive vent. A similar, but transient deflation field
was also seen after the 2010 eruption, while graben-like
subsidence on the south-east side of the caldera has also been
observed. Both eruptions were caused by the emplacement of
dykes with a similar alignment to a fracture zone between
Nyamuragira and nearby Nyiragongo. The source for this
magma is presumably below the volcano (Nyiragongo is
sourced from greater depth and the magma systems are not
connected), but magma appears to propagate away from the
summit at shallower depths following rift-related fault trends.
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The thickness and continuity of volcanic cover at slowspreading ridges is variable. Magmatically ‘robust’ regions are
interspersed with areas which experience little volcanism.
Near the Fifteen-Twenty Fracture Zone (FTFZ), (MAR),
volcanism appears exceptionally limited. Here, spreading at
numerous sites is instead accommodated by extension on lowangle detachment faults, exposing peridotite to form oceanic
core complexes (OCCs). Little is known about the
mechanisms controlling the transition between spreading
states. This study investigates these mechanisms in detail
(MAR, 12º6’N-14°N).
Basalts around the FTFZ are E-MORBs with a HIMUFOZO flavour. There is no evidence that melt production is
currently lower at OCC spreading sites than the surrounding
magmatic areas. The geochemistry of dykes (OCC surface,
13º19’N,-44º95W) shows that melt here is diverted along the
detachment fault, resulting in reduced volcanism in the axis.
The mantle source in this region was extensively depleted
during a previous melting episode(s). This study finds that the
source was also variably veined with refertilising material of
HIMU-FOZO character. Basalts erupted immediately prior to
OCC formation, and now located off-axis, (13º19’N,-44º95W)
are geochemically bimodal, and different to the on-axis melts.
Trace element and geochemical modelling data shows that
‘M1’ (LREE & volatile-rich, CPX-bearing E-MORBs) are
high-pressure, garnet-phase, low melt fractions, whilst ‘M2’
(less enriched, flatter REE profiles) are low melt fractions
formed by spinel-phase melting.
In areas of exceptional bulk source depletion, melt
production is limited by the geochemistry of the source.’ M1’
basalts result from rapid melting and extraction of a small
volume of enriched vein material, from a locally cool mantle.
This further cools and dehydrates the source. Low melt
fractions ‘M2’ are then generated from this depleted source,
whilst mantle temperature increases. Due to the lack of fusible
components, melt production remains insufficient to sustain
magmatic spreading, and an OCC forms. Thus, periods of low
melt production, resulting directly from mantle compositional
and temperature characteristics, drive the transition from
magmatic to ‘fault-dominated’ spreading.
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Recently developed three-dimensional remote mapping
techniques have been applied to the Afar Depression in
Ethiopia to investigate the relative temporal and spatial
development of volcanic complexes and rifting. The mapping
approach involves remote sensing and three-dimensional
image analysis of topography and surface rock chemistry
based on mineral maps generated from flase colour Landsat,
ASTER and Lidar imagery. Combinations of different remote
sensing images, band combinations and processing maximise
the opportunity to identify definitive geological boundaries.
We combine the datasets within Geovisionary software for
interpretation within an immersive visualisation suite enabling
simulation of a fieldwork-based investigation. Through this
high-resolution mapping technique we establish eruption
history of the area at the scale of individual eruption units,
identifying basaltic fissure vents and the volumes and extent
of individual lava flows. The relationship between
compositionally similar lavas from discrete volcanic
complexes and rift axial fissure-fed flows are illustrated for
the Dabbahu volcano and the Manda-Hararo rift segment in
the Afar Depression. Identification of individual eruption units
also facilitates reconstruction of fault scarp development and
propagation based on the distribution, morphology and
emplacement style of basaltic flow fields. High-resolution
mapping is an important tool for interpretation of the timing
and relationships of rifting and volcanism in the East African
Rift and complements data acquired from seismic,
magnetotelluric, petrologic and chronostratigraphic research.
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Is there excess argon in the Fish
Canyon magmatic system?
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Do changes in caldera structures over
time affect the periodicity and
behaviour of eruptions?
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Some phenocrysts from the Fish Canyon tuff (San Juan
volcanic field, south-western Colorado, USA) have yielded
anomalously old 40Ar/39Ar apparent ages. The eruption age
based on the sanidine standard (recently re-determined by high
precision analysis and recalibration of the decay constants at
28.305 ± 0.036 Ma [1]) had a previously accepted age of 28.02
± 0.28 Ma [2]. U-Pb zircon ages which range 28.37 - 28.61
Ma appear to be older than the sanidine and other minerals,
including biotite, have also yielded older ages (27.41 - 28.25
Ma) [3].
In the Fish Canyon volcanic system, the erupted products
are thought to exist in the magma chamber for significant
periods of time prior to eruption [4] and then pass rapidly from
high temperature magmatic environment (where Ar is free to
re-equilibrate among the minerals), to effectively being
quenched upon eruption (where Ar becomes immobile).
Artificially elevated ages, older than eruption age, have been
identified in some 40Ar/39Ar geochronological studies (e.g. [5])
and may either reflect, 1. argon accumulation in pheno- or
xenocrysts (by radioactive decay of parent 40K), 2. excess
argon (40ArE) incorporated into a mineral during crystallisation
(via diffusion into the mineral lattice or hosted within fluid or
melt inclusions) or 3. inherited radiogenic argon (the dated
material contains a component older than the age of eruption)
[6].
To better understand the effects of 40ArE on 40Ar/39Ar
apparent ages we have conducted a study of intra- and intergrain age variations by in-situ UV-LAMP Ar-analysis of
potassium-rich minerals (i.e., biotite) and potassium-poor
minerals (i.e., quartz and plagioclase) to study the distribution
of argon within these mineral phases and its incorporation into
melt, fluid and solid inclusions. Here we report new 40Ar/39Ar
age data of minerals from the Fish Canyon Tuff, which despite
being well characterised and extensively researched has not
yet been a subject for this particular technique.
[1] Renne P. R. et al., (2010) Geochim. Cosmochim. Acta, 74,
5349-5367. [2] Renne, P. R. et al., (1998) Chemical Geology,
145, 117-152. [3] Bachmann, O. et al., (2007) Chemical
Geology, 236, 134-166. [4] Charlier, B.L.A. et al., (2007)
Journal of Petrology, 48, 1875-1894. [5] Esser, R. P. et al.,
(1997) Geochim. Cosmochim. Acta, 61, 3789-3801. [6]
Kelley, S. (2002) Chemical Geology, 188, 1-22.
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Little is known about how the internal structures of
explosive calderas evolve with time, and whether this can
affect differentiation, periodicity and eruptive behaviour.
Unravelling this is challenging because the resolution of
eruption frequencies can be difficult at ancient exhumed
calderas, whereas at young volcanoes most of the caldera floor
faults are hidden [1]. Some exhumed calderas reveal caldera
floor faults and conduits; some of these apparently underwent
a single piecemeal collapse by fragmentation into several,
variously subsided fault-blocks – e.g. Scafell caldera, UK [2].
In contrast, this study tests whether some calderas may
become more intensely fractured with time due to successive
distinct caldera-collapse eruptions. It has been proposed that
this scenario could lead to an increase in eruption frequency,
with smaller eruptions over time [3]. Magma leakage through
the increasingly fractured volcano might also lead to less
evolved compositions with time due to shorter residence
times. We have returned to the modern ~ 20 km diameter,
hydrothermally active Los Humeros caldera (México) where
this hypothesis was formulated to see how well the structural
evolution can be reconstructed, and whether changes in
structure affected the styles and periodicity of eruptions. This
could have important implications for predicting future
catastrophic eruptions. Detailed structural mapping,
documentation of draping and cross-cutting field relations,
together with logging, optical and SEM petrography, XRF
major and trace element geochemistry and new 40Ar-39Ar and
radiocarbon dating of the pyroclastic stratigraphy has revealed
that: (1) Eruption frequency increased with time over the last
460 Ka, especially after the second major collapse (~ 100 Ka).
(2) Explosive eruption volumes have generally decreased with
time by 3 orders of magnitude. (3) Plinian eruptions have
become less evolved with time, whereas small basaltic
andesite (~ 57% SiO2) eruptions continued throughout much
of the life of the volcano. (4) The first major caldera collapse
eruption (*115 km3 DRE) that produced Los Humeros caldera
has some piecemeal characteristics. (5) The greatest density of
faulting is located within the second major collapse structure
(the nested ~ 10 km diameter Los Potreros caldera). Initial
results are consistent with the idea that Los Humeros became
more intensely fractured with time, and that this may have
affected differentiation, eruption behaviour and periodicity.
[1] Willcox et al. (2008), IOP Conf. Series: Earth & Env.
Science Ser. 3, 01027. doi: 10.1088/1755-1307/3/1/012027.
[2] Branney & Kokelaar (1994), Geological Society of
America Bull. 106, 507-530. [3] Ferriz & Mahood (1984), J. of
Geophysical Research 89, 8511-8524.
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High level intrusion complexes comprise an important part
of sub-volcanic plumbing systems in which magma is
emplaced as a series of sub-horizontal tabular sheet like
intrusions [1]. Recent studies show tabular intrusions often are
emplaced by the amalgamation of magma lobes and fingers
[e.g. 2]. Most studies have focused on the internal architecture
of sills and laccoliths, using a variety of methods including
magnetic and macroscopic fabric studies, field mapping of
internal contacts and geochronological studies. However, little
work has been done in relation to what is occuring in the host
rocks as these intrusions grow, crystallise and eventually cool
to ambient temperatures.
The Henry Mountains, Utah, are the type locality for
‘laccolith’ intrusions. The excellent three-dimensional
exposures mean that the incremental growth of a large
intrusion from sill, to sheeted laccolith, to bysmalith (pluton)
can be documented. Additionally, evidence for the
amalgamation of intrusions through the emplacement of
multiple magma pulses can be examined. Host rocks to the
intrusions are dominated by sandstones and shales, and
preserve faulting patterns associated with emplacement.
The aim of this study is to develop an understanding of the
stages of emplacement and the internal textural evolution of
Tertiary sills and laccolith intrusions in the Henry Mountains.
The research project is twofold: firstly, to carry out kinematic
and geometrical studies of the emplacement-related structures
in the host rocks to several of the satellite intrusions to the Mt.
Hilliers intrusive centre, in particular, the Maiden Creek Sill
and the Sawtooth and Trachyte Mesa laccoliths; and secondly,
to carry out micro-scale textural and geochemical studies of
plagioclase-feldspar and amphibole phenocryst populations
preserved within the intrusions. This research should lead to a
greater understanding of host rock deformation to high level
intrusions, the mineral-scale textural and geochemical history
of the internal components, and a test of whether it is possible
to link the two data sets in a meaningful way.
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We assume that the behaviour of the fluid phase is
controlled by the volumetrically dominant volatile species,
H2O and CO2. Sulphur, in the form of SO2 and H2S, and HCl
partition between the melt and fluid phases. Measurements
were made on basalts from Stromboli, Italy and Masaya,
Nicaragua to determine these partition coefficients as a
function of pressure for SO2 and Cl [1], and results from
Hekkla, Iceland [2] constrain H2S behaviour. The model of
Churakov and Gottschalk [3] is applied to calculate fugacity
coefficients and equilibrium coefficients for the reaction Xmelt
# Xfluid are thereby deduced. In the forward model, total
volatile inventories and melt composition are specified by the
user. The parameterisation of Dixon [4] is used to predict the
partitioning of CO2 and H2O between vapour and melt phases.
H2S dominates at oxidation states of $NNO < -0.5 whereas
SO2 is dominant at $NNO > +0.5 [5]. We simplify this by
assuming a step-change such that all S is reduced below and
oxidised above $NNO = 0. An iterative procedure is employed
to predict the partitioning of S and Cl components between
fluid and melt phases. Melt and gas compositions and gas
volume fraction are thereby modelled over pressures from 5 –
4000 bar. This approach satisfactorily reproduces independent
literature data on S and Cl behaviour in basalt.
SolEx is a user-friendly software package available for OS
X and Windows, facilitating modelling of closed- and opensystem COHSCl degassing from basalts. A C++ library is also
available upon request, for the incorporation of SolEx into
other fluid-mechanical or thermodynamic models of magmatic
processes.
[1] Lesne et al., subj, J Pet. [2] (Moune et al., (2009), Cont
Min Pet 157 691. [3] Churakov and Gottschalk (2003), GCA
67, 2415. [4] Dixon (1997, Am Min 82, 368. [5] (Jugo et al.,
(2010), GCA 74, 5926.
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The halogen (F, Cl, Br) systematics of
plume-related Northern Etendeka
volcanics, NW Namibia

Morphometric analysis methods for
submarine volcanoes: Application to
Monowai, SW Pacific
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Halogens (F, Cl, Br) are useful geochemical tracers as they
behave differently during the evolution of magmatic systems
and may provide constraints on the fluid evolution and the
genesis of plutonic and volcanic rocks. Halogens show an
increase in incompatible behaviour in silicate magmas in the
order of F<Cl<Br. During fluid exsolution and degassing, F
will largely remain in the silicate melt, whereas Cl and Br
preferentially partition into the fluid phase [1].
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Multibeam bathymetry and backscatter data based analysis
techniques are applied to Monowai, a submarine volcano of
the present-day Tonga – Kermadec arc to understand the
structure and evolution of the volcanic centre. Tectonic and
magmatic accommodated deformation is pervasive across the
volcanic centre, which is subject to low rates of erosion and
sedimentation, enabling accurate measurement of features to
quantify deformation. A nested caldera structure with a
volume of 33 km3 and a stratovolcano of 18 km3 dominate the
magmatic deformation within the survey area, although
numerous parasitic cones and fissure ridges also contribute.
Spatially distinct throw distributions have emerged to the west
of the caldera structure, with maximum total displacement of
300 m along-rift and 120 m across-rift. Qualitatively
interpreted features, identified through the use of various
quantitative methods, underpin an interpretation of the
evolution of Monowai. Quantitative ArcGIS based methods
such as slope; aspect, curvature, rugosity, hydrology and
mathematical analyses can greatly aid robust analysis and
understanding of the volcanic structure, informing qualitative
interpretations. Maximum likelihood classification mapping
was also used to offer an alternative to time intensive
qualitative mapping, creating classes of similar terrains to
provide a quick overview of the study area. An average
regional fault strike of 31° has been calculated from
qualitative interpretations, while magmatically influenced
features are orientated 39-41°. The elongation directions of the
two nested calderas are perpendicular to these feature strikes,
with the inner caldera more orthogonal to the magmatic
features and the outer caldera approximately perpendicular to
the tectonic fabric. This suggests a change in the regional
stress after the first caldera emplacement and a strong
interaction between magmatic and tectonic processes.
!
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Ancient volcanic systems preserved in offshore settings
have the potential to provide a record of basin development
when more conventional depositional systems were absent.
Growing interest in offshore successions with volcanic cover
has resulted in large amounts of seismic data being shot over
such areas in an attempt to understand the interaction between
flood basalts and surrounding sedimentary environments. In
the Faroe-Shetland Basin, significant amounts of late
Palaeocene flood basalts were erupted into proximal to
submarine settings, and is documented in the form of lava-fed
delta systems which record the early encroachment of the
flood basalts into the basin and location of the palaeoshoreline at that time.
Analysis of recent 2D and 3D seismic reflection-based
studies in the central Faroe-Shetland Basin has revealed that
the lava-fed delta system is composed of at least 13 seismicstratigraphic units with distinct bounding reflectors and
internal architectures, and that stratigraphic significance by
represents discrete eruptive events. Interpretation of the
stratigraphic record preserved by the delta has allowed the
reconstruction of the gross depositional history. The main
phase of deposition was driven by lava supply overwhelming
the basin and causing the delta to prograde out into the basin
and infill the available accommodation space. This was
followed by a marked hiatus in volcanism during which the
delta front underwent localised collapse as a lack of new
material left the delta front prone to erosional forces. Renewed
but sporadic volcanism combined with a synvolcanic relative
sea level rise lead to the retrogradation of the delta.
The data also revealed distinctive morphological features
including cuspate collapse scarps, lava flow feeder systems
and lobate, pahoehoe-like lava flows. These features are
markedly similar to modern day lava-fed delta systems on
Hawaii and suggest that similar processes may have occurred.
This breakthrough allows us to map the development of the
delta systems from the lavas that fed them, and ultimately how
a palaeo-shore line was affected by flood volcanism during the
breakup of Europe from North America.
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Recently developed methods of high resolution
bathymetry acquisition are allowing scientists to see seafloor
morphology at mid-ocean ridges at unprecedented resolution.
In this study, high resolution bathymetry data is used to remap
the boundaries of four historic eruptions at three intermediaterate segments of the Gorda and Juan de Fuca spreading centres
and identify an additional 17 prehistoric pillow mound
eruptions.
We find that volumes estimated from previous studies
underestimated flow volumes by almost an order of magnitude
and our new estimates indicate that effusion rates may be
comparable to those observed at Hawaiian fissure eruptions.
Flow mapping demonstrates that eruptions do not occur
continuously along the fissures, but are instead form a number
of discrete pillow mounds. The lack of young lavas and
fissures between these mounds suggests that magma travelling
though the dike is undergoing flow focusing before it reaches
the surface.
Two scales of flow focusing are observed at the four
historic ridges: irregular focusing within the dike produces
discrete pillow mounds and a finer scale focusing that
produces regularly spaced vents on the largest mounds. The
first order 2 mound distribution is probably due to a
combination of irregular melt supply and a sinuous dike form
which allows viscosity variations to develop and eventual
solidification where heat loss to the dike walls is highest . The
second order variation is most likely due to very small
fluctuations in melt supply rate which allow the development
of flow instabilities which eventually lead to flow localization.
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