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Abstract

Mixing, crystallization and degassing commonly affect magmas during storage,
ascent and eruption from volcanoes. As these interactions cannot be observed directly,
they must be characterized using chemical signatures of volcanic eruptive products. In
this dissertation, geochemical tracers of magma mixing, crystallization and degassing
were employed to investigate the magmatic systems of Kasatochi Island volcano, central
Aleutian Islands, and Bezymianny Volcano, Kamchatka, Russia, in three studies.
The purpose of the first study was to characterize eruptive products from the 2008
eruption of Kasatochi Island volcano. This eruption produced pumiceous, medium-K
andesite, as well as denser, medium-K basaltic andesite, with variable bulk compositions
(-52-56 wt. % Si0 2 for the basaltic andesite, -58-62 wt. % S i0 2 for the andesite). The
basaltic andesite and andesite must have resided in separate storage areas until just prior
to eruption, with mixing between these magmas limited to just prior to eruption.
The second study focused on basaltic andesite from the 2008 Kasatochi eruption,
which contains two plagioclase phenocryst populations and anomalously calcic
plagioclase microlites. Compositional heterogeneity in the basaltic andesite resulted from
pre-eruptive mixing between mafic and silicic compositional end members. As the calcic
plagioclase phenocrysts and microlites are out of equilibrium with groundmass glass,
these phenocrysts and microlites likely crystallized mostly in the hotter (900-1000 °C)
mafic mixing end member, while more sodic phenocrysts crystallized in the cooler (800
950 °C) felsic end member. Mixing between the silicic and mafic end members imposed

an undercooling on the mafic magma, triggering plagioclase microlite nucleation in these
more calcic liquids.
The purpose of the final study was to investigate magmatic evolution of
Bezymianny Volcano in Kamchatka, Russia through analyses of major, trace and volatile
element compositions of melt inclusions. Inclusions dominantly record pressures of
inclusion entrapment <50-100 MPa, indicating a zone of magmatic storage 2-4 km below
the surface. Degassing and crystallization during ascent and shallow storage produces
negative correlations between concentrations of incompatible lithophile (K 2O, Rb) and
volatile (H 2O, CO 2) elements. Also, fluid ascent from depth leads to enrichment of
shallowly-stored magma in lithium, on timescales of hours to days prior to eruption.
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Well could 1 curse away a w inter's night,
Though standing naked on a m ountain top,
W here biting cold would never let grass grow,
And think it but a m inute spent in sport.
2 King Henry’ VI, IH.iL2029-32
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Chapter 1: Introduction

To grant me a vision of nature’s forces
That bind the world, all its seeds and sources
And innermost life —all this I shall see,
And stop peddling in words that mean nothing to me.
Goethe, Faust, 354-385

1.1: Dissertation Overview
In addition to being one of nature’s most spectacular phenomena, the eruption of
magma from a volcano involves highly complex, and not always well-understood,
processes that move magma from storage regions within the earth’s crust to the surface.
Unfortunately, the paths that a magma may take on its journey upwards, and the ways in
which different magmas can evolve and interact along these pathways, cannot be
observed directly, and therefore many models for such processes are based on ex post
facto measurements of the chemical compositions of the products of volcanic eruptions.
The purpose of this dissertation is to use different geochemical tracers to evaluate how
magmas move, mix, degas and crystallize, in order to better understand the subsurface
magmatic systems of Kasatochi Island volcano in the central Aleutian Islands, and
Bezymianny Volcano, located in Kamchatka, Russia. Such measurements can help
elucidate how magmas ascend to the surface, degas, crystallize, mix with other magmas,
and erupt, processes that are key to understanding how magmas move through the

subsurface plumbing systems beneath volcanoes. Improved understanding o f how
magmas move through the subsurface plumbing systems can, in turn, be of great benefit
when estimating the causes and consequences of eruptions o f any given volcano.
Both Kasatochi and Bezymianny have received increasing attention from
volcanologists in recent years. Prior to its eruption in 2008, Kasatochi had been mostly
ignored in studies o f Aleutian volcanism. The work presented in Chapters 2 and 3
represents some o f the first geochemical studies ever focused specifically on Kasatochi,
shedding the first light on this under-studied but highly explosive island volcano.
Bezymianny, meanwhile, is considered an excellent analogue for one of North America’s
most famous volcanoes, Mount St. Helens in southwestern Washington. As such, studies
of Bezymianny can offer new insights into the dynamics of Mount St. Helens, a volcano
that has been active as recently as 2008 and killed 57 people during its most famous
eruption in 1980. In a similar vein, studies of these volcanoes can also be of broader
benefit beyond strictly academic volcanology. These two volcanoes are both situated
along trans-Pacific airline routes, and have the potential to cause serious disruption to
commerce and potentially loss of life, should an airplane encounter ash from an eruption
of one of these volcanoes. Understanding the magmatic systems of volcanoes such as
these can help elucidate how, why and when they erupt, which can in turn help mitigate
the threats they pose to air travel.
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1.2: First Geochemical Studies of Kasatochi
1.2.1: Petrological and Geochemical Characterization o f the 2008 Kasatochi Eruption
The 2008 eruption o f Kasatochi, an island stratovolcano in the central Aleutian
islands, was something o f a surprise. With a largely unconstrained historical record of
eruptions, Kasatochi was evaluated as only a moderate threat by the hazard assessment of
Ewart et al. (2005). While the 2008 eruption generated considerable interest in Kasatochi
due to its anomalously energetic seismicity (Ruppert et al., 2011), its considerable release
of sulfur dioxide, an important greenhouse gas (e.g., Kristiansen et al., 2010), and its
deleterious effects on the island’s flora and fauna (e.g., Williams et al., 2010), studies of
the geology of Kasatochi remain sparse. Prior geological studies focused on the island
were devoted almost exclusively to the geomorphologic effects and volcanic
sedimentology o f the 2008 eruption (Scott et al., 2010; Waythomas et al., 2010a;
Waythomas et al., 2010b). Published petrologic and geochemical data from Kasatochi is
limited to the characterization of one basaltic specimen, first reported in Kay and Kay
(1985), and referenced sporadically in more general studies o f petrogenesis in the
Aleutians (e.g., Yogodzinski et al., 1995; George et al., 2003). It is therefore impossible
to consider problems of magma movement, mixing, degassing or crystallization, without
first addressing the basic geology, petrology and geochemistry of the island.
Chapter 2 addresses this basic deficiency in the general geologic knowledge of
Kasatochi, and provides the groundwork for future petrologic and geochemical studies of
the island. Also, using the major, minor and trace element concentrations of bulk

samples, and the major and minor element concentrations of minerals, this chapter
provides a preliminary model for the state of the Kasatochi magma system during the
2008 eruption. The 2008 eruption produced andesite and basaltic andesite clasts, which
vary in bulk composition, with andesite clasts containing -58-62 wt. % SiC>2 and basaltic
andesite clasts falling between -52-56 wt. % Si0 2 . The presence of banded clasts
indicates some degree o f pre-eruptive interaction between the two magmas, but in the
main, pre-eruption physical and chemical interactions between the andesite and basaltic
andesite appear to have been very limited. Mechanisms to produce compositionally
diverse magmas within a single eruption from a single magmatic storage region, such as
pre-eruptive mixing or eruption from a zoned reservoir, are specifically contraindicated
by the overall bulk-rock compositional trends, as the overall linear trends seen in
element-element variation diagrams shown in Chapter 2 are not congruent throughout all
components. The andesite and basaltic andesite must have resided in spatially and
chemically distinct storage areas until just prior to eruption, with any mixing between the
two magmas limited to a brief period prior to eruption, and affecting only a small portion
total volume o f erupted material. Magmatic ascent rates were likely high (>0.1-0.2 m/s),
as both the andesite and basaltic andesite contain phenocrysts o f amphibole with no
evidence of disequilibrium or breakdown, which would have formed had the magma
spent a prolonged period of time outside of the P-T conditions where amphibole is stable.

1.2.2: Plagioclase Microlites at Kasatochi
Plagioclase microlites are small (<150 pm) crystals of plagioclase found in the
groundmasses of volcanic rocks, which are typically assumed to grow syn-eruptively due
to the high effective undercooling induced by decompression and degassing during
magmatic ascent (e.g., Geschwind and Rutherford, 1995; Hammer and Rutherford, 2002).
If such a model were in operation, the microlites would grow from the final interstitial
melts available in the system prior to eruption and quenching. Such melts should be some
of the most evolved, sodic melts available throughout the magma’s lifecycle, and
therefore the plagioclase growing from them should also be the some of the most sodic in
the system. Based on the assumption of syn-eruptive microlite crystallization,
measurements of plagioclase microlite textures and compositions have proved a powerful
tool for deciphering the magmatic histories of volcanic rocks, used to infer magmatic
parameters such as lava effusion rates (e.g., Noguchi et al., 2008), magma ascent rates
(e.g., McCanta et al., 2007), H 2O exsolution rates (e.g., Toramaru et al., 2008), and
crystal growth rates (e.g., Armienti, 2008).
However, as outlined in Chapter 3, the microlites at Kasatochi do not conform to
this standard model. Similar to Soufriere Hills and Mount Pelee Volcanoes in the
Caribbean arc (Couch et al., 2003; Martel et al., 2006), microlites from the 2008
Kasatochi basaltic andesite are highly calcic, far more calcic than the rims of plagioclase
phenocrysts, which should also have grown in those final, most sodic melts. Rather than
being the products of decompression crystallization, these microlites are the result of pre-

eruptive magma mixing between mafic and felsic end members, which also contributed
to heterogeneities in the bulk and phenocryst compositions o f the basaltic andesite. The
basaltic andesite contains two plagioclase phenocryst populations, which are derived
from these two different sources. The more sodic, oscilliatory zoned Group 1 plagioclase
phenocrysts likely crystallized in the silicic mixing end member at lower temperatures
(-800-950 °C) in addition to high-Ti titanomagnetite and low-Al amphibole phenocrysts.
The higher-An, texturally homogenous Group 2 plagioclase phenocrysts likely
crystallized in the hotter (-900-1000 °C), more mafic end member with low-Ti
titanomagnetite and high-Al amphibole phenocrysts.
The Group 2 plagioclase phenocrysts, along with the highly calcic plagioclase
microlites, are out o f equilibrium with measured groundmass glass compositions, unlike
the Group 1 phenocrysts, and therefore the calcic microlites likely derive mostly from the
mafic end member as well. Mixing between the cooler, silicic end member and the hotter,
mafic end member imposed an undercooling on the mafic magma, which triggered a
burst o f plagioclase microlite nucleation in a more calcic liquid. The high undercooling
created by the mixing was exacerbated by degassing due to syn-eruptive decompression,
causing boundary layers rich in incompatible elements (e.g., Fe, Mg) and depleted in
compatible elements (e.g., Ca) from around microlites and Group 2 phenocrysts, leading
to the formation of more sodic rims on Group 2 phenocrysts and leading to higher Fe and
Mg concentrations in more sodic microlites and Group 2 rims. Chapter 3 not only
provides insight into magma mixing processes at Kasatochi based on bulk-rock,
phenocryst and plagioclase microlite compositions, but also highlights the importance of
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verifying standard assumptions behind petrological models. Inferring magmatic
parameters such as those described above based on measurements of the textures and
compositions of the microlites from the 2008 Kasatochi basaltic andesite would yield
spurious and misleading results, as they were not formed under standard conditions.

1.3: Magmatic and Volatile Movement at Bezymianny Volcano
While the venue shifts for the third major project presented in this dissertation, the
overriding theme o f tracing magma movement with geochemistry remains the same.
Chapter 4 presents an examination of the magmatic evolution, fluid movement and
degassing processes at Bezymianny Volcano in Kamchatka, Russia. Bezymianny was
chosen as a target for this due to its unique characteristic eruption on 30 March, 1956,
which was triggered by the failure of the flank of the volcano which led to a directed
lateral explosion, a sequence almost identical to the 1980 eruption of Mount St. Helens
(Bogoyavlenskaya et al., 1985). Comparative studies o f these two volcanoes (such as
those listed above) have tended to focus on similarities in the styles of their climactic
eruptions, particularly the flank failures and directed lateral explosions (e.g.,
Bogoyavlenskaya et al., 1985; Belousov, 1996; Belousov et al., 2007; Neill et al., 2010).
However, comparisons of the volcanoes from a geochemical perspective and the
responses o f the magmatic systems to their unique progressions after their climactic
eruptions are comparatively rare. In this regard, Bezymianny offers an opportunity to use

similar geochemical tracers to those employed at Kasatochi in Chapter’s 2 and 3, but at a
better-studied volcano with a much longer recorded history o f eruptive activity.
In Chapter 4, measurements of major, minor and trace elements in melt inclusions
by electron microprobe and secondary ion mass spectrometry are used to examine
magmatic evolution, fluid movement and degassing processes at Bezymianny Volcano in
Kamchatka, Russia. Melt inclusions are small volumes of melt entrapped within the
structure of phenocrysts, which can provide snapshots of the magmatic system prior to
syn-eruptive modifications, if the liquids contained within are isolated from the magmatic
system by the host crystal (e.g., Kent, 2008; Metrich and Wallace, 2008). Thus, analyses
o f the compositions of melt inclusions provide a probe into different regions of a
volcano’s magmatic plumbing system. Analyses of lithium and volatile element
concentrations in melt inclusions have revealed that magma at Mount St. Helens is stored
at shallow levels beneath the volcano, where it experiences significant enrichment in
lithium due to “gas streaming,” or the upward flow of volatile- and lithium-rich magmatic
fluids from deep in the magma system (e.g., Berio et al., 2004; Blundy et al., 2008). As
described in Chapter 4, analyses of melt inclusions have revealed that magma at
Bezymianny undergoes similar shallow storage and Li-enrichment due to gas streaming,
but unlike at Mount St. Helens, such gas streaming is a much more transient feature,
occurring on timescales o f only days or weeks prior to eruption, and ceasing almost
entirely in more recent eruptions, as the edifice at Bezymianny has rebuilt itself. This
indicates that while processes occurring within the magmatic systems at Bezymianny and
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Mount St. Helens may mirror one another superficially, local variations in volcanic
character may generate distinct differences between otherwise-similar systems.

1.4: Summary
Application of different geochemical tracers to the magmatic plumbing systems of
Kasatochi and Bezymianny reveal two very different magmatic environments, despite
both volcanoes producing eruptive products that are superficially similar in composition.
The geochemical tracers applied to the 2008 eruption o f Kasatochi reveal it to have been
a violent, short-duration event, marked by high magmatic ascent rates and rapid
movements of magma through the crust that did not allow for complete mixing and
chemical homogenization o f the eruptive products or amphibole breakdown, or for the
signatures o f pre-eruptive mixing with the basaltic andesite to be completely erased. By
contrast, geochemical tracers applied to Bezymianny reveal its long-term evolution, with
patterns of volatile movement and shallow magmatic storage changing as the volcano has
erupted and effused since the climactic eruption in 1956. Further work directed at
Kasatochi may reveal whether such short, highly explosive events that produce such
heterogeneous eruptive products are the norm at Kasatochi, as well as building on the
studies presented here to paint a more complete picture of the island’s magmatic system
and history. By contrast, further work at Bezymianny will help continue to document the

10
volcano’s longer-term evolution, and how processes of volatile and magma movement
continue to evolve as the volcano rebuilds itself.
Chapters 2, 3 and 4 are all currently being prepared for peer review and possible
publication in the Journal o f Volcanology and Geothermal Research. Citations and
reference lists in all chapters are formatted according to the requirements o f this journal.
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Chapter 2: Compositional Diversity in the Eruptive Products of the
2008 Kasatochi Eruption1

For you, the city, thus I turn my back
There is a world elsewhere
Coriolanus, Ill.iil, 166-67

2.1: Abstract
The 7-8 August 2008 eruption of the Kasatochi Island volcano, located in the
central Aleutians Islands, Alaska, produced lithic-rich pyroclastic falls and flows
containing a juvenile magmatic component dominated by two lithologies, an andesite
with 58-62 wt. % S i0 2 and a basaltic andesite with 52-55 wt. % S i02. Banded pumice,
intermediate in composition, was also erupted but is subordinate in volume. Both
lithologies contain a phase assemblage of plagioclase, amphibole, ortho- and
clinopyroxene and Fe-Ti oxides. SIMS measurements of H20 and C 0 2 concentrations in
melt inclusions indicate pre-eruptive volatile contents of -5-7 wt. % H20 and <1000 ppm
C 0 2 in both lithologies. Whole rock major and trace element compositions indicate that
the andesite and basaltic andesite had only minor interaction prior to eruption and were
1 Neill,

O.K., Izbekov, P.E., Nye, C.J., Bleick, H.B., Cameron, C.E., and Larsen, J.F.
(in prep) Compositional diversity in the eruptive products o f the 2008 eruption of
Kasatochi volcano, Central Aleutian Islands, Alaska. To be submitted to Journal o f
Volcanology and Geothermal Research.
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likely stored in separate regions. Storage conditions, however, were likely similar (8-12
km depth at ~850-950°C for the andesite and 900-1000 °C for the basaltic andesite).
Resorption textures and zoning patterns of plagioclase phenocrysts, combined with bulk
chemical trends, indicate that the basaltic andesite had been affected prior to eruption by
episodes of mafic recharge, which did not affect the andesite. Ascent rates were likely
high (>0.2 m s'1), exceeding the onset of amphibole breakdown. Gabbroic xenoliths,
consisting of amphibole-plagioclase-pyroxene gabbro, were also included in the eruptive
products and were most likely carried with the basaltic andesite during ascent.

2.2: Introduction
2.2.1: Kasatochi Island Volcano
Kasatochi is a volcanic island in the central Aleutian Islands, consisting of a 3km-wide volcanic cone rising -300 m above sea level (Fig. 2-1), with the summit
truncated by a 1.2-km-wide crater containing a brackish (Bailey and Trapp, 1986) crater
lake. Exposed pre-2008 deposits consist of an interbedded basal package of
hyaloclastites, lahars, pyroclastic units and lava flows, labeled here as the Peregrine
volcaniclastic unit (VCU); a next-younger series of basalt, basaltic andesite and andesite
lava flows; and an uppermost unit of pyroclastic flow (PF) and surge deposits, best
exposed on the southwest side of the island, representing the most recent explosive
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activity at Kasatochi prior to 2008 and referred to herein as the penultimate PFs
(Waythomas et al., 2010a). Beyond a few early reports (Grewingk, 1850; Jaggar, 1927;
Coats, 1950), little was known about the pre-2008 eruptive history of Kasatochi, although
Waythomas et al. (2010a) suggest that the most recent significant explosive event could
not have occurred more recently than several hundred years, predating the historical
record of the area.
Because of its remote location and lack of recorded eruptive history, studies of
Kasatochi are rare; in fact, no geologic studies focused specifically on Kasatochi are
published prior to 2008, although the location and general geologic setting are described
in preliminary surveys of the area (e.g., Coats, 1956) and the island is mentioned in a few
studies of magma petrogenesis in the Aleutian Island arc system (Kay and Kay, 1985;
Myers et al., 1985; Romick et al., 1992; Yogodzinski et al., 1995; Yogodzinski and
Kelemen, 1998; George et al., 2003; Yogodzinski et al., 2010). The only pre-2008
published chemical analyses of Kasatochi eruptive products come from the sample KAS7, a calc-alkaline, high-Al basalt, containing plagioclase, olivine and clinopyroxene,
analyses of which were first reported in Kay and Kay (1985) and later used in subsequent
studies of the area (e.g., Yogodzinski et al., 1995; George et al., 2003). Prior to the 2008
eruption, Kasatochi had been classified as a moderate threat volcano due to its
remoteness and lack o f recorded eruptions (Ewert et al., 2005). The Alaska Volcano
Observatory (AVO), the agency responsible for monitoring Alaska volcanoes, has no
permanent monitoring stations on the island.
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The purpose of this study is to characterize the petrology and geochemistry of the
2008 Kasatochi eruptive products and to develop an initial model for the Kasatochi
magmatic system prior to and during the eruption. More specifically, this study compares
the bulk and constituent mineral compositions of andesite, basaltic andesite and gabbroic
material in order to determine the mechanisms by which the andesite and basaltic
andesite came to coexist and ascend together to the surface.

2.2,2: The 7-8 August, 2008 Eruption o f Kasatochi
Retrospective analysis showed that pre-eruptive seismicity at Kasatochi began
approximately one month prior to eruption. At the time, however, unrest indicative of
potential eruption was only recognized due to the marked increase in seismic activity on
6

August, 2008, -3 6 hours prior to the eruption (Ruppert et al., 2011). The first ash

plume was detected on the afternoon of 7 August, and continuous ash emission continued
for approximately 21 hours, punctuated by five major explosive events during this period
(Amoult et al., 2010; Fee et al., 2010; Ruppert et al., 2011). The pre-eruptive and syneruptive seismicity was exceptionally strong and included one earthquake of magnitude
5.9 and -1 2 earthquakes with a magnitude of 4 or greater (Ruppert et al., 2011). The total
seismic energy released was the largest recorded during any volcanic eruption in Alaska
since the AVO began monitoring Alaskan volcanoes in 1988 (Waythomas et al., 2010a).
The explosions at Kasatochi produced ash-gas plumes that rose to heights up to 18km
above sea level (ASL) and emitted 0.3 Tg of fine (1-10 pm) ash and -1 .7 Tg of sulphur
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dioxide, making Kasatochi the single largest point source emission of SO 2 since the 1991
eruptions of Cerro Hudson and Pinatubo volcanoes (Bluth et al., 1992; Karagulian et al.,
2010; Kristiansen et al., 2010; Prata et al., 2010). According to Waythomas et al. (2010a),
the total volume of erupted material exceeds 0 .2 km 3 bulk volume, placing the 2008
eruption of Kasatochi at 3-4 on the Volcanic Explosivity Index (Newhall and Self, 1982).
Scott et al. (2010) and Waythomas et al. (2010a; 2010b) provide full descriptions
of the pyroclastic deposits from the 2008 Kasatochi eruption; a brief summary is included
here. In addition to ash and SO 2, the explosions at Kasatochi produced voluminous
pyroclastic flows, which increased the area of the island by -30% and covered the island
with pyroclastic deposits that vary in thickness between -2 and 30 m. The sequence is
divided into four main layers. Layer 1, which is stratigraphically lowest, consists of thinly
bedded mud and ash fall, likely from early phreatomagmatic explosions caused by the
interaction of ascending magma with the water of the crater lake, clearing water and lake
sediments from the crater. Layer 2 is a massive, yellowish-grey, friable pyroclastic-flow
deposit that, in places, exceeds 15 m in thickness, the result of a voluminous pyroclastic
flow following the opening explosions. Layer 3 contains a sequence of massive
pyroclastic-flow deposits interspersed with thinly bedded surge deposits and coarse lapilli
fall beds with a maximum thickness of -2 0 m. Layer 4, the uppermost layer, consists of
ash and accretionary-lapilli deposits, alternating between finely bedded, and in places,
cross-bedded, surge deposits and ash/lapilli fall beds. These deposits are likely the result
o f magmatic/phreatomagmatic explosions at the end of the eruption, as magma output
waned and water was able flow into the vent from remaining lake water and from

20
groundwater outflow into the enlarged crater. All four layers are lithic-rich (50-90% of
clasts, Waythomas et al., 2010a), with lithics acquired mostly from the crater walls. The
small size o f the island means that distal deposits (>0.5 km from vent) that would likely
be less lithic-rich are unavailable, though ash and floating pumice from the eruption were
found on nearby islands (Scott et al., 2010; Waythomas et al., 2010a).
Juvenile pyroclasts produced by the 2008 Kasatochi eruption are heterogeneous in
hand-specimen appearance (Fig. 2-2). White, pumiceous clasts (Fig. 2-2a) contain
vesicles up to 5-10 mm in diameter, with plagioclase, amphibole, pyroxene and
titanomagnetite phenocrysts surrounded by glassy groundmass. Grey-brown clasts (Fig.
2-2b) are typically denser, with surface vesicles <1 mm. Phenocrysts appear similar to
those in whiter clasts, though macroscopic glass is rare. Banded clasts (Fig. 2-2c) are
common, with sharp boundaries between darker, denser domains and lighter-colored,
more vesicular regions. In these banded clasts, the volume of darker material can be
much greater, much less or approximately equal to the volume of lighter material in
banded clasts; proportions o f the two components do not appear to vary systematically
with either clast size or stratigraphic position. Blocks o f amphibole-plagioclase-pyroxene
gabbro are also present in the upper parts of Layer 3 (Fig. 2-2d). Textures of these blocks
vary, but all contain tabular or lathlike amphibole and plagioclase crystals, which can
exceed 5 cm in length, along with minor amounts of clinopyroxene and titanomagnetite.
Some samples also contain fine, black interstitial matrix, which is finely vesicular and
composed of brown glass and abundant quench microlites. Holocrystalline blocks are
often highly friable.
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2.3: Methods
2.3.1: Sample Characterization
A representative suite o f juvenile pyroclasts and gabbro blocks was collected
from the 2008 Kasatochi deposits during trips to the island in the summers of 2008, 2009,
2010 and 2011 and has been partially characterized by previous authors (Izbekov, 2008;
Izbekov et al., 2009; Waythomas et al., 2010a). As Layers 1 and 4 are nearly devoid of
juvenile pyroclasts > 2 mm in diameter, both gabbro blocks and juvenile clasts were taken
exclusively from Layers 2 and 3, the main 2008 pyroclastic-flow units. Individual
mineral phases were identified visually in hand sample and thin section and by energy
dispersive spectrometry (EDS) using a CAMECA SX-50 electron microprobe, equipped
with an ED AX EDS detector, at the Advanced Instrumentation Laboratory (AIL) of the
University o f Alaska Fairbanks. Phenocryst proportions were determined by point
counting (1 0 0 0 points) of thin sections, using a standard petrographic microscope and
automated stage. Descriptions o f samples used in this study are provided in Appendix 2
1. Readers should note that all appendices are included electronically on the compact disc
accompanying this dissertation.

2.3.2: Bulk Chemistry
Whole-rock concentrations of Ni, Cr, Sc, V, Ba, Sr, Zr, Ga, Cu and Zn, as well as
major and minor element concentrations, were determined by X-ray fluorescence
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spectrometry (XRF) at the GeoAnalytical Laboratory, Washington State University,
using procedures outlined in Johnson et al. (1999). To summarize, samples were cleaned
in an ultrasonic bath, then lightly crushed and picked by hand to remove any altered or
organic material. The resulting chips were washed again in deionized water in an
ultrasonic bath and then powdered in a tungsten carbide shatterbox for ~ 2 minutes.
Approximately 3g o f sample material, mixed with ~7g of Li2B 40 7 flux, was fused into a
glass disc and analyzed using a ThermoARL XRF Spectrometer. Whole-rock
concentrations of U, Th, Pb, Nb, Hf, Ta, Rb, Cs, Y and the lanthanide series elements
were measured by inductively coupled plasma mass spectrometry (ICP-MS) at the WSU
GeoAnalytical Laboratory, using procedures outlined in Knaack et al. (1994) and
Johnson et al. (1999). Powders were fused at 1000°C in a muffle furnace, distilled via
open-vial acid digestion using mixtures of HNO 3 and HCIO 4, and analyzed using a
Finnegan Element2 ICP-MS. Also analyzed by XRF and ICP-MS were two separates of
the finely crystalline interstitial matrix material, picked by hand from different gabbroic
blocks. Major and minor element concentrations are reported as oxides, although they are
referred to as “elements” to avoid terminological confusion with Fe-Ti oxide minerals.

2.3.3: Mineral and Glass Compositions
Minerals, groundmass glass and melt inclusions were analyzed for major and
some minor element concentrations by wavelength-dispersive X-ray spectrometry using
the 4-spectrometer CAMECA SX-50 electron microprobe at AIL and a 5-spectrometer
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JEOL JXA-8900 electron microprobe at the U.S. Geological Survey in Menlo Park, CA
(see Appendix 2-2 for operating conditions and analytical uncertainties). Concentrations
were obtained from raw intensities using a ZAF intensity correction. During analyses of
groundmass glass and melt inclusions, the beam was defocused to a diameter of - 1 0 pm,
and Si, Na and K were counted first to minimize elemental migration during analyses. Na
intensities were also corrected in glass and melt inclusion analyses using TimeDependent Intensity corrections through ProbeForEPMA software (Nielsen and
Sigurdsson, 1981; Donovan et al., 2007). Mineral structural formulae and end-members
were calculated from oxide analyses using ILMAT (Lepage, 2003) for titanomagnetite,
Probe-Amph (Tindle and Webb, 1994) for amphibole and CALCMIN (Brandelik, 2009)
for all other mineral phases. Similar to bulk compositions, elemental concentrations
determined by electron microprobe are reported as oxides in all appendices but referred
to as “elements” in text.

2.3.4: Volatile Concentrations in Melt Inclusions
Melt inclusions from the 2008 Kasatochi andesite were previously analyzed by
Izbekov et al. (2009). To complement that study, melt inclusions in plagioclase and
pyroxene crystals from the 2008 Kasatochi basaltic andesite were prepared for analyses
of H 2O and CO 2 by SIMS using procedures outlined by Blundy et al. (2005), Humphreys
et al. (2008) and Wright et al. (2012). To summarize, inclusions were exposed, polished,
and soaked in acetone to removing polishing and mounting compounds, then mounted in
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indium and coated with gold. These melt inclusions were then analyzed for H 2O and CO 2
concentrations using a primary beam of ,60 2' ions with an accelerating voltage of 10.5
kV, a beam current o f ~2 nA, and a beam diameter of ~20 pm, using the SHRIMP-RG
ion microprobe at the Stanford University/USGS SUMAC facility. The beam was
rastered over a 100 x 100 pm area around the analytical spot to remove the gold coat and
surface contaminants. Four counting cycles were used in each analysis to measure onpeak counts for

Si H,

C, and

Si and off-peak background counts on both sides of the

28Si'H peak with a mass resolution of 7000 at 10% peak height. Concentrations of the
analyzed elements in unknowns were derived from calibration curves of known
concentrations o f standards synthesized by Mangan and Sisson (2000) normalized to wt.
% SiC>2, versus measured count rates of analyzed standards normalized to 30Si. Analytical
uncertainties were calculated based on counting statistics using the SQUID2 data
reduction software (Ludwig, 2009).
Some analytical spots intersected with the host mineral. These were identified
visually and by EDS analyses of the ablation pits using the AIL CAMECA SX-50
electron microprobe. Concentrations based on these contaminated spots are not reported
here. Also, in a finding that mirrors that of Wright et al. (2012), some spots produced
anomalously high CO 2 concentrations, accompanied by large fluctuations in count rates
across the four counting cycles. Wright et al. (2012) suggest that this is the result of
surface contamination not folly removed by the pre-ablation and suggest reporting only
CO 2 measurements where the variability in 12C count rates is low. As such, only CO 2
measurements where the analytical uncertainty is <10% of calculated concentration, or
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where calculated CO 2 concentrations are <150 ppm, are reported here. Analyses from
Izbekov et al. (2009) referred to in this study are similarly filtered to remove potentially
spurious CO 2 data.

2.4: Results
2.4.1: Bulk Chemistry
Bulk compositions are reported in Appendix 2-3. The white, pumiceous
pyroclasts are medium-K andesite, extending the compositional range determined by
Izbekov (2008) to higher SiC>2, while the denser, grey-brown clasts are medium-K
basaltic andesite (Fig. 2-3). Andesite and basaltic andesite samples are collinear in
FeOT/MgO vs. SiC>2 and roughly follow the tholeiitic/calc-alkaline dividing line of
Miyashiro (1974), with andesite being slightly calc-alkaline and basaltic andesite being
slightly tholeiitic. Both the andesite and basaltic andesite vary in bulk composition, with
andesite clasts containing -58-62 wt. % SiC>2 and basaltic andesite clasts containing - 5 2 
56 wt. % SiC>2 (Fig. 2-3). There is an apparent compositional gap between 56 and 58 wt
% SiC>2 that separates the andesite and basaltic andesite, although some banded samples
have compositions in this range. Andesites are significantly enriched relative to basaltic
andesites in large-ion lithophile elements (LILE) elements (excluding Sr), light rare-earth
elements (LREE), high field-strength elements (HFSE) and U-series (U, Th, Pb) elements
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(Fig. 2-4A) but are only slightly enriched in heavy rare-earth elements (HREE).
Chondrite-normalized rare-earth element patterns from both the andesite and the basaltic
andesite show no significant europium anomaly (Fig. 2-4B); Eu/Eu* values, calculated
using chondritic values of Sun and McDonough (1989), range from 0.95-1.05 in the
andesite and 0.99-1.08 in the basaltic andesite. Major and minor element versus silica
variation diagrams (Fig. 2-5) indicate that the basaltic andesite compositions fall along
generally linear trends for most major and minor elements except MnO. Trace element
variations in the basaltic andesite are also generally linear, though there the trends are not
quite as coherent, especially in Sr and Pb (Fig. 2-6).
Andesite samples display more heterogeneity than the basaltic andesite (Figs. 2-5,
2-6), although they vary over a similar range of SiC>2 content. For some elements (e.g.,
Ti0 2 , MgO, CaO, Cs, Pb), andesite samples define linear arrays; others (e.g., AI2O 3,
MnO, P2O 5, Sr, Y, HREE) show more scatter. While scatter may be an artifact of
analytical uncertainty in some cases (Ta and HREE), trends in the andesite compositions
are not nearly as coherent as those defined by the basaltic andesite. Furthermore, while
the andesite and basaltic andesite fall along a single linear trend in some elements (e.g.,
Ti0 2 , MgO, CaO, Cs), they also define trends that are not co-linear in other elements
(e.g., AI2O 3, P2O 5, Pb, Y, HREE).
A comparison o f the compositions of the 2008 eruption with analyses o f samples
from pre-2008 lavas and pyroclastic deposits (C.J. Nye, unpublished data) shows that
while 2008 and pre-2008 material are similar in composition for most major, minor, and
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some trace elements, most pre-2008 material is easily distinguishable from 2008 material
on the basis of Y, HREE, Sr and, especially, Cs and Pb concentrations. Cs and Pb tend to
be especially depleted in pre-2008 samples, Y and HREE tend to be moderately depleted,
while Sr is highly variable (Fig. 2-6). The only exceptions are clasts from the penultimate
PF’s, which represent the most recent explosive products of Kasatochi prior to 2008
(Waythomas et al., 2010a). While they have not been studied and sampled exhaustively,
samples from this unit contain the same mineral assemblage o f plagioclase, clino- and
orthopyroxene, amphibole and titanomagnetite and closely mirror 2008 bulk
compositions. Basaltic andesite samples from the penultimate PF’s are similar to the most
evolved 2008 basaltic andesite (though the agreements in MnO, Pb and Sr are weak,
especially with the lowest-Si02 penultimate PF samples). However, the four most silicic
penultimate PF samples are chemically indistinguishable from the more mafic 2008
andesite in all components (Figs. 2-5, 2-6).
Bulk compositions o f the gabbroic blocks (Figs. 2-3, 2-5, 2-6) are highly variable,
likely reflecting differing modal proportions of the component minerals. They are highly
depleted in incompatible elements and appear to lie somewhat along trends defined by
the basaltic andesite in certain components (e.g., CaO, Cs, Pb), though given their scatter,
they cannot be truly characterized as co-linear with either o f the more silicic lithologies.
The black interstitial groundmass found in some blocks, analyzed in two hand-picked
separates, is a basaltic magma (~50 wt. % Si02, Fig. 3), which lies on compositional
trends defined by the basaltic andesite in some components, though the agreement in
elements such as AI2O3, MgO and Sr is poor.
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2.4.2: Petrography
Whereas the andesite and basaltic andesite differ compositionally, they both
contain phenocryst assemblages of, in descending order of abundance, plagioclase,
clinopyroxene, orthopyroxene, amphibole and titanomagnetite (Fig. 2-7, Appendix 2-4).
Olivine and apatite are also present in trace amounts in both the basaltic andesite and
andesite, along with some FeS inclusions in titanomagnetite. Mafic minerals from all
lithologies are generally unzoned and unreacted. Most notably, despite the overall
compositional heterogeneity of the Kasatochi eruptive products, amphibole phenocrysts
from all lithologies lack the opacitization or breakdown rims indicative of significant
time spent outside o f stable P-T-X conditions (e.g., Garcia and Jacobson, 1979;
Rutherford and Hill, 1993; Browne and Gardner, 2006). Polymineralic clots, generally of
plagioclase, clino- and orthopyroxene (±titanomagnetite and amphibole), appear in both
the andesite and basaltic andesite, though they are more common in the latter.
Groundmasses in the basaltic andesite are qualitatively more microlite-rich than in the
andesite. Groundmasses in both lithologies are dominated by quenched glass and
elongate/lathlike plagioclase microlites, as well as rarer, more tabular clinopyroxene and
titanomagnetite. Phenocryst abundances are generally higher in the basaltic andesite
(-30-55 vol. %) than in the andesite (-15-30 vol. %, Fig. 2-7). This raises the possibility
that the compositional diversity of the 2008 Kasatochi eruptive products may simply be
the result o f the accumulation of phenocrysts in the basaltic andesite relative to the
andesite, though as will be explained later, such accumulation cannot account for the full
range of compositional diversity or in the compositional trends.
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Gabbroic blocks are nearly holocrystalline and are dominated by amphibole and
plagioclase, with lesser amounts of clinopyroxene and titanomagnetite and trace amounts
of orthopyroxene and olivine (Appendix 2-4). Gabbroic samples display a wide variety
of textures and grain sizes. Blocks with all crystals <5 mm are not uncommon, but
plagioclase crystals may exceed 2 cm in length, while a few samples contain 12-cm long
amphibole in a medium-grained matrix. Plagioclase is generally equigranular and can be
nearly transparent. Amphibole crystals vary from nearly equigranular to lathlike
morphologies and in some samples display a strong preferred orientation. Some blocks
are mineralogically layered (Fig. 2-2), with plagioclase-dominant layers up to several
centimeters thick alternating with amphibole-dominant layers, whereas other blocks have
centimeters-thick layers with equigranular, fine-grained gabbro alternating with mediumor coarse-grained gabbro at sharp interlayer boundaries. The interstitial basaltic magma
found in some blocks is dominated by brown glass and lathlike plagioclase microlites
<50 pm in length.

2.4.3: Pyroxene, Titanomagnetite, Amphibole and Olivine Compositions
Pyroxene, amphibole and titanomagnetite phenocrysts in basaltic andesite
samples show minimal compositional variations within individual crystals, but
compositions vary somewhat between individual crystals. Clinopyroxene compositions
show little variation, with all but one phenocryst having compositions of E1140-44W041-43
(Fig. 2-8, Appendix 2-5); one measured crystal had slightly elevated Ca (Wo46).
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Orthopyroxene compositions range from En 63 - En69, with slight variations in Ca content
(Fig. 2-8, Appendix 2-6). Titanomagnetite compositions in the basaltic andesite show
much greater compositional variability than titanomagnetite from the andesite or gabbro;
low-Ti titanomagnetite phenocrysts do not vary significantly in Ti content but vary
widely in Fe, while the high-Ti titanomagnetite shows an approximately negative
correlation between Fe and Ti (Fig. 2-9, Appendix 2-7). Amphibole phenocrysts from the
basaltic andesite show no systematic intragranular compositional variations but vary
overall along a continuous spectrum from relatively high-Fe, low-alkali, low-Al
phenocryst compositions to relatively low-Fe, high-alkali, high-Al compositions (Fig. 2
10, Appendix 2-8).
As in the basaltic andesite, mafic minerals in andesite samples show minimal
compositional zonation. Clinopyroxene phenocrysts show a similar range of
compositions to the basaltic andesite (E 1142-44W 041-44), though no higher-Ca phenocrysts
were found (Fig. 2-8). Orthopyroxene phenocrysts are often anhedral and sometimes
surrounded by clinopyroxene rims. Orthopyroxene in andesite samples are similarly
homogeneous in composition (Eri64-67) and also overlap basaltic andesite compositions
(Fig. 2-8). Titanomagnetite phenocrysts have compositions similar to the high-Ti
titanomagnetite phenocrysts in the basaltic andesite, with an approximately negative
correlation between Fe and Ti, though andesite titanomagnetite phenocrysts vary less in
both Ti- and Fe-content (Fig. 2-9). In contrast to the wide range in amphibole
compositions observed in basaltic andesite samples (Fig. 2-10), andesitic amphibole
compositions cluster near the low-Al/low alkali, high-Fe/high-Si end of the range of
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basaltic andesite amphiboles, though they have lower Fe contents than the most Al-poor
amphiboles from the basaltic andesite.
Like the more silicic lithologies, mafic phenocrysts in gabbro lack notable
compositional zonation. Clinopyroxenes are compositionally similar to the highest-Ca
basaltic andesite clinopyroxene (E1140.43, W 046-48), though they do not overlap
compositionally with any andesite clinopyroxene compositions (Fig. 2-8). Similarly,
gabbroic titanomagnetite compositions (Fig. 2-9) are similar in Ti content to
titanomagnetite from the basaltic andesite (though lower Fe) but have lower Ti and lower
Fe than titanomagnetite in andesite. Amphibole compositions (Fig. 2-10) in the gabbro
are relatively similar in composition to the more Al- and alkali-rich amphiboles, Fe- and
Si-poor amphiboles from the basaltic andesite. Unlike the silicic lithologies, olivine is
present in trace quantities in the gabbro. Olivine occurs as resorbed cores in amphibole
phenocrysts with clinopyroxene often growing between an olivine core and amphibole
host. These olivines are also unzoned, with compositions ~Fo 74 (Appendix 2-9).

2.4.4: Groundmass Glass
Basaltic andesite groundmass glass compositions fall along linear trends in majorelement compositions (Fig. 2-11, Appendix 2-10), extending to compositions both more
and less evolved than glass in andesite samples. Andesite groundmass glass compositions
have a more limited range in SiC>2 and CaO than the basaltic andesite, though the range in
AI2O3 and K 2O is approximately the same. Trends in glass compositions from both
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lithologies generally overlap, though at a given SiC>2 content, basaltic andesite glasses are
slightly more K^O-rich.

2.4.5: Plagioclase Textures and Compositions
Plagioclase phenocrysts in the andesite and basaltic andesite contain a similar set
of textures (Fig. 2-12) and zoning patterns (Fig. 2-13). About 60% of plagioclase
phenocrysts in the basaltic andesite and - 2 0 % of plagioclase in the andesite have highAn (>Ango) cores (Figs. 2-12A and B, 2-13A, 2-14, Appendix 2-11). Resorbed cores (Fig.
2 - 12 A)

are also common and can be found in phenocrysts of all core compositions and in

-50% of phenocrysts in both the andesite and basaltic andesite (Fig. 2-14). In the basaltic
andesite, resorbed cores are actually more common in phenocrysts with core
compositions of <Ango (Fig. 2-13).
Plagioclase phenocrysts in both the andesite and basaltic andesite, regardless of
core compositions, usually contain oscillatory zoning with an overall normal
compositional zoning trend (Fig. 2-12A and B, 2-13 A, B and C), converging to a fairly
narrow range o f An contents, though andesite rims are slightly more sodic.
Approximately 85% of phenocrysts in andesite samples have rim compositions of Anso-60,
while -60% of basaltic andesite plagioclase rims fall within An 55.65. The concentric,
oscillatory zonation may be interrupted by rings of melt inclusions parallel to the
zonation patterns, associated with abrupt spikes in An-content up to An 7o-8o, though the
zonation patterns quickly return to the overall normal trend (Fig. 2-12B, 2-13A and B).

These rimward resorption features are found in -45% o f plagioclase phenocrysts in both
the basaltic andesite and andesite (Fig. 2-14). There is no apparent correlation between
resorption rings and relict cores; phenocrysts with resorbed cores do not always have
resorption rings, while phenocrysts with resorption rings do not always have resorbed
cores, or even high-An cores. Plagioclase phenocrysts that lack high-An cores and
contain no dissolution features, either in the core or rimward, are equally common in the
andesite and the basaltic andesite (-30%). Plagioclase microlites in both the andesite and
basaltic andesite display a wide range of compositions, though they vary more widely in
the basaltic andesite (Fig. 2-14)
A portion o f plagioclase phenocrysts with unresorbed cores containing >Ango
have similar core and rim compositions (within -5 mol. % An) and lack systematic
oscillatory or concentric core-to-rim zoning (Fig. 2-12C, 2-13D). These are found
exclusively in the basaltic andesite (Fig. 2-14), accounting for -10% o f the measured
phenocrysts. These phenocrysts are euhedral, contain no dissolution features beyond a
few small (<5 pm) melt inclusions, and can be very large (up to -1 mm in diameter).
Gabbroic plagioclase crystals can reach up to 2 cm in size, are dominantly
euhedral and have nearly uniformly high An contents (>An 9o). Individual crystals are
generally unzoned, though some crystals do show a precipitous drop in An content at the
interface with the matrix melt, reaching compositions as low as -Anss (Figs. 2-13D, 2
14). Gabbroic plagioclase crystals contain no resorption features beyond small, scattered
melt inclusions and are texturally similar to the high-An, unresorbed plagioclase found in
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the basaltic andesite. However, gabbroic plagioclase generally has >An 9o, while the highAn, un-reacted plagioclase in the basaltic andesite generally are Ango-85-

2.4.6: H 2O and CO 2 Concentrations in Melt Inclusions
H 2O concentrations are comparable between the andesite and the basaltic
andesite, with melt inclusions from both lithologies containing dominantly ~5-7 wt. %
H 2O (Fig. 2-15, Appendix 2-12). CCVpoor (<100 ppm) inclusions are more common in
the andesite than the basaltic andesite, although inclusions from both lithologies are
dominantly <400 ppm CO 2. Entrapment pressures, calculated based on H 2O-CO 2
solubility (Papale et al., 2006), are generally between 200 and 300 MPa for both the
andesite and basaltic andesite, with maxima of -390 MPa for the basaltic andesite and
-310 MPa for the andesite.

2.5: Discussion
2.5.1: Compositional Variations in the 2008 Kasatochi Eruptive Products
Banded clasts abound throughout the 2008 deposits, and clasts of disparate
compositions can be found within individual deposits. Banded samples fall along mixing
trends between andesite and basaltic andesite end-member compositions (Fig. 2-16) and
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presumably represent mingling between the two magmas. Some unbanded higher-SiC>2
basaltic andesite and lower-SiC>2 andesite samples also lie along these trends, presumably
representing homogenization after mingling. Some pre-eruptive interaction must have
taken place between the andesite and basaltic andesite, including a degree of pre-eruptive
homogenization.
The low (<25 ppm) Ni and Cr contents of the 2008 Kasatochi magmas (Appendix
2-3) relative to presumed parental compositions suggest that they are likely derived from
evolved magmas that had previously experienced fractional crystallization. However,
neither fractional crystallization nor mixing between the basaltic andesite and the
andesite can explain the full spectrum of compositional heterogeneities observed in the
2008 samples. In fact, overall pre-eruption physical and chemical interactions between
the andesite and basaltic andesite appear to have been limited. Europium anomalies are
absent (Fig. 2-4), and compositional trends in the andesite and basaltic andesite are
incongruent in some elements (e.g., AI2O 3, MnO, P 2O 5, Pb, Y, HREE; Figs. 2-5, 2-6, 2
16), despite strong linear trends in others (e.g., MgO, CaO, Cs, Nb; Figs. 2-5, 2-6). This
would contradict any kind of genetic link between the two lithologies, either through
fractional crystallization, crystal accumulation or mixing between andesite and basaltic
andesite end members, as no satisfactory linear or curvilinear trend can link the
compositional distributions of the two lithologies. While a few unbanded, higher-Si0 2
basaltic andesite samples do fall along lines o f mixing with the basaltic andesite, most
andesite samples plot well away from the primary basaltic andesite mixing trends (Fig. 2
16). The andesite and basaltic andesite must have resided in spatially and chemically
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distinct storage areas until just prior to eruption, with any mixing between the two
magmas limited to a brief period prior to eruption, resulting in mingling and
homogenization (as previously described) in only a small portion of the total volume of
erupted material. The origins of the andesite and basaltic andesite will therefore be
considered separately.

2.5.2: Basaltic Andesite
Basaltic andesite compositions form nearly linear arrays in all elements (Figs. 2-5,
2-6, 2-16). Plagioclase phenocrysts further indicate that mixing due to mafic recharge
was an important process in the evolution of the basaltic andesite prior to eruption. About
50% of the analyzed plagioclase phenocrysts contain dissolution rings associated with
spikes in An content (Fig. 2-13A and B). This feature is commonly associated with
injection o f mafic magmas, which can make the composition of the crystallizing liquid
both hotter and more calcic, as well as increasing the melt H20 content, any or all of
which will promote higher-An plagioclase growth (e.g., Housh and Luhr, 1991; Putirka,
2005; Lange et al., 2009). Introduction of mafic magma has been frequently been invoked
as an explanation for transient changes in conditions controlling plagioclase
crystallization, causing dissolution of the outer edges of plagioclase phenocrysts with
lower-An rims, followed by growth of higher-An plagioclase on top of the resorption
features (Davidson and Tepley, 1997; Clynne, 1999; Murphy et al., 2000; Tepley et al.,
2000; Couch et al., 2001; Izbekov et al., 2002; Browne et al., 2006; Ruprecht and

Wbmer, 2007; Shcherbakov et al., 2011). 2008 Kasatochi basaltic andesite phenocrysts
may contain from one to four dissoluton rings, indicating multiple discrete recharge
events. In addition, -50% o f the plagioclase phenocrysts contain resorbed cores, with
-60% of all analyzed cores containing >An 8o- Recharge magmas may also have
contained crystals, leading to the high proportion of basaltic andesite plagioclase
phenocrysts that have high-An cores. Furthermore, in cases o f mixing driven by mafic
replenishment, the difference in T-X conditions between the host magma and intruding
magma, especially the added heat and increase in Ca, may cause a large portion of the
cores to resorb (e.g., Tepley et al., 1999; Izbekov et al., 2002; 2004), which would lead to
the high proportion of cores that show disequilibrium textures (Fig. 2-14). The linear
compositional trends seen in the basaltic andesite are probably the result of mixing due to
a recent injection o f mafic magma into the basaltic andesite system. Deviations of highSiC>2 basaltic andesite samples from the main basaltic andesite trend likely resulted from
a brief period of mixing followed by homogenization with the andesite directly prior to
eruption (Fig. 2-16).
The system that produced the basaltic andesite must have been well buffered, as
seen in the return to pre-dissolution compositions and normal zonation outboard of the
dissolution rings (Fig. 2-13). Disequilibrium textures or zoning in amphibole are also
nearly absent, though the generally linear tend in amphibole phenocryst compositions
may reflect the variability in bulk chemistry and may indicate their crystallization from a
heterogeneous, mixed source. Mafic input must have been sufficient in volume, and/or
sufficiently different in composition to alter plagioclase compositions but not enough to
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cause more than short-term deviations in the overall plagioclase zoning behavior, and
certainly not enough to promote the formation of wider “dusty” zoned plagioclase
indicative of longer-term dissolution and re-crystallization of plagioclase under different
T-X conditions (e.g., Clynne, 1999; Murphy et al., 2000; Izbekov et al., 2002; Browne et
al., 2006; Shcherbakov et al., 2011). The final mafic injection that created the observed
mixing array may also have led to the formation of high-An microlites in the basaltic
andesite. Mafic recharge has produced high-An microlites in similar silicic systems (c.f.
Couch et al., 2003; Martel et al., 2006), although this topic needs further exploration and
will be discussed elsewhere (Neill et al., in prep).

2.5.3: Andesite
Andesite bulk compositions do not vary as uniformly as do the basaltic andesite,
although they span a similar range of SiC>2 contents. Approximately 50% of andesite
plagioclase phenocrysts contain resorption features, while 2 0 % contain o f cores >Anso,
which, as in the basaltic andesite, suggests some history of mafic input as well as a
magmatic system that is similarly well buffered. However, the simple two component
mixing relationship seen in the compositions o f basaltic andesite samples is absent from
the andesite. Variations in andesite Y and LREE concentrations follow far less coherent
linear trends than in the basaltic andesite (Fig. 2-6), while concentrations of components
such as AI2O3, P2O5, Sr and HREE show minimal systematic variation of any kind (Figs.
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2-5, 2-6). Any bulk chemical signature o f any single mafic injection into the andesite
storage region had been erased prior to the 2008.

2.5.4: Gabbroic Blocks
While bulk compositions of the gabbroic blocks do appear to reasonably extend
the bulk chemical trends defined by both the andesite and basaltic andesite (Fig. 2-5, 2
6 ),

given how much the gabbroic compositions vary, any direct petrogenetic connection

to the andesite or basaltic andesite based on bulk chemistry would be tenuous at best.
The range o f gabbro bulk compositions may merely reflect modal mineral proportions,
which are not necessarily those of the associated magmas from which they originated.
Xenoliths and obvious large (>1 cm) amphibole and plagioclase antecrysts are commonly
found embedded in basaltic andesite hand specimens but are very rare (though not
entirely absent) in andesite samples. Also, plagioclase phenocrysts in the gabbro are
unzoned, euhedral, with no dissolution features and compositions >Anc>o. Phenocrysts
with such textures and compositions are found only in basaltic andesite samples. This
suggests that significant assimilation and phenocryst transfer took place between the
gabbro and the basaltic andesite but not to any great extent between the gabbro and
andesite. This, in turn, suggests that the gabbroic blocks were dominantly carried by the
basaltic andesite and had only limited contact with the andesite.
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2.5.5: Implications fo r the 2008 Eruptive Sequence
The phase assemblage at Kasatochi does not lend itself to geothermobarometric
techniques based on mineral or mineral-liquid equilibria. However, amphibole
phenocrysts in both the andesite and basaltic andesite show no zonation or disequilibrium
textures, and therefore both the andesite and basaltic andesite must have been stored
under P-T conditions where amphibole is stable. If the calculated melt inclusion
entrapment pressures (-200-300 MPa, Fig. 2-15) are taken as being approximately
equivalent to pressure conditions of the pre-eruptive andesite and basaltic andesite
magmatic storage regions, these pressures would correspond to depths of magmatic
storage of -8-11 km, assuming an average crustal density o f 2700 kg m '3. Previous
experimental studies (Barclay et al., 1998; Moore and Carmichael, 1998; Cottrell et al.,
1999; Blatter and Carmichael, 2001; Hammer et al., 2002; Pichavant et al., 2002) have
constrained P-T regions of amphibole stability in andesite and basaltic andesite systems
that are similar to Kasatochi in bulk composition and phase assemblage. These studies
indicate that, at 200-300 MPa, amphibole would be stable in the andesite at -850-950 °C
and in the basaltic andesite at 900-1000 °C. These systems are not perfect analogues for
Kasatochi, and the uncertainties in the experimentally determined amphibole stability
regions can be large, but these temperatures and pressures are reasonable estimates for
pre-eruptive storage conditions for the 2008 Kasatochi magmas.
Ruppert et al. (2011) suggest that faulting related to the pre-eruptive swarm of
tectonic earthquakes, including the magnitude 5.8 event -3.5 hours prior to the first
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explosions, provided pathways for magma ascent. The earthquakes could have opened
separate pathways for the andesite and basaltic andesite, which then traveled coincidently
but independently until meeting in the upper reaches of the Kasatochi plumbing system.
Roman et al. (2006) suggest that a similar system was active during the 1986 eruption of
Augustine Volcano, Alaska, where a suite of low- to high-silica andesite magmas
traveled separately through a network of dikes, coalescing only near the surface.
However, while the andesite and basaltic andesite are predominantly chemically
distinct, they did coexist prior to eruption long enough for some homogenization to occur
(Fig. 2-16). Given that the gabbroic blocks seem to have traveled mainly with the basaltic
andesite, they must have been incorporated before the andesite and basaltic andesite
began to interact. Had the gabbroic blocks been incorporated after the andesite and
basaltic andesite had begun to move together, there would have presumably been sub
equal amounts of disaggregation and phenocryst transfer from gabbro to the two more
silicic magmas. This implies that the earthquakes allowed for movement of the basaltic
andesite upward, whereby it scavenged the gabbro and subsequently intersected the
andesite body. The earthquake sequence directly prior to the eruption must have then
opened pathways for the simultaneous eruption of the andesite and basaltic andesite,
which had already begun to mingle. This sequence is similar to those seen at volcanoes
such as Unzen in Japan (Nakamura, 1995), Pinatubo in the Philippines (Pallister et al.,
1996), Soufriere Hills on Montserrat (Murphy et al., 2000) and Trident in Alaska
(Coombs et al., 2000), where the interaction of an ascending mafic magma with a more
silicic body was followed by an eruption.
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Ascent o f both the andesite and basaltic andesite must also have been sufficiently
rapid to exceed the onset of amphibole breakdown, as no amphibole phenocrysts from
either lithology display breakdown rims that form when magma ascends more slowly.
Experimental studies of amphibole breakdown reactions in dacitic systems (Rutherford
and Hill, 1993; Browne and Gardner, 2006) can be applied to Kasatochi to roughly
estimate minimum ascent times based on the lack of reacted amphiboles. Although the
experiments are not directly applicable to Kasatochi andesite and basaltic andesite
compositions, the reaction rates can provide a general estimate at similar temperatures.
Those experimental calibrations indicate that the Kasatochi amphiboles probably did not
spend more than 18-24 hours outside of amphibole stability in transit from the magma
storage region to shallow conduit depths or the surface. Based on starting depths o f 8-11
km derived from melt inclusions, magmatic ascent rates would need to be at least ~ 0 . 1 0 .2

m s' 1 in order to reach the surface without causing amphibole breakdown.
The rapid magmatic ascent rates at Kasatochi are an important distinction

between the Kasatochi case and the other similar studies mentioned previously. In cases
such as Trident and Soufriere Hills, magmas spent sufficient time outside of equilibrium
during mingling and ascent for significant disequilibrium phenocryst textures, such as
dusty zoned plagioclase or amphibole reaction rims, to form. In the Trident case, there
was even sufficient time for homogenization to occur. At Kasatochi, where pre-eruption
interaction was limited, such disequilibrium textures are conspicuous by their absence.
The tectonic faulting associated with the 2008 Kasatochi eruption as interpreted from the
pre-eruptive seismic record (Ruppert et al., 2011) may have accelerated the opening of
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pathways for magma movement, allowing magma transport through complex pathways
(e.g., Roman et al., 2006) to occur rapidly. In addition, pre-eruptive H 2O contents were
lower at both Trident (~3.5 wt. % H 2O, Coombs et al., 2000) and Soufriere Hills (4-5 wt.
% H 2O, Barclay et al., 1998; Devine et al., 1998) than at Kasatochi. The energy provided
by the expansion o f these extra volatiles may have also sped up magmatic ascent rates at
Kasatochi relative to those similar eruptions.

2.6: Conclusions
The 2008 eruption o f Kasatochi produced juvenile clasts of basaltic andesite and
andesite, which contain a similar assemblage o f constituent minerals but are distinct from
each other in several geochemical aspects. Together, they vary in composition from 52
62 wt. % SiC>2 and contain plagioclase, amphibole, clinopyroxene, orthopyroxene and
titanomagnetite. The eruption also produced blocks o f xenolithic amphibole-plagioclaseclinopyroxene gabbro, which were carried dominantly with the basaltic andesite.
Both the andesite and basaltic andesite display significant compositional
heterogeneity. In the basaltic andesite, the abundance of plagioclase phenocrysts
containing resorbed interiors, high-An cores and rimward spikes in An content associated
with dissolution features indicate that the basaltic andesite evolved through a process of
repeated mafic recharge, a finding supported by the trends in basaltic andesite bulk
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chemical compositions. The lack of such trends in the andesite indicates that it was
largely unaffected by this recharge and by the basaltic andesite until immediately prior to
eruption, though resorption textures in plagioclase in the andesite indicate that
experienced some limited effects of mafic recharge events at some point during its
compositional evolution.
Banded clasts throughout the deposits indicate that the andesite and basaltic
andesite were able to mechanically mingle prior to reaching the surface. However, the
major and trace element compositions of both indicate that very little chemical mixing
and homogenization occurred between the two magmas, meaning that the two lithologies
were stored separately until shortly prior to the eruption. While prior studies have
constrained pressures o f magma storage to 200-300 MPa (equivalent to depths of -8-11
km) for both lithologies, the basaltic andesites were likely stored at slightly hotter
temperatures (900-1000°C) than the andesite (850-950°C). Ascent rates must have been
high (>0 .1 m s'1), as neither the andesite nor basaltic andesite contains amphibole
phenocrysts with reaction rims.
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2.8: Figures
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Figure 2-1: Location Maps o f Kasatochi Island. A. and B. Location maps of Kasatochi
volcano within the Aleutian arc based on SRTM and bathymetric data compilations of
Ryan et al. (2009). Boundaries of the Andreanof block after Geist et al. (1988). C.
QuickBird satellite image (© DigitalGlobe) o f Kasatochi volcano acquired on 18 April
2009, 9 months after the eruption. The eruption extended the previous coastline (shown
by dashed line) by as much as 400 meters and increased the area of the island by ~ 0.84
km 2 (Waythomas et al., 2010).
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Figure 2-2: Representative Photographs of Lithologies from the 2008 Kasatochi Eruption.
(A) Andesite pyroclast (58.0 wt. % SiCh) collected from near the base of Layer 2. (B)
Basaltic andesite pyroclast (52.9 wt. % Si0 2 ) collected from Layer 3. (C) Banded clast
containing zones (1) vesicular, white (2) grey-brown, denser zones. (D) Amphiboleplagioclase gabbro block collected from Layer 3, containing layers of zonation in both
grain size and mineral abundance. Different horizons include: (1) fine-grained (<2 mm)
plagioclase and amphibole in sub-equal proportions; (2 ) medium-grained (~ 2 -6 mm)
plagioclase and amphibole in sub-equal proportions; (3, 5) amphibole and plagioclase,
with amphibole slightly more abundant, amphibole up to 4 cm, plagioclase up to 2 cm;
(4,6) coarse-grained (up to 1 cm) plagioclase with no mafic minerals; (7) coarse-grained
amphibole and plagioclase with plagioclase slightly more abundant, amphibole up to 5
cm, plagioclase up to 2 cm. Mineral proportions estimated visually. Pen in Panel D is -15
cm long.
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Figure 2-3: Bulk-Rock Chemical Classification Diagrams. Classification diagrams of all
Kasatochi juvenile clasts, gabbro blocks and gabbro matrix separates. Analytical
uncertainty is smaller than the size of the symbols. Individual analyses are listed in
Appendix 2-3. Analyses o f the penultimate pre-2008 pyroclastic unit (penultimate PF’s see text) and other pre-2008 eruptive material are included for comparison (C.J. Nye,
unpub. data). (A) Bulk SiC>2 vs. K 2O classification, with compositional classifications
after Le Bas et al. (1986) and low-K/medium-K boundary after Gill (1981). (B) Bulk
SiC>2 vs. MgO/FeOT classification diagram, after Miyashiro (1974). All Fe is given as
FeO.
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Figure 2-4. Trace Element Variation Diagrams. Concentrations are normalized to an
average basaltic andesite composition (A) to emphasize differences between the andesite
and basaltic andesite (c.f. Larsen et al., 2010) and to C l chondritic values (B). Chondrite
values after Sun and McDonough (1989). Individual analyses are listed in Appendix 2-3.
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Figure 2-5: Major and Minor Element vs. SiC>2 Variation Diagrams. Symbols as in Fig. 2
3. Analytical uncertainty is smaller than the size of the symbols. Individual analyses are
listed in Appendix 2-3. Analyses of pre-2008 eruptive material are included for
comparison (C.J. Nye, unpub. data).
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Figure 2-6: Trace Element vs. Si02 Variation Diagrams. Symbols as in Fig. 2-3.
Analytical uncertainty is smaller than the size of the symbols. Individual analyses are
listed in Appendix 2-3. Analyses of pre-2008 eruptive material are included for
comparison (C.J. Nye, unpub. data).
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Figure 2-7: Modal Phenocryst Proportions. Phenocryst proportions are calculated on a
vesicle-free basis. Individual mineral modes are given in Appendix 2-4. The lithology of
each clast is listed at right.
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Figure 2-8: Compositions o f Pyroxene Phenocrysts. Mineral classifications after
Morimoto et al. (1988), with structural formulae calculated using CALCMIN (Brandelik,
2009). Portions o f the classification diagram containing clinopyroxene (A) and
orthopyroxene (B) compositions are expanded for clarity. Points represent the average
composition of several analyses of an individual phenocryst (Appendices 2-5, 2-6). Error
ellipses represent the average variation (2 standard deviations) of each averaged analysis.
Orthopyroxene is present only in trace amounts in gabbro samples. Symbols as in Fig.
2-3.
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p g To ta l

Figure 2-9: Compositions o f Titanomagnetite Phenocrysts. Points represent the average
composition o f several analyses of an individual phenocryst (Appendix 2-7).
Compositions are in atoms per formula unit, calculated using ILMAT (Lepage, 2003).
Error bars represent the average variation (2 standard deviations) of each averaged
analysis. Symbols as in Fig. 2-3.
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Figure 2-10: Compositions of Amphibole Phenocrysts. Points represent the average
composition of several analyses of an individual phenocryst (Appendix 2-8). Error bars
represent the average variation (2 standard deviations) of each averaged analysis.
Compositions are in atoms per formula unit, calculated using ProbeAmph (Tindle and
Webb, 1994). Symbols as in Fig. 2-3.

56
22

Bm!'

Groundmass
Glass

Bulk

G roundm ass

20
«

ocv 18
<
-o
o'
£

16
14
12
10

Glass

10

oto 8
o
6
4
2
0
2.5

o

2

-sP

1.5

5

1

o'*

mm

Groundmass

Glass
+

0.5
0
50

55

60

65

70

75

Wt. % SiO,
Figure 2-11: Compositions o f Groundmass Glass. Andesite and basaltic andesite bulk
compositions included for comparison (Appendix 2-10). Error bars represent analytical
uncertainty (2 standard deviations) of groundmass glass measurements only, based on
repeated measurements of the Yellowstone rhyolite glass standard VG-568 (USNM
72854; Jarosewich, 2002) and of a rhyolite glass standard synthesized by Mangan and
Sisson (2000). Symbols as in Fig. 2-3.
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Figure 2-12: Images of Representative Plagioclase Textures. (A) Plagioclase from the
basaltic andesite containing a sieved core (~An 7g) with an un-reacted, oscillatory zoned
rim (~An62). (B) Plagioclase crystal from the andesite containing a high-An core (~An9o)
surrounded by oscillatory-zoned rim, with interface o f oscillating low- and high-An zones
between core and rim. High-An zones (marked with white arrows) outside the core are
accompanied by parallel rings o f melt inclusions. Oscillatory zoning outside on the outer
edge of the phenocryst is ~An 6o-65- (C) Euhedral, unzoned plagioclase from the basaltic
andesite with ~An9s core and ~An92 rim. All images taken with a standard petrographic
microscope in cross-polarized light.

Relative /vm From Rim

Figure 2-13: Microprobe Transects of Plagioclase Phenocrysts. Electron microprobe
transects o f representative plagioclase phenocrysts showing the compositional variations
associated with the textures shown in Fig. 2-12. (A) High-An core as in Fig. 2-12B, with
lower-An rim. (B) Normal zonation pattern, interrupted by the high-An spikes associated
with dissolution boundaries such as those seen in Fig. 2-12B. These spikes occur over a
narrow spatial range, with rapid onsets and returns to the overall rimward
normal/oscillatory zoning trend. (C) Oscillatory zoning with an overall core-to-rim trend
from high- to low-An, with no dissolution features or spikes in An content, as seen in the
rims of the phenocrysts in Fig. 2-12A and 2-12B. (D) Homogenously high-An (>An9o)
throughout the crystal, with rapid drop in An content close to the rim. Rapid drop in An
content is not always observed. This texture is very similar to the unreacted, unzoned
high-An phenocrysts found in the basaltic andesite (Fig. 2-12C). Analytical uncertainty is
smaller than the size of the symbols. Data in Appendix 2-13.
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Figure 2-14: Compositions o f Plagioclase Phenocryst Cores and Rims. Histograms of
plagioclase core and rim compositions from eruptive products of the 2008 Kasatochi
eruption (Appendix 2-11), as well as the relative abundances o f dissolution features
within the phenocrysts. Resorbed cores are cores that show dissolution features such as
those in Fig. 2-12A. Dissolution rings are rings of melt inclusions associated with marked
jumps in An content, such as those in Figs. 2-12B and 2-13B. Core and rim compositions
were measured by EPMA (see text), while dissolution features were identified optically;
An contents calculated using CALCMIN (Brandelik, 2009).
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Figure 2-15: H 2O and CO 2 Concentrations of Melt Inclusions. Inclusions from the 2008
Kasatochi basaltic andesite (squares) measured by SHR1MP-RG ion probe (see text).
Measurements of melt inclusions from the 2008 Kasatochi andesite by Izbekov et al.
(2009) are also shown (diamonds). Isobars calculated using the H 2O-CO 2 solubility
model of Papale et al. (2006). Analytical uncertainties (2 standard deviations) based on
counting statistics. Individual analyses are listed in Appendix 2-12.
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Wt. % S i0 2
Figure 2-16: Schematic Mixing Relationships. Inferred mixing relationships between the
2008 Kasatochi andesite and basaltic andesite. Symbols as in Fig. 2-3. Solid arrows
indicate the overall basaltic andesite mixing trend between end members similar in
composition to the lowest- and highest-SiC>2 samples in the basaltic andesite suite.
Dashed arrows represent schematic mixing relationships between various end member
compositions from the andesite and basaltic andesite. Analytical uncertainty is smaller
than the size o f the symbols. Individual analyses are listed in Appendix 2-3.
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Chapter 3: Pre-Eruptive Magma Mixing and Crystal Transfer Revealed
by Phenocryst and Microlite Compositions in Basaltic Andesite from the
2008 Eruption of Kasatochi1

“Are you going up?”
“Yes, yes, we go up.”
“You may be going a lot higher than you think.”
Exchange between Don Whillans and another climbing team
The Eiger, Switzerland
ca. 1962

3.1: Abstract
The 7-8 August, 2008 eruption o f Kasatochi Volcano, located in the central
Aleutians Islands, Alaska, produced abundant, juvenile, compositionally heterogeneous
basaltic andesite (52-55 wt. % SiOa) that has previously been interpreted to result from
pre-eruptive magma mixing. The basaltic andesite contains two populations of
plagioclase phenocrysts. The first, volumetrically dominant population consists of
oscillatory-zoned phenocrysts with an overall normal zonation trend towards
comparatively sodic rims (An 55_65) interrupted by dissolution features and spikes in
calcium content (up to -Anss). The second population consists of phenocrysts with highly

1Neill, O.K., Larsen, J.F., Izbekov, P.E. and Nye, C. J. (in prep) Pre-eruptive magma
mixing and crystal transfer in basaltic andesite from the 2008 eruption o f Kasatochi
Volcano, Central Aleutian Islands, Alaska. To be submitted to Journal o f Volcanology
and Geothermal Research.
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calcic compositions (~An9o)- These phenocrysts contain sharp decreases in calcium
content close to their rims (reaching as low as ~An6o) but are otherwise texturally and
compositionally homogeneous. Groundmass plagioclase microlites are generally much
more calcic than rims o f the first phenocryst population, with more than 50% o f
measured microlites containing >Ango- Major, minor and trace element concentrations of
plagioclase microlites and phenocrysts indicate that oscillatory-zoned phenocrysts
derived from cooler (800-950 °C), felsic mixing magma, while unzoned, calcic
phenocrysts were associated with hotter (900-1050 °C), mafic magma. The mixing of
these magmas just prior eruption, followed by decompression during the eruption itself,
created high effective undercoolings in the mafic end member and lead to the nucleation
of high-An microlites. MgO and FeO concentrations of plagioclase microlites and highAn phenocryst rims (up to -0 .4 and -1.3 wt. %, respectively) provide further evidence
for high mixing- and eruption-induced effective undercoolings.

3.2: Introduction
3.2.1: Plagioclase Microlites in Volcanic Systems
Plagioclase microlites are small (<100 pm) crystals of plagioclase feldspar, which
are generally assumed to crystallize in response to the high effective undercooling created
by degassing and decompression during the final ascent of magma from shallow crustal
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storage regions to the surface (e.g. Westrich et al., 1988; Geschwind and Rutherford,
1995; Hammer and Rutherford, 2002; Martel and Schmidt, 2003; McCanta et al., 2007;
Brugger and Hammer, 2010). Crystallization during magmatic ascent is the last phase of
crystallization before an erupted magma freezes. If all microlites are assumed to grow
during ascent, their abundance and texture may reflect the ascent rate o f the magma from
depth (e.g. Hammer and Rutherford, 2002). Also, microlites growing in such an
environment would grow from the most evolved, relatively low-Ca, high-Na/high-K
liquids within the system, and therefore microlite compositions would be compositionally
similar or even higher in Na and K than the rim compositions of plagioclase phenocrysts
(e.g. Blundy and Cashman, 2001).
There are, however, systems that do not conform to this general model, containing
microlites that are more anorthitic than the dominant phenocryst rim compositions. In
these cases, microlites may have been inherited from a pre-eruptive mixing end member.
For example, Martel et al. (2006) reported microlites with compositions up to ~Anc>o, well
in excess o f phenocryst rim compositions (An50-6o), in a study of Mount Pelee,
Martinique. Mount Pelee, like Kasatochi, had produced andesite and basaltic andesite in
the same eruptive sequence, and Martel et al. (2006) inferred that the highly calcic
microlites were inherited from basaltic replenishment o f the magmatic system
immediately prior to eruption. In a study of Soufriere Hills Volcano, Montserrat, Couch
et al. (2003) suggested that high-An microlites crystallized due to convective self-mixing
of the Soufriere Hills magma system, whereby hotter, more calcic liquid ascended rapidly
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within the magma chamber, causing the crystallization of high-An microlites, which were
then mixed with cooler, more evolved andesite at the top of the system.
Basaltic andesite clasts from the 2008 eruption of Kasatochi Volcano, Alaska,
also contain a population of microlites that are more calcic than the rims o f the dominant
phenocryst population. Herein, the plagioclase phenocryst and microlite populations of
the 2008 Kasatochi basaltic andesite are characterized to determine the origins and
conditions o f formation of the individual populations. The goal of this study is to
decipher whether the high-An microlites seen in the 2008 Kasatochi basaltic andesite
were derived from basaltic replenishment, similar to a model for their formation at Mount
Pelee.

3.2.2: Geologic Setting
Kasatochi Island, located in the Central Aleutian Islands, is a 3-km wide island
stratovolcano, rising -300 m above sea level. The Kasatochi volcanic cone surrounds a
crater -1 km wide, which contains a brackish crater-lake. Deposits from eruptions prior
to 2008 consist of a basal unit of interbedded lahars, lava flows, pyroclastic deposits and
hyaloclastites; a middle series of lava flows ranging in composition from basalt to
andesite; and an uppermost interbedded pyroclastic surge/flow unit (Waythomas et al.,
2010a). Due to the island’s remote location and the lack of historical eruptions, no
geologic studies targeting Kasatochi existed prior to 2008, though studies of the island’s
flora and fauna had been ongoing since the 1980’s (Williams et al., 2010, and references
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therein). Geologic studies of the island were limited to preliminary surveys and mapping
of the area (e.g. Coats, 1956) and chemical analyses o f one basaltic sample, originally
reported in Kay and Kay (1985) and used in subsequent studies of arc petrogenesis in the
Aleutians (e.g. Yogodzinski et al., 1995; Yogodzinski and Kelemen, 1998).
Anomalously strong seismic activity was detected at Kasatochi on 6 August,
2008, and on 7 August the first ash plume was detected, indicating the onset of explosive
activity. The eruption continued for ~21 hours after the first ash plume, punctuated by 5
main explosive events (Amoult et al., 2010; Fee et al., 2010). Detailed descriptions o f the
eruption are provided by Waythomas et al. (2010a; 2010b) and Scott et al. (2010), but to
summarize, the eruption produced ash plumes which reached up to 18 km above sea
level, released more seismic energy than any volcanic eruption ever recorded by the
Alaska Volcano Observatory, the agency responsible for monitoring Aleutian volcanoes,
and was the single largest point-source release of SO 2 gas since the 1991 eruptions of
Cerro Hudson in Chile and Pinatubo in the Philippines. In addition, the eruption produced
voluminous pyroclastic flows and surges, leaving tephra deposits up to 30 m thick, which
increased the area of the diameter of the island by -800 m.
The 2008 eruptive products have been fully described and interpreted
petrologically and geochemically, as described in Neill et al. {in prep); a brief summary
of the findings of that study is presented here. The 2008 eruption produced two main
juvenile lithologies: a white, pumiceous, medium-K, borderline calk-alkaline andesite
(Miyashiro, 1974) ranging from -58-62 wt. % SiC>2 (Fig. 3-1); and a denser, grey-brown,
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medium-K, tholeiitic basaltic andesite ranging from -52-55 wt. % Si02 (Fig. 3-1).
Banded clasts, representing mechanical mixtures between the andesite and basaltic
andesite, are also common throughout the 2008 pyroclastic deposits. All juvenile
products of the 2008 eruption contain a phase assemblage o f (in approximately
descending order o f volumetric abundance) plagioclase, clinopyroxene, orthopyroxene,
amphibole and titanomagnetite.
Andesite compositions do not vary systematically in all components; while
andesite large-ion lithophile and high field strength element concentrations form linear
arrays in most element vs. SiC>2 diagrams, other components, such as the heavy rare-earth
elements and P2O5, show little systematic variations (Fig. 3-1). However, basaltic
andesite samples lie along approximately linear arrays in element-element diagrams (Fig.
3-1), likely the result of mixing directly prior to eruption. As the basaltic andesite
compositional trends do not intersect with andesite concentrations in certain components
(e.g. P2O5, Er, Fig. 3-1), the basaltic andesite and andesite must have resided in
physically and chemically separate storage regions until directly prior to eruption, and the
mixing that affected the basaltic andesite involved end members similar to the most mafic
and most felsic basaltic andesite compositions. This study is based on the samples
described in Neill et al. (in prep), and includes relevant subsets of the data from that
chapter, as well as new characterizations of the basaltic andesite plagioclase populations
that shed further light on pre-eruptive mixing and crystal transfer in the basaltic andesite.
Readers should note that all appendices are included electronically on the compact disc
accompanying this dissertation.

3.3: Analytical Methods
Compositions o f amphibole, titanomagnetite and groundmass glass were analyzed
by wavelength-dispersive x-ray spectrometry using the 4-spectrometer CAMECA SX-50
electron microprobe, housed at the Advanced Instrumentation Laboratory of the
University o f Alaska Fairbanks. Analytical conditions, standards and uncertainties for
electron microprobe analyses may be found in Appendix 3-1. Concentrations were
obtained from raw counts using a ZAF intensity correction. Amphibole and
titanomagnetite analyses were conducted with a focused beam, while groundmass glass
analyses were conducted with the beam defocused to a radius of ~10 pm to minimize Na,
K, Al and Si migration during analyses (e.g. Morgan and London, 1996). Na loss was
corrected using a variation o f the procedures o f Nielsen and Sigurdsson (1981) via
ProbeForEPMA software (Donovan et al., 2007).
Compositions o f plagioclase phenocrysts and microlites were analyzed by
electron microprobe using two separate analytical procedures. A routine optimized for
speed and accurate determination of anorthite content was used for an initial survey of
plagioclase phenocryst cores and rims (hereafter referred to as the “Major” routine). A
second set o f phenocrysts, and all plagioclase microlites, were then analyzed using higher
currents and longer counting times in order to obtain more accurate analyses o f the minor
elements Fe and Mg (reported as oxides FeO and MgO, with all Fe reported as Fe2+). In
the second routine (referred to as the “Trace” routine), the electron beam was defocused
to ~3 pm and Na peak counting time was reduced to 10 seconds to minimize alkali
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migration; no significant alkali migration was detected. Detection limits for FeO and
MgO, calculated using ProbeForEPMA software as described by Donovan et al. (2007),
were 0.03 and 0.009 wt. %, respectively. Beam conditions, calibration standards and
typical analytical uncertainties for both the Major and Trace routines are reported in
Appendix 3-1. For the purposes of this study, the term microlite will refer to crystals
<100 pm in length, while the term “phenocryst” will refer to crystals within the sample
>300 pm in length. Microprobe analyses of microlites were performed as close to the
rims of the microlites as possible.

3.4: Plagioclase in the 2008 Kasatochi Basaltic Andesite
3.4.1: Plagioclase Phenocrysts
There are two distinct populations of plagioclase phenocrysts in the basaltic
andesite. The first population (referred to herein as Group 1 phenocrysts) consists of
oscillatory-zoned plagioclase phenocrysts with an overall normal zonation trend
sometimes interrupted by spikes in An content (Fig. 3-2). These spikes in An content are
commonly associated with dissolution features and are interpreted as markers of periodic
mafic recharge into a well-buffered silicic system. Prior studies have documented that an
influx of mafic material, possibly bringing heat and increased H 2O contents, causes the
outer rim of plagioclase phenocrysts to dissolve, followed by the growth of higher-An
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plagioclase on the outside o f the dissolution surface (e.g. Tsuchiyama, 1985; Davidson
and Tepley, 1997; Clynne, 1999; Tepley et al., 1999; Izbekov et al., 2004; Ruprecht and
Womer, 2007). Once the system re-equilibrates, the overall normal zonation trend
resumes rimward o f the dissolution boundaries. Approximately 70% o f Group 1
phenocrysts have rim compositions between Anss^s (Fig. 3-3). Group 1 phenocrysts also
commonly contain high-An cores, which may represent crystals that were initially
brought into the system by the mafic injections that caused the dissolution features.
The second major phenocryst population (Group 2) consists of high-An (>Anso,
Fig. 3-2), texturally homogenous plagioclase phenocrysts with no dissolution features
beyond scattered small (<10 pm) melt inclusions. Compared to Group 1 phenocrysts,
however, Group 2 phenocrysts contain very few compositional variations within
individual crystals. Some crystals have cores with >An90, which is higher than the
dominant composition, though the boundaries of these zones are not marked by any
observable textural features (Fig. 3-2). Also, An contents in the rims of Group 2
phenocrysts frequently decrease sharply <30 pm from the rim or less (Fig. 3-2). Group 2
phenocrysts account for ~30% of the overall basaltic andesite plagioclase phenocryst
population.

3.4.2: Plagioclase Microlites
Plagioclase microlite compositions vary across a wide range of An contents (Anss_
95, Fig. 3-3), but the modal composition (~Anss) is approximately 25 mol. % higher than
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the modal rim composition (~An60) of the volumetrically dominant Group 1 phenocryst
population. Only -10% o f microlites have An contents equivalent to the compositional
mode of the Group 1 rims (An 55_65, Fig. 3-3), while -50% o f microlites have An contents
>Anso- Larger microlites show some degree of zonation, with lower-An rims (Ans7-79)
surrounding higher-An cores (An 8o-87; Fig. 3-4), though rims are generally smaller than
can be analyzed quantitatively.

3.4.3: Plagioclase MgO and FeO Concentrations
Iron and magnesium contents of Group 1 plagioclase phenocrysts do not vary
within individual grains by more than analytical uncertainty. Group 1 plagioclase core
and rim FeO and MgO contents are approximately equivalent, even in crystals with highAn cores (Appendix 3-2; Fig. 3-2), and the spikes in An content common in Group 1
phenocrysts are also not correlated with any significant change in FeO or MgO (Fig. 3-2).
While analytical uncertainties associated with both FeO and MgO measurements are
relatively large, all Group 1 phenocryst cores and rims contain between 0.4 and 0.65 wt.
% FeO, while MgO concentrations of Group 1 phenocrysts are generally near 0.05 wt. %
(Appendices 3-2, 3-3).

.

FeO and MgO contents of Group 2 phenocryst cores generally match those of
Group 1, containing between -0 .4 and -0.65 wt. % FeO and MgO concentrations -0.05
wt. % (Appendix 3-2). Systematic changes in FeO and MgO contents within individual
grains are generally lacking (Fig. 3-2). However, the abrupt drop in An content seen in
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the outermost few tens of microns o f Group 2 phenocrysts corresponds to spikes in both
FeO and MgO, reaching up to 1.3 wt. % FeO and 0.4 wt. % MgO (Figs. 3-2, 3-5).
Microlite FeO and MgO contents vary much more than those measured in transects of
Group 1 phenocrysts. Only -20% of measured microlites contain <0.65 wt. % FeO, with
the maximum FeO reaching -1.3 wt. %. There is also a negative correlation between
anorthite content and MgO and FeO content in both microlites and Group 2 phenocryst
rims, although more sodic microlites with low-Fe/low-Mg contents do exist (Fig. 3-5).

3.5: Compositions of Groundmass Glass and Mafic Minerals
Groundmass glass compositions in the basaltic andesite are heterogeneous,
varying from -60-70 wt. % Si0 2 , -13-17 wt. % AI2O3, and -1.2-2 .6 wt. % K2O (Fig. 3
6 ).

MgO concentrations reach a maximum o f 3 wt. %, while FeO concentrations are

between -2.5 and - 8 wt. %. Groundmass glass compositions qualitatively mirror trends
in bulk-rock compositions, varying along scattered linear trends, with both MgO and FeO
correlating positively with CaO.
Mafic phenocrysts from all 2008 lithologies do not display significant zonation
within individual crystals, although unlike in other lithologies from the 2008 eruption,
basaltic andesite titanomagnetite and amphibole show significant inter-grain
compositional variations across the respective suites of measured phenocrysts.
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Titanomagnetite compositions are bimodal. The first group contains relatively low Ti
contents with variable Fe contents, which do not vary by more than analytical uncertainty
(Fig. 3-7). Phenocrysts in the second group contain much higher Ti and show a negative
correlation between Ti and Fe (Fig. 3-7). Amphibole compositions also appear bimodal,
with low-Fe and Si/high-Al and high-Fe and Si/low-Al groups, though the distinction is
at the limits o f analytical uncertainty (Fig. 3-8). Even if the bimodality is ignored as an
analytical artifact, amphibole phenocrysts in the basaltic andesite vary over a much larger
compositional range than amphibole from other lithologies from the 2008 Kasatochi
eruption.

3.6: Pre-Eruptive Mixing Revealed by Phenocryst and Microlite Populations
3.6.1: Plagioclase Phenocrysts and Microlites Inheritedfrom Mixing End Members
Microlite and Group 2 phenocryst compositions are out of equilibrium with
measured groundmass glass compositions. Equilibrium Ca-Na partition coefficients
between plagioclase and melt vary with magmatic H 2O content, but based on the range of
these partition coefficients and measured Ca/Na molar ratios o f groundmass glasses,
plagioclase crystallizing from liquids equivalent in composition to groundmass glasses
would have equilibrium Ca/Na molar ratios not exceeding ~ 3 .1, even at high H 2O (Fig. 3
9). The average microlite and Group 2 phenocryst Ca/Na ratios are -4 .8 and -7.1,
respectively, with 33 of 61 measured microlites and 23 of 29 measured Group 2 rims
having Ca/Na ratios greater than 3.1. By contrast, the average Group 1 phenocryst Ca/Na
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ratio is -1.8, with only with 5 of 72 measured Group 1 rims having Ca/Na ratios greater
than 6 . Group 1 phenocryst rims likely grew from a liquid similar in composition to the
measured groundmass glass, but most of the Group 2 rims and microlites likely grew in a
liquid that was significantly more mafic. The liquid that produced the Group 2
phenocrysts may also have had higher dissolved H 2O, but given the range of measured
glass Ca/Na ratios, melt H 2O concentrations would have to be unreasonably high (> 8 wt.
%) to account for the full range o f Group 2 phenocryst and microlite Ca/Na ratios, and
therefore differences in composition of the crystallizing liquid would also be necessary to
produce the observed compositions.
Bulk-rock chemical trends indicate that compositional variations at Kasatochi
were the product o f pre-eruptive two-component magma mixing (Fig. 3-1; discussed in
depth in Chapter 2). This mixing did not involve the 2008 Kasatochi andesite, which lies
well away from bulk compositional trends defined by the basaltic andesite (Fig. 3-1).
Instead, the high-Si component was likely a medium-to-high SiC>2 basaltic andesite or
low-Si andesite, similar to or more silicic than the more felsic basaltic andesite samples
(>55 wt. % SiC>2; Fig. 3-1), while the more mafic component was likely basaltic, similar
to or more mafic than the lowest-Si basaltic andesite compositions (<53 wt. % SiCh; Fig.
3-1). These two components are referred to henceforth as the felsic end member and the
mafic end member, respectively. The disparate plagioclase phenocryst populations reflect
the compositional disparity between the two components in this mixing relationship, with
the Group 1 phenocrysts (having grown in more felsic liquids) being inherited from the
felsic end member and Group 2 phenocrysts from the more mafic end member.
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The comparably high An contents of plagioclase microlites and Group 2
plagioclase phenocrysts suggests that at least a large portion o f plagioclase microlites in
the 2008 Kasatochi basaltic andesite crystallized from the same magma as the Group 2
phenocrysts (Fig. 3-2). The high FeO and MgO contents, which increase with decreasing
An content o f both microlites and Group 2 rims relative to Group 1 rims (Fig. 3-5), and
the disequilibrium between microlites and measured groundmass glass compositions (Fig.
3-9) support this inference. However, a small portion of microlites contain low FeO and
MgO contents even at An contents <An 7o (Fig. 3-5). This distinction is even more
obvious in the FeO/MgO ratios of plagioclase phenocryst rims and microlites, which
generally decrease with An content, but also fall along two separate trends, with most
Group 1 rims having higher FeO/MgO ratios than Group 2 phenocrysts at a given An
content (Fig. 3-10). Microlite FeO/MgO ratios generally fall to low FeO/MgO as An
decreases, consistent with their formation in a similar environment to Group 2 phenocryst
rims, but a few microlites have FeO/MgO ratios similar to or even higher than Group 1
phenocrysts (Fig. 3-10), and they appear to create a second, high FeO/MgO trend with
increasing An content that lies above the lower FeO/MgO trend. Therefore, Group 2
plagioclase phenocrysts and most microlites in the 2008 Kasatochi basaltic andesite were
inherited from the more mafic mixing end member, while Group 1 phenocrysts, along
with a few microlites, were likely inherited from the felsic end member.
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3.6.2: Mafic Phenocrysts Inherited from Mixing End Members
If pre-eruptive mixing was responsible for the bulk compositional trends (Fig. 3I), high-An plagioclase microlites and the presence o f multiple plagioclase phenocryst
populations, the compositions of the mafic phenocryst populations may also be expected
to also reflect this mixing, as the overall phenocryst population of the basaltic andesite
will reflect the contribution of pre-existing mafic phenocrysts from the mafic and felsic
end members described in the previous section (e.g., Izbekov et al., 2004). The
compositions of the high-Ti titanomagnetite closely match titanomagnetite compositions
of the 2008 Kasatochi andesite, while the low-Al amphibole compositions also overlap
with amphibole compositions from the andesite (Fig. 3-7). These correlations suggest that
the high-Ti titanomagnetite and low-Al amphibole grew in P-T-X conditions similar to
those of the 2008 Kasatochi andesite, which would more likely be found in the felsic end
member than the mafic. Furthermore, the contrasting compositions of the mafic
phenocryst populations may help illuminate relative differences in temperature between
the felsic and mafic end members. In the absence of coexisting rhombohedral Fe-Ti
oxides, temperatures recorded by the two titanomagnetite compositional populations
cannot be determined quantitatively. However, if the andesite was indeed colder than the
basaltic andesite, as suggested in Chapter 2, and compositions of the low-Al amphibole
and the high-Ti magnetite compositions match those of the andesite, then it seems likely
that the low-Al amphibole and the high-Ti magnetite formed in a magma that was colder,
meaning that the felsic end member was colder than the mafic end member.
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Although amphibole is abundant in the 2008 Kasatochi eruptive products, current
amphibole-based thermobarometers are not applicable to the Kasatochi basaltic andesite.
Models based on amphibole aluminum contents (e.g. Hammarstrom and Zen, 1986;
Johnson and Rutherford, 1989; Anderson and Smith, 1995) or plagioclase-amphibole
equilibria (e.g. Holland and Blundy, 1994) cannot be used, as the Kasatochi system is not
saturated in quartz or biotite, as is required by such models. Also, while new models
based solely on amphibole compostions continue to grow in popularity (Ridolfi et al.,
2010; Ridolfi and Renzulli, 2012), they are applicable only to calc-alkaline systems and
are specifically contraindicated for use in theoleiitic systems such as the 2008 Kasatochi
basaltic andesite (Fig. 3-1). However, amphibole compositions can still be examined in a
semi-quantitative way to help to illuminate the relative temperature conditions of their
formation, as their compositions will still be partially dependent on the temperaturesensitive substitution reactions that have been defined previously (Hammarstrom and
Zen, 1986; Johnson and Rutherford, 1989; Blundy and Holland, 1990; Schmidt, 1992;
Holland and Blundy, 1994; Anderson and Smith, 1995; Anderson, 1996; Bachmann and
Dungan, 2002; Anderson et al., 2008). In general, decreasing temperature will lower the
A-site alkali content and decrease the tetrahedral site occupancy of aluminum (in favor of
silica) in an amphibole through the edenite exchange reaction, defined below:
lvSi

+

''[Empty Site]

=

lvAl

+

A(N a

+K)

(Eq. 3-1)

Decreasing temperature will also lower amphibole calcium and tetrahedral aluminum
contents with a simultaneous increase in silica and octahedrally coordinated sodium
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through what Bachmann and Dungan (2002) termed the “plagioclase exchange” reaction,
defined as:

lvSi + m N a = lvA l + M4Ca

(Eq. 3-2)

Consistent with the influence of these reactions, the amphiboles from the 2008 Kasatochi
basaltic andesite show positive correlations between tetrahedral aluminum and both Ca
and A-site alkali contents (Fig. 3-8). These positive correlations suggests that the low-Al
amphibole group formed under cooler conditions than the high-Al group (cf. Fig. 5 of
Bachmann and Dungan, 2002, and associated discussion). This, in turn, further
strengthens the inference that the low-Al amphibole group is likely associated with the
lower temperature magma that produced the Group 1 plagioclase phenocrysts, while the
high-Al amphibole group is likely associated with Group 2 plagioclase phenocrysts and
the majority of plagioclase microlites, hosted within higher temperature magma. The
2008 Kasatochi basaltic andesite phase assemblage is therefore comprised of two
separate phenocryst populations, each being contributed by their respective mixing end
member.

3.6.3: Temperature Constraints on Mixing End Members
The compositions o f the mafic phenocrysts provide constraints only on the
relative temperature differences between the felsic and mafic mixing end members of the
2008 Kasatochi basaltic andesite. Absolute temperature constraints may be partially
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determined using the plagioclase-liquid hygrometer/thermometer of Lange et al. (2009),
which can be applied to estimate temperatures o f plagioclase crystallization from a melt
of know composition and dissolved H 2O concentration. Ion microprobe measurements of
volatile contents in melt inclusions from the basaltic andesite yield H 2O contents of ~5-7
wt. % (Izbekov et al., 2009; see also Chapter 2). Group 2 phenocrysts and microlites are
not in equilibrium with the groundmass glass (Fig. 3-9), and, in the absence of constraints
on the composition o f liquid in equilibrium with these crystals, the Lange model cannot
be applied. The Group 1 phenocrysts, however, are in equilibrium with groundmass glass
compositions, and therefore the Lange et al. (2009) hygrometer can be used to determine
pre-eruptive magmatic temperatures for the felsic mixing end member containing the
Group 1 phenocrysts. The most primitive and most evolved measured compositions of
groundmass glass are used as proxies for the most primitive and most evolved
crystallizing liquid from which Group 1 plagioclase phenocrysts could reasonably be
expected to grow. A comparison of natural plagioclase compositions with those predicted
by the Lange et al. (2009) hygrometer reveals that the range o f measured An contents of
Group 1 phenocryst rims agree with predicted compositions at temperatures between 800
and 950 °C (Fig. 3-11), a plausible (albeit wide) range of pre-eruptive magmatic
temperatures for the felsic mixing end member.
Without constraints on equilibrium liquid composition, such a method for
estimating temperature for the mafic end member based on Group 2 phenocrysts is
inappropriate. However, if the mafic end member was hotter than the felsic as the mafic
phenocryst populations indicate (see Section 3.6.2), the lower temperature boundaries of
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the mafic end member are constrained by the upper boundaries of the felsic end member
to -900° C. Furthermore, no amphibole phenocrysts from the 2008 Kasatochi basaltic
andesite display reaction rims, oxidation, opacitization or any other disequilibrium
textures, indicating that magmatic temperatures never exceeded those at which amphibole
is stable. Therefore the upper temperature limits of amphibole stability in magmas similar
to the mafic end member may used to constrain maximum magmatic temperatures of the
mafic mixing end member.
Previous experimental phase equilibria studies of Volcan Colima in Mexico and
Westdahl Volcano in the central Aleutian islands, basaltic andesite systems similar to
Kasatochi, suggest that amphibole would not be stable at pressures up to 300 MPa, or at
temperatures much in excess of 1000° C (Moore and Carmichael, 1998; Rader, 2010).
Furthermore, the experiments of Gaetani et al. (1994) on basaltic andesite from the
central Lau basin did not find amphibole at temperatures >1000° C at pressures up to 200
MPa, and the experiments o f Pichavant et al. (2002) on basaltic andesite from Mount
Pelee did not find amphibole at temperatures >1000° C at 400 MPa. Experiments on
more mafic compositions produce amphibole at slightly higher temperatures, but not
exceeding 1050° C at pressures up to 300 MPa (Barclay and Carmichael, 2004; Nicholis
and Rutherford, 2004). It seems unlikely that pristine amphibole crystals such as those
found in the 2008 Kasatochi basaltic andesite could exist at temperatures exceeding 1050
°C, and therefore 1050°C is taken as the upper limit for plausible magmatic temperatures
for the mafic end member.
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3.7: Origins of High-An Plagioclase Microlites
3.7.1: Latent Heat Release Leads to More Calcic Microlites ?
Crystallization of groundmass microlites is an exothermic process which has been
shown to raise the temperatures of ascending magmas by up to 100 °C (e.g. Couch et al.,
2003; Blundy et al., 2006; Hale et al., 2007; Pallister et al., 2008) and as such could cause
the compositions o f crystallizing plagioclase to become more anorthitic due to latent heat
released during ascent-driven groundmass crystallization raising magmatic temperatures.
Latent heat release must therefore be considered as a possible mechanism for the
formation o f high-An microlite crystallization in the 2008 Kasatochi basaltic andesite.
The maximum latent heat released by plagioclase microlite crystallization can be
estimated from the thermodynamic properties of the anorthite and albite end members by
the relationship:

L

_

Cp

(Eq 3_3)

where AH m is the enthalpy of melting of the plagioclase, Cp is the plagioclase heat
capacity and L is change in temperature due to latent heat release (cf. Couch et al., 2003;
Pallister et al., 2008).
The AHm for pure albite and pure anorthite are 59280 J mol' 1 and 81000 J m ol'1,
respectively (Robie et al., 1978), while Cp (in J mol' 1 K '1) can be estimated for anorthite
and albite as a function of temperature (T, in degrees K) using the following equations
from Berman (1988):

.
(Eq. 3-4)
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(Eq. 3-5)

While Eq. 3-3 provides only an estimate of the maximum temperature change due
to latent heating, L can be determined as a function o f plagioclase An content at different
groundmass crystallinities. Depending on the amount o f groundmass crystallization, the
maximum change in temperature due to the formation of high-An plagioclase microlites
would not exceed ~25 °C and could be as low as -1 0 °C (Fig. 3-12), unlike in other
systems where more albitic plagioclase is crystallizing and heat release is more extreme
(cf. Couch et al., 2003; Pallister et al., 2008). Even a latent heat release of 25 °C would
increase equilibrium An contents by only as much as -1 0 mol. %, depending on T and
magmatic H 2O (Fig. 3-11), which is insufficient to cause the discrepancies in An content
between the modal compositions of the microlites and Group 1 phenocrysts. Furthermore,
adiabatic cooling due to degassing and vapor bubble expansion during magmatic ascent
can also counteract the effects of latent heat release (e.g. Sparks and Pinkerton, 1978;
Sahagian and Proussevitch, 1996; Zhang, 1999; Mastin and Ghiorso, 2001). To
summarize, while it is significant in other volcanic systems, latent heat released by
groundmass crystallization was likely negligible in the 2008 Kasatochi basaltic andesite
and was probably not a significant factor in the formation of the high-An microlites.
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3.7.2: Mixing-Induced Microlite Crystallization
When two magmas mix, the thermal contrast between the two mixing end
members can lead to cooling within the hotter magma, leading to high effective
undercoolings, which in turn cause a shift from a crystallization regime dominated by
growth on pre-existing phenocrysts to a regime dominated by the nucleation and growth
of microlites (e.g. Westrich et al., 1988; Geschwind and Rutherford, 1995; Hammer and
Rutherford, 2002; Martel and Schmidt, 2003; McCanta et al., 2007; Brugger and
Hammer, 2010). This has been the basis for previous models for the formation of
anomalously high-An microlites in other volcanic systems, with the difference in
temperature between end members during magma mixing responsible for the nucleation
of high-An microlites in the hotter, more mafic of the two end members. At Soufriere
Hills, the convective rise o f hotter, andesitic material brought it into contact with cooler,
more silicic dacite, causing nucleation of microlites in the andesite (Couch et al., 2003).
At Mount Pelee, the mixing of newly injected basalt with cooler andesite caused the
basalt to cool and nucleate high-An microlites (Martel et al., 2006). In both cases, the
microlites that grew in the mafic magma were to anorthitic too be in equilibrium with the
groundmass melts of the hybridized magmas that were eventually erupted.
A similar mechanism seems likely to have operated at Kasatochi. When the hot,
mafic magma containing the Group 2 phenocrysts came into contact with cooler, more
silicic magma containing the Group 1 phenocrysts, the difference in temperature between
the two would have induced cooling within the mafic end member and could have driven
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a burst o f nucleation of plagioclase microlites, crystallizing from the same high-Ca liquid
from which the Group 2 phenocrysts had previously been growing. The rapid growth of
microlites and the progressive assimilation o f the more silicic material would then both
cool the magma further and drive melt evolution to less calcic compositions, which
would in turn drive microlite compositions to more albitic compositions as the liquid
becomes more sodic. This would lead to the formation of both new, more sodic microlites
and more sodic rims on large microlites and Group 2 phenocrysts. Syn-eruptive
crystallization due to decompression and degassing would further promote the growth of
more sodic compositions (e.g. Brugger and Hammer, 2010).

3.7.3: Minor and Trace Element Variations in Phenocryst Rims and Microlites
The equilibrium plagioclase-liquid partition coefficient (Ko) for Mg is essentially
constant regardless of plagioclase compositions or magmatic intensive properties (Longhi
et al., 1976; Sato, 1989; Phinney, 1992; Bindeman et al., 1998; Aigner-Torres et al.,
2007), and therefore the negative relationship between An and MgO contents in
microlites and Group 2 phenocryst rims and the sharp increases in MgO at the rims of
Group 2 phenocrysts are not a direct result of mixing-induced cooling alone. While
mixing between the felsic and mafic end members could increase plagioclase MgO
concentrations by increasing the abundance of MgO in the crystallizing liquid, it is
unlikely that this alone could lead to the elevated MgO concentrations seen in Kasatochi
microlites and Group 2 phenocryst rims. To produce the negative correlation between An
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and MgO, the post-mixing liquid would have to be both more magnesian and less calcic,
a scenario inconsistent with both bulk rock and groundmass glass compositional trends
(Figs. 3-1, 3-6).
A more plausible scenario can be found in the model suggested by the seminal
paper of Bottinga et al. (1966), whereby rapid growth rates create a boundry layer of melt
around the crystal, which will become progressively more depleted in compatible
elements (such as Ca), which are taken up by the plagioclase, and enriched incompatible
elements rejected by the growing crystal such as Fe and Mg. As rapid, high-undercooling
crystallization progresses and the crystal grows, these boundary layers will become more
and more depleted in Ca and enriched in Fe and Mg. This model has been previously
invoked to explain rimward increases in FeO and MgO contents and decreases in An
content in plagioclase phenocrysts from Parinacota Volcano in Chile by Ginibre et al.
(2002). Similar to the scenario described at Parinacota, the inverse correlation between
An content and FeO and MgO in the Group 2 phenocryst rims and microlites in the 2008
Kasatochi basaltic andesite (Figs. 3-2, 3-5), as well as the zonation observed in some
larger microlites (Fig. 3-4), are probably products of this boundry layer effect, reflecting
these relative changes in Ca, Fe and Mg activity in the melt boundry layers surrounding
these crystals. As both high-An microlites and Group 2 phenocrysts have these rims
(Figs. 3-2, 3-4), it seems likely that these rims formed primarily in response to the high
undercoolings created by syneruptive decompression and degassing after the initial
mixing event that led to the formation o f the high-An microlites.

99
Unlike Mg, the Ku for Fe is expected to depend strongly on magmatic oxygen
fiigacity (f 0 2) and temperature (Longhi et al., 1976; Sato, 1989; Phinney, 1992; Wilke
and Behrens, 1999; Sugawara, 2001; Lundgaard and Tegner, 2004; Aigner-Torres et al.,
2007). Iron Kd’s for plagioclase will increase sharply with increasing JOi. It will,
however, decrease with increasing temperature, an effect that is negligible at reducing
^ j

conditions (where all available Fe is Fe ) but significant at more oxidizing conditions
where Fe3+ is available. While dependences o f Fe partitioning into plagioclase on An
content have been documented (Bindeman et al., 1998), such a correlation does not
appear consistently in the Kasatochi basaltic andesite plagioclase. An content is
dependent on temperature and more strongly on pm o, the partial pressure of H 2O in the
system (e.g. Lange et al, 2009). Since p m o exerts a partial control on JO 2, correlated
variations between plagioclase An and Fe concentrations more likely result from both An
content and Fe partitioning changing simultaneously in response to a change in T ,^ 0 2
and/or pmo, rather than Fe partitioning changing in repsonse to flucations in An content.
This distinction is especially germane to the Kasatochi system, in which
plagioclase Fe contents do not consistently depend on An content, as shown by the
uniformly low FeO contents of Group 1 phenocrysts cores. Even the >Ango cores and
spikes in An content common in Group 1 plagioclase, which were also created by influx
of matrix material (see Chapter 2), are not correlated with statistically significant positive
or negative changes in FeO or MgO (Figs. 3-2, 3-5). This suggests that while previous
influxes o f mafic material were different enough in composition to cause dissolution and
re-growth on top o f the dissolution surfaces, the magnitudes of these forcings were
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insufficient to cause significant changes in Fe partitioning or to induce the rapid growth
rates necessary for the formation o f the boundary layers as described above.
Interestingly, despite microlite and Group 2 phenocryst rim FeO and MgO
contents increasing with decreasing An contents, FeO/MgO ratios actually decrease
slightly as microlites become more sodic (Fig. 3-10), suggesting that the Fe ATd decreased
in response to either a decrease inJ 0 2 or an increase in temperature. An increase in
temperature seems unlikely, given that latent heat release is negligible (Fig. 3-11) and
that the mafic end member, the source of most of the microlites and the Group 2
phenocrysts, would cool down, rather than heat up, during mixing. A decrease in JO 2 is
more realistic and could have been induced if the felsic end member was stored under
more reducing conditions than the mafic. Also, Kasatochi was the largest point source
release of SO 2 since the 1991 eruptions of Pinatubo in the Phillipines and Cerro Hudson
in Chile, and several studies have shown that the decompression and degassing of H 2O
and S-rich systems may cause decreases inJ 0 2 of >1 log unit due to changes in liquidvapor redox equilibria (Burgisser and Scaillet, 2007; Burgisser et al., 2008).

3.8: Summary
Basaltic andesite from the 2008 eruption of Kasatochi Volcano displays
significant heterogeneity in bulk composition, which has been interpreted as being the
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result of magma mixing just prior to eruption. Compositions of plagioclase phenocrysts,
mafic phenocrysts and plagioclase microlites support this inference, suggesting that the
phenocryst population of the 2008 Kasatochi basaltic andesite is derived from two
different sources. Group 1 plagioclase phenocrysts, which are oscillatory zoned and have
relatively sodic rims (Anss^s), likely crystallized in the silicic mixing end member at
temperatures o f 800-950 °C, along with low-Al amphibole and high-Ti titanomagnetite
phenocrysts. Group 2 plagioclase phenocrysts, which are dominantly >Ango and
texturally and compositionally homogenous except for abrupt shifts to more sodic
compositions <30 pm from their rims, likely crystallized in the mafic end member at
higher temperatures (900-1000 °C), along with high-Al amphibole and low-Ti
titanomagnetite phenocrysts.
Microlites in the 2008 Kasatochi basaltic andesite are highly calcic, with
compositions similar to Group 2 phenocryst rims and out of equilibrium with measured
groundmass glass compositions. The undercooling imposed on the mafic magma due to
contact with the silicic magma likely triggered a burst of plagioclase microlite nucleation
in the mafic magma, leading to the growth of high-An microlites. As the magma
crystallized and more silicic material was entrained, microlites became more sodic and
thin sodic rims formed on the exteriors o f Group 2 phenocrysts. The high effective
undercoolings created by the mixing were exacerbated by decompression-induced
degassing, causing the formation of boundary layers rich in incompatible elements (e.g.,
Fe, Mg) and depleted in compatible elements (e.g., Ca) around microlites and Group 2
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phenocrysts, leading to the formation of more sodic rims on Group 2 phenocrysts and
leading to higher Fe and Mg concentrations in more sodic microlites and Group 2 rims.

3.9: Acknowledgments
This manuscript benefited greatly from insightful discussions with C. Cameron, J.
Pallister, K. Putirka, K. Severin and K. Spaleta. The authors also thank the
interdisciplinary team studying ecosystem response to the eruption of Kasatochi for their
assistance in the field, J. Williams and the U.S. Fish and Wildlife Service for
coordinating trips to Kasatochi, and the crew of the MW Tiglax for providing safe
passage to and from the island. Fieldwork for this study was supported by the U.S. Fish
and Wildlife Service and by the North Pacific Research Board Project #923. Analytical
work was supported by the American Recovery and Reinvestment Act, by the UAF
Advanced Instrumentation Laboratory, by a Jack Kleinman Grant for Volcano Research
from the Community Foundation of Southwest Washington, and by the United States
Geological Survey Volcano Hazards Program through the Alaska Volcano Observatory, a
cooperative program of the University of Alaska Fairbanks, the Alaska Department o f
Geological and Geophysical Surveys, and the USGS.

103
3.10: Figures
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Figure 3-1: Bulk Compositions. Bulk major oxide, minor oxide and trace element vs.
SiC>2 diagrams for eruptive products of the 2008 eruption of Kasatochi. Data from
Appendix 2-2. Si0 2 vs. K 2O classification diagram after Le Bas et al. (1986), with lowK/medium-K boundary from Gill ( l 981). S i0 2 vs. MgO/FeO classification diagram after
Miyashiro (1974). Dashed fields represent schematic end member compositions for preeruptive basaltic andesite mixing trends (see Section 3.6.1), with fields labeled “M”
representing the mafic end member and “F” representing the felsic end member.

Figure 3-2: Representative Electron Microprobe Transects of Plagioclase Phenocrysts.
Backscatter electron images and core-rim compositional profiles of representative (A)
Group 1 and (B) Group 2 plagioclase phenocrysts from the 2008 Kasatochi basaltic
andesite. Error bars indicate analytical uncertainty (2 standard deviations) calculated
from repeated measurements of the Lake County, Oregon, Labradorite plagioclase
standard (USNM 115900; Jarosewich, 2002). Transects were measured using the “Trace’
analytical routine (see text). Data in Appendix 3-8.
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Figure 3-3: Plagioclase Phenocryst and Microlite Compositions. Histogram of An
contents for Group 1 and Group 2 plagioclase phenocryst rims (top) and plagioclase
microlites (bottom) from the 2008 Kasatochi basaltic andesite. Individual analyses
reported in Appendix 3-3 (phenocryst rims) and Appendix 3-4 (microlites).
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Figure 3-4: Backscatter Electron Image of Zoned Plagioclase Microlites. Microlites
display high-An cores and lower-An rims.
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Figure 3-5: Plagioclase Iron and Magnesium Concentrations. FeO and MgO contents,
plotted as a function of An content, of Group 1 and Group 2 plagioclase phenocryst cores
(top), rims (middle) and microlites (bottom) from the 2008 Kasatochi basaltic andesite.
Error bars indicate analytical uncertainty (2 standard deviations) calculated from repeated
measurements of the Lake County, Oregon, Labradorite plagioclase standard (USNM
115900; Jarosewich, 2002). FeO and MgO were measured using the “Trace” analytical
routine (see text). Individual analyses reported in Appendix 3-2 (phenocryst cores),
Appendix 3-3 (phenocryst rims), and Appendix 3-4 (microlites).
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Figure 3-6: Groundmass Glass Compositions. Error bars indicate analytical uncertainty (2
standard deviations) calculated from repeated measurements o f the VG-568 Yellowstone
Rhyolite glass standard (USNM 72854; Jarosewich, 2002). Whole rock analyses included
for comparison. Error bars refer only to groundmass glass measurements; analytical
uncertainty o f bulk compositional analyses and MgO analyses of groundmass glass are
smaller than the size of the symbols. Individual analyses reported in Appendix 3-5.
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Figure 3-7: Titanomagnetite Phenocryst Compositions. Points represent the average
composition o f several analyses of an individual phenocryst, with error bars representing
the variation (2 standard deviations) of each averaged analysis. Grey field represents the
range of titanomagnetite compositions from the 2008 Kasatochi andesite, reported in
Chapter 2 (Appendix 2-7). Individual analyses reported in Appendix 3-6.
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Figure 3-8: Amphibole Phenocryst Compositions. Structural formulae are reported in
atoms per formula unit (a.p.f.u.), calculated using ProbeAmph (Tindle and Webb, 1994).
[A]Na+K refers to the total number of atoms of Na and K in the amphibole A-site, while
[1V]A1 refers to the amount of tetrahedrally-coordinated aluminum atoms. Points represent
the average composition of several analyses of an individual phenocryst, with error bars
representing the variation (2 standard deviations) of each averaged analysis. Grey field
represents the range of amphibole compositions from the 2008 Kasatochi andesite,
reported in Chapter 2 (Appendix 2-8). Individual analyses reported in Appendix 3-7.

Ill

CD

ra

a.
'co'

z

o

S’
CO
Q.

To'
z
7b

o

S’
m
CL

To

Tb

(Ca/Na)Liquid
Figure 3-9: Plagoclase Ca/Na Ratios. Ca/Na molar ratios of Group 1 plagioclase
phenocryst rims (top), Group 2 plagioclase phenocryst rims (middle) and plagioclase
microlites (bottom) from the 2008 Kasatochi basaltic andesite, compared to Ca/Na of
measured groundmass glass compositions. Grey fields represent measured compositions
(average, ±1 standard deviation) of the given plagioclase population. Vertical dashed
field represents measured groundmass glass compositions (average, ± 1 standard
deviation). Lines represent equilibrium plagioclase-liquid Ca/Na distribution coefficients
at different magmatic H2O concentrations (after Fig. 4 of Martel et al., 2006, and
references therein).

112

oO )
O

CD
LL

Mol. % An

O
O)
6

0

LL

0.4

0.6

0.8

1

1.2

1.4

Wt. % FeO
I I G ro u p 1 Rim s
■

G ro u p 2 Rim s

H

Microlites

Figure 3-10: Plagioclase FeO/MgO Ratios. FeO/MgO of plagioclase phenocryst rims and
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analytical uncertainty (2 standard deviations) calculated from repeated measurements of
the Lake County, Oregon, Labradorite plagioclase standard (USNM 115900; Jarosewich,
2002). FeO and MgO were measured using the “Trace” analytical routine (see text).
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Figure 3-11: Plagioclase-Liquid Hygrometry. Natural compositions of Group 1
phenocryst rims compared with compositions predicted by the plagioclase-liquid
hygrometer of Lange et al. (2009). Compositions based on plagioclase crystallizing from
liquids with compositions of the most mafic (top) and most felsic (bottom) groundmass
glass composition measured in the basaltic andesite. Lines show compositions predicted
by the Lange et al. (2009) hygrometer, as a function o f melt FLO content, crystallizing at
temperatures indicated. Vertical grey fields represent range o f natural pre-eruptive melt
H2O compositions (average, ±1 standard deviation; Izbekov et al., 2009; P.E. Izbekov,
unpub. data). Horizontal fields represent measured An contents of Group 1 phenocrysts
(average, ± 1 standard deviation).
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Figure 3-12: Predicted Latent Heat Release from Microlite Crystallization. Modeled
increases in magmatic temperature due to latent heat released by crystallization of
plagioclase, as a function of the composition of the crystallizing plagioclase. See text for
full description of calculations. Latent heat is calculated for a range of groundmass
crystal fractions (<j>). Vertical grey fields represent the range of natural plagioclase
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Chapter 4: Evolution of the Magmatic System of Bezymianny Volcano, Kamchatka,
Russia: Insights from Compositional Analyses of Melt Inclusions1

And yet my eyes are drawn towards the mountain in the east
Fascinates and captivates and gives my heart no peace
The mountain holds the sunrise in the prison o f the night
'Til bursting forth from rocky chains, the valley floods with light
Rush, “The Fountain of Lamneth”
Caress o f Steel, Mercury Records, 1975

4.1: Abstract
Bezymianny Volcano, located in the central Kamchatka Peninsula, Russia,
experienced a climactic eruption in 1956 driven by the failure of the volcanic edifice,
which has been followed by over 60 years of nearly continuous explosive and effusive
activity. Measurements by electron microprobe and SHRIMP ion probe of major, trace
lithophile, and volatile element concentrations in melt inclusions from the 1956 eruption
and from eruptions in 1984-2010 help to reveal the evolution of the magmatic system at
Bezymianny. Melt inclusions also reveal low-pressure crystallization o f magma at
shallow storage levels (-2-4 km) due to degassing brought on by decompression. Also, as
has been seen previously at other volcanoes, inclusions trapped at shallow levels below
1 Neill,

O.K., Izbekov, P.I., Vazquez, J.A., Shcherbakov, V.D., Plechov, P.Yu., Wooden,
J.L., Lopez, T.M., and Bacon, C.R. (in prep) Evolution of the magmatic system of
Bezymianny Volcano, Kamchatka, Russia: Insights from compositional analyses o f melt
inclusions. To be submitted to Journal o f Volcanology and Geothermal Research.
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Bezymianny show significant enrichment in lithium (up to 120 ppm). Lithium enrichment
at low pressures is dominantly found in inclusions from eruptions between 1984 and
1997, but is largely absent from inclusions from 2001-2010. Low-pressure lithium
enrichment is probably the result of the ascent of magmatic volatiles from deep in the
magma system below Bezymianny leading the saturation of Li-rich fluids at shallow
depths, a process which seems to be restricted after 2 0 0 1 .

4.2: Introduction
After -1000 years o f quiescence (Braitseva et al., 1991), Bezymianny volcano,
part of the Klyuchevskoy Volcanic Group (KVG) in the central Kamchatka Peninsula,
Russia (Fig. 4-1), re-awakened in the fall of 1955 with the emplacement o f a cryptodome
in the volcanic edifice. On 30 March, 1956, in an event strikingly similar to the 1980
eruption of Mount St. Helens, Washington, the growth of this cryptodome eventually de
stabilized the edifice, causing the flank of the edifice to fail (Gorshkov, 1959; Gorshkov
and Bogoyavlenskaya, 1965; Bogoyavlenskaya et al., 1985; Belousov and
Bogoyavlenskaya, 1988; Belousov et al., 2007). This sector collapse generated a laterally
directed explosion, followed by a Plinian eruption that produced -0.8 km 3 of andesitic
tephra, and left a horseshoe-shaped crater at the center of the volcano, opening to the
southwest (Gorshkov, 1959; 1963; Bogoyavlenskaya et al., 1985; Bogoyavlenskaya et al.,
1991; Braitseva et al., 1991; Belousov, 1996; Belousov et al., 2007).
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Girina (in review) provides a comprehensive review o f post-1956 eruptive activity
at Bezymianny; a brief summary is presented here. Since 1956, eruptive activity has
centered around the growth of an exogenous andesitic lava dome in the center o f the
crater, punctuated by intermittent low-level explosive activity. From 1956-1977, dome
growth was nearly continuous, punctuated by explosive events generating both ash
plumes and pyroclastic flows. From 1977 until the early 2000’s, dome growth became
more sporadic. Eruptive events would include explosive activity as well as the extrusion
and collapse of spines from the dome area. Beginning in the early 2000 ’s, while
explosive events continued in a similar manner, extrusive activity transitioned from spine
extrusion to lava flows originating from a central vent area at the top of the dome.
Explosive eruptions have been strikingly regular since the early 2000’s, averaging ~ l-2
per year. As of 2011, the edifice has been nearly entirely rebuilt (Fig. 4-1).
The 1956 eruption of Bezymianny produced high-silica (~61 wt. % SiCh) andesite
that was remarkably homogenous in composition, despite being the product of multiple
eruptive regimes (e.g. Belousov, 1996; Ozerov et al., 1997). Since then, eruptive products
have become increasingly more mafic, with clasts from the 2010 eruption containing ~56
wt. % Si0 2 in addition to mafic enclaves with ~52-55 wt. % Si0 2 (Izbekov et al., 2010;
Turner et al., in review). Previous authors (Ozerov et al., 1997; Izbekov, 2009; Izbekov et
al., 2010; Shcherbakov et al., 2011; Turner et al., in review) have suggested that this
evolution is the result o f the progressive influx and mixing of mafic magma, possibly
related to the magmatic feeding system of Klyuchevskoy Volcano, the massive basaltic
cone ~ 1 0 km to the northeast.

The purpose of this study is to investigate the evolution of the Bezymianny
magmatic system using the major, trace lithophile and volatile element concentrations of
melt inclusions, which are small volumes of melt trapped within a growing crystal (Fig.
4-2). While melt inclusion compositions may be modified post-entrapment (see Kent,
2008, and references therein), they can effectively record pre-eruptive liquid
compositions in a way that interstitial liquid compositions cannot, due to modifications of
the interstitial liquids by crystallization and degassing during ascent and eruption. The
compositions of melt inclusions have been used to investigate magmatic processes at
depth, such as the locations of magma storage regions based on the equilibrium solubility
o f volatile species in silicic melt, as well the chemical evolutions of magmas prior to
eruption, both in terms of volatile and non-volatile elements (e.g. Tolstykh et al., 1998;
Wallace et al., 1999; Danyushevsky et al., 2002; Tolstykh et al., 2003; Liu et al., 2006;
Humphreys et al., 2008). Conversely, they can be used to track more dynamic processes
such as degassing, volatile flux through a magmatic system, and syn-eruptive
crystallization (e.g. Berio et al., 2004; Blundy and Cashman, 2005; Blundy et al., 2005;
Kent et al., 2007; Blundy et al., 2008; Edmonds, 2008). By analyzing melt inclusions
from a series of eruptions from 1956 to 2010, this study seeks to characterize how
processes of both melt evolution and volatile movement have changed as Bezymianny
has evolved since 1956.
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4.3: Methods
4.3.1. Sample Collection and Preparation
Samples from the 1956 and 2006-2010 Bezymianny eruptions were collected
from juvenile blocks in pyroclastic flows from each eruption o f interest, while samples
from eruptions from 1984-2005 were provided by A.B. Belousov, M.G. Belousova, G.E.
Bogoyavlenskaya, O.A. Girina, A.P. Maximov, P.R. Kyle and M.E. Zelensky. Samples
were collected from juvenile blocks with evidence for post-eruptive cooling such as
cracks and viscous tearing features that distinguish them from accidental material
incorporated into those pyroclastic flows. For clarity, in figures presenting melt inclusion
compositions, data has been grouped into three different categories based on eruption
chronology: (1) inclusions from the 1956 climactic eruption; (2) inclusions from the
1984-2000 eruptive period, characterized by exogenous dome growth between explosive
events; (3) inclusions from the 2001-2010 eruptive period, characterized by lava flows
and explosive eruptions emanating from a central vent at the top of the rebuilt
Bezymianny edifice. Samples are fully described in Appendix 4-1. As in previous
chapters, all appendices are included electronically on the compact disc accompanying
this dissertation.
Melt inclusions hosted in plagioclase and pyroxene were prepared for analysis by
secondary ion mass spectrometry (SIMS) by first lightly crushing selected samples and
picking individual plagioclase and pyroxene crystals and then removing any glass
adhered to the outsides of selected crystals in an unltrasonic bath of 10% molar HF acid
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solution. Crystals containing melt inclusions were then mounted in CrystalBond©
mounting compound and ground down to expose individual inclusions. Crystals were
then polished on the exposed surface, removed from the CrystalBond© mounts and
soaked in acetone to remove CrystalBond© and any contaminants from polishing and
mounting compounds. These crystals were then pressed into indium contained in
aluminum mounts and gold-coated in preparation for SIMS analyses. Indium mounts
were preferred to epoxy to minimize background C and OH counts, as those elements
may be released from the epoxy under the high vacuum of the SIMS sample chamber.
Only glassy inclusions without interstitial microlites, cracks, capillary channels or signs
of decrepitation and were chosen for SIMS analyses to minimize effects of post
entrapment volatile loss or modification of the trapped liquid (e.g. Lowenstem, 1995).

4.3.2. Secondary Ion Mass Spectrometry (SIMS)
Melt inclusions were analyzed for H 2O, Li, Be, B, CO 2, F, S, Cl, Rb and Sr by
SIMS using the SHRIMP-RG (Super-High Resoulution Ion Microprobe with Reverse
Geometry) located at the Stanford University/USGS SUMAC facility. Analyses
employed a primary 20 pm diameter beam of 16C>2- ions, with a current of ~2 nA and an
accelerating potential of 10.5 kV. Individual masses were measured in four counting
cycles, acquiring on-peak counts for 7Li, 9Be, "B , i60 'H , 12C, 19F, 28Si‘H, 30Si, 32S, 35C1,
85Rb and 88Sr, monitor isotopes of major elements 26Mg, 42Ca, 27A1160 and 57Fe, and offpeak background counts on both sides of the 28Si'H peak. Mass resolution was 7000 at
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10% peak height. Counting times per cycle were 2 s for Mg, Si, Ca, Fe, Rb and Sr, 4 s for
Li, Be, B, and F, 5 s for 160 'H and on- and off-peak measurements of 28Si’H, 10 s for S
and Cl, and 30 s for C. Samples were pre-ablated for -6 0 s to remove gold coating and
any remaining surface contaminants.
A suite o f glass standards was measured to create calibration curves of peak count
rates normalized against counts of 30Si, against standard concentrations normalized to
SiC>2 concentrations. Anhydrous standards included NIST SRM 611 and SRM 613
(Pearce et al., 1997), Macusani glass (Pichavant et al., 1988), and natural volcanic glasses
RLS-37 and RLS-158 (MacDonald et al., 1992). H2O and CO 2 standards included
materials synthesized by Mangan and Sisson (2000). Analytical uncertainties from
internal errors were calculated for each analytical spot based counting statistics using the
SQUID2 data reduction program of Ludwig (2009). Analytical uncertainty from external
errors, such as errors in standard concentrations and repeated standard analyses, were
calculated for each analysis using a modified York regression (York, 1969) with the
corrections of Mahon (1996). Error bars in figures are plotted as 1 standard deviation,
reporting whichever uncertainty (internal or external) is larger.
Ablation pits that intersected the host mineral were identified visually, by
monitoring counts of Mg, Si, Ca, Fe, Sr and Rb for anomalously high variability across
the four counting cycles, and by energy dispersive spectrometry of the ablation pits using
an EDAX energy-dispersive spectrometer on the CAMECA SX-50 electron microprobe
located at the UAF Advanced Instrumentation Laboratory. Concentrations obtained from
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these contaminated analytical spots are not reported. Also, the CO2 concentrations of
some analyses were anomalously high (>6000 ppm), accompanied by highly variable
count rates across the four counting cycles. Wright et al. (2012), who used nearly
identical analytical and sample preparation procedures, report a similar finding and
suggest that small amounts of carbon surface contamination are not fully removed during
cleaning o f the crystals or pre-ablation, and that only CO 2 measurements where the
variability in count rates is low can be considered reliable. In accordance with the
recommendations of Wright et al. (2012), only CO 2 measurements with internal
analytical uncertainties (1 standard deviation) < 1 0 % of calculated concentration, or that
contain less CO 2 than the detection limit of ~50 ppm calculated by Wright et al. (2012),
are reported. Standard values and calibration curves may be found in Appendix 4-2 and
Figure 4-3, respectively, while internal and external uncertainties, along with calculated
concentrations, are reported in Appendix 4-3.

4.3.3: Electron Probe Microanalysis (EPMA)
Major oxide and minor oxide concentrations of individual melt inclusions were
analyzed by wavelength-dispersive x-ray spectrometry, using the AIL CAMECA SX-50
4-sprectrometer electron microprobe. Analyses were performed using a 15 kV
accelerating potential and 10 nA beam, defocused to ~10 pm to minimize Si, Al, Na and
K migration during analyses. Effects of elemental migration were further minimized by
counting Al, Na and K first and by using Time-Dependent Intensity corrections through

ProbeForEPMA software (Nielsen and Sigurdsson, 1981; Donovan et al., 2007).
Concentrations were obtained from raw intensities using a ZAF intensity correction.
EPMA analyses were performed after SIMS analyses to avoid compromising SIMS
analyses of light elements due to electron beam damage (Humphreys et al., 2006).
Further details of EPMA procedures may be found in Appendix 4-4, while EPMA data is
reported alongside SHRIMP data in Appendix 4-3.

4.4: Compositions of Bezymianny M elt Inclusions
4.4.1: Major and Minor Oxides, Rb and Sr
Melt inclusion compositions are dacitic to rhyolitic, with -68-78 wt. % SiC>2, 0.1
2 wt. % MgO and -2.2-4.7 wt. % K 2O, while Rb and Sr concentrations range from -3 5 
85 ppm and -40-200 ppm, respectively (Fig. 4-4). The positive correlation between Si0 2
and Rb reflects the overall incompatibility of Rb in andesites, while the negative
correlation between Sr and Si0 2 is indicative of the compatibility of Sr due to plagioclase
crystallization (cf., Bacon and Druitt, 1988). More silicic melt inclusions tend to be
hosted in plagioclase rather than pyroxene. No measured pyroxene-hosted inclusions
contained more than -7 6 wt. % SiC>2, with generally <55 ppm Rb and >100 ppm Sr,
while plagioclase-hosted inclusions reach -7 9 wt. % SiC>2 (Fig. 4-4). At a given SiC>2
content, pyroxene- and plagioclase-hosted inclusions do not differ in major and minor
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oxide concentrations past the limits of analytical uncertainty (Fig. 4-4), and therefore
inclusion compositions are not corrected for post-entrapment crystallization (cf.,
Danyushevsky et al., 2002).
Bulk compositions o f Bezymianny samples have become progressively more
mafic over time (Fig. 4-5; Izbekov, 2009; Izbekov et al., 2010; Turner et al., in review).
While the range o f melt inclusion major-oxide and trace element compositions does not
vary greatly with time, they do somewhat reflect the bulk compositional trend, as SiC>2
concentration does slightly decrease with time and all but two of 15 inclusions with >75
wt. % S i0 2 are from prior to 2001 (Fig. 4-5). There is, however, significant overlap
between the sample sets, and more mafic compositions are equally common before and
after 2001. Inclusions from 1956 have some of the highest SiCb and K20 contents
measured, along with relatively low Mg and Ca. There are no systematic differences in in
Rb and Sr between inclusions from 1984-1997 and from 2001-2010, though inclusions
from 1956 have some of the lowest Sr and highest Rb concentrations o f the entire sample
set (Fig. 4-4).

4.4.2: H20, CO2 and S
Inclusions from the 1956 eruption are relatively high in H2O, with concentrations
from -1 .2 -3 .8 wt. % H2O (Fig. 4-5), similar to the melt inclusion H2O concentrations
determined by Tolstykh et al. (1999). From 1984-2010, maximum H2O concentrations
generally increase with time, from a maximum of - 2 wt. % H 2O in 1984 to -4 .2 wt. % in
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2010 (Fig. 4-5). CO 2 data is limited by the analytical issues described previously, but
only four o f 33 acceptable CO 2 analyses have concentrations >200 ppm (Fig. 4-6). The
two highest CO 2 inclusions (910 and 432 ppm) are both hosted in plagioclase from the 9
May, 2006 eruption. Sulfur concentrations are generally <150 ppm, with only 12 of 82
inclusions exceeding 150 ppm S (Fig. 4-7). O f those 12 high-S inclusions, nine are hosted
in pyroxene, while seven are from 2001-2010 and one is from 1956. While there is no
monotonic correlation between H 2O and either CO 2 or S, high CO2 and high-S inclusions
generally have higher H 2O, and the maximum CO 2 and S concentrations at a given H 2O
concentration increase as H 2O concentrations increase (Figs. 4-6,4-7), consistent with S
and CO 2 concentrations being controlled by magmatic degassing. In addition, inclusions
with higher concentrations o f highly incompatible elements (e.g. K, Rb) tend to be
slightly less H20 rich (Figs. 4-8, 4-9). C 0 2 and S also both correlate negatively with Rb
(Fig. 4-8) and K 2O (Fig. 4-7; CO 2 not shown). No inclusions with >50 ppm Rb contain
>200 ppm C 0 2, and only two inclusions with >50 ppm Rb contain >100 ppm S.

4.4.3: Li, Be and B
While the analytical uncertainties on measured lithium concentrations are
comparatively large, some interpretation is still possible. Lithium concentrations follow
two trends relative to H 2O concentrations (Fig. 4-9), with one trend dominated by low-Li
(<50 ppm) inclusions reaching H2O concentrations >2.5 wt. %, while the other reaches
higher Li concentrations (up to ~110 ppm) with low H 2O (<2.5 wt. %, Fig. 4-9). O f the
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82 inclusions measured in this study, 22 have >50 ppm Li and 17 have >2.5 wt. % H2O,
but only six inclusions contain both >50 ppm Li and >2.5 wt. % H2O. Inclusions from
1956 are dominantly low in both Li and H 2O; of the two 1956 inclusions with >2.5 wt. %
H2O, one lies along the main low-Li/high-LLO trend, while the other has anomalously
high Li (-80 ppm, Fig. 4-9). In addition to being low in H 2O, 17 out o f 22 measured
inclusions (-77% ) with >50 ppm Li are from 1984-2000, while 19 of 23 inclusions
(-82% ) with >50 ppm Li are hosted in plagioclase. These findings exceed what would be
expected due to sampling bias, as only 49 of the 82 measured inclusions (-58% ) are from
1984-2000 and only 53 of the 82 inclusions (-65% ) are hosted in plagioclase.
Variations in beryllium concentrations barely exceed analytical uncertainty,
remaining between -4.5-5.5 ppm across all inclusions (Fig 4-9). Previous studies have
suggested that Be behaves as an incompatible lithophile element (similar to B) and is
generally unaffected by degassing or fluid movement (e.g. Ryan and Langmuir, 1988;
Stix et al., 1995; Stix and Layne, 1996), although Humphreys et al. (2008) suggest that
variations in Be concentrations are not inherited from source characteristics at Shiveluch
Volcano in Kamchatka. At Bezymianny, Be does not co-vary with Rb (Fig. 4-10) or B
(not shown) and displays only a statistically dubious negative correlation with H 2O (Fig.
4-9), suggesting that any systematic variations in Be concentration are below detection.
Inclusions from all eruptions contain dominantly -15-50 ppm B, although six
inclusions (one from 1984-2000, five from 2001-2010) have higher concentrations, with
a maximum of -9 0 ppm (Fig. 4-9). Boron concentrations show a slightly negative

correlation with H 2O (Fig. 4-9) and a more robust positive correlation with Rb, although
inclusions from 1956 have average B concentrations despite being significantly higher in
Rb (Fig. 4-10). Boron has been frequently considered an incompatible lithophile trace
element in volcanic systems, and concentrations in magmas are generally thought to
derive from mantle source characteristics, modified by mixing and fractional
crystallization during pre-eruptive melt evolution (e.g. Ryan and Langmuir, 1993; Straub
and Layne, 2002; Clift et al., 2003; Straub et al., 2004; Humphreys et al., 2008). As boron
concentrations correlate positively with other incompatible lithophile elements such as
Rb (Fig. 4-10) and K (not shown), boron seems to behave like an incompatible lithophile
element at Bezymianny, in agreement with the aforementioned studies. B/Be ratios range
from a minimum o f -5 to a maximum of ~23 (Fig. 4-10). Such low B/Be ratios indicate
that the influence o f sediments or fluids during primary melting may be minor (Morris et
al., 1990), although Auer et al. (2009) suggest that such a heterogeneous, fluid-modified
mantle wedge may contribute to oxygen isotope heterogeneities in the greater

'

Klyuchevskoy group.

4.4.4: Halogens
Fluorine concentrations are generally -50-800 ppm, although two inclusions
contain -1600 ppm F (Fig. 4-9). Chlorine concentrations are between -600-2000 ppm,
with one inclusion having an anomalously low Cl concentration o f -1 8 0 ppm (Fig. 4-9).
Lower-Cl inclusions tend to be found in pyroxene; 11 of the 17 inclusions with <1000

,
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ppm Cl are pyroxene-hosted (Fig. 4-9). Neither Cl nor F concentrations decrease
systematically with decreasing inclusion H 2O content, suggesting that Cl and F are not
significantly removed from the melt by degassing (Fig. 4-9). Chlorine is also significantly
enriched in low-S melt inclusions (Fig. 4-7), with only four o f 42 inclusions with >1200
ppm Cl containing >100 ppm S, further suggesting that Cl is not significantly affected by
degassing. Chlorine concentrations show a broadly positive correlation with Rb,
although, as with B, inclusions from 1956 typically have average Cl concentrations
despite being high in Rb (Fig. 4-10). Fluorine concentrations are not correlated with Rb
concentrations (Fig. 4-10).

4.5: Discussion
4.5.1: Melt Inclusion Entrapment Pressures and Depths
The solubility of H2O and CO 2 in silicate melts is highly pressure dependent, and
therefore H 2O-CO 2 solubility models can be used to calculate the total pressures CP-rotai) at
which the melt inclusions were entrapped (e.g. Newman and Lowenstem, 2002). As CO 2
concentrations were not determined for all inclusions, -Pfotai cannot be determined for the
entire dataset. However, pressure can be expressed as the partial pressure of H 2O {pmo),
which can, in turn, serve as a proxy for the depth at which a melt inclusion was
entrapped, pm o can only serve as a qualitative proxy for depth, and any “true” depths
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calculated based on a lithostatic geobaric gradient are underestimates relative to pressures
calculated based on H 2O-CO 2 solubility. However, trends in melt inclusion compositions
relative to Exotai and relative to p m o do not differ significantly (Figs. 4-11, 4-12), and
therefore the relative depths of inclusion entrapment can be estimated from pmoP iotai and pm o were calculated using the VolatileCalc H 2O-CO 2 solubility model
(Newman and Lowenstem, 2002), assuming a magmatic temperature of 900° C (Kadik et
al., 1986; Shcherbakov et al., in press). Pxotai was calculated for all inclusions with
acceptable CO 2 concentrations, while pm o was calculated for all inclusions. Entrapment
pressures are dominantly low, with only five inclusions entrapped at Eiotai >100 MPa
(Fig. 4-6). O f these seven inclusions, three are from 2001-2010 and hosted in plagioclase,
while two are pyroxene-hosted inclusions from 1956. The maximum calculated Pxotai
from all Bezymianny inclusions is -230 MPa, corresponding to a depth - 8 km, assuming
a crustal density of 2700 kg m"3. Interestingly, Kadik et al. (1986) suggest that, at H 2Osaturated conditions, initial H2O contents of Bezymianny magmas would be in the range
of 5 -6 wt. %, - 1 wt. % more than the maximum measured H 2O from all inclusions
measured in this study, which indicates that either magma at Bezymianny loses
significant volatiles before melt inclusion entrapment begins or that XH20 < 1 in the deep
Bezymianny magma system.
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4.5.2: Shallow Magmatic Storage, Crystallization and Degassing at Bezymianny
Both geochemical (e.g. Kadik et al., 1986; Ozerov et al., 1997; Tolstykh et al.,
1999; Al'meev et al., 2002) and geophysical studies (e.g. Fedotov et al., 2010; Thelen et
al., 2010) suggest depths o f primary magmatic storage at Bezymianny volcano of >20
km or >500 MPa. Such depths are well in excess of even the maximum calculated
inclusion entrapment pressures, indicating that either the melt inclusions lost H2O and
CO 2 post-entrapment, or that melt inclusion entrapment at Bezymianny takes place in
shallower parts o f the Bezymianny magma system. Inclusions with obvious cracks,
capillaries or signs o f decrepitation were avoided in the initial sample preparation (cf.
Lowenstem, 1995). In addition, diffusive loss of H 2O is less problematic in plagioclaseand pyroxene-hosted inclusions than in inclusions hosted in olivine (e.g. Danyushevsky
et al., 2002). Therefore, pressures estimated from melt inclusion H2O and CO 2
concentrations probably reflect actual entrapment pressures during crystallization and are
not artificially low due to post-entrapment H 2O and CO 2 loss during magmatic ascent.
Thelen et al. (2010) observed an aseismic zone 1-2 km below the edifice, which they
suggest may be associated with a shallow magma or fluid staging area. The depth of this
storage area is in good agreement with melt inclusion entrapment pressures. Furthermore,
Lopez et al. (in review) suggest that low SO 2/H 2O and CO 2/H 2O ratios, measured in
fumaroles on the surface of the Bezymianny dome, result from the degassing of a shallow
magma body.
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In light o f both these studies and the low entrapment pressures recorded by melt
inclusions, it seems probable that magma at Bezymianny does not travel directly from
deeper storage regions to the surface, but is staged at ~2-4 km below the edifice prior to
eruption. The dominantly low H 2O (<1.5 wt. %), CO 2 (<200 ppm) and S (<150 ppm)
concentrations in melt inclusions reflect degassing during ascent to and/or storage in this
shallow magmatic region. Based on the moderate SO 2 fluxes and persistent volcanic
plume emanating from the Bezymianny edifice, Lopez et al. {in review) suggest that this
degassing is open-system, whereby volatiles are allowed to fully segregate from the
magma and degas at the surface. A model of the Bezymianny sub-surface magmatic
plumbing system that includes a shallowly-stored, degassing magma body is not only
supported by the volatile concentrations in melt inclusions measured in this study, but is
consistent with models of the shallow magmatic plumbing system at Bezymianny
proposed in the aforementioned studies.
If post-entrapment volatile loss from melt inclusions is negligible, low-pressure
entrapment o f melt inclusions will therefore either result from crystallization during
magmatic ascent as the magma degasses due to decompression or during storage at
shallow depths beneath the volcanic edifice. Inclusions trapped at low pressures during
rapid ascent will trap liquids with relatively low H2O and CO 2 concentrations, but the
concentrations of non-volatile elements will not be significantly modified by
decompression-driven crystallization, as the kinetics of degassing are far faster than those
of crystallization (cf. Fig. 3 of Blundy and Cashman 2005). At Bezymianny, inclusions
with low incompatible element concentrations (<3 wt. % K 2O, <50 ppm Rb), which are
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found across the entire range o f entrapment pressures and S concentrations (Figs. 4-7, 4
8,

4-11), probably represent inclusions that were formed during magmatic ascent, when

degassing is rapid but ascent is fast enough to prevent extensive modifications to
lithophile element concentrations of interstitial liquids by crystallization. However,
inclusions with the highest incompatible element concentrations are volatile-poor, found
only at low pressures (pmo < 50 MPa and Pjotai < 100 MPa, Fig. 4-11). If ascent is slow,
or the magma is allowed to reside at shallow depths for a significant period of time, the
increase in liquidus temperatures triggered by H 2O loss from melt at low pressures will
drive rapid crystallization and microlite nucleation (e.g. Geschwind and Rutherford,
1995; Hammer and Rutherford, 2002), driving interstitial liquids towards more evolved,
incompatible-rich compositions.
High S concentrations (>100 ppm) are only found in inclusions with <3 wt. %
K2O and in only two inclusions with >50 ppm Rb (none with >60 ppm), while K 2O and
Rb concentrations increase sharply at S concentrations <100 ppm (Figs. 4-7, 4-8). The
strong negative correlations between the incompatible lithophile elements and S
concentrations further suggest significant degassing-driven crystallization, as S is another
volatile species that partitions into vapor during decompression and degassing (e.g.,
Metrich and Wallace, 2008). As described above and in Blundy and Cashman (2005),
inclusions that were entrapped at shallow levels in the magmatic system experienced
significant decompression-driven crystallization, and have higher concentrations of
incompatible elements like K and Rb. These inclusions also trapped melts that had
degassed due to decompression, and therefore have low S concentrations. By contrast,
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inclusions that have been entrapped with high S concentrations had not decompressed,
were relatively un-degassed. These inclusions had also experienced less pre-eruptive
crystallization and therefore have lower K 2O and Rb concentrations.
As discussed in Section 4.4.1, more incompatible element-rich inclusions, which
are entrapped at low-pH20, are dominantly entrapped in plagioclase (Fig. 4-11). This is
unsurprising, as the highly silicic nature of these liquids means that low-pressure
crystallization will be dominated by plagioclase (e.g. Blundy and Cashman, 2001;
Brugger et al., 2003). Pyroxene crystals will therefore tend to trap more mafic liquids
(e.g. Fig. 4-4), as essential components for pyroxene growth such as Fe and Mg will
become less and less available as the melts evolve.

4.5.3: Mechanisms fo r Low-Pressure Lithium Enrichment
Many Bezymianny melt inclusions record relatively high Li concentrations (>50
ppm) at low pressures (Fig. 4-12), a phenomenon that has been documented extensively
at Mount St. Helens (Berio et al., 2004; Blundy et al., 2005; Kent et al., 2007; Blundy et
al., 2008). The aforementioned authors have ascribed this enrichment to “gas streaming”
(to use the term of Kent et al., 2007), which refers the upward flow of magmatic vapor
released from the deep magma system, which carries volatile species to the shallow
magmatic storage zone. The decompression o f this vapor can then lead to separation of
the ascending vapor into a fluid and an H 2 0 -rich gas phase. Lithium partitions
preferentially in the fluid relative to the vapor at magmatic P-T conditions (Webster et al.,
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1989), and therefore the shallowly stored magma will be enriched in Li. Melt inclusions
entrapped in shallow storage areas will then record low volatile concentrations with high
concentrations of Li by entrapping these gas-streaming-enriched liquids, while at the
same time being depleted in H2O, CO 2 and S, which will be lost to degassing (Figs. 4-12,
4-13). Humphreys et al. (2008) also observed similar Li enrichment in melt inclusions
from Shiveluch Volcano, located -8 0 km north of Bezymianny in central Kamchatka,
and suggested a similar mechanism to that described for Mount St. Helens.
Lithium enrichment is dominantly found in plagioclase-hosted inclusions, to a
degree greater than would be expected from sampling bias (Fig: 4-13: see Section 4.4.3).
This may also reflect the dominance of plagioclase crystallization over pyroxene
crystallization at low pressures and more evolved compositions. If plagioclase is the
dominant crystallizing phase during the later stages of 1o w -P h 2o crystallization, then the
evolved, Li-enriched melts will dominantly be sampled by inclusions trapped in
plagioclase. Lithium enrichment in plagioclase-hosted inclusions may also be
exacerbated post-entrapment, as diffusion of Li through plagioclase phenocrysts is rapid
(Giletti and Shanahan, 1997; Blundy et al., 2008).
There is also evidence from other fluid-mobile species for gas streaming at
Bezymianny. Chlorine is another species that will be a significant component in the
ascending magmatic vapor (Webster, 1997; Webster, 2004; Webster et al., 2009), which
is also enriched in Bezymianny melt inclusions at low pressures, albeit less
systematically than Li (Fig. 4-12). A number o f inclusions are enriched in Cl in low-S
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melt inclusions (Fig. 4-7). While this may be partially due to the negative correlation
between Cl solubility and pressure in silicic magma, at P j0tai < 200 MPa, silicic magmas
with <2000 ppm Cl will not be Cl-saturated (Metrich and Rutherford, 1992; Signorelli
and Carroll, 2001), and therefore Cl variations cannot simply derive from Cl lost to fluids
or vapor due to variations in Cl solubility. Also, Humphreys et al. (2008) further suggest
that the presence o f these fluids led to the positive co-variation between Li and Na 2 0
contents in Shiveluch melt inclusions, as Na will commonly associate with chloride
species common in hydrothermal fluids (e.g. Webster, 1997; Webster, 2004; WilliamsJones and Heinrich, 2005). There is a similar (albeit weak) positive correlation between
Li and Na 2 0 in Bezymianny inclusions, and the shape of the Li-Na 2 0 trends at
Bezymianny and Shiveluch are similar (Fig. 4-13; cf. Fig. 12 o f Humphreys et al, 2008).
While the low-pressure Li enrichment seen in Bezymianny melt inclusions is
likely due to gas streaming, and therefore at least superficially mirrors that at Mount St.
Helens, the systems are not strictly analogous. If a separate volatile phase carries Li to the
surface, it will also carry the U-series decay product 222Rn, which is in turn a parent
isotope of 210Pb. Magma that receives significant volatile enrichment will show excess
(relative to equilibrium)

7IA

Pb activity relative to the activity o f the stable isotope

77

Rn,

while magma that has lost significant gas will show 210Pb deficiencies (e.g. Gauthier and
Condomines, 1999; Gauthier et al., 2000; Berio et al., 2004; Turner et al., 2004; Berio et
al., 2006; Reagan et al., 2006; Turner et al., 2007; Kayzar et al., 2009). At Mount St.
Helens, samples with elevated melt inclusion Li concentrations at low pressures also
show significant 210Pb excesses caused by gas streaming (Berio et al., 2004; 2006; Kent

et al., 2007). However, while 210Pb excesses are pervasive at Mount St. Helens, they are
conspicuous by their absence at Bezymianny, which lead both Turner et al. (2007) and
Kayzar (2012) to conclude that gas streaming either does not occur at Bezymianny, or
occurs on timescales too rapid to form significant

71O
Pb excesses.

Li is not a compatible element in any major crystallizing mineral phase found at
Bezymianny, and could therefore possibly behave as an incompatible element and be
enriched in the melt by crystallization in a manner similar to Rb or K (described above),
but Li’s strong affinity for fluids relative to melt (Webster et al., 1989), and the lack of
co-variation between Li and Rb (Fig. 4-10) or any other non-volatile component do not
support this. A well-developed near-surface hydrothermal system could potentially
contribute Li to shallowly stored magma via fluid movement, but the compositions of
gases released by fumarolic activity at Bezymianny do not show evidence for any
subsurface hydrothermal system (Lopez et al., in review). It seems more probable that gas
streaming is enriching the shallowly-stored Bezymianny magma in Li in a manner similar
to that described by the aforementioned authors, but that this streaming is happening over
much more rapid timescales than at Mount St. Helens to prevent the formation of
AI A

significant

Pb excesses. Measureable (

A
lA

Pb)/(

A
A
Z

Rn) disequilibria can only established

at both Bezymianny and Mount St. Helens over timescales longer than months (Berio et
al., 2006; Kayzar, 2012), and therefore gas flux into the shallow magma system must take
place over times on the order o f weeks prior to eruption.

149
The amount o f time necessary to produce Li enrichment by gas streaming can be
constrained by modelling length scales and rates of diffusion of Li through plagioclase
crystals into melt inclusions through Fick’s Second Law. Length scales of diffusion may
be estimated by:

LD = 2*y[Dt

(Eq. 4-1)

where Ld is the length scale over which diffusion is occurring, t is time and D is the
diffusion coefficient. Length scales are calculated using D = 1.178 x 10u m 2 s'1, the
average o f the distribution coefficients for Li diffusion through pure anorthite (2.73 x
10'n m 2 s'1) and pure albite (8.2 x 1 0 12 m 2 s'1) at high temperatures determined by Giletti
and Shanahan (1997). Length scales of >2 mm, approximately the diameter of the
average plagioclase phenocryst in Bezymianny eruptive products, may be obtained in
<1.5 days.
A more robust assessment of the time necessary to produce the observed Li
enrichment may be found in solving Fick’s Second Law in one dimension to model
diffusion of Li through a plagioclase crystal into a melt inclusion, using the equation:

^

<

Eci -4-2>

where t is the timescale over which the diffusion occurs, x is the distance of the melt
inclusion from the crystal boundary, C(x,t) is the time- and distance-dependent
concentration of Li due to diffusion, C/ is the Li concentration of the surrounding melt,
C2 is the initial Li concentration of the melt inclusion, D is the diffusion coefficient

(1.178 x 1014 m 2 s '1, from Giletti and Shanahan, 1997, as above) and e r f is the error
function. Diffusion is modeled for distances between the melt inclusion and the edge of
the crystal (x) o f between 10 0 pm and 2 0 0 0 pm, where 2 0 0 0 pm represents an
approximate radius for larger plagioclase phenocrysts at Bezymianny, and therefore a
substantial overestimate o f actual distances between inclusions and crystal rims. Models
assume an infinite external reservoir with constant Li concentrations (C/) of 100, 150 and
200 ppm Li, values near the maximum measured Li concentration (-110 ppm), and initial
Li concentrations in melt inclusions (Q ) of 5 ppm, just below the minimum measured
concentration. If it is assumed that all low-pressure Li enrichment results from diffusion
of Li into plagioclase-hosted inclusions, Li diffusion from the surrounding melt would
increase Li concentrations o f these inclusions to >50 ppm in <4 days. This is true even at
the lowest value o f Co (1 0 0 ppm) and a distance between melt inclusion and crystal rim
of 1000 pm, which is up to 5 times the minimum distance between any measured
inclusion and the edge of its host grain. Diffusion over more reasonable distances (x)
would produce such enrichment in 1 day or less (Fig. 4-14). Increasing Co to values
greater than the maximum melt inclusion Li concentration only shortens these timescales
(Fig. 4-14).
This diffusion modeling exercise is undoubtedly oversimplified. In direct
contradiction to the assumption of the previous paragraph, high Li concentrations are not
the result of diffusion alone, as some pyroxene crystals, through which Li diffuses much
more slowly, also record high Li (Fig. 4-13). The measured Li concentrations reflect a
combination of the entrapment of gas-streaming-enriched, high-Li liquid and some

151
degree of post-entrapment diffusion into inclusions hosted in plagioclase. However, these
conditions will only reduce the times necessary to produce Li enrichment in Bezymianny
melt inclusions via diffusion, meaning that these timescales must be considered
overestimates. Enrichment of the shallow magmatic system in Li by gas streaming is
therefore not contradicted by the lack o f measured (210Pb)/( 226Rn) disequilibria reported
by Turner et al. (2007) and Kayzar (2012), as the time scales necessary to create the
observed Li enrichment are on the order of hours to days, significantly shorter than the 1
month or longer necessary to create measureable (210Pb)/( 226Rn) disequilibria. This does
imply, however, that unlike Mount St. Helens, eruptions at Bezymianny were preceded
by a pulse of gas streaming only a few days prior to the actual explosive event, and that
the eruption cleared the shallow magma system of gas-streaming-enriched magma. Also,
unlike at Mount St. Helens, gas streaming was minimal during repose periods between
eruptions.

4.5.4: Temporal Variations and Models fo r the Bezymianny Magma System
Low-pressure Li enrichment is dominantly found in inclusions from samples from
the 1984-2000 eruptive period, while inclusions from 2001-2010 entrap liquids that are
less enriched in Li and include the most H 2 0 -rich inclusions in the sample set (Fig. 4-12).
This may result from one or more of several different processes. Eruptions at
Bezymianny may no longer be fed by magma that spent significant time in shallow
storage regions and instead are dominated by magma brought directly to the surface from
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deeper in the Bezymianny plumbing system. Conversely, magma may still be stored at
shallow depths prior to eruption but is no longer being affected by gas streaming, either
due to reduced gas fluxes or insufficient residence time at low pressure for significant
degassing and influx of volatiles from the deep magmatic system due to gas streaming. If
magma was no longer being stored at shallow depths, however, inclusions from 2 0 0 1 
2010 would not show significant pressure-dependent variations in K or Rb, as the magma
would not have enough time to crystallize and enrich the residual liquids in these
incompatible elements. This is not the case, as 2001-2010 Bezymianny melt inclusions
show K and Rb enrichment at low pressures indistinguishable from previous years. This
suggests that magma has been allowed to crystallize and degas at low pressures
throughout the post-1956 eruptive history of the volcano but has not experienced
significant Li enrichment since 2001, and therefore it is the nature of the upward gas
streaming, not magma storage, that has changed.
If the locations of magmatic storage beneath Bezymianny are not changing
significantly, why is gas streaming being restricted? Turner at al. (in review) suggest that
the 1956 eruption was dominantly fed by shallowly-stored silicic magma, and that
eruptive products of Bezymianny are becoming progressively more mafic due to the
increasing dominance of a mafic mixing end-member from the deep magmatic system
over silicic components. If the gas streaming is also sourced in the deep, mafic magma
system, the cessation of gas streaming may indicate that the new mafic magma is dry or
is beginning to run out of volatiles to supply gas streaming. The general increase in
inclusion H2O concentrations in more recent eruptions (Fig. 4-5) contradicts the former
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scenario, but Kayzar (2012) reported a decrease in (210Pb)/(226Rn) ratios between 2005
and 2007 to values below equilibrium, indicating that the magma had lost volatiles prior
to eruption. Gas streaming prior to 2001 may have depleted the deep magmatic source in
volatiles to a sufficient degree to prevent to the segregation o f a separate fluid phase at
Bezymianny. Volatile depletion would be reflected in the decreasing (210Pb)/( 226Rn)
ratios found by Kayzar (2012) and the cessation of shallow Li enrichment.
Changing stress patterns in the crust around Bezymianny may also play a role in
restricting gas streaming. Geodetic measurements o f Bezymianny and the surrounding
area indicates a pattern o f long-term subsidence o f the Klyuchevskoy volcanic group
dating back to at least 1978, which is partially (though not completely) due to the
increased loading of the area by material erupted from Bezymianny and Klyuchevskoy
over the past 55 years (Fedotov et al., 1992; Grapenthin et al., in review). Numerous
studies (e.g. Sigvaldason et al., 1992; Jull and McKenzie, 1996; Albino et al., 2010;
Sigmundsson et al., 2010; Tuffen, 2010; Hooper et al., 2011) have suggested that
decreasing the surface loads at volcanoes will promote increased magmatic output, both
by promoting decompression melting and by reducing the compressive stress on shallow
crustal magmatic pathways, allowing these pathways to expand and allow larger volumes
of magma to pass through them.
At Bezymianny, the reverse of this process may be in play. Could the system have
been “sealed” prior to the 1956 eruption by old magma and the load of the pre-1956
edifice, and only the clearing o f the system by the 1956 eruption allowed upward volatile
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movement into the shallow system? If so, this may in part explain why low-pressure Li
enrichment is prevalent in 1984-2000 samples, but minor in 1956 and 2000-2010 samples
(Fig. 4-12), as the 1984-1997 eruptive period represented a period when the system was
most “open,” and gas streaming was at a maximum. The subsidence of the Klyuchevskoy
group and surrounding areas and the increased surface loads at Bezymianny and
Klyuchevskoy may have then increased the compressive stress on the Bezymianny
magma system and restricted the Li enrichment of the shallow magmatic storage regions
by choking pathways for gas streaming. Further modeling of the stress field under
Bezymianny is necessary to constrain how the continued regional subsidence and loading
are affecting volatile and magma movement.

4.6: Conclusions
Measurements o f major, trace and volatile elements concentrations in melt
inclusions from Bezymianny allow for several major conclusions. Similar to the trend in
bulk rock compositions, melt inclusion compositions become slightly less silicic over
time, reflecting the increasing influence of mafic magma being introduced into the
system from depth. H 2O concentrations generally increase in inclusions from eruptions
after 1956, reaching a maximum of -4.2 wt. %. Based on H20 - CO2 solubility, the
maximum pressure of melt inclusion entrapment was -230 MPa, but inclusions
dominantly record pressures <50-100 MPa, in good agreement with previous conclusions
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from geophysical and geochemical data that the Bezymianny plumbing system includes a
zone o f a shallow magmatic storage 2-4 km below the surface. Magma stored in this
shallow region degasses, which triggers extensive crystallization, as seen in the low H 2O,
CO 2 and S concentrations and marked increases in the concentrations o f incompatible
elements (K, Rb) with decreasing pressure (cf. Blundy and Cashman, 2005).
Inclusions trapped at shallow levels beneath Bezymianny show significant
enrichment in Li, likely due to the ascent of a separate volatile fluid phase from deep in
the Bezymianny magmatic system, similar to the gas streaming observed at Mount St.
Helens (cf. Kent et al., 2007). Unlike at Mount St. Helens, however, no (210Pb)/(226Rn)
disequilibria have been reported at Bezymianny, as would be expected for a system that
had experienced gas enrichment for long periods prior to eruption. This indicates that gas
streaming at Bezymianny occurs only immediately prior to eruption, rather than over
long periods (>1 month; e.g., Berio et al., 2006; Kayzar, 2012). Modeling of Li diffusion
through plagioclase indicates that timescales not more than a few days are necessary for
significant Li enrichment to be found in melt inclusions, and therefore it seems likely that
any gas streaming at Bezymianny is transient and occurs only a few days prior to
eruptions.
Low-pressure Li enrichment is dominantly found in inclusions from samples from
eruptions between 1984 and 1997, while inclusions from 2001-2010 are dominantly low
in Li. While inclusions continue to be trapped at low pressures, modification of
shallowly-stored magma by upward movement of volatiles seems to have diminished at

156
Bezymianny in recent years. This may be due to increased compressional stresses,
imposed by the subsidence o f the KVG and surrounding areas, restricting pathways for
upward volatile movement, though this hypothesis requires further investigation. The
composition trends in melt inclusions in the Bezymianny system are similar to those seen
at Mount St. Helens (cf. Blundy et al., 2008), though the cessation of low-pressure Li
enrichment with time is, at this point, unique to Bezymianny. Whether a similar cessation
occurs at Mount St. Helens remains to be seen.
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4.8: Figures
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Figure 4-1: Location Map and Photo o f Bezymianny. (A) Regional location map of
Kamchatka. Dashed circle indicates the location of the Klyuchevskoy Volcanic Group
(KVG), black triangle indicates Bezymianny Volcano, grey triangles indicate other
major Kamchatkan volcanoes active during the Holocene. Map adapted from the Institute
of Volcanology and Seismology, Far East Branch of the Russian Academy of Sciences
(http://www.kscnet.ru/ivs/volcanoes/holocene/main/map/holocene.jpg, last accessed 2 0
July, 2012). (B) Photo taken 13 July, 2010, by O.K. Neill from a ridge east of
Bezymianny, showing the growing lava dome inside the crater created by the collapse of
the edifice during the climactic 1956 eruption. An actively extruding lava flow (dark
area) can be seen on south side of the dome. Base of visible edifice to the top of the dome
is -1000 m. Kamen Volcano is at right.
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Figure 4-2: Representative Photomicrograph of Melt Inclusions. Inclusions (indicated by
white arrows) are hosted in a pyroxene phenocryst from the 11 January, 2005 eruption of
Bezymianny.
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glass standards used to calculate concentrations from SHRIMP ion microprobe
measurements of melt inclusions. Standard concentrations are given in Appendix 4-2.
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Figure 4-5: Variations in SiC>2 and H 2O with Eruption Date. Bulk-rock SiC>2 are shown,
as well as variations in melt inclusion SiC>2 and H 2O concentration. Symbols and error
bars as Fig. 4-4. Bulk compositions of Bezymianny eruptive products from Izbekov
(2009), Izbekov et al. (2010) and Turner et al. (in review).
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Figure 4-6: Melt Inclusion H 2O and CO 2 Concentrations. Concentrations of H 2O and CO 2
in Bezymianny melt inclusions measured by SHRIMP ion probe. Isobars calculated using
the H2O-CO 2 solubility model VolatileCalc (Newman and Lowenstem, 2002). Symbols
and error bars as in Fig. 4-4.
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components analyzed by SHRIMP except K 2 O. Symbols and error bars as in Fig. 4-4.
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Figure 4-8: Variations in H2 O, CO 2 and S with Rb Concentration. All components
analyzed by SHRIMP. Symbols and error bars as in Fig. 4-4.
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Figure 4-11: Variations in K 2O and Rb with Entrapment Pressure. Melt inclusion
entrapment pressures represented as total pressure (- P - r o t a i) and partial pressure of H20
(pmo)- Black arrows represent schematic pressure-composition relationships likely for
syn-eruptive degassing during rapid ascent and crystallization during slower
ascent/shallow magmatic storage (see text), drawn after Blundy and Cashman (2005). All
components analyzed by SHRIMP except K 20 . Symbols and error bars as in Fig. 4-4.
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C h apter 5: Concluding R em arks

«X o^ht aypanoK no Jiecy, nineT nypauoic rjiynee ce 6 a».
rpaofcdcmcKOH 06opoua, «IIpo aypaHKa»,
T lp b ie -C K O K , r P0 6 Records, 1990

In this dissertation, geochemical tracers of magma movement, mixing,
crystallization and degassing were employed to better understand the magmatic systems
of two different arc volcanoes. The purpose of the first study (Chapter 2) was to
characterize the petrology and geochemistry of the eruptive products o f the 2008 eruption
o f Kasatochi Island volcano in the central Aleutian Islands and determine the
mechanisms by which the different lithologies produced during the eruption came to
coexist and ascend together to the surface. The 2008 eruption produced white,
pumiceous medium-K, slightly calc-alkaline andesite, as well as denser, grey-brown,
medium-K, tholeiitic basaltic andesite. Both lithologies vary in bulk composition, with
basaltic andesite clasts containing -52-56 wt. % SiC>2 and andesite clasts falling between
-58-62 wt. % SiC>2; the compositions of banded samples span the full range of
compositions. Some limited pre-eruptive homogenization must have taken place between
the andesite and basaltic andesite, but pre-eruptive physical and chemical interactions
between the two lithologies were very limited overall. As europium anomalies are absent,
and the linear trends seen in element-element variation diagrams are not congruent
throughout all components, any direct genetic link between the andesite and basaltic
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andesite lithologies through fractional crystallization or simple two-component mixing is
highly improbable. The basaltic andesite and andesite must have resided in spatially and
chemically distinct storage areas until just prior to eruption, with any mixing between the
two magmas limited to a brief period prior to eruption.
The second study (Chapter 3) focused on the plagioclase phenocryst populations
and the anomalously high calcium concentrations of plagioclase microlites in the basaltic
andesite from the 2008 Kasatochi eruption. The basaltic andesite also contains two
plagioclase phenocryst populations. Group 1 phenocrysts have rim compositions of
An 55.65 and display osciallatory zonation with an overall normal compositional trend,
while Group 2 phenocrysts are highly calcic (Angsts) and texturally homogeneous. In
contrast to standard models of plagioclase microlite formation, which suggest that these
microlites should to have the similar or lower calcium concentrations to the phenocryst
rim compositions, the 2008 basaltic andesite contains microlites with anomalously high
calcium concentrations (up to -Ango). Compositional heterogeneity in the 2008
Kasatochi basaltic andesite result from pre-eruptive magma mixing (see Chapter 2)
between mafic and silicic compositional end members, compositionally similar to the
most mafic and most silicic basaltic andesite whole-rock compositions. As the Group 2
plagioclase phenocrysts and the high-An microlites are out o f equilibrium with the
basaltic andesite groundmass glass, the microlites and Group 2 phenocrysts likely
crystallized mostly in the mafic mixing end member at higher temperatures (900-1000
°C) than the Group 1 phenocrysts, which crystallized in the cooler (800-950 °C) felsic
mixing end member. Mixing between the cooler, silicic end member and the hotter, mafic
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end member imposed an undercooling on the mafic magma, triggering plagioclase
microlite nucleation in the more calcic liquids of the mafic end member.
The purpose o f the final study (Chapter 4) was to investigate the evolution of the
magma system o f Bezymianny Volcano in Kamchatka, Russia through analyses o f the
major, trace and volatile compositions of melt inclusions. Inclusions dominantly record
pressures o f inclusion entrapment (based on H 2O - CO 2 solubility) <50-100 MPa, with a
maximum pressure of -230 MPa, indicating a zone o f magmatic storage 1-2 km below
the surface. Magma degassing and crystallization during ascent to and storage in this
shallow storage zone produces significant negative correlations between concentrations
o f incompatible lithophile (K 2O, Rb) and volatile (H 2O, CO 2, S) elements. Also, Li
enrichment from the ascent o f a fluid phase from deep in the Bezymianny magma system
leads to enrichment of shallowly-stored magma in lithium. This fluid enrichment of the
shallowly stored Bezymianny magma likely occurs on timescales of hours to days
directly prior to eruption.

