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Abstract

This study investigates magmatic conditions preceding the 2006 eruption of Augustine Volcano through the
use of amphibole compositions and textures. Due to their restricted stability region and common occurrence
in calc-alkaline magmas, amphiboles are important for investigating pre-eruptive magmatic conditions at
subduction zone volcanoes. Chapter 1 presents a study into geochemical and textural variations of natural
amphibole phenocrysts in the erupted magmas. Magnesiohornblendes in the high- and low-silica andesites
exhibit limited compositional variability. Intermediate-silica andesites and quenched mafic enclaves

contain amphiboles.that vary in composition and classification (magnesiohornblende-magnesiohastinsite-
tschermakite). Compositional variations are controlled by temperature-dependent substitutions. Both high-
and low-silica andesites represent magmas that were stored in the shallow crust at 4-8 km depth, remaining
distinct due to a complex sub-surface plumbing system. Intermediate-silica andesites and quenched mafic
inclusions represent newly formed hybrids of resident high- and low-silica andesite magmas and an
intruding basalt. Chapter 2 presents the results of a phase equilibria study the refines the model for high-
silica andesite storage. The natural phase assemblage was reproduced between 860-880°C and 120-200
MPa. Experimental plagioclase and groundmass glass compositions most closely replicate natural samples
at ~130-140 MPa. Estimated storage conditions fall within the ranges suggested by natural petrological data
and modeled storage depths from geodetic data. The high temperature stability of experimental quartz and

biotite (not identified in natural samples) may reflect the high jﬁoz of the Augustine system as well as the

rapid kinetics associated with the crystal-poor sintered starting material of some experiments. Chapter 3
presents results of the first experimental study to target heating-induced amphibole reaction rim formation.
Experiments show that reaction rims form on remarkably short timescales. They share mineralogical and
textural features with natural reaction rims previously thought to represent decompression processes.
Reaction rims cannot be simply classified on the basis of semi-quantitative observations. Rather, in-depth
data collection (e.g. X-rap mapping), and the calculation of kinetic parameters (e.g. crystal nucleation
rates), is necessary. Chapter 4 presents a new MATLAB® based program that performs mineral formula

recalculations and the associated propagation of analytical uncertainty.
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INTRODUCTION
i PROJECT RATIONALE AND GOALS

This study presents the results of an investigation into pre-eruptive magma storage conditions and pre-
eruptive magma dynamics prior to the 2006 eruption of Augustine Volcano, Alaska. The results, which
incorporate investigations of natural petrological features, in addition to targeted phase equilibria, heating,
and decompression experiments, significantly refine our understanding of the shallow plumbing system at
Augustine Volcano.

Augustine presents a unique opportunity for an investigation of this type. Due to its high rate of
activity, proximity to populations and infrastructure, and ease of access, Augustine Volcano is one of the
most comprehensively monitored and studied volcanoes in the region (Power et al., 2010). Its products
were well poised for a study that combines the petrologic analysis of natural and experimental materials.
For example, Augustine lacks the specific phase assemblage required for the use of the Al-in-hornblende
technique for estimating the pressure at which the amphibole crystals last equilibrated (e.g. Johnson &
Rutherford, 1989). It is possible to use other available techniques such as volatiles-in-melt-inclusions to
estimate storage pressures, but they are themselves subject to great uncertainty (Scaillet & Evans, 1999).
Through experimental investigations, this study aims to provide an independent verification of pressures
and temperatures of shallow magmatic storage at Augustine Volcano.

Augustine also provides an opportunity to study the effects of oxidation state on mineral stabilities
and on magmatic responses to disequilibrium e.g. pre-eruptive heating and/ or decompression. At oxygen
fugacity (fO,)of 0 to 0.5 log units below Re-ReO (RRO~NNO+2), Augustine magmas are unusually highly
oxidized for the Aleutian arc (Larsen et al., 2010). Highly oxidized magmas are not common, but they erupt
at some of the world’s mos£ hazardous volcanoes (e.g. Mt Pinatubo, The Philippines and Shiveluch,
Kamchatka, Russia). Therefore, it is important that we gain a better understanding of their geochemistry
and petrology.

Much of this study focuses on the hydrous silicate mineral amphibole. Despite a low modal



abundance, amphiboles are an important phase in the Augustine deposits. Due to their sensitivity to
changing magmatic conditions and to their restricted chemical-thermo-barometric stability, amphiboles
provide an opportunity to investigate pre-eruptive magma conditions. Amphibole compositions can yield
information regarding the storage conditions (e.g. temperatures, pressures, oxygen fugacity). Further,
removing amphibbles from their stability field leads to their decomposition and to the subsequent formation
of reaction rims of anhydrous minerals. These reaction rims allow the investigation of pre-eruptiye magma
dynamics, as this decomposition is generally caused by magma heating and/ or by ascent driven

decompression and melt dehydration (e.g. Rutherford & Hill, 1993).

ii AUGUSTINE VOLCANO: GEOGRAPHY, GEOLOGY, AND THE 2006 ERUPTION

Augustine is a 1254-m-tall Pleistocene-Holocene stratovolcano located on a 10—12km diameter island near
the eastern end of the Aleutian volcanic arc. It is the most active volcano in Alaska’s Cook Inlet region and
presents a number of local and regional hazards, including volcanically induced tsunamis, ash fall, and ash
plumes that threaten aviation (Waythomas & Waitt, 1998). The volcano came into existence in the late
Pleistocene when magma erupted through Jurassic aged sedimentary deposits that formed a small island.
There is limited evidence from these early eruptions. Exposed deposits from the late Holocene (2200 years
B.P.) to the present day are well documented (Waitt & Beget, 2009).

Historical eruptions occurred in 1812, 1883, 1935, 1964, 1976, 1986, and 2006, producing crystal-
rich andesites. The last 3 eruptions all progressed from early explosive to late effusive phases over a scale
of weeks to months (Waitt & Begét, 2009). These eruptions produced similar ranges in whole-rock
compositions. The injection of hot mafic magmas into cool residual magmas stored at shallow levels
apparently triggered these episodes of unrest (Johnston, 1978; Roman et al., 2006; Larsen et al., 2010).
Roman et al. (2006) propose a shallow storage region of interconnected dikes that prevent full
homogenization of magmas. They infer that the short time interval between historical eruptions allows the
maintenance of this complex storage structure as the frequent influx of new magma prevents the small

dikes from freezing.



The 2006 eruption followed almost 20 years of quiescence. Activity began with a 6-month
precursory phase, and progressed through a 2-week explosive phase and a 1-week continuous phase, before
ending with a 2-month effusive phase. Four major lithologies comprise low- to medium-K crystal-rich
andesites categorized on the basis of silica content and/or textural characteristics. Minor lithologies include
fine-grained gabbroic inclusions and quenched mafic inclusions. Volatile concentrations in melt inclusions
indicate a storage region no shallower than 4-6 km depth (Webster et al., 2010). Geodetic estimates suggest

a cylindrical storage region with a top at 2.5-4.5 km and a base at 6.5-10.5 km (Cervelli et al., 2010).
iii. PROJECT OVERVIEW

This study aims to answer several questions about the 2006 Augustine magmas raised by prior research: 1)
Is the inferred 4-§ km storage depth of the high silica andesite magma accurate, based on the preliminary
petrology and geophysical observations? 2) How important is decompression versus heating due to magma
mixing in creating the amphibole textures? 3) How does oxidation state affect amphibole breakdown in
comparison with more reduced volcanic systems? 4) Is it possible to refine magma mixing timescales
and/or ascent rates by examining amphibole reaction rims?

Amphiboles in the 2006 lithologies are compositionally and texturally complex. In Chapter 1 an
extensive study into amphibole compositions and textures is presented. The results of this study help to
refine models of pre-eruptive magma storage and shed new light on pre-eruptive magma mixing and the
genesis of hybrid magmas. In Chapter 2 experimental phase equilibria results investigating storage
conditions for the high-silica andesites of the 2006 Augustine eruption are presented. The results of this
study significantly refine previous estimates on the temperature and pressure constraints of shallow magma
storage at Augustine Volcano. In Chapter 3 the results of the first experimental study to target the heating-
induced formation of amphibole reaction rims are presented. Results show that amphibole reaction rims
may not be simply classified on the basis of semi-quantitative textural and mineralogical observations and
that past studies may have misclassified, and as such misinterpreted, reacted magmatic amphiboles.In

Chapter 4 a MATLAB® based program, MINERAL, which provides mineral formula recalculations and



the associated propagation of analytical uncertainty through these calculations is presented. It is a common
scientific principle that the quantification and reporting of error or uncertainty is an essential aspect of data
presentation. However, published atoms per formula unit (a.p.f.u.) rarely include uncertainties. The

MINERAL package provides a rapid and user-friendly tool for performing these calculations.



CHAPTER 1:
Pre-eruptive magmatic conditions at Augustine Volcano, Alaska, 2006: Evidence from amphibole

geochemistry and textures'

1.1 ABSTRACT

Variations in the geochemistry and texture of amphibole phenocrysts erupted from Augustine Volcano in
2006 provide new insights into pre- and syn-eruptive magma storage and mixing. Amphiboles are rare but
present in all magma compositions (low- through high-silica andesites) from the 3-month-long eruption.
Unzoned magnesiohornblende amphibole in the high- and low-silica andesites exhibit limited
compositional variability, relatively high SiO; (up to 49.7 wt%), and relatively low AL,O; (< 11.1 wt%).
Intermediate-silica andesites and quenched mafic enclaves contain amphiboles that vary in composition
(e.g. Si0;: 40.8-48.9 wt% & Al;0;: 6.52-15.2 wt %) and classification (magnesiohornblende-
magnesiohastingsite-tschermakite). Compositional variation in amphibole is primarily controlled by
temperature-dependent substitutions. Both high- and low-silica andesites represent remnant magmas that
were stored in the shallow crust at 4-8 km depth, remaining distinct due to a complex sub-surface
plumbing system. Intermediate-silica andesites and quenched mafic inclusions represent pre-eruptive
hybrids of resident high- and low-silica andesite magmas and an intruding basalt. Amphiboles in explosive
phase high-silica andesites are largely euhedral and unreacted, consistent with the high magma flux rates
from depth during this phase (up to 13,800 m’/s). Phenocrysts from the other lithologies have reaction rims
that range from 1 to >1000 um in thickness. Reaction rim microlite sizes correlate with reaction rim
thicknesses. Reaction rims <50 pm thick contain microlites 1—-10 pm in length and reaction rims >80 pm
thick contain microlites 10-100 um in size. Differentiating between heating and decompression induced

amphibole reaction rim formation is problematic because of a lack of experimental constraints available in

! Henton De Angelis, S., Larsen, J. & Coombs, M. Pre-eruptive magmatic conditions at Augustine
Volcano, Alaska, 2006: Evidence from amphibole geochemistry and textures. Accepted for publication,
Journal of Petrology



the literature. This study attempts a new approach to assessing reaction rim formation, based on kinetic
theory of crystal nucleation and growth, in which the differences in reaction rim textures represent different
degrees of amphibole disequilibrium. Large crystal and low number densities suggest relatively lower
levels of disequilibrium resulting in growth-dominated crystallisation. Smaller crystals and larger number

densities are indicative of higher nucleation rates and a high driving force.

1.2 KEYWORDS: Amphibole; Andesite; Magma mixing; Magma storage; Reaction rims

1.3 INTRODUCTION

Numerous studies have used amphibole compositions and textures to investigate magma storage and ascent
processes (e.g. Bachmann & Dungan, 2002; Browne & Gardner, 2006; Devine et al., 1998; Johnson &
Rutherford, 1989; Rutherford & Devine, 2003; Rutherford & Hill, 1993). Magma ascent rates and eruption
styles primarily depend on the pressure in the storage region and on the physical and chemical properties of
the magma: volatile content, temperature, density, viscosity, and crystallinity (Rutherford, 2008 and
references therein). These parameters are largely determined by crustal storage conditions. Improving our
understanding of magma storage conditions and ascent dynamics through focused studies of magmatic
minerals leads to improved prediction of eruptive style and is thus essential for hazard mitigation.

Although exact stability boundaries vary between magmas, OH bearing amphibole is only
stable at pressures greater than ~100 MPa (4 km) and in melts containing at least 4 wt% H,0 (Rutherford &
Hill, 1993). The somewhat restricted stability region and common occurrence in intermediate calc-alkaline
magmas make amphiboles important for investigating magma storage and ascent conditions at subduction
zone volcanoes. When forced out of stability amphibol‘es decompose to form aggregate reaction rims of
anhydrous minerals (referred to hereafter as ‘microlites’). Based on experimentally calibrated
decompression models, reaction rim thicknesses have been used to estimate magma ascent rates
(Rutherford and Hill, 1993; Browne & Gardner, 2006). Other investigations have discussed heating-

induced reaction rim formation (Garcia & Jacobson, 1979; Murphy et al., 2000; Buckley et al., 2006;



Plechov et al., 2008), although only four heating experiments exist and thus heating-induced rim formation
is almost completely uncalibrated experimentally (Browne, 2005).

This study uses the geochemical and textural characteristics of phenocrystic amphiboles, in
conjunction with bulk rock compositions, to deduce pre-eruptive magmatic processes and conditions for the
well-described 2006 eruption sequence from Augustine Volcano, Alaska. Despite low overall abundances
in most Augustine 2006 samples (Larsen et al., 2010), the compositional and textural variations in the
amphibole population suggest a complex story of pre- and syn-eruptive magma mixing. Amphibole
scarcity, as compared to analogous volcanoes (e.g. Redoubt, Alaska; Coombs et al., 2012, and Soufriére
Hills, Montserrat; e.g. Murphy et al., 2000), and their uneven distribution among samples may be indicative
of a storage region that straddles the mineral’s thermal and/or pressure stability boundaries. The evidence
presented herein supports the hypothesis that the eruption was triggered by an influx of mafic magma from
depth. Older magmas stored below the volcano since at least 1986 were remobilised by heating and by
variable amounts of mixing with the fresh mafic magma. This study also presents a quantitative method for
analysing the textures and mineralogy of reaction rim microlites. The resulting model for reaction rim
formation, based on accepted crystallisation kinetics theory, proposes a new approach to classifying

amphibole reaction rims, a common feature in magmas from around the world.

1.4 BACKGROUND

1.4.1 Geographical and Geological Setting

Augustine is a 1254-m-tall Pleistocene-Holocene stratovolcano located on a 10-12km diameter island near
the eastern end of the Aleutian volcanic arc (Figure 1.1). It is the most active volcano in Alaska’s Cook
Inlet region and presents a number of local and regional hazards, including volcanically induced tsunamis,
ash fall, and ash plumes that threaten aviation (Waythomas & Waitt, 1998). Due to its high rate of activity,
proximity to populations and infrastructure, and ease of access, Augustine is one of the most
comprehensively monitored and studied volcanoes in the region (Power et al., 2010).

Historical eruptions occurred in 1812, 1883, 1935, 1964, 1976, 1986, and 2006, producing



compositionally similar, crystal-rich andesites and low-silica dacites. The last 3 eruptions all progressed
from early explosive to late effusive phases over a scale of weeks to months (Waitt & Begét, 2009),
produced similar ranges in whole-rock compositions, and were each apparently triggered by the injection of
hot mafic magmas into cool, residual magmas stored at shallow levels (Johnston, 1978; Roman et al., 2006;
Larsen et al., 2010). Roman et al. (2006) propose a shallow storage region of interconnected dikes that
prevent full homogenisation of magmas. They infer that the short time interval between historical eruptions
allows this complex storage structure to be maintained as the frequent influx of new magma prevents the

small dikes from freezing.

1.4.2 Overview of the 2006 Eruption

A full description of the 2006 eruption appears in Power et al. (2010) and is briefly summarised here.
Activity began with a 6-month precursory phase (Table 1.1), and progressed through a 2-week explosive
phase and a 1-week continuous phase, before ending with an effusive phase that lasted for almost 2 months.
The total erupted volume was ~0.1 km® (Coombs et al., 2010).

Four major lithologies comprise low- to medium-K andesites (Figure 1.2a; Table 1.1), categorised
on the basis of silica content and/or textural characteristics: high-silica andesites (HSA; 62.2-63.3 wt%
Si0,); low-silica andesite scoria (LSAS; 56.5-58.7 wt% Si0,); dense low-silica andesites (DLSA; 56.4—
59.3 wt% Si0O,); and intermediate-silica andesites (ISA; 58.3—61.1 wt% Si0,). Although all major
lithologies were present throughout the eruption, their proportions varied with time (Figure 1.3; Vallance et
al., 2010). The andesites contain 36—55 volume % phenocrysts of plagioclase (Anss—Any), augite,
orthopyroxene, Fe-Ti oxides (magnetite and ilmenite), olivine, and amphibole (Larsen et al., 2010).

Crystal rich (> 70 volume %) minor lithologies include fine-grained gabbroic inclusions (FGGI:
54.5-58.2 wt% SiO,; Larsen et al., 2010; Coombs and Vazquez, 2012) and quenched mafic inclusions
(QML: 49.7-60.6 wt% SiO,; Steiner et al., 2012; Browne & Vitale, 2011; this study). Quenched mafic
inclusions are primarily found in high-silica andesite deposits. They exhibit chilled margins and rounded

morphology suggestive of quenching in cooler host magma (Steiner et al., 2012).



Iron-titanium (Fe-Ti) oxide thermometry methods yield temperatures of 810-970°C for the major
lithologies (Larsen et al., 2010) and 840-940°C for the quenched mafic inclusions (Browne & Vitale,
2011). Magmas are highly oxidised with fO; values of approximately nickel-nickel oxide (NNQ) +1.5 log
units, slightly below the rhenium-rhenium oxide (RRO) buffer.

Larsen et al. (2010) conclude that two-stage mixing preceded the eruption. The first stage involved
mixing between the high-silica andesite and an intruding mafic magma, forming a low-silica hybrid
(erupted as the LSAS). The second stage involved mixing between the high-silica andesite and the newly
generated low-silica andesite to produce the intermediate-silica andesite. Volatile concentrations in melt
inclusions indicate a storage region no shallower than 4-6 km depth (Webster et al., 2010). Similarly,
geodetic estimates suggest a cylindrical storage region with the top at 2.5-4.5 km and the base at 6.5-10.5

km (Cervelli et al., 2010).

1.5 MATERIALS AND METHODS

1.5.1 Sample Selection

This study uses multiple samples from all eruptive phases and major lithologies (Table 1.2). A total of 123
amphiboles in 28 major lithology thin sections (each representing a different hand-specimen) were
identified, although amphibole distribution is not uniform. Some thin sections contain multiple amphibole
phenocrysts, whereas others from the same deposits contain none. Given the relative scarcity of
amphiboles, all identified phenocrysts from the major lithologies were used in this study. An additional 22

amphibole phenocrysts from 3 quenched mafic inclusions were also analysed.

1.5.2 Electron Microprobe (EPMA)

Amphibole major-element compositional data were collected on a Cameca SX50 electron microprobe at the

University of Alaska Fairbanks. This instrument is equipped with one EDAX energy-dispersive

spectrometer (EDS) and four wavelength-dispersive spectrometers. Analyses were conducted with a
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focused (1-5 um) 15kV accelerating voltage, 10nA beam. Data were collected at 10 to 30 pum intervals
along rim-to-rim or core-to-rim transects. Amphibole mineral formulae were recalculated based on
normalisation to 13 cations and assuming 23 oxygen ions (Leake et al., 1997). This method includes
Si+Ti+Al+Fe+Mn+Mg in the T- and C-sites (M1, M2, M3). Ca is excluded from the C-site and Fe**, Mn
and Mg are excluded from the B-site (M4). The Fe?*/Fe*" ratio was calculated stoichiometrically. For calcic
amphibole, normalisation to 13 cations is thought to produce more accurate stoichiometric Fe?"/Fe**
estimation than normalisation to 15 cations (e.g. Al’meev et al., 2002). Uncertainties on recalculated data
reflect the 1-sigma standard deviation of 'n’' oxide analyses for each phenocryst propagated through the
mineral recalculation using full error propagation methods (Giaramita & Day, 1990; De Angelis & Neill,
2012). Amphiboles were classified according to Leake et al. (1997), based on the occupancy of the A- (Na

+K), B- (Ca, Na), C- (Mg, Fe**, Fe’*, Ti, Mn, Aly)), and T- (Si, Al,,) sites.
g

1.5.3 Amphibole Image Acquisition and Processing

Photomicrographs of amphibole phenocrysts were acquired using a Diagnostic Spot InSight Color digital
camera mounted on a petrographic microscope, at magnifications between 2.5 (1 um represented by 0.3
pixels) and 20x (1 pm represented by 2.7 pixels). Backscattered electron (BSE) images and X-ray maps of
reaction rims were collected using a JEOL JSM-6510 Scanning Electron Microscope, equipped with an
IXRF Iridium Ultra EDS, at the U.S. Geological Survey, Anchorage, at magnifications between 30x and
6000 and at resolutions of 640x480 to 1280x960 pixels. Images were acquired with a 20kV accelerating
voltage, large spot size (85), and a 10 mm working distance.

Reaction rim images were measured using the National Institute of Health (NIH) ImageJ software
package. Phenocryst lengths were measured along the longest axis, and when crystal orientation permitted,
along the C axis (inferred from crystal habit and cleavage). Mean reaction rim thickness values were
calculated from 20 measurements taken at regular spatial intervals around each reaction rim. The mineral
phase, size, aspect ratio, and distances from the unreacted amphibole core and from the surrounding glass

were recorded for 24-244 microlites per reaction rim. Microlite size was defined as the Feret’s Diameter
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(FD), the longest distance between any two points around the boundary of the crystal, as measured by
ImagelJ. The number of microlites measured depended on the size of the amphibole and on the thickness of
the reaction rim. Where possible (small amphibole or those with very thin reaction rims), 100% of reaction
rim microlites were analysed. Where reaction rims contained large numbers of microlites, regions of
interest (ROIs) were established at multiple (5—10) locations around the reaction rim. Wherever feasible,
ROIs extended from the amphibole core to the reaction rim-glass boundary. All microlites within each ROI
were analysed. For each rim, average two-dimensional crystal number densities (CND) were calculated
from grain counts within square ROIs. The size of these ROIs depended on the magnification of the image
and on the total reaction rim thickness. Repeat CND calculations were conducted on selected reaction rims

to calculate representative standard deviations.

1.6 RESULTS

With just one exception (high-silica andesite sample 06 AUMCO004c; Table 1.2), thin sections from the
major lithologies contain <1 modal % amphibole (Larsen et al., 2010). These amphiboles are phenocrysts
and range in length from 50 to 1000 um, with a mean of 350 um. Quenched mafic inclusions contain both
phenocrysts and microphenocrysts of amphibole. Microphenocrysts likely represent recent crystallisation
following the mixing-induced quenching of the mafic inclusions (e.g. Bacon, 1986; Coombs et al., 2002;
Foley et al., 2012), occurring not longer than 1 month prior to eruption (Vitale, 2012). In this study, the use
of amphibole from the quenched mafic inclusions was restricted to phenocrysts > ~150 pum in length.
Quenched mafic inclusions contain 5 to 18 modal % amphibole phenocrysts that range in length from 60 to
750 pum, with a mean of 220 um. Of the major lithologies, the high-silica andesite is the only one in which
the majority of amphibole phenocrysts are euhedral (Figure 1.4a) and do not exhibit reaction rims (Figure
1.5). The other major lithologies contain amphibole with a range of textures, including rimmed, unrimmed,
euhedral, resorbed, and fragmented (Figure 1.4b—d). Amphiboles in the quenched mafic inclusions never

have reaction rims but are often resorbed (Figure 1.4e—f).
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1.6.1 Amphibole Major Oxide Geochemistry

Augustine 2006 amphiboles are calcic (Table 1.3) and have compositions that vary between
magnesiohornblende, tschermakite, and magnesiohastingsite (Figure 1.6). The spread in compositions is
consistent with other andesitic arc volcanoes, such as Redoubt, Alaska (Coombs et al., 2012) and Soufriére
Hills Volcano, Montserrat (Murphy et al., 2000). Compositions vary both within and between lithologies,
although individual phenocrysts are unzoned.

With the exception of 3 phenocrysts, high- and low-silica andesite amphiboles are all
magnesiohornblende (Figure 1.6). Theses amphiboles exhibit the least compositional variation between
phenocrysts (Figure 1.7a, b) and contain relatively high Si0O, (44.3-49.7 wt%) and low Al,O; (7.15-11.1
wt%). Dense low-silica andesite, intermediate-silica andesite, and quenched mafic inclusion amphiboles
contain bimodal populations of high- and low-Al amphiboles, varying between the tschermakite,
magnesiohastingsite, and magnesiohornblende fields (Figure 1.6 &1.7). These amphibole phenocrysts show
relatively wide ranges in their oxide compositions (SiO; = 40.8—48.9, Al,O; = 6.52-15.2 wt %).

Key substitutions that control the composition of calcic amphiboles from calc-alkaline volcanip
sequences are the Al-Tschermak, Ti-Tschermak, Plagioclase, and Edenite exchanges (Bachmann &

Dungan, 2002):

Al-Tschermak exchange: Si (T site) + Mg (C site) <= Al;, (T site) + Al,; (C site)
Ti-Tschermak exchange: 2Si (T site) + Mn (C site) <> 2Al,, (T site) + Ti (C site)
Plagioclase exchange: Si (T site) + Na (B site) <= Al,, (T site) + Ca (B site)

Edenite exchange: Si (T site) + [ ] (A site) <= Al;, (T site) + (Na + K) (A site)

Plotting Al (tetrahedral Al) against the cations involved in each substitution highlights the relative
importance of each substitution(Bachmann & Dungan, 2002; Shane & Smith, 2013). Al;, varies by

approximately 1.4 atoms per formula unit (a.p.f.u.) across all samples: from <0.8 to almost 2.2 (Figure 1.8).
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Al,;, representative of the Al-Tschermak exchange, varies by approximately 0.35 a.p.f.u. (excluding
outliers). C-site Ti, representative of the Ti-Tschermak exchange, varies by approximately 0.15 a.p.f.u. B-
site Ca, indicative of the plagioclase exchange, varies by approximately 0.3 a.p.f.u. A-site alkalis (Na + K),
a proxy for the Edenite exchange, vary by approximately 0.6 a.p.f.u. With the exception of Ti, each of the
proxy elements changes in a 1:1 ratio with Al;, during substitution. A.p.f.u changes in Ti are accompanied
by twice the change in Al;,. Reported uncertainties are significant, and the slope of the data clearly exceeds

the uncertainties only in the Edenite exchange.

1.6.2 Reaction Rims

1.6.2.1 Reaction Rim Distribution and Widths

Most amphiboles in the major lithologies exhibit reaction rims (Figure 1.5). Rim-width distribution can be
described in terms of both eruptive phase and lithology (Figure 1.9). Most early explosive phase
amphiboles have reaction rims. These rims are predominantly <40 um in width, although a few are 70-80
pum in width (Figure 1.9a). In contrast, while only a small number of late explosive phase phenocrysts have
reaction rims, they are generally thicker, ranging from 61-200 pm. Continuous phase phenocrysts have
either thin (1-20 pm) or thick (201-300 pm) reaction rims. The effusive phase contains the highest
proportion of amphiboles with reaction rims, which range from 11 to >1000 um.

The high-silica andesite (HSA) is the only major lithology in which unreacted amphiboles are
dominant (>80%; Figure 1.5). However, the few reacted amphiboles have thick rims (up to 300 um). More
than 90% of low-silica andesite (LSA) amphiboles are reacted. Reaction rim thicknesses are predominantly
1-40 pm (Figure 1.9b), although single outliers reside in the 51-60 pm, 71-80 pm, and > 1000 pm bins.
Most dense low-silica andesite (DLSA) amphiboles have reaction rims (75%) with thicknesses of 1-200
pm. Almost 90% of intermediate-silica amphiboles (ISA) have reaction rims and over 50% appear in
transmitted light to be opacitised around phenocrysts edges and along cleavage lines. Rims range from 1-

10 um in width, with a single exception of 200-300 um.
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1.6.2.2 Reaction Rim Microlite Textures and Mineralogy

The microlites contained within the amphibole reaction rims vary in size. Microlite sizes (Feret’s Diameter
or FD) correlate with reaction rim thickness (Figure 1.10a). Where the total reaction rim thickness is <50
um, all microlites are <10 pm. Within this range, the majority of microlites are 1-6 um (Figure 1.10b).
Where total reaction rim thickness is 50—80 pm, reaction rim microlites are 2-20 um. Where total reaction
rim thickness is >80 um, microlites are always >10 um. There is no correlation between microlite size and
lithology, amphibole composition, or eruptive phase. Reaction rim microlites include orthopyroxene,
clinopyroxene, plagioclase, and Fe-Ti oxides (Figure 1.11, Figure 1.12, Table 1.4). However, in the
thinnest reactions rims (<10 um), some ‘microlites’ are actually fragments of amphibole, mechanically

separated from the parent phenocryst.

1.6.2.3 Reaction Rim Classification

Reaction rims in this study are primarily classified on the basis of reaction rim thickness. Subdivisions are
based on microlite mineralogy.

1) Type 1 reaction rims are <50 um thick and contain the smallest (1-10 um) microlites (Figure
1.10). Type 1a reaction rims contain amphibole fragments and Fe-Ti oxide microlites (Figure 1.11a, Figure
1.13a). Type 1b reaction rims contain amphibole fragments and orthopyroxene, clinopyroxene, Fe-Ti
oxides and plagioclase microlites (Figure 1.11a, Figure 1.13b). Type 1c reaction rims have a similar
mineralogy to Type 1b, however amphibole is not present (Figure 1.11a, Figure 1.13c). While some
individual microlites in Type 1 reaction rims are up to 10 um across, on average they are < 5 um in size
(Figure 1.12). Fe-Ti Oxides represent the smallest microlites (<2.5 pum), while there is little difference in
size between pyroxene and feldspar microlites (2.5 to 5 um; Figure 1.12a). There is no systematic variation
in microlite size across the Type I rims (Figure 1.12b).

2) Type 2 reaction rims are 50-80 um thick. They contain microlites of 3—-30 um in size (Figure

1.10). In order of decreasing abundance, Type 2 reaction rims contain orthopyroxene, clinopyroxene,
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plagioclase, and Fe-Ti oxides (Figure 1.11b). Type 2a reaction rims contain a single population of
plagioclase crystals of uniform composition (Figure 1.14a). Type 2b reaction rims contain relatively calcic
plagioclase near the amphibole phenocryst and relatively sodic plagioclase near the reaction rim-glass
boundary (Figure 1.14b). In both Type 2a and Type 2b reaction rims, Fe-Ti oxides represent the smallest
microlites, whilst plagioclase microlites are the largest (Figure 1.12a). For each given microlite phase, the
mean size is greater in Type 2a reaction rims than in Type 2b reaction rims (Figure 1.12a).

3) Type 3 reaction rims are >80 um thick, and contain the largest (10-100 pm) microlites (Figure
1.12). In order of decreasing abundance, Type 3 reaction rims contain orthopyroxene, plagioclase,
clinopyroxene, and Fe-Ti oxides. Type 3a reaction rims contain a single population of plagioclase crystals
of uniform composition (Figure 1.11c, Figure 1.14c). Type 3b reaction rims contain more calcic plagioclase
near amphibole and more sodic plagioclase near the boundary with the glass (Figure 1.11c, Figure 1.14d).
Microlite sizes are strongly dependent on microlite phase. In both Type 3a and Type 3b reaction rims, Fe-
Ti oxides represent the smallest microlites, whilst plagioclase microlites represent the largest microlites
(Figure 1.12a). For Fe-Ti oxides, clinopyroxene and plagioclase, the mean microlite size is greater in Type
3areaction rims than in Type 3b reaction rims (Figure 1.12a). Orthopyroxene microlites are larger in Type
3b reaction rims. In Type 3 reaction rims, mean microlite size clearly increases from amphibole-rim
boundary outwards to the rim-glass boundary (Figure 1.12b). Microlites closest to the host amphibole are
on average <20 um in size. Microlites on the outer edges of the rim, in contact with the surrounding glass,
have mean sizes of 2540 pym.

It is important to note that proportions of each mineral within reaction rims (Figure 1.11) represent
mineral modes. In some cases, these values may differ from the total area accounted for by a particular
mineral. For example, oxides tend to be numerous, but individual oxide microlites are very small (Figure
1.12a). Multiple oxide microlites may be required to account for the same surface area as taken up by a

single microlite of orthopyroxene or plagioclase.
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1.7 DISCUSSION

1.7.1 Geochemistry

1.7.1.1 Controls on Amphibole Composition

The sensitivity of amphiboles to changing melt composition, temperature, pressure, and volatile content has
made them a target for use in modelling magmatic conditions. At the same time, this sensitivity to multiple
parameters makes attributing changes to any one variable problematic. Popular models for interpreting
magmatic conditions relate amphibole compositions directly to pressure and/or temperature (e.g.
Hammarstrom & Zen, 1986; Johnson & Rutherford, 1989; Ridolfi et al., 2010). There are a number of
reasons why the application of these models to Augustine amphiboles is inappropriate. Firstly, none
account for the influence of bulk composition and the compositions of coexisting melts and other mineral
phases on amphibole compositions. Some models (e.g. Johnson & Rutherford, 1989), developed for near
solidus plutonic systems, circumvent this issue by requiring a specific mineral assemblage (e.g. quartz,
sanidine, biotite, sphene) to buffer melt composition. These phases are not found in Augustine 2006
magmas. For this reason, pressure and temperature calculations for Augustine using such models are
subject to high degrees of uncertainty. Amphibole pressure-temperature stability curves at Augustine will
be determined through the use of forthcoming experimental phase equilibria. However, for the purposes of
this study, the relative contributions from the four primary coupled substitutions controlling magmatic
amphibole chemistry are used to infer relative differences in magmatic conditions for different amphibole
populations.

The Al-Tschermak exchange is generally held to be primarily pressure sensitive, whereas the
Plagioclase and Edenite exchanges are temperature dependent (e.g., Bachmann & Dungan, 2002). Some
studies suggest that the amphibole-melt partitioning of Ti is affected by both pressure and water activity
(Adam et al., 2007), although most show that Ti variation and the Ti-Tschermak substitution are also
controlled by temperature (e.g. Bachmann & Dungan, 2002; Emst & Liu, 1998). On this basis, the Ti-

Tschermak exchange is the least useful because it may reflect changes in pressure, water activity, and
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temperature, or any combination of these.

In Augustine amphiboles, positive correlations for each of the 4 exchange relationships indicate
that all substitutions are active and account for aimost 100% of the variation in amphibole compositions
(Figure 1.8). The Al-Tschermak exchange accounts for approximately 21% of the variation, whereas the
Ti-Tschermak, Plagioclase, and Edenite exchanges account for 21%, 18%, and 39%, respectively. The
statistically most significant correlation is for the temperature-controlled Edenite exchange. These results
suggest that melt temperature is the primary control on amphibole compositions. Statistically
indistinguishable amphibole compositions (at the 95% confidence interval) between high- and low-silica
andesites (Figure 1.7) indicate that for the primary lithologies, melt composition plays a lesser role to
physical conditions in controlling amphibole composition at Augustine. The high-Al amphibole in the
dense low-silica andesites, intermediate-silica andesites, and in the quenched mafic inclusions (Figure 1.8)
formed from a higher temperature, and most likely higher pressure, melt than the low-Al amphibole. Low-
Al amphiboles are found in all lithologies, but in the high-silica andesite and low-silica andesite scoria they

represent the entire population (Figure 1.7).

1.7.1.2  Quenched Mafic Inclusions Represent Replenishing Basalt?

Larsen et al. (2010) suggest that the 2006 eruption was triggered by an influx of new basalt from depth into
the shallow storage region. However, at the time of publication no direct samples of this mafic end member
had been observed. Since then, quenched mafic inclusions have been identified in the Augustine 2006
deposits (Steiner et al., 2012). The quenched mafic inclusions anchor the mafic end of the linear mixing
array in bulk-rock major oxide chemistry (Figure 1.2a). However, their wide range in composition (50-60
wt% SiO;; Steiner et al., 2012) indicates that even if some of the inclusions represent an influx of new
basalt, others are hybrids. This is consistent with the results of Browne & Vitale (2011), who conclude that
the inclusions did not erupt in a pristine compositional state and underwent varying degrees of pre- and
syn-eruptive hybridisation.

Of the three mafic inclusions investigated in this study, two contain single populations of high-Al
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amphibole phenocrysts (>11 wt% Al,O3) and one contains a bimodal population of high- and low-Al (<10
wt% Al,O3) amphibole phenocrysts (Figure 1.7b). At the 95% confidence level, low-Al amphiboles in the
quenched mafic inclusions are statistically indistinguishable from those in the high-silica andesite. High-Al
amphiboles in the quenched mafic inclusions are statistically indistinguishable from high-Al phenocrysts in
the intermediate-silica andesite (at the 95% confidence level), consistent with pre-eruptive hybridisation.
However, the enclave containing the bimodal population has one of the lowest bulk-rock SiO, contents
reported (50.9 wt% SiO,). In contrast, enclaves with higher SiO, contain single populations of high-Al

amphiboles.

1.7.1.3  High-Silica Andesite and Low-Silica Andesite Scoria: Resident Magmas?

Larsen et al. (2010) infer the formation of low-silica andesite scoria from the mixing of remnant high-silica
andesite with an influx of basalt, likely represented by the quenched mafic inclusions. However, the
amphibole distribution sheds doubt on this hypothesis. Low-silica andesite scoria and high-silica andesites
both contain predominantly magnesiochornblende, with a small number of tschermakite outliers (Figure
1.6). In contrast, quenched mafic inclusions contain predominantly tschermakitic amphiboles, with a few
that are magnesiohastingsite. If the low-silica andesite scoria were a hybrid formed from high-silica
andesite and basalt magma end members, it should contain two phenocryst populations, one inherited from
each parent. On the basis of major oxide geochemistry, approximately 50% each of those end member
lithologies (e.g., quenched mafic inclusions and high-silica andesite) would be required to create a hybrid
of low-silica andesite scoria composition. The high-silica andesite contains on average <1 modal %
amphibole phenocrysts. The quenched mafic inclusions contain 5-18 modal % amphibole phenocrysts.
Thus, the majority of inherited phenocrysts should be similar to those from the quenched mafic inclusions
(Figure 1.7). Instead, the low-silica andesite amphibole population is similar to those in the high-silica
andesite.

The evidence suggests that the low-silica andesite does not represent a recent hybrid magma and

that both low-silica andesite scoria and high-silica andesite magmas resided in the shallow plumbing
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system beneath Augustine prior to 2006 and erupted with little or no pre- or syn-eruptive hybridisation.
Amphibole compositional data suggests that those magmas formed, or at least were stored for an extended
period, at similar temperatures. In contrast, whereas Fe-Ti oxide based temperature estimates show a cluster
of low-T values for the high-silica andesite (838°C + 14°C), they indicate a much larger range in
temperatures for the low-silica andesites (904°C = 47°C; Larsen et al., 2010). Fe-Ti oxides re-equilibrate on
a scale of hours to days, while it takes significantly longer for amphibole compositions to reflect changes in
magmatic conditions. The low-silica andesite underwent a greater degree of heating than the high-silica
andesite prior to eruption, as reflected in the higher (and greater range) of apparent temperatures.
Amphibole compositions likely do not reflect this heating as it occurred immediately prior to eruption on a
timescale too short for the re-equilibration of amphibole compositions. Employing the Roman et al. (2006)
storage model, both low and high-silica andesite magmas could have been stored in the plexus of dikes
without interacting. This hypothesis is supported by recent results from uranium series isotope analyses on
samples from the 2006 eruption (Thompson, 2011). Deficits in the *'°Pb/***Raratio of explosive and
effusive phase low-silica andesite samples indicate that the lithology likely represents a remnant magma,
possibly a crystal fractionate of an older basalt, stored below the volcano, and not a recent hybrid between

resident high-silica andesite and a new basalt or basaltic andesite magma.

1.7.1.4 Dense Low-Silica and Intermediate-Silica Andesites: Hybrid Magmas?

Of all lithologies, only the dense low-silica andesite and intermediate-silica andesite have
magnesiohastingsite phenocrysts in common with the quenched mafic inclusions. Larsen et al. (2010)
concluded that the dense low-silica andesite probably represents a degassed version of the low-silica
andesite scoria. However, dense low-silica andesite amphiboles exhibit a greater spread of compositions
(Figure 1.6). Although their whole rock major oxide compositions are indistinguishable, differences
between the low-silica andesite scoria and dense low-silica andesite are seen in the trace element whole
rock data (Larsen et al., 2010). Over 90% of the low-silica andesite scoria and about half of the dense low-

silica andesite whole-rock samples have Cr values that fall 10-20 ppm below the main mixing trend
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(Figure 1.2b). Larsen et al. (2010) attributed these differences to olivine settling in the interim between the
main eruptions of the low-silica andesite scoria (early explosive phase) and the dense low-silica andesite
(effusive phase). However, these differences are probably because low-silica andesite scoria magma is not
a 2006 hybrid. The dense low-silica andesite with the lower Cr values (circa 5065 ppm) may be a
degassed version of the low-silica andesite scoria magma while those with the elevated Cr (circa 60-85
ppm), in alignment with the main mixing trend, represent recent mixing between the high silica-andesite
and quenched mafic inclusion magmas. While amphibole data is too limited to be conclusive, it does lend
support to this theory. The lowest-Al amphiboles from the dense low-silica andesite, those most similar to
those in low-silica andesite scoria (Figure 1.7b), are from samples with depleted whole-rock Cr. In contrast,
the highest-Al amphiboles in the dense low-silica andesite come from samples with elevated whole-rock
Cr, consistent with recent hybridisation.

Intermediate-silica andesite samples contain high- (>11.5 wt% Al,0;) and low-Al (<9.5 wt%
Al;O5) amphibole populations, consistent with two-component mixing between high-silica andesite and a
basaltic end member. Similar to the dense low-silica andesite, intermediate-silica andesite amphiboles have
a wide range of compositions (Figures 1.6 and 1.7), including tschermakite and magnesiohastingsite
phenocrysts. Given the presence of high-Al amphiboles in intermediate-silica andesite magma, it is unlikely
that the low-silica end member in this mixing process was represented by low-silica andesite scoria, as
suggested by Larsen et al. (2010). More probable is the formation of the intermediate-silica andesite from
the mixing of high-silica andesite with replenishing basalt, represented by the quenched mafic inclusions.
The occurrence of statistically indistinguishable magnesiohornblende crystals in the high-, intermediate-,
and dense low-silica samples, and indistinguishable high-Al amphibole in the intermediate- and dense low-
silica and quenched mafic inclusion samples provide support for the hypothesis that the intermediate-silica

andesites and most of the dense low-silica andesites represent recent hybrid magmas.



21

1.7.2 Reaction Rims: Textures, Mineralogy, and Processes

1.7.2.1 Previous Models for Reaction Rim Formation

Volcanic amphibole reaction rim formation is commonly attributed to dehydration during ascent, thermal
decomposition caused by an influx of a higher temperature magma, fluxing of the magma with a CO; rich
melt, or shallow level oxidation (Rutherford & Hill, 1993). From semi-quantitative studies of natural
magmatic amphiboles (Garcia &Jacobson, 1979; Devine et al., 1998; Murphy et al., 2000; Rutherford &
Devine, 2003) reaction rims in past studies have been classified as follows:

Type A: Very thin (<10 pm), fine-grained (microlite sizes of 1-10 um) intergrowths of Fe-Ti
oxides and pyroxene that are often referred to as ‘Black Type’ (Garcia &Jacobson, 1979) or ‘Opaque’ (due
to their opaque appearance in transmitted light microscopy; Devine et al., 1998; Murphy et al., 2000).
These are attributed to oxidation and dehydrogenation within a lava dome or flow.

Type B: Thin (<40 pm), medium-grained (microlite sizes of 1-30 um) intergrowths of pyroxene,
plagioclase, and Fe-Ti oxides, classified as ‘Gabbroic’ (Garcia &Jacobson, 1979), ‘Fine Grained’ (Devine
et al., 1998; Murphy et al., 2000), or ‘Type 1’ (Rutherford & Devine, 2003). These are attributed to melt
dehydration during ascent driven decompression.

Type C: Thick (generally >200 pm), coarse grained (microlite sizes of 30-300 um) intergrowths
of pyroxene, plagioclase, and Fe-Ti oxides. These reaction rims are generally attributed to thermal
decomposition or to prolonged re-crystallisation in magmas that stall at shallow depths (Devine et al., 1998;
Murphy et al., 2000; Rutherford & Devine, 2003).

The generation of amphibole reaction rims via decompression has also been explored
experimentally (Rutherford & Hill, 1993; Browne & Gardner, 2006). Rutherford & Hill (1993) investigated
reaction rim formation at 860°C and 900 °C using dacite magmas from Mount St. Helens, while Browne &
Gardner (2006) investigated reaction rim formation at 840°C using andesite magmas from Redoubt
Volcano, Alaska as starting material. Both studies aimed to use experimental reaction rim growth rates to
provide a calibration for assessing magmatic ascent rates from natural amphiboles. However, use of their

calibrations on Augustine amphiboles is inappropriate for several reasons. First, the large differences in
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experimental rim growth rates between the two studies highlights the uniqueness of each calibration to the
volcanic system. These studies were performed on samples with different melt compositions, more reduced
oxygen fugacity, and different inferred magma temperatures than those observed at Augustine Volcano. In
addition, experimentally grown reaction rims rarely exceed 40 um (Browne & Gardner, 2006). Thus, the
results of experimental studies have to be extrapolated to infer ascent rates from thicker natural reaction
rims. Finally, the amphibole breakdown reaction induced by decompression experiments is non-linear
(Browne & Gardner, 2006). This means that syn-eruptive variations in ascent rate and p>ath may explain a
broad range of reaction rim widths and textures.

However, a general observation of note is that decompression-induced reaction rims are
characterised by the presence of orthopyroxene. In contrast, heating reaction rims are characterised by

clinopyroxene (Browne, 2005).

1.7.2.2 Application to Augustine 2006

The 3 reaction rim types identified in the Augustine 2006 samples (Figure 1.11, Figure 1.12) are generally
not consistent with the 3 reaction rim types identified in the literature. For example, while a number of
Augustine 2006 amphibole reaction rims are both <10 pm in thickness and opaque in transmitted light, X-
ray maps indicate that reaction rim mineralogy is inconsistent with the Type A classification. This
highlights the inadequacy of transmitted light microscopy for the classification and analysis of amphibole
reaction rims. In another example, while Augustine Type 2 reaction rims are mineralogicallly and texturally
consistent with the traditional Type 2 classification they tend to be significantly thicker (50 to 80 um on
Augustine amphiboles, as compared to <40 pm in past classification systems). Finally, while the very thick
Type C reaction rims of past studies (> 200 pm thickness) are not identified in the Augustine samples,
many Augustine reaction rims do contain coarse microlites that are consistent with the coarse-grained
texture of the Type C reaction rims.

The lack of correlation between Augustine amphibole reaction rims and past classifications means

that past studies of natural magmatic systems cannot be used to infer the type of disequilibrium (e.g.
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heating vs. decompression) that is inducing amphibole reaction rim formation at Augustine.

1.7.2.3  An Alternative Approach: Kinetic Model for Reaction Rim Formation

Kinetic studies of plagioclase crystallisation, employing both cooling and decompression experiments, have
investigated nucleation and growth rates by measuring crystal number densities (CND), shapes, and grain
size as a function of experimental timescale (e.g., Muncill and Lasaga, 1988; Hammer and Rutherford,
2002). Nucleation and growth rates, plotted as a function of the thermodynamic driving force, typically
show separate but overlapping curves. Nucleation rates are highest when the degree of undercooling is
high, and growth rates are highest at lower undercoolings (e.g. Hammer and Rutherford, 2002; Brugger &
Hammer, 2010; Hammer, 2008 and references therein). The most acicular grains are observed at high
degrees of undercooling, consistent with the system reacting to a large degree of forcing away from
equilibrium (e.g., high DG; Hammer & Rutherford, 2002).Thus, high CND’s, acicular shapes, and small
crystal sizes are indicative of nucleation-dominated crystallisation during reactions in which the system is
forced far from eqﬁilibrium over short timescales. In contrast, smaller CND’s and larger, more equant
grains indicate lower degrees of undercooling and a growth-dominated crystallisation regime in a system
reacting to a smaller degree of forcing away from equilibrium (e.g. low DG).

Amphibole reaction rims are multi-component, and their formation not only depends upon the
degree of decompression or heating but is also a function of melt composition (Coombs et al., 2012) and
probably on magma oxidation state. However, to first order, if we view the crystallisation of each phase
with an amphibole reaction rim as following similar kinetic principles, we can follow a kinetic approach
that may help further refine what the different reaction rim textures mean in terms of the conditions of their
formation. The caveat is that additional experimental calibrations of amphibole reaction rates under
different conditions of heating and decompression are required before such a model can be widely applied
across different volcanic systems.

Microlites in Augustine amphibole reaction rims vary by size, shape, and number density (Table

1.4). Given the dependency of crystal shape on crystal orientation within the thin section, for the purposes
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of this study only crystal size and number densities are considered. Type 1 reaction rim microlites are small
(<10 pm; Figure 1.12) and have high CND’s (50,000 to ~400,000 crystals per mm?). Type 1a represents the
initiation of breakdown, with the mechanical separation of amphibole fragments from the main phenocryst.
This separation could be due to decomposition occurring preferentially along planes of weakness. Type 1b
and Ic represent the dissolution of amphibole fragments and the initial crystallisation of anhydrous phases.
These reaction rims are primarily nucleation-dominated and are the initial response to changes in the
amphibole’s environment.

In contrast, Type 3 reaction rims contain large microlites (mean sizes of 10 to 40 um depending on
microlite phase and position within the reaction rim; Figure 1.12) and much lower CND’s (300 to 6000
crystals per mm?). Type 3 reaction rims represent growth-dominated crystallisation. Type 3 reaction rims
show increasing microlite size in the outer rim (Figure 1.12), supporting the hypothesis that outer rim
microlites, which formed early in reaction rim formation, have been growing for the longest.

Type 2 reaction rim microlites have CND’s and microlite sizes intermediate between Types 1 and
3 reaction rims. They most likely represent a transitional zone between nucleation- and growth-dominated

regimes, and thus intermediate reaction timescales.

1.7.2.4 Mechanisms for Amphibole Breakdown

This model provides a reaction-kinetics basis for determining the relative degree of disequilibrium' in the
system and the point to which the amphibole breakdown reaction has progressed in a qualitative way.
However, it currently cannot effectively discriminate between forcing mechanisms, e.g. heating,
decompression, or changes in melt composition, nor can it predict reaction timescales in a quantitative way.

Given the small total thickness of Type 1 reaction rims, it is likely that disequilibrium was
experienced for a relatively short period of time. While the formation of Type 1 rims by heating in the
hours prior to eruption cannot be discounted, it is unlikely that this was the case at Augustine. The duration
of the precursory phase and the high degree of hybridisation in the erupted magmas indicate that pre-

eruptive heating at Augustine took place over a timescale of weeks to months. It is simplest to explain
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Type 1 reaction rims by moderately-paced ascent (and decompression) followed by quenching.

Type 2 and 3 reaction rims could signify either slower decompression rates, stalling at shallow
levels in the conduit, heating, or some combination of all. Evidence for heating in Augustine 2006 samples,
seen in all major lithologies with the exception of the high-silica andesite, includes an abundance of
disequilibrium textures (e.g. skeletal plagioclase, banded textures at both the micro-and macroscopic
scales), large ranges in Fe-Ti oxide temperature estimates, and the presence of mafic enclaves with quench
textures (Steiner et al., 2012). Amphibole reaction rim formation has been produced in just 4 heating
experiments (Rutherford & Devine, 2003; Browne, 2005). Each of these produced heavily clinopyroxene-
dominated reaction rims. In contrast, while Augustine reaction rims contain both ortho- and clinopyroxene,
orthopyroxene is always dominant (Figure 1.11). Thus, two scenarios are possible: 1) The final temperature
of heated magmas was within the thermal stability of Augustine amphiboie and all reaction rims are
decompression induced; or 2) in Augustine Volcano magmas, heating-induced reaction rims form without
clinopyroxene as the dominant pyroxene phase. The first scenario is unlikely to be the case as Fe-Ti oxide
pairs in the low-silica andesite suggest that Augustine magmas were heated to at least 970°C prior to
eruption. While the thermal stability of amphibole in the Augustine system has not been confirmed
experimentally, studies on similar volcanic systems such as Soufriére Hills Volcano, Montserrat
(Rutherford & Devine, 2003) and Redoubt Volcano, Alaska (Browne and Gardner, 2006) show the limits
of amphibole stability at <900°C. In contrast, scenario 2 is entirely plausible and reflects the individuality
of magmatic systems. Phase crystallisation within the reaction rim is most likely a reflection of the initial
amphibole composition and melt composition and not reflective of the disequilibrium forcing mechanism.

An interesting feature of some Type 2 and 3 reaction rims is the changes in the relative An content
of plagioclase microlites. Type 2a and 3a reaction rims contain single populations of plagioclase with
uniform An contents. In contrast, the small plagioclase microlites of Types 2b and 3b are more sodic in
outer rims and more calcic in inner rims (Figure 1.11, Figure 1.12). This indicates that microlite
compositions evolve as the reaction rim develops.

Wide variations in reaction rim thickness are often seen in single Augustine thin sections. This

could indicate non-uniform ascent or storage conditions. Magma batches stored in different dikes may have
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been subjected to different degrees of heating and/or may have ascended at different rates through different
dikes, before combining in the shallow conduit prior to eruption.

In the case of Augustine, the only amphibole populations for which the forcing mechanism (or
lack thereof) can be inferred with any confidence are the unreacted amphibole of the late explosive phase
high-silica andesite and those with the thinnest, finest-grained reaction rims (Type 1). The lack of reaction
rims on high-silica andesite amphiboles is due to a number of reasons: 1) amphiboles underwent little or no
pre-ascent disequilibrium in the storage region. High-silica andesite magmas show no evidence for pre-
eruptive heating, magma mixing, or changes in magma geochemistry; 2) the relatively low temperature and
high viscosity of the high-silica melts retarded amphibole breakdown, in turn stalling the supply of
nutrients to the surrounding melt (Coombs et al., 2012); 3) timescales of ascent and eruption were short
enough to inhibit amphibole breakdown. There is strong independent evidence to suggest that late
explosive phase high-silica andesite magmas did undergo rapid ascent. This phase was characterised by
high flux rates (13,800 m’/s; Coombs et al., 2010) and the emplacement of the Rocky Point pyroclastic
flow, coincident with major deflation indicative of rapid magma withdrawal at depth (Cervelli et al., 2010).
The few outlying late explosive phase high-silica andesite amphiboles that do display reaction rims
(including all classification types: Figure 1.15a), likely represent antecrysts from pockets of magma that

were stuck along the conduit walls and were swept to the surface during the high-flux Rocky Point event.

1.8 CONCLUDING STATEMENT

On the basis of amphibole geochemistry and textures a revised model of magma storage and movement
during the 2006 eruption of Augustine Volcano is presented (Figure 1.15). The high- and low-silica
andesites (including the low-silica andesite scoria and most of the dense low-silica andesite) probably
represent magmas stored in the shallow crust at depths of 4-8 km, since at least 1986, and perhaps longer
(Figure 1.15a). These magmas remained chemically distinct as a result of the segregated dike structure of
the storage system (e.g., Roman et al., 2006). The amphibole stability boundary for the Augustine system

likely intersects the storage region, accounting for the scarcity of amphiboles and their uneven distribution
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within samples. The eruption was triggered by the intrusion of a fresh mafic magma (likely represented by
the quenched mafic inclusions) from the deep crust into the shallow storage system, similar to the model of
Larsen et al. (2010). However, the amphibole compositional data indicates that the low-silica andesite
scoria is not a hybrid, and the replenishing magma may have only heated and remobilised this magma,
which rose to the surface relatively unmixed (Figure 1.15b). At the end of the explosive phase, the pressure
differential in the now open pathway pulled more viscous high-silica andesite from the storage region into
the conduit for eruption. Mixing and mingling between the high-silica andesite and the mafic magma
formed intermediate-silica andesite and the remainder of the dense low-silica andesite (Figure 1.15¢).
Finally, the remaining degassed low-silica andesites erupted effusively, forming two lava flows and a final
lava dome. One of these degassed low-silica magmas represented the final remnants of the original low-
silica andesite and the other a high-silica andesite-quenched mafic inclusion hybrid.

The majority of Augustine amphiboles exhibit reaction rims. This study proposes a new approach
to assessing reaction rim textures based on established models of crystallisation kinetics. This approach
focuses on the relative magnitude of disequilibrium imposed on a phenocryst but does not currently allow
for differentiation between heating- and decompression-induced reaction rims. The interpretation of
reaction rim textures must be accompanied by additional evidence for origination by heating or
decompression (Rutherford & Hill, 1993; Plechov et al., 2008).

Complex minerals such as amphibole are often misused in petrological studies. For example, the
inappropriate use of geothermobarometry models on amphibole in magmas that fall outside of the limits of
the calibration is common. This study has shown that even without the use of these models, basic
amphibole compositional and textural data can be a powerful tool in helping to understand the sub-surface
plumbing of arc volcanoes. Further, this study marks an attempt to encourage a more quantitative approach
to the analysis of amphibole textures. However, further experimental work on the heating and
decompression of magmas, both at Augustine and for other volcanoes, is needed to test this method and to

calibrate a more rigorous thermodynamic model for the formation of amphibole reaction rims.
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Figure 1.3 Histogram of lithological proportions from each eruptive phase. Figure after Vallance et al.,
2010. The ‘other’ category contains oxidised clasts and crysta! clots not included in this study. EExpl =
early explosive phase; LExpl = late explosive phase; Cont = continuous phase; Eff = effusive phase. DLSA
= Dense low-silica andesite; LSAS = low-silica andesite scoria; HSA = high-silica andesite; ISA =

intermediate-silica andesite.
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Figure 1.2 K,0- (a) and Cr- (b) SiO,variation diagrams. Figure adapted from Larsen et al. 2010 (with
additional data from Steiner et al., 2012). The solid line in plot (a) denotes the Low-K/ Medium-K
boundary for the classification of andesite magmas (Gill, 1981). All data are derived by XRF. Major oxide
data are based on normalisation to 100%. Data points are categorised by lithology: DLSA = Dense low-
silica andesite; LSAS = low-silica andesite scoria; HSA = high-silica andesite; ISA = intermediate-silica

andesite; QMI = quenched mafic inclusion; FGGI = fine-grained gabbroic inclusions.
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Figure 1.4 Transmitted light photomicrographs of representative amphiboles. (a) high-silica andesite\ late
explosive phase; (b) low-silica andesite scoria\ effusive phase; (¢) dense low-silica andesite\ early explosive

phase; (d) intermediate silica-andesite\ continuous phase.
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Figure 1.5 Distribution of amphiboles with and without reaction rims. Results are sorted by lithology (a—d)
and by eruptive phase (e—j). The number of phenocrysts in each tally is denoted by °n’. Figures a—d exclude
data for the quenched mafic inclusions, in which all amphiboles are unreacted. EExpl = early explosive
phase; LExpl = late explosive phase; Cont = continuous phase; Eff = effusive phase. DLSA = Dense low-
silica andesite; LSAS = low-silica andesite scoria; HSA = high-silica andesite; ISA = intermediate-silica

andesite; QMI = quenched mafic inclusion.
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Figure 1.7 Compositions and modes of amphibole. The plots in (a) show the mean, range, and 1 sigma
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represented in each lithology is denoted by ‘n’, as listed in the legend. Plot (b) histograms show how

different compositions of phenocrysts are distributed within each lithology (on the basis of A1,0;).
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Figure 1.8 Temperature- and pressure-sensitive coupled-substitutions.(a) represents the pressure-sensitive

Al-Tschermak substitutions; (b) represents the temperature-sensitive Ti-Tschermak exchange; (c)

represents the temperature-sensitive plagioclase exchange; (d) represents the temperature-sensitive edenite

exchange. Best-fit lines are indicated on each panel. Crosshairs on each plot indicate the mean standard

deviation around cation data. Cation uncertainties were calculated by propagating the standard deviation on

major oxide data through the mineral recalculation and site assignment procedures (Giaramita & Day,

1990; De Angelis & Neill, 2012). Data points are categorised by lithology: DLSA = Dense low-silica

andesite; LSAS = low-silica andesite scoria; HSA = high-silica andesite; ISA = intermediate-silica

andesite; QMI = quenched mafic inclusion. A.p.f.u. = atoms per formula unit.
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Figure 1.9 Distribution of amphibole rim thicknesses. The histogram in plot (a) shows variations in
reaction rim thickness through the eruption progression. The solid horizontal line (at frequency = 16)
represents a discontinuous Y-axis. The order in which phases are plotted in the unrimmed bin is different
from the other bins. This allows the late explosive phase to be plotted at the top of the bin, corresponding
with the change in axis. The first vertical dashed line on the histogram indicates a change in bin size. The
second vertical dashed line indicates both a discontinuous x-axis and a change in bin size. Plot (b) shows

the same data set, classified by lithology.
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Figure 1.10 Histogram of reaction rim microlite sizes. Plot (a) shows the entire data set. In plot (b), data
from the 1-10 um bin is further subdivided. Feret’s Diameter (FD) is the longest distance between any two

points around the boundary of the crystal, as defined by Imagel.
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Figure 1.11 The distribution of mineral phases within reaction rim types. Row (a) shows Type 1 reaction

rim data, row (b) shows Type 2 reaction rim data, and row (c) shows Type 3 reaction rim data. Ox =

oxides; Cpx = clinopyroxene; Opx = orthopyroxene; Plag = plagioclase; Amph = amphibole. Type 1, 2a,

and 2b contain single population of plagioclase crystals of uniform composition (dark grey). Type 2b and

3b contain two plagioclase populations, one more sodic (horizontal lines) and one more calcic (vertical

lines).
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Figure 1.12 Variations in rim microlite sizes. Plot (a) shows the mean sizes of reaction rim microlites from
each identified phase within the rim. The sizes of amphibole fragments found in Type 1 rims are not

shown. Ox = oxides; Cpx = clinopyroxene; Opx = orthopyroxene; Plag = plagioclase. Plot (b) shows
changes in the mean reaction rim microlite size (all phases included) across amphibole reaction rims, for
each rim Type. The x-axis represents the distance from the amphibole-reaction rim boundary (0% distance
across rim) to the reaction rim-glass boundary (100% distance across rim). Data are presented as
overlapping simple moving averages and represent mean microlite sizes within the previous and subsequent

5% distance across the rim.
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Figure 1.13 Type 1 reaction rim BSE images and composite X-ray maps. (a) Type la; (b) Type 1b; (¢)
Type 1c. X-ray map areas are denoted on BSE images by black boxes. Different colours on X-ray maps
denote different mineral phases (note that exact hue varies between X-ray maps). Light green = amphibole,
bright green = orthopyroxene, bright yellow/ red = Fe-Ti oxides, orange = clinopyroxene, blue/purple =

plagioclase.
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Figure 1.14 Type 2 and 3 reaction rim BSE images and composite X-ray maps. (a) Type 2a; (b) Type 2b;
(c) Type 3a; (d) Type 3b. X-ray map areas are denoted on BSE images by black boxes. Different colours on
X-ray maps denote different mineral phases (exact hue varies between X-ray maps). Light green =
amphibole, bright green = orthopyroxene, bright white = magnetite, bright yellow = ilmenite, orange =

clinopyroxene, blue/purple = plagioclase.



Figure 1.15 Schematic depiction of the proposed model for the 2006 eruption. (a) During the precursory
phase (May 2005—January 2006) fresh magma underplates the shallow storage system [1]. The shallow
storage region was comprised of interconnecting dikes conmiﬂing remnant magmas, including high- (grey)
and low-silica andesites (black). The top of this shallow storage region was between 4-8 km bsl. The
intruded magma heated the low-silica andesite leading to the release of volatiles [2]; (b) Heated low-silica
andesite rose buoyantly to the surface and was erupted as low-silica andesite scoria during the early
explosive phase [3]. The intruding magma mingled with some of the resident high-silica andesite to form
hybrid andesites [4], intermediate-silica andesite (green) and a dense low-silica andesite (black); (¢) The
near exhaustion of heated low-silica andesite caused the draw up of high- and intermediate-silica andesites
into the now open conduit [5], during the late explosive and continuous phases; (d) During the effusive
phase two compositionally similar degassed low-silica magmas erupted together [6]. One of these degassed
low-silica magmas represented the final remnants of the low-silica andesite and the other a high-silica

andesite-quenched mafic inclusion hybrid. On eruption they formed two lava flows and a final lava dome.
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Table 1.1: Augustine 2006 eruptive phases and lithologies

Eruptive Phase® Acronym Description

Precursory N/A April 2005 — January 2006: increased
Seismicity, deformation, and phreatic activity

Explosive Expl 13-27 January 2006 (13-17/ 18-27): Discrete

(early/late) (EExpl/LExpl) vulcanian explosions, pyroclastic flows, and
lahars

Continuous Cont 28 January - 4 February 2006:
Growth and destruction of ephemeral summit
lava domes, pyroclastic and block-and-ash flows

Effusive Eff 4 February - late March 2006:
Emplacement of two lava flows and a summit
dome (which remains in place)

Lithology®

High-silica andesite HSA Si0; wt%:62.2—63.3

Low-silica andesite scoria LSAS SiO, wt%:56.5-58.7

Dense low-silica andesite DLSA Si0; wt%:56.4-59.3

Intermediate-silica andesite ISA SiO, wt%:58.3-62.2

Quenched mafic inclusions QM1 SiO; wt%:49.7-60.6

*Coombs et al., 2010
®Larsen et al., 2010



Table 1.2: Sample inventory for Augustine 2006 amphiboles

Sample® Lithology® Phase® Deposit Date (2006) Amphibole Count"
06AUMRTO037a DLSA EExpl Jan 13-14 16
06AUMRTO37¢ LSAS EExpl Jan 13-14 3
06AUMRTO037¢ ISA EExpl Jan 13-14 8
06 AUMCO005cp2 HSA EExpl Jan 13-14 1
06AUMCO008bp1 LSAS EExpl Jan 13-14 4
06AUMCO008bp1-2 LSAS EExpl Jan 13-14 1
06AUMCO08bplia LSAS EExpl Jan 13-14 5
06AUMCO007c LSAS EExpl Jan 17 3
06AUMRTO006A ISA EExpl Jan 17 1
06AUMLC259¢ DLSA LExpl Jan 27 2
06AUMCO004a HSA LExpl Jan 27 2
06AUMCO004¢cp1 HSA LExpl Jan 27 1
06AUMC004C.c2 HSA LExpl Jan 27 1
06AUMCO004c HSA LExpl Jan 27 39¢
06AUMC004c1 HSA LExpl Jan 27 2
06AUSHO002 QMi LExpl Jan 27 4
06AUSHO01 QM1 Cont Jan 28-Feb 4 13
06AUSHO14a oMl Cont Jan 28-Feb 4 5
06AUMCO009.L1 ISA Cont Jan 28-Feb 4 4
06AUMCO009p1 HSA Cont Jan 28-Feb 4 1
06AUMCO010.p1 HSA Cont Jan 28-Feb 4 1
06AUMRTO017a ISA Cont Jan 28-Feb 4 2
06AUMLCO057 DLSA Eff Mar 3-16 3
06AUJFLOOIb ISA Eff Mar 3 2
06AUKBO002a ISA Eff Mar 3 2
06AUKB002B ISA Eff Mar 3 1
06AUKB002c ISA Eff Mar 3 6
06AUKB003 DLSA Eff Mar 3 3
06AUMCO12 DLSA Eff Mar 3 2
06AUMRTO032B ISA Eff Mar 3 3
06AUMRTO032¢c LSAS Eff Mar 3 4

“Sample names from Coombs et al. (2010), except QMI samples (collected by author)
®DLSA = Dense low-silica andesite; LSAS = low-silica andesite scoria; HSA = high-silica andesite; ISA =
intermediate-silica andesite; QMI = quenched mafic inclusion
“EExpl = early explosive; LExpl = late explosive; Cont = continuous; Eff = effusive
‘Number of amphibole per samples. In some cases samples were represented by more than one thin section
*Approximately 30 additional MCO004c grains were not assigned grain IDs
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Table 1.3: Representative amphibole compositions‘

Sample® MRTO017a MLCO057 MCO004c MRTO037¢c SHO001
Grain 1 Grain 3 Grain 1 Grain 1 Grain 1
Lithology ISA DLSA HSA LSAS QMI
Phase Cont Eff LExpl EExpl LExpl
Class® Tsch Mghast Mghbl Mghbl Tsch
SiO, 42.43(0.58%)  42.07(0.78)  46.65(0.52)  46.23(127)  42.07(0.53)
TiO; 2.30(0.06) 1.63(0.07) 1.57(0.27) 1.53(0.07) 2.09(0.14)
AL O3 13.63(0.35) 14.29(0.36) 8.71(0.36) 8.96(0.27) 13.45(0.42)
FeO(t) 11.94(0.39) 9.38(0.35) 11.93(0.42) 13.16(0.28) 11.12(0.48)
MnO 0.17(0.06) 0.10(0.04) 0.48(0.09) 0.34(0.04) 0.10(0.02)
MgO 15.02(0.23) 15.79(0.86) 15.31(0.33) 14.99(0.27) 15.15(0.13)
Ca0 11.24(0.33) 11.92(0.21) 10.64(0.18) 10.90(0.10) 11.04(0.18)
Na,O 2.50(0.05) 2.46(0.14) 1.74(0.10) 1.80(0.03) 2.32(0.05)
K20 0.23(0.23) 0.22(0.01) 0.13(0.03) 0.13(0.03) 0.21(0.02)
Total 99.47 97.85 97.16 98.05 97.55
n 3 4 9 4 3
Si(TY 5.95(0.08°°) 5.97(0.15) 6.64(0.06) 6.56(0.08) 5.98(0.03)
AlGiv)(T)  2.05(0.08) 2.03(0.15) 1.36(0.06) 1.44(0.08) 2.02(0.03)
Al(vi) (C)  0.20(0.03) 0.36(0.21) 0.10(0.08) 0.06(0.11) 0.23(0.08)
Fe** (C) 1.27(0.09) 0.98(0.41) 1.17(0.12) 1.22(0.14) 1.30(0.11)
Ti (C) 0.24(0.01) 0.17(0.01) 0.17(0.03) 0.16(0.01) 0.22(0.02)
Mg (O) 3.14(0.05) 3.34(0.17) 3.25(0.07) 3.17(0.10) 3.21(0.03)
Fe’* (C) 0.13(0.05) 0.13(0.42) 0.25(0.12) 0.34(0.14) 0.02(0.07)
Mn (C) 0.02(0.01) 0.01(0.00) 0.06(0.01) 0.04(0.00) 0.01(0.00)
Ca (B) 1.69(0.05) 1.81(0.02) 1.62(0.03) 1.66(0.03) 1.68(0.01)
Na (B) 0.31(0.05) 0.19(0.02) 0.38 (0.03) 0.34(0.03) 0.32(0.01)
Na (A) 0.37(0.04) 0.49(0.05) 0.10(0.05) 0.15(0.04) 0.32(0.02)
K (A) 0.04(0.01) 0.04(0.00) 0.02(0.00) 0.02(0.00) 0.04(0.00)

* Full data available in the Appendix 1.1.
206 AU" removed from sample names for the sake of brevity

® Amphibole classification abbreviations: Tsch = tschermakite, Mghbl = magnesio-hornblende, Mghast =

magnesio-hasting
‘1 sigma uncertainty on 'n' analyses
%Letters denote site in amphibole structure

¢l sigma uncertainty on 'n' analyses propagated through mineral recalculation using the method of

Giaramita & Day (1990)
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Table 1.4: Representative amphibole rim analyses”

Rim
Sampleb Lith. Phase Type Width FD ¢ CNB d Mineralogy®
(mm) (mm™)
(mm)
JFLOO1b 20 4.73 94.5k amph (66.7),
Grain 1 1SA Eff la a2¢ (G271 (58K ox (33.3)
amph (8.5),
opx (62.0),
MRT037e 8 2.51 206k
. ISA EExpl 1b cpx (7.0),
Grain 5 3) (1.04) (14k) ox (1.0),
plag (15.5)
Px (70.5),
MRT037a 30 3.45 93.0k
. DLSA  EExpl ic ox (13.1),
Grain 1 @) (1.26) (15k) plag (16.4)
Opx (77.4),
MRTO037e 7 2.14 343k
. ISA EExpl 1c cpx (8.1),
Grain 4 2) (0.87) (24k) plag (14.5)
Opx (60.4),
MRTO037e 63 16.2 10.7k cpx (27.1),
Grain 1 ISA~ EExpl  2a 10y  (13.7) (47K ox (1.3),
plag (5.2)
Opx (50.7),
004C Grain 179 31.6 2.5k cpx (28.5),
2 HSA  LExpl 3a (38) (1.7 (0.8k) ox (11.8),
plag (9.0)

* Full data available in the Appendices 1.2 and 1.3.
®Numbers in brackets represent standard deviation

®"06AU" removed from sample names for the sake of brevity

*Average Feret’s Diameter (FD) of all analyzed rim microlites.
dAverage crystal number density (per mmz) in thousands (e.g. 94.5k = 94,500). Derived from 5 individual
calculations of CND per rim.
‘Amph = amphibole; opx = orthopyroxene; cpx = clinopyroxene; ox= Fe-Ti oxides; plag = plagioclase; px
= pyroxene (undifferentiated). Values in brackets indicate % out all identified microlites.
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CHAPTER 2:
Experimental constraints on magmatic storage conditions for the high-silica andesite of the 2006 eruption

of Augustine Volcano, Alaska’

2.1 ABSTRACT

New data from phase equilibria experiments refine the model for crystal-rich high-silica andesite (SiO; =
62.5) storage prior to the 2006 eruption of Augustine Volcano, Alaska. Experiments were conducted under

H,0 saturated conditions, j;z = Re-ReQ; (~Ni-NiO+2), with pressures 50-200 MPa (PTotal = PH,0) and

temperatures 800~1060°C. Run durations varied from 23 to 539 hours depending on the experimental
conditions. Starting powders were prepared as follows: 1) finely ground natural powders; 2) twice-sintered
and ground glass; or 3) twice sintered, ground glass seeded with plagioclase and amphibole. The natural
phase assemblage (plagioclase, 2 pyroxenes, Fe-Ti oxides, and amphibole) was reproduced between 860—
880°C and 120-200 MPa. Maximum storage temperature is restricted by amphibole instability above
880°C. Minimum storage temperature is constrained by quartz stability at temperatures up to 850°C (at
~140 MPa). Minimum storage pressures are confined by amphibole instability below 120 MPa.
Experimental plagioclase An contents (~An 55-60) and groundmass glass compositions (SiO, =
79.86+0.64) most closely replicate natural samples in experiments conducted at ~130—150 MPa, equivalent
to depths of 5-6 km assuming a crustal density of 2650 kg/m>. Estimated storage pressures and
temperatures fall within the ranges suggested by natural petrological data (e.g. melt inclusions, Fe-Ti oxide
touching pairs) and agree with modeled storage depths from geodetic data. The high temperature stability
of quartz and biotite (not identified in natural Augustine high-silica andesites) could be explained by the

relatively high -f(;z of the Augustine system as well as the rapid kinetics associated with the crystal-poor

2 Henton De Angelis, S., Larsen, J. & Coombs, M. & Dunn, A. Experimental constraints on magmatic
storage conditions at Augustine Volcano, Alaska. Prepared for submission to Contributions to Mineralogy
and Petrology
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sintered starting material of some experiments.

2.2 KEYWORDS: Augustine Volcano, Magma Storage, Phase Equilibria, Andesite

2.3 INTRODUCTION

The 2006 eruption of Augustine Volcano, a Pleistocene-Holocene stratovolcano located in Cook Inlet,
Alaska (Figure 2.1), continued a trend for renewed unrest on a 10-30 year cycle. With documented
eruptions in 1812, 1883, 1935, 1964, 1976, 1986, and 2006, Augustine is the most active volcano in Cook
Inlet and as such is one of the most comprehensively monitored and studied volcanoes in Alaska (Power et
al. 2010). However, until now it has not been the focus of a phase equilibria investigation.

Pre-eruptive magma storage conditions play a significant role in defining the physico-chemical
properties of magmas and by extension, the style of associated volcanic activity. Experimentally recreating
natural phase assemblages and phase compositions through the varying of key conditions (e.g. P-T-Xyz0-

foz) is an important tool formodeling the sub-surface of arc volcanoes. However, such an approach

requires the assumption that samples were erupted in a state of equilibrium representing a unique set of P-

T-Xk20- /'0z conditions (Blundy and Cashman 2008). Augustine eruptions are marked by pervasive pre-

and syn-eruptive magma mixing and mingling (Roman et al. 2006; Larsen et al. 2010), and many erupted
products exhibit numerous disequilibrium features rendering them unsuitable targets for a phase equilibria
study. The high-silica andesite (HSA) erupted in 2006, however, appears to represent a relatively
unmodified end member: it exhibits little whole-rock compositional variation (62.2—-63.3 wt% Si0,), few
disequilibrium textures (Larsen et al. 2010), a homogenous low-Al amphibole population, and the lowest
and most uniform apparent temperatures (880°Cx 13°C; Tilman 2008; Larsen et al. 2010; DeAngelis et al.
in revision). The HSA is inferred to represent unhybridized magma or remobilized crystal mush that
resided in the shallow crust since at least the last episode of activity. Presented herein are the results of an

experimental study that examines the P-T stability of magmatic phases within the HSAin order to examine
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pre-eruptive storage conditions. At X0 = 1 and Az = Re-ReO, the natural HSA is best reproduced

between 850-870 °C and ~130-150 MPa (5-6 km depth). Given the nearly identical composition of HSA
magmas produced in the three most recent eruptions, the results of this study can be extrapolated to

historical magma storage conditions as well.

2.3.1 Prior Studies

Eruptions of Augustine in 2006, 1986, and 1976 were similar in both products (crystal-rich andesites) and
temporal progression (from initial explosive activity to effusion over a scale of weeks to months), and were
all triggered by the injection of mafic magma into a cooler, shallowly stored stored andesite (Johnston
1978; Roman et al. 2006; Larsen et al. 2010; Steiner et al. 2012). The lack of full homogenization and the
wide range of magma compositions produced during each eruption suggests an immature shallow storage
region comprising interconnected dikes and sills (Roman et al. 2006; Chapter 1).

High-silica andesite samples from 2006 are uniform in whole-rock composition and mineralogy.
They contain microlite-poor rhyolitic glass (45-60 modal %), plagioclase (32 modal %), augite (6 modal
%), orthopyroxene (4 modal %), Fe-Ti oxides (2 modal %), and minor amphibole, olivine, and apatite (<
0.5 modal %; Larsen et al. 2010). Data from the composition of euhedral touching Fe-Ti oxide pairs

indicate HSA storage at /(;2 conditions of NNO+1.5 (0.5 log units below RRO) and temperatures of

880°C= 13°C (Ghiorso and Evans 2008; Figure 2.2). Webster et al. (2010) report FTIR results for
plagioclase melt inclusions for two HSA samples. All inclusions (n=36) have CO; contents below the limit
of detection (<0.003 wt%) and H,O contents for the two are 3.08+1.3 and 3.16+0.14 wt%. These averages
result in saturation pressures of ~80 MPa using the model of Newman and Lowenstern (2002); using the
upper end of the analyzed range yields a saturation pressure of 130 MPa (equal to a depth of ~5 km).
Average melt inclusion water contents are below that typically needed to stabilize amphibole in the melt
and may have experienced leakage and/or grown during decompression crystallization. Deflation during the

2006 eruption yields a preferred storage model of a cylindrical pipe with a top at 2.5-4.5 km bsl and a base
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at 6.5-10.5 km bsl (Cervelli et al. 2010). Seismic data from the 2006 eruption suggest a storage region 3.5—

5 km bsl (Power and Lalla 2010).

2.4 METHODOLOGY

2.4.1 Experimental Methods

Experiments were conducted using HSA pumice sample 06AUMCO004c (SiO; = 62.52 wt%; Table 2.1),
emplaced during the Rocky Point pyroclastic flow on January 27, 2006 (Vallance et al. 2010). Starting
material powders were prepared in 3 different ways to allow comparison of the kinetic effects imposed on
experiments by their starting texture: 1) crushed natural powders (CH); 2) sintered (SNS); and 3) sintered
and seeded (SS).

The HSA starting material was hand crushed using an agate mortar and pestle. The sintered
starting material was produced by twice fusing 15g of crushed HSA powder in a platinum crucible, in air at
1400°C, for 30 minutes apiece, and re-grinding the fused glass to a fine powder after the heating steps.
Electron microprobe analyses of the twice-fused sintered glass verified that the composition remained close
to the whole-rock composition of the HSA and there was no appreciable Fe loss to the platinum crucible.
For seeded experiments, this sintered powder was combined with 20 wt% plagioclase and 5 wt%
amphibole. The plagioclase seeds were extracted from 06 AUMCO004c using heavy liquid separation. The
relative scarcity of amphiboles in Augustine samples renders the extraction of seed grains inefficient. Thus
seeds were taken from samples erupted from Soufriére Hills Volcano, Montserrat, in 2008. The
compositions of the amphiboles in 06AUMCO004c and of those in the Montserrat samples are very similar
(Table 2.1). Amphiboles were separated from their host using heavy liquids and then picked by hand.

Melt inclusion data indicates that 2006 magmas were H,O saturated but contained only trace CO,
(Webster et al. 2010). On this basis, experiments were conducted under H,O saturated conditions.
Experiments covered a Pyyo-T range spanning 50-200 MPa and 800—1060°C (Table 2.2), relevant to the

Augustine system. Augustine magmas are relatively oxidized and experiments were buffered at fo'z = Re-
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ReQ; (approximately Ni-NiO (NNO) + 2 log units). The 3mm Agy, Pdso /(;2 buffer capsules were loaded

with Re and ReO powder in a 1:1 molar ratio. To verify the effectiveness of the buffer assemblage, 7-14
day test experiments were conducted. The compositions of seeded Fe-Ti oxide pairs from these

experiments show re-equilibration verifying accurate experimental temperatures and jgz (based on the

algorithm of Ghiorso and Evans 2008).

Powdered starting material (0.1g), ~ 10 wt% de-ionized H,O, and the jgz buffer capsules were,

loaded into 4mm Au tubes. Experiments below 880 °C were conducted in externally heated, Rene-style,
Waspaloy cold-seal pressure vessels placed in horizontal furnaces and quenched with compressed air,
followed by immersion in water. Temperatures were monitored using K-type thermocouples, with accuracy
verified to within 5°C by direct measurement of the melting point of gold. The thermal gradient along
experimental capsules was measured and did not exceed a total of 10°C. However, because experimental
charges are loaded into the base of the capsules and positioned closest to the thermocouples, experimental
temperatures were likely within 5°C of reported temperatures. Experiments at temperatures above 880°C
were conducted using TZM alloy pressure vessels and DelTech furnaces. In addition to the internal buffer
capsules, TZM runs were buffered against loss of hydrogen by adding ~2.5 bars CH; to the Ar pressurizing
gas. TZM runs were rapidly quenched following Sisson and Grove (1993). Experimental durations ranged

from 23 to 539 hours (Table 2.2).

2.4.2 Analytical Methods

Phase identification and analysis of major oxide compositional data for experimental glasses and mineral
phases were conducted using a Cameca SX50 electron microprobe at the University of Alaska Fairbanks
Advanced Instrumentation Laboratory. This instrument is equipped with one EDAX energy-dispersive
spectrometer and four wavelength-dispersive spectrometers. Mineral phase analyses were conducted with a
1-5 um, 15kV, 10nA beam. Amphibole compositions were re-calculated to the mineral formula and

classified according to Leake et al. (1997), based on the occupancy of the A (Na + K), B (Ca, Na), C (Mg,
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Fe¥, Fe**, Ti, Mn, Aly;), and T (Si, Al,,) sites. Recalculation to the mineral formula was based on 23
oxygens with Fe?*/Fe*" estimation assuming 13 cations. Areas of matrix glass in experimental charges are
often marginal in size compared with a defocused, ~10 micron diameter beam as is routinely used when
analyzing hydrous glasses. Instead, a semi-focused beam (2—4 pm) with a low current of 3 nA and a voltage
of 15 KeV to help reduce Na migration was utilized. Na migration was also corrected by applying linear
time-dependent corrections to Na counts using the Time Dependent Intensity (TDI) function in the Probe
for EPMA (PFE) software. Working standards for the experimental glass analyses included the dry and
hydrous glass samples KN-18, VNMS50-15, 508, and 510, as described by Devine et al. (1995) and
originally utilized for calibrating EPMA analyses on hydrous glasses against FTIR data. The natural HSA
glass EPMA analytical methods were similar to those described above, and full details can be found in

Larsen et al. (2010).

2.5 RESULTS

The reconstruction of the Augustine 2006 high-silica andesites phase diagram (Figure 2.3) is constructed
from data on experimental phase assemblages and on the compositions of experimental glasses and

minerals.

2.5.1 Experimental Run Products

The modal abundances of minerals vary according to run conditions (Table 2.2 and Figure 2.4). At
P20=140 MPa the liquidus is located between 1000 and 1060 °C. On the basis of both mass balance
calculations and on visual observation of experimental charges, experimental glasses fall in abundance
from 90 modal % in the hottest sub-liquidus experiments (at 1000°C, Py, of 150 MPa), to 20 modal % at
820°C and 120 MPa (Figure 2.4). Low PH,O-T experiments often contain a microlite-rich groundmass
(Figure 2.5a) and as a result, in a number of experimental charges, the observed glass areas were too small

to analyze.
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All experiments, except for those run at 1060 °C, contain orthopyroxene and ilmenite. Magnetite is
identified in all experiments equilibrated at <1000°C. Mass balance calculations (Figure 2.4) suggest that
oxides typically comprise <5 modal % of experimental charges. Orthopyroxene ranges from 2 to 15 modal
%. Clinopyroxene is identified in several experiments run at 860°C and below. Where identified it
represents up to 7 modal %. However, as it is not present in experimental charges in a systematic manner,
the exact location of the clinopyroxene-in curve is not well constrained. Plagioclase is the dominant
mineral phase in the majority of experiments. The maximum temperature at which stable, euhedral
plagioclase is identified is at 925°C and 150 MPa, although some phenocrysts in this experiment show
significant disequilibrium. The proportion of plagioclase increases from 20 modal % at 925°C up to 51 %
in cooler (< 860°C) experiments. Amphiboles were identified in experiments run at =120 MPa and <880°C.
In all experiments amphiboles make up <5 modal %. Most experimental amphibole are euhedral and range
in size from just several um up to 30 pm. Euhedral quartz is easily identified in numerous experiments. At
160 MPa it is stable at 840°C, while at 100 MPa it is stable up to 860°C. Mass balance indicates that in
some experiments it represents up to 15 modal %. In experiments using the sintered and sintered-and-
seeded starting materials, biotite phenocrysts are present (at up to 15 modal %) at temperatures below

860°C. Accessory apatite is apparent in experiments of <880 °C.

2.5.2 Experimental Mineral Compositions

Experimental An (anorthite) contents show a negative correlation with estimated undercooling (Figure
2.6a) for sintered and sintered-and-seeded experiments. In these experiments, plagioclase anorthite contents
ranges from An70 at estimated undercoolings between 2 and 25 °C (close to the plagioclase-in curve) to
~An55 or less at undercoolings >90 C. This relationship is less pronounced for plagioclase in crushed HSA
experiments. The An numbers in crushed HSA experiments still fall from ~ An60 at undercoolings of ~75
°C to An50-55 at undercoolings of ~90-100 °C, however high An (An70) and low An (An50) outliers are
seen at undercoolings of ~65-70 °C. Plagioclase An contents also increase with increasing experimental

PH,0. With the exception of some outlying points, the general trend shows An contents increasing from
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~AnS50-55 at pressures <100 MPa to Any, at 170 MPa. This relationship between An content and Py is
observed in all experiment types, but again, is least pronounced in experiments using the crushed HSA
starting material. This suggests that sluggish kinetics in crushed HSA experiments is inhibiting the full re-
equilibration of plagioclase on experimental timescales.

Experimental pyroxenes show a range of compositions, some of which overlap with the
compositions of the natural HSA phenocrysts (Figure 2.7a; Table 2.5). While some experimental
clinopyroxene compositions overlap with those in the natural HSA starting material, in general
clinopyroxenes in low-T experiments tend toward lower Ca and higher Fe. Similarily, while some
experimental orthopyroxene compositions overlap with those in the natural HSA starting material, most
tend toward relative enrichment in the enstatite end member. In general, trends in experimental pyroxene
compositions with changing PH,0-T are weak (Figure 2.7b). Experimental clinopyroxene, which were only
identified in sintered-and-seeded experiments, show no systematic variation in Mg# (Mg/Mg-+Fe) with
changes in experimental pressure or temperature (Figure 2.7b, ¢). They exhibit slightly lower Mg#’s (~0.7—
0.74) in comparison to natural clinopyroxene from the starting material (Mg# ~0.76). There is a weak
positive correlation between the Mg# of experimental orthopyroxene and both experimental pressures and
temperatures (Figure 2.7b, c). In general experimental orthopyroxenes overlap natural orthopyroxene
Mg#’s (~0.67) between ~100 and 150 MPa and between 820 and 870°C, although there is significant
scatter in the data. As with the plagioclase data, when crushed HSA experiments are discounted the trends
in the data become clearer.

Experimental amphiboles show a range of compositions. All amphiboles (Natural HSA, seed
grains, and experimental amphiboles) are magnesiohornblende (Figure 2.8; Table 2.5). While there is some
overlap (mainly with seed compositions), experimental amphiboles trend away from both Augustine HSA
and seed amphibole compositions, exhibiting relatively elevated Si and relatively low Mg/ Mg + F ¢’ and

Al.
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2.5.3 Experimental Glass Compositions

Despite the small low-amperage beam utilized for glass analysis, locating areas of exposed glass in some
experimental charges was unsuccessful. In experiments where glass was positively identified and
successfully analyzed, data show consistently low totals (~ 91-94 wt%) and low alkali values (<2 wt% K,0
and <3.5 wt% Na,0; Figure 2.9, Table 2.3). The veracity of these results was confirmed by re-probing the
samples following re-polishing and reapplication of the carbon coat and by performing repeat analyses
using a second microprobe (Cameca SX5 at the Cameca Demonstration Laboratory in Madison,
Wisconsin). Working standards and re-analyzed natural HSA samples yield results consistent with
published compositions and thus also indicate that the observed data trends are real. Low totals on electron
microprobe data are a commonly observed feature of hydrous experimental glasses. For example, Hammer
et al. (2002) report original total values as low as 90.2 wt % (PH,O = 100 MPa), while Rutherford and
Devine (2003) report original total values as low as 93.7 (PH,O = 50 MPa). A number of factors could
contribute to this issue, including errors introduced by the migration of alkali elements (e.g. Na) away from
the electron beam. It is well known that this is an issue with Na (e.g., Neilsen and Sigurdsson 1981), and it
is possible that the more “fragile”, depolymerized nature of hydrous silicic glasses causes similar issues in
other elements as well. Following the method of Lange et al (2009), glass analyses where original totals +
calculated H,O were <97 wt% or >101 wt % were filtered out.

Experimental glasses exhibit a range of compositions that depend upon experimental conditions
and on the phase assemblage (Figure 2.9; Figure 2.10). At 1060°C and 140 MPa PH,0, experimental
charges (experiments Aug 76a and Aug 76b) are completely aphyric. Major oxide compositions from both
sintered and crushed-HSA liquidus experiments are similar to the whole-rock composition of the high-silica
andesite starting material to within ~1.3 wt% or less. Major oxide glass compositions in sub-liquidus high-
T experiments (experiments Aug 65, Aug 66, Aug 67, Aug 73a, and Aug 73b; held at Pyzo-T beyond the
stability of plagioclase) show a progression away from the values of liquidus glasses and the whole-rock
composition of the starting material (Figure 2.9). Glasses become progressively more silicic, increasing by

~5.6 wt% (Aug 73a; 1000 °C/150 MPa) to 10.2 wt% (Aug 67; 960 °C/150 MPa) silica. Concurrently, Al,O;
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decreases by 0.6 wt% (Aug 73b; 1000 °C/150 MPa) to 2.2 wt% (Aug 67) and CaO decreases by ~1.5 wt %
(Aug 73a) to 2.2 wt% (Aug 66; 940 °C/130 MPa). Glass compositions also decrease away from whole-rock
and liquidus glass compositions in FeO (depleted by up to ~3 wt% (Aug 73b) and MgO (depleted by up to
1.4 wt% (Aug 66), reflecting crystallization of orthopyroxene and ilmenite in the hottest sub-liquidus
experiments. K,O values in glasses from liquidus experiments are consistent with the natural whole-rock
KO contents. However, contrary to expectation, experimental glasses fail to become more K;O enriched in
these Iovyer-temperature experiments following the crystallization of plagioclase, pyroxenes, and oxides.
Na,O values are also consistently depleted by between ~0.5 and 2wt% in all but one experiment (Aug 73a).

Experimental glasses from runs at conditions between the plagioclase and quartz in-curves
(experiments Aug 40, Aug 45, Aug 48) evolve toward the natural HSA glass composition (Figure 2.9).
SiO, values range from ~0 wt% (Aug 40; 880 °C/ 200 MPa) to 4 wt% (Aug 45; 925 °C/ 150 MPa) depletion
in comparison to natural glass compositions. Al,O; is enriched by ~1.8 wt% (Aug 40) to 2.5 wt % (Aug
45) and CaO is enriched by 0.7 wt% (Aug 40) to 2.8 wt % (Aug 45). FeO values are within less than 0.6
wt% of published HSA glass values. However, glasses are relatively highly enriched in MgO (~0.6 wt %
(Aug 48; 880°C/ 160 MPa) to 1.3 wt% (Aug 45). K,O and Na,O remain depleted in all experiments,
relative to natural HSA glasses.

For experiments within the quartz and biotite stability fields (Aug 32, Aug 37, Aug 41, Aug 49),
experimental glasses show significant similarities to the natural HSA glass compositions for AL,O;, CaO,
and FeO (to within ~1.1 wt % or less). Experimental glasses are relatively significantly enriched in SiO, by
~0.3 wt % (Aug 32; 860°C/ 130 MPa) to 2.2 wt% (Aug 41; 850°C/ 200 MPa) and in MgO by ~0.5 wt%
(Aug 37; 840°C/ 130 MPa) to 1 wt% (Aug 41) as compared to natural HSA glasses. Again, experimental
glasses are significantly depleted in K,O with respect to natural HSA matrix glasses (by ~1 wt%). A single
low-K HSA sample was identified in the 2006 deposits. It is interesting to note that the K,O values of
matrix glasses in the lowest-T experiments show excellent agreement those in this low-K HSA sample.

When major oxide glass analyses from a narrow range of pressures in the predicted storage region
(130-160 MPa) are plotted against experimental temperatures, the glass compositions form a trend that

extends between the compositions of the HSA whole-rock and natural glasses (Figure 2.10). For SiO,, FeO,



64

and CaO (Figures 2.10a, b, ¢) the hottest (1060°C; experiments Aug 76a and Aug 76b) experimental glasses
overlap in compositions with HSA whole-rock compositions, whereas glasses in the coolest experiments
(840-850°C; experiments Aug 37 and Aug 49) overlap the HSA groundmass glasses. Two 1000 °C
experiments (Aug 73a and Aug 73b) contain anomalously low FeO values. Given that this is observed in
two separate experimental charges and that neither experiment is anomalous in any other major oxide a
likely explanation is Fe loss to the gold capsule, although in general this process is less pronounced in high

/(;z (NNO+2) systems (Ratajeski and Sisson 1999). Experimental glass MgO values are elevated (by ~0.5

wt %) above both the natural whole-rock HSA (for the hottest experiments; Aug 76a and Aug 76b) and
above the natural glass (for the coolest experiments; Aug 37 and Aug 49; Figure 2.9d). A similar elevation
above whole-rock values is seen in the Al,O; contents of the hottest (1060 °C) experimental glasses (by
~1.1 wt%). K,O values remain similar to those of the whole-rock composition for the majority of
experimental temperatures and iny increase slightly in the coolest experiments (840—860 °C; Aug 37, Aug
49, Aug 32; Figure 2.9¢). In these experiments K,O values are consistent with the composition of matrix

glasses in the single low-K HSA sample identified in the 2006 deposits.

2.6 DISCUSSION

2.6.1 Attainment of Equilibrium

In silicic, crystal-rich systems, crushed natural powders most closely replicate the textural conditions in the
natural system. However, the solid-state re-equilibration of many silicate minerals, including plagioclase
and amphibole, is an extremely slow process, taking many years to accomplish for complete equilibration
(e.g. Scaillet and Evans 1999). On the scale of days to weeks, as is practical for experimental durations,
only local equilibrium between crystal rims and coexisting glass may be achieved, and some phases may
show no evidence for re-equilibration (Scaillet and Evans 1999). In contrast, crystallization experiments
using crystal-free glass starting materials may achieve local equilibrium more quickly (e.g., Pichavant et al.

2007). However, the lack of crystals in the starting materials to act as “seed crystals” can dramatically
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affect experimental kinetics. High nucleation rates may inhibit the growth of experimental “phenocrysts”,
and the resulting fine-grained texture leaves few large areas of glass exposed between the crystals, making -
analyses problematic. Therefore, three different types of starting materials were used, consisting of both
completely glassy, seeded, and crystal-rich natural powders, to assess the achievement of equilibration in
experiments approaching equilibrium from melt and crystal-rich starting points, similar to reversals.

Experiments on highly silicic systems can be challenging because of slow reaction timescales,
especially in crystal-rich charges with high SiO; groundmass melts (e.g., Brugger et al. 2003; Lange et al.
2009). This study produced experiments that evolve to melt SiO;>75 wt. %, and thus assessment of the
approach to equilibrium is critical to ensure the results compare well with the natural system. In order to
achieve sufficient local equilibrium at least between crystal rims and the adjacent melt, long run times (to
>500 hours) were used, as suggested by a variety of experimental studies (e.g. Brugger et al. 2003; Martel
and Schmidt 2003). Martel and Schmidt (2003) found that rhyolitic melts (Si0;>75 wt. %) achieve
equilibrium within 7 days (168 hours) for pressures greater than or equal to 100 MPa. Brugger et al. (2003)
found that in their most silicic experiments (SiO, ~75.7-77.6) run times of 3.5 days (84 hours) or longer
were required for the attainment of equilibrium. In this study of 35 experiments, 21 were held for greater
than 168 hours (Table 2.2). For only 8 experimental runs were durations less than 84 hours (Table 2.2), and
those were all at temperatures >900°C, at which equilibration timescales should be much shorter.

Standard deviations on average major oxide glass compositions for each experiment are relatively
low and consistent with those deemed acceptable by other experimental studies (e.g. Hammer et al. 2002;
Brugger et al. 2003; Sisson et al. 2005). For example, the mean standard deviation (1s) on Al,O; for glass
analyses in this study is 0.27, with a maximum of 0.62 (Aug 45). In contrast, Hammer et al. (2002),
Brugger et al. (2003), and Sisson et al. (2005) report maximum standard deviations of 0.7, 0.7, and 0.9,
respectively. Thus experimental glasses are sufficiently homogeneous as compared with similar studies to
exhibit an acceptable approach to equilibrium.

Two double capsule experiments, in which both crushed-HSA and sintered powders were loaded
in separate compartments of a single capsule (Aug 73, Aug 76), were conducted. Those experiments served

as “reversals” to help assess equilibration. For the double-capsule experiments at 1000°C, phase
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assemblages are the same (Table 2.2) and while mass balance calculations were only possible for the SNS
experiment, visual inspection and EDS point counting reveals that phase proportions are very similar. Glass
compositions are similar, with all major oxides except SiO, and Al,O; showing compositional overlap
between the experiments. Average SiO, and Al,O; values differ by 1.5 and 0.67 wt%, respectively. One-
sigma standard deviation envelopes around these values approach each other but do not converge. The
lower SiO- and Al;O; values are both seen in the crushed-HSA experiment and it is possible that minor
amounts of a non-stable phase (e.g. plagioclase) have not completely dissolved, however the amount must
be very minor as none was observed during extensive microprobe sessions. Both charges from the double
capsule liquidus experiment are 100% glass. Average values for all major oxides are within 0.52 wt%
between the experiments. One sigma standard deviation envelopes around these values converge for all
oxides with the exception of SiO,, where uncertainty envelopes are just 0.01 wt% apart. On the basis of
these results, it appears that both double capsule experiments exhibit an acceptable approach to
equilibrium.

The comparison of corresponding melt-mineral compositions to established models as a means of
assessing equilibrium (e.g. Lange et al. 2009) is problematic as so few models are calibrated on systems
with glass compositions as evolved as those in this study. For example, only one glass data point (Aug 45;
71.7 wt% Si0;) contains an SiO, value that falls within the calibration of the Lange et al. (2009)
hygrometer (calibrated up to SiO,< 74 wt%). At 33 modal % crystallinity, this sample falls slightly outside
of the maximum crystallinity of experiments used to calibrate the Lange et al. (2009) model. Despite this,
for a glass of the composition seen in Aug 45 (H,O calculated following the method of Newman and
Lowenstern 2002), measured plagioclase An contents are similar to those predicted by the Lange et al.
(2009) model (differing by just An 0.06).

While trends are generally apparent, there is significant scatter in mineral compositional data for
experiments. This scatter is more pronounced in data from crushed HSA experiments. Two experiments
contain unstable plagioclase that remain in the process of dissolution and resorbtion, indicating that while
experiments are approaching equilibrium, it has not been fully or satisfactorily achieved. Crushed HSA

experiment Aug 40 (PH,O =200 MPa, T = 880°C) contains stable, euhedral plagioclase microlites, but
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remnant plagioclase phenocrysts from the HSA starting material are resorbed and clearly not in equilibrium
at experimental conditions. Crushed HSA experiment Aug 67 (PH,O = 150 MPa, T = 960°C) contains
minor quantities of small, resorbed plagioclase crystals (Figure 2.5b). This relatively short experiment (43
hours; Table 2.2) is the hottest experiment in which plagioclase is observed, yet it is no longer stable in and

that the documented grains are in the final stages of dissolution.

2.6.2 Phase Stability

There is a significant increase in the total crystallinity of experimental products with decreasing P/T
conditions (Figure 2.4). At the lowest P/T conditions, mass balance calculations suggest that crystallinity
exceeds 80%, explaining the difficulties encountered in identifying and probing glass in many experimental
charges. Average crystallinity in the natural HSA is estimated at between 45 and 55 modal % (Larsen et al.
2010), although values for 06 AUMCO004c specifically are slightly lower, at 40 modal %. Sintered and
sintered-and-seeded experiments at 850°C and 200 MPa, and 860°C and 150 MPa , provide the closest
overall match with the natural HSA, in both total crystallinity and in identified phases. However, at 860°C
and 150 MPa small quantities of biotite are present. At 850°C and 200 MPa clinopyroxene was not
identified. Clinopyroxene is typically the dominant pyroxene in the natural HSA, although in
06AUMCO004c it is marginally less abundant than orthoyroxene. However, its appearance in experiments is
not systematic.

The position and shape of the phase curves for amphibole, plagioclase, and pyroxene (Figure 2.3)
are consistent with the results from other experimental studies of similar volcanic systems (e.g. Rutherford
and Devine 2003, Browne and Gardner 2006). The liquidus phases are orthopyroxene and ilmenite, but
there is not have enough resolution at this P-T range to determine their order relative to one another. At
P10 130—60, magnetite becomes stable at ~990 °C, plagioclase at 930 °C, and amphibole at 880 °C.

In contrast, phase curves for quartz and biotite show significant differences in comparison with
most other similar experimental studies. For example, while the natural HSA glasses are similar to those of

Soufriére Hills Volcano andesite (Rutherford and Devine, 2003) and Unzen Volcano dacite (Holtz et al.
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2005), the Augustine quartz curve is ~ 20-40°C hotter. However, similarities are seen with an experimental
study of 1991 Mount Pinatubo dacites (Rutherford and Devine 1996). The intersection between the quartz
and amphibole phase curves at Augustine is similar to that of the 1991 Mount Pinatubo dacite at ~120 MPa
and 850-860°C, despite a ~0.8 wt % higher SiO; content of Mount Pinatubo glasses (Rutherford and
Devine 1996). Further, at its highest temperature, the bioite curve for the Mount Pinatubo dacite is at
830°C. This is hotter than in other studies of similar systems. The Mount Pinatubo experiments were

conducted at high /(',z conditions (NNO+3), even more oxidizing than Augustine. With the exception of

the Pinatubo study, the relatively high-temperature appearance of quartz at Augustine in comparison to
other studies is potentially significant. It is possible that the high crystallinity of the experiments has driven
the melt close to the ternary minimum (e.g., Blundy and Cashman, 2001) and near-saturation with late
stage quartz and biotite. It is also possible that the high oxygen fugacity (RRO) has driven the melt to

evolve to higher SiO, at higher PH,O-T conditions relative to systems with j;z closer to NNO. Magmatic
jgz influences both the P-T range of mafic (Fe-bearing) mineral crystallization and the order in which
phases appear. In the context of basaltic magmas, Sisson et al (2005) find that fo, exerts a strong influence

on near-solidus phases and on melting and crystallization behavior. They find that at constant temperature,

increasing the _/gz of basaltic magmas encourages the consumption of both melt and Fe** amphibole

components and results in the crystallization of plagioclase and Fe-Ti oxides and the production of H;O (in
the fluid and/or melt; Sisson et al. 2005). This should result in a reduction of melt fraction, driving the

liquid toward more evolved compositions that encourages the stabilization of quartz.

2.6.3 Phase Compositions

Plagioclase An contents that most closely match those from natural HSA plagioclase phenocrysts are seen
at undercoolings of ~90-100°C (corresponding to absolute experimental temperatures of ~840—850°C) in
sintered experiments and ~70-100°C (corresponding to absolute experimental temperatures of 840-880°C)

in experiments using the crushed HSA starting material (Figure 2.6a). With respect to experimental Py,0,
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An contents most closely match he natural system between ~120-140 MPa (Figure 2.6b). While
plagioclase microlites appear to be stable, larger HSA seed phenocrysts in sintered-and-seeded experiments
are resorbed at 200 MPa, suggesting that this pressure exceeds that of the natural storage region. At
pressures of 120-140 MPa experimental An contents match the natural HSA at temperatures of 820 to
860°C. At these conditions, biotite and quartz are stable, although biotite only appears in experiments using
a sintered starting material. The trends in An content with estimated undercoolings indicate that at >860 °C
and <880 °C(where the natural phase assemblage is stable) plagioclase An contents fall between 55 and 60.
These values are slightly higher than the mode of An values observed for natural plagioclase rims (~An50—
55) although they encompass the mean An values of natural plagioclase rims at An56=1.

Experimental orthopyroxenes show weak correlations with changing experimental conditions. In
contrast clinopyroxene data, albeit limited, shows no systematic changes with changing experimental
conditions (Figure 2.7). While there is a known pressure dependence on the Al,O3; component of
clinopyroxne at constant T and changing P (e.g Putirka, 1999; Putirka et al. 2003), the lack of
clinopyroxene in most experiments in this study makes assessing this relationship for the Augustine system
problematic. Clinopyroxene data for experiments at constant T, but differing PH,O, is only available for
two experiments. In this limited example, the relationship holds true, with the AL, O3 contents of
experimental clinopyroxene increasing from 1.33+0.27 wt% at 860°C and 100 MPa (experiment Aug 21) to
2.66+0.72 wi% at 860°C and 150 MPa (experiment Aug 10). Significantly more data is available for
experimental orthopyroxene. However, there is little clear correlation between changing compositions and
changing experimental PH,O-T conditions. This is consistent with the results of other experimental studies
(e.g. Prouteau and Scaillet 2003; Rutherford et al. 1985) where no clear systematic variations in pyroxene
compositions were observed.

The relative scarcity of amphibole both in the natural HSA and in experimental charges makes
robust conclusions from its presence and compositions challenging. While still similar in composition to
both natural HSA and seed amphibole, experimental amphibole compositions are depleted in aluminum and
enriched in silica (Figure 2.8). It is possible that these amphibole compositions reflect the highly evolved

glasses found in low- to medium-T sintered and sintered-and-seeded experiments as a result of their high
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crystallinities (~58 modal % at 860°C and 150 MPa; Figure 2.4). Unfortunately, while amphiboles
crystallized in crushed HSA experiments, they were too small to yield reliable microprobe analyses. The
compositions of experimental amphiboles exhibit little systematic variation with changing PH,O-T
conditions. As a result, amphibole compositions do little to further constrain the geothermobarometry of the
storage region.

The lack of amphiboles in some natural Augustine magmas is likely primarily as a result of a
spread in storage temperatures. Upper limits of Fe-Ti oxide derived-temperature estimates suggest that
some HSA magmas were stored at temperatures exceeding that stability of amphibole (~880°C; based on
the algorithm of Ghiorso and Evans 2008). Prevailing models predict that the magmas beneath Augustine
are housed in a potentially complex network of interconnected dikes (Roman et al. 2006; Chapter 1), rather
than a single, contiguous magma reservoir. The pressures and temperatures of the magmas stored in these
dikes will vary, depending on the relative depth (and thus pressure) within the crust and on their level of
interaction with hot replenishing magmas from depth.

It is possible that the relative scarcity of amphibole in Augustine HSA magmas is a direct result of
this spread in storage pressures and temperatures. In addition, other factors may contribute to making the

Augustine system unfavorable to amphibole stability. For example, Sisson et al. (2005) note high .fo, asa
potential factor in reducing quantities of amphibole at /;2 conditions more oxidizing that QFM. At fo',

=RRO, Augustine magmas are ~3 log units more oxidizing than at QFM.

Experimental glasses trend between the values for the whole-rock HSA starting material and the
natural HSA glasses for all major oxides with the exception of the alkalis (K;0 and Na,O; Figure 2.9),
which are depleted in almost all experimental glasses (see below). Experimental glasses formed between
130 and 160 MPa most closely match the composition of the natural HSA glass. However, by 860 °C minor
quantities of biotite are stable in sintered starting material experiments and by 850°C quartz stability has
been reached (at PH,O < 150 MPa). As such, natural HSA glass compositions are not experimentally re-

created in regions in which the phase inventory matches the natural system.
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2.6.4 Low Alkalis in Experimental Glasses

Low alkali values are a feature of almost all experimental glasses in this study. With respect to sodium, low
Na values are also seen in working standards and likely stem from Na migration in the glass away from the
electron beam, as noted by previous authors (Nielsen and Sigurdsson 1988; Devine et al. 1995). However,
an intriguing aspect of the experimental glass chemistry is the behavior of potassium. For experiments
approaching the liquidus, K,O behaves as expected, decreasing in the melt from starting concentrations
close to those of the whole-rock (~1 wt%,; Figure 2.9¢). Highly incompatible in most minerals, K,O in
experimental glasses should increase with increasing SiO, and with increasing degree of crystallization as
experimental temperatures and pressures decrease. The only experiments to exhibit a clear increase in K;O
{up to ~ 1.5 wt%) are those that fall within the stability fields of biotite and quartz. In no experiment do
K,O values reach the level seen in the natural HSA glasses (~2—3 wt%). Similar to Na migration, the
migration of K away from the electron beam during electron microprobe analysis has also been
documented. However, the effect is significantly less pronounced (Reed 2005) and given the low amperage
beams utilized, it is unlikely that loss of this kind is significant. This is supported by the electron
microprobe data that do not show similar K depletion in working standards. Further, time dependent K
count data on experimental glasses do not exhibit systematic decreases with time. Potassium is relatively
insoluble in super-critical H,O fluid and is not known to alloy with gold capsules during hydrothermal
experiments like Fe does (Ratajeski and Sisson 1999). To deplete the melt by the extent observed,
potassium must be taken into mineral phases. The only viable options are the crystallization of potassium-
rich feldspars (e.g. sanidine) or biotite micas.

Glass compositions in this group show similarities in composition with glasses from a single low-
K HSA sample identified in the natural Augustine 2006 deposits. Mass balance calculations predict that the
crystallization of ~2-3 wt% biotite in the natural HSA would produce the observed low-K composition.
However, biotite has not been identified in the low-K sample (or any natural sample). Sanidine has aliso not
been identified in any natural or experimental samples, where feldspars are all plagioclase. A small number

of experimental plagioclase do show significant potassium enrichment, some with >5 mol % Or which may
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also account for some of the K,O depletion observed in the melt. Another possible explanation for apparent
K enrichment in feldspars is the contamination of data from the electron bean partially hitting areas of K-
enriched glass. However, given both the relative ease of plagioclase analyses (resulting from the abundance

of relatively large crystals) and the low-K nature of the experimental glasses in general, this is unlikely.

2.6.5 Biotite Crystallization from a Low-K Andesite

Experimental biotite is generally not observed above ~800°C in experimental studies of calc-alkaline
andesitic systems (e.g. Rutherford and Devine 2003, Holtz et al. 2005), although in studies of more mafic
and crystal-poor magmas, biotite has been seen to crystallize at temperatures greater than 900°C (Barclay
and Carmichael 2004). The only exception is in an experimental study of a similarly highly oxidized
system (Mt Pinatubo, Philippines; NNO+2 to NNO+3) where biotite is also seen to crystallize at relatively

high temperatures (810-830°C at 150-250 MPa; Rutherford and Devine 1996). This suggests that _ﬁ;z

exerts a significant influence on the stability of biotite in silicic systems.

The possibility of contamination of experiments with biotite during seeding with Soufriére Hills
derived amphiboles is excluded for three reasons: 1) biotite is not stable in Soufriére Hills andesites under
natural storage conditions (although it has been formed experimentally at temperatures <780 °C; Rutherford
and Devine 2003); 2) even if biotite was present in seed material it should have been removed during the
process of heavy liquid separation (biotite has lower density than hornblende) and the during the hand
picking of seed amphibole grains; and 3) biotite has been indentified in experiments using both seeded and
unseeded starting materials. However, starting material is clearly an important factor as sintered (seeded
and unseeded) experiments are the only ones to contain biotite crystals. The high crystallinity, evolved melt
compositions and slow kinetics of the natural high-silica andesite may explain why biotite fails to
crystallize in the natural system, despite being stable (as indicated by their presence in experiments
utilizing the sintered starting material). On the basis of phase stability alone, it is entirely possible for HSA

storage to have occurred within the biotite stability zone without the appearance of biotite in the natural



73

samples. However, the lower temperatures of HSA storage are still constrained only by the relatively hot

quartz curve, as quartz is identified in experiments of all kinds.

2.7 CONCLUSIONS: MODEL FOR PRE-ERUPTIVE MAGMA STORAGE

On the basis of petrological, seismic and geodetic data, previous estimates for the depth of shallow storage
at Augustine have ranged between 2.5 to 8 km bsl (65 to 210 MPa) for the top of the storage region and ~ 5
to 12 km bsl (170 to 310 MPa) for the base (Cervelli et al. 2010; Power and Lalla 2010; Webster et al.
2010; Chapter 1).Temperature estimates for HSA, calculated from the composition of co-existing Fe-Ti
oxide pairs and the algorithm of Ghiorso and Evans (2008), are 853-908°C, with an average value of 880°C
+ 13°C (Figure 2.2). While the lower end of the range encompasses the experimental estimates (~850-860
°C), the average is higher (880°C + 13°C). In contrast, when the QUILF algorithm (Andersen et al. 1993) is
applied to the same Fe-Ti oxide compositional data, the temperature range is 81 1-868°C, with an average
value of 838°C + 14°C (Figure 2.2; Larsen et al. 2010). These QUILF-derived temperatures have been
corrected (reduced) by 30°C (from original values of 841-898°C) to account for an overestimation by the
algorithm when applied to highly oxidized magmas (RRO or NNO+ 2 to NNO+3; Geschwind and
Rutherford 1992; Rutherford and Devine 1996).

Experimental mineral stability and compositions provide a significant refinement in the range of
possible Py,o-T conditions for the Augustine HSA (Figure 2.3). The early (hot) appearance of quartz and
biotite means that the natural HSA assemblage is only observed in a restricted area of the phase diagram:
above 120 MPa and between approximately 860 and 880°C. Plagioclase An contents indicate HSA storage
at pressures of 130—150 MPa and at temperatures of ~ 820-870°C, whereas glass compositions indicate a
range in temperatures from ~ 850 to 860°C (at PH,0 ~130-160 MPa). Estimated temperatures fall between
those estimates from the two Fe-Ti oxide algorithms applied to the natural HSA (Andersen et al. 1993;
Ghiorso and Evans 2008). They also straddle the boundary of biotite stability. Biotite has not been
identified in any natural HSA samples. Given that experimental biotite is only identified in experiments

using the sintered starting material, it would appear that the high crystallinity, highly evolved melt
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compositions, and slow kinetic regime inhibits the initiation of biotite crystallization in crushed HSA
experiments (and in natural HSA). As such, natural HSA stability may intrude into the biotite stability

zone, although temperatures below~850 °C are still unlikely given the stability curve of quartz.
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2.9 FIGURES
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Figure 2.1 Maps showing the location of Augustine Volcano. Inset map shows Alaska with the Cook Inlet

region highlighted. Triangles denote volcanoes.
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Figure 2.2 High-silica andesite oxygen fugacity and temperatures. Data calculated from the compositions
of euhedral touching Fe-Ti oxide pairs. White circles denote calculations following the algorithm of
Ghiorso and Evans (2008). Grey circles denote recalculations, on a subset of the same data, following
QUILF algorithm (Andersen et al. 1993).QUILF derived temperatures have been corrected by 30°C to
account for an overestimation by the algorithm when applied to highly oxidized magmas (Geschwind and

Rutherford 1992; Rutherford and Devine 1996).



Figure 2.3 Phase diagram. The biotite phase curve is coarsely dashed indicating identification only in
experiments using a sintered starting material. Finely dashed curves indicate extrapolated phase boundaries.
Right-pointing triangles denote crushed HSA starting material, left-pointing triangles denote sintered-and-
unseeded starting material, black circles denote sintered-and-seeded starting material. The direction of the
arrows approximates the approach to equilibrium with the crystal-rich crushed starting materials as melting
experiments and the glassy (sintered) materials as crystallization runs. White squares indicate the presence
of clinopyroxene. Qtz = quartz, Bt = biotite, Amph = amphibole, Plag = plagioclase, Mt = magnetite, Opx
= orthopyroxene, Il = ilmenite, Cpx = clinopyroxene. Light gray dashed lines indicate estimated mol % An
(anorthite) for plagioclase at given P/T conditions. The lightly shaded horizontal grey box denotes the
pressure range for HSA storage based on natural melt inclusions (Webster et al. 2010). The lightly shaded
vertical grey box denotes the temperature range for HSA storage based on Fe-Ti oxides in natural HSA
samples. The dark grey horizontal shaded area denotes the area in which experimental glass compositions
most closely match that of the natural HSA starting material (06AUMCO004c). The hashed grey area
denotes the region in which experiment plagioclase exhibit mol % An contents that match the natural HSA

starting material (06 AUMCO004c¢)
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Figure 2.4 Modal abundance of minerals in natural HSA and selected experiments. HSA* represents the

average modal abundance of all natural high-silica andesite samples (Larsen et al. 2010) and 004c

represents modal abundances of the experimental starting material (06AUMCO004c). Data on the

experimental samples determined by mass balance. SNS = sintered-and-unseeded starting material, SS =
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sintered-and-seeded starting material, CH = crushed HSA starting material. T = temperature, P = pressure



Figure 2.5 BSE images of experimental groundmass. Panel (a) shows microlite rich groundmass in experiment Aug 31. This experiment was conducted
using the sintered-and-seeded starting material and was held at 840°C and 150 MPa for 539 hours. Panel (b) shows glass-rich experiment Aug 67. This
experiment was conducted using the crushed-HSA starting material and was held at 960°C and 150 MPa for 43 hours. Unstable plagioclase in Aug 67
indicates that this experiment only reached partial equilibrium. Plag = plagioclase, Px = pyroxene, Gl = glass, Fe-Ti Ox = Fe-Ti oxides (magnetite and

ilmenite).

6L



1 1 1 i O H

Q.

20 60 100 140 60 100 140 180 220
. . .. 0
Estimated undercooling (AT in ~C) O Sintered (not seeded) PH,0 (MPa)
O Sintered (seeded)
B Crushed HSA

Figure 2.6 Experimental and natural plagioclase compositions. Panel (a) represents variations in experimental mol % An (anorthite) values with
estimated degree of undercooling away from the plagioclase stability curve; (b) Mol % An (anorthite) plotted against experimental PH,O. Each data
point represents the average of all analyses for a given experiment. Error bars on mol % An represent the (1s) standard deviation. The dashed black line

and surrounding lightly shaded grey area represents the mean and standard deviation (1s) of the An content of plagioclase phenocryst rims in the natural

HSA.
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Figure 2.7 Experimental and natural pyroxene compositions. Panels (a) represents the pyroxene
classification quadrilateral showing the average compositions from all analyses within each sample or
experiment. Data points are larger than the calculated error bars (1s) estimated using the full uncertainty
propagation methods of Giaramita and Day (1990) and De Angelis and Neill (2012). Black squares denote
rim compositions of pyroxene in the natural high-silica andesite (HSA) starting material (06 AUMCO004c).
Experimental data are sorted according to the region of the phase diagram in which they were conducted:
White squares denote high temperature experiments in the region beyond the stability of plagioclase (Pl);
grey circles denote medium temperature experiments conducted between the plagioclase and biotite (Bt)
phase curves; grey diamonds denote jow temperature experiments conducted within the biotite stability
field (in which quartz is also often present). (b) Plot showing the variation in Mg# (Mg/Mg+Fe) of
experimental pyroxene with changing experimental pressures. Each point represents the average of all
analyses from each experiment. The solid black line and surrounding darkly shaded grey area represents the
average standard deviation (1s) of the Mg# for orthopyroxene rims in the natural high-silica andesite (HSA)
starting material (06 AUMCO004c). The dashed black line and surrounding lightly shaded grey area
represents the mean and standard deviation (1s) of the Mg# for clinopyroxene rims in the natural high-silica
andesite (HSA) starting material (06 AUMCQ004c). Cpx = clinopyroxene, Opx = orthopyroxene. Sintered-

and-seeded experiments contained all identified Cpx.
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Figure 2.8 Experimental and natural amphibole compositions. Panel (a) denotes the Leake et al. (1997)
classification diagram for calcic amphiboles. Grey shading indicates the fields in which natural and
experimental amphiboles are found. These fields are expanded in (b) which shows the variations in Si and
Mg# for natural and experimental amphiboles. Each symbol represents the average of all compositional
analyses from each sample/ experiment. Error bars (1s) were calculated using full uncertainty propagation
methods (Giaramita and Day 1990, De Angelis and Neill 2012). Black squares denote amphiboles from the
natural high-silica andesite (HSA) starting material (06 AUMCO004c); grey squares denote amphibole seed
compositions from the Soufriére Hills, Montserrat andesite; white circles denote amphibole from
experiments using the sintered-and-unseeded starting material; grey circles denote amphibole from

experiments using the sintered-and-seeded starting material.
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Figure 2.9 Harker plots of experimental and natural glass compositions. Panels denote variations of SiO,

with (a) Al,O3; (b) Ca0; (¢) K;0; (d) Na,O; (e) FeO; and (f) MgO. Data represent the average of all data

points for a given sample/experiment. Error bars represent the analytical standard deviation (1s). Black

squares denote natural HSA groundmass glasses and the black diamonds denote the natural HSA starting

material whole-rock composition (both from sample 06 AUMCO004c). Black circles represent the average
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groundmass glass composition from the natural low-K HSA sample (Larsen et al. 2010). Experimental data

are classified by mineralogy of the experimental charges: Grey squares denote experiments conducted at

temperatures exceeding the liquidus; white squares denote experiments conducted at temperatures between

the liquidus and the stability curve for plagioclase (Pl); grey circles denote medium-temperature

experiments conducted within the plagioclase stability zone that do not contain quartz (Qtz) and/ or biotite

(BY); grey diamonds denote low-temperature experiments within the quartz and biotite stability fields.
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Figure 2.10 Near isobaricvariations in experimental glass major oxide compositions. Panels represent

variations in (a) SiO;; (b) FeO; (c) CaO; (d) MgO; (e) K,0; (f) Al,O;. Each symbol represents the average

of all glass analyses for each experiment, with error bars representing the standard deviation (1s). The

dashed line and surrounding light grey shaded area denotes the average and standard deviation (1s) for

natural HSA groundmass glass (06 AUMCO004c). The solid grey line and surrounding dark grey shaded area

denotes the average and standard deviation (1s) from the natural HSA whole-rock (06 AUMCO004c). The

dotted line and surrounding medium-grey shaded area denotes the average and standard deviation (1s) for

the low-K HSA groundmass glass compositions (Larsen et al. 2010).



2.10 TABLES

Table 2.1: Representative starting material compositions

HSA HSA Matrix HSA SHYV Seed HSA HSA HSA
Whole Glass® Amph* Amph? Plag® Opx® Cpx®
Rock® '
Sample MC004c* MC004c¢ MC004c SHO8 MCO004c¢ MC004c¢ MCO004c
Grain 1 Grain 7 Grain 31 Grain 8 Grain 6
SiO, 62.52 75.86 (0.64)' 46.65 (0.52) 47.21(0.10) 53.76 (0.30) 53.18(0.26) 52.11 (0.21)
TiO, 0.56 0.44 (0.18) 1.57(0.27) 1.39 (0.03) N/A 0.16 (0.02) 0.31(0.02)
AlOs 16.48 12.81 (0.36) 8.71(0.36) 7.44(0.07) 28.87(0.24) 0.83(0.15) 1.72 (0.09)
FeO (1) 5.39 2.08 (0.18) 11.93(0.42) 14.23(0.21) 0.49(0.09) 20.12(0.41) 9.34(0.24)
MnO 0.13 0.08 (0.09) 0.48(0.09) 0.56 (0.07) N/A 0.74 (0.14) 0.38 (0.07)
MgO 3.43 0.41 (0.06) 15.31(0.33) 13.99(0.16) N/A 23.41(0.21) 14.04(0.23)
CaO 6.58 2.09(0.19) 10.64 (0.18) 10.76 (0.03) 11.33(0.04) 0.99(0.06) 20.90 (0.46)
NaO 3.78 3.65(0.27) 1.74 (0.10) 1.20 (0.07) 4.91 (0.08) 0.02 (0.01) 0.41 (0.04)
K,;0 0.99 2.22 (0.20) 0.12(0.03)  0.14 (0.02) 0.12 (0.02) N/A N/A
P,05 0.14 0.08 (0.04) N/A N/A N/A N/A N/A
Cl N/A 0.28 (0.06) N/A N/A N/A N/A N/A
Total® 100.34 99.49 (0.61) 97.15(0.51) 96.91 (0.31) 99.48 (0.56) 99.44 (0.60) 99.21 (1.10)
n N/A 37 9 5 3 3 3

*Full dataset available in Appendix 2.1.
®Data from Larsen et al. 2010

°“06 AU” removed from sample name for the sake of brevity

4 Amph = amphibole; Plag = plagioclase; Cpx = clinopyroxene; Opx = orthopyroxene
¢ Glass totals are original totals. Glass data are anhydrous and normalized to 100

" Data average of ‘n’ analyses with standard deviation in brackets

¢8
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Table 2.2: Experiments and experimental products
Code Sm? T P Time Phases®
(°C) (MPa) (Hrs)
Aug 09 SS 860 140 330 Pl Op, Ox, gl
Aug 10 Ss 860 150 162 P1(0.32)°, Opx(<0.1), Cpx(0.1), Hb(<0.1), Ox(0.1),
B(<0.1), A(<0.1), g}(0.42)
Aug 11 CH 850 140 186  PI(0.51), Opx(0.15), Q(0.15), Ox(<0.1), A(<0.1),
gl(0.16)
Aug 12 CH 860 120 285 Pl Opx, Q, Ox, gl
Aug 14 CH 840 140 354 Pl Opx, Hb, Q, Ox, gl
Aug 15 SS 840 120 309 Pl Opx, Cpx, Hb, Ox, B, A
Aug 16 SS 820 140 309 Pl Opx, Hb, Q,0x, B, gl
Aug 19 SS 820 120 239  PI(0.4), Opx(<0.1), Cpx(<0.1), Q(0.1), Ox(<0.1),
B(0.15), g1(0.2)
Aug 21 SS 860 100 286 Pl Opx, Cpx, Ox, B
Aug 24 SS 820 120 237 Pl Opx, Cpx, Hb, Q, Ox, gl
Aug 28 SS 850 130 360 Pl Opx, Hb, Q, Ox, gl
Aug 31 SS 840 150 539 Pl Opx, Hb, Q, Ox
Aug 32 CH 860 130 277  PIl, Opx, Hb, Ox, gl
Aug 33 CH 860 100 384 Pl,Opx, Q, Ox
Aug 34 CH 860 70 360 Pl Opx, Q,0x, A
Aug 35 CH 840 100 381 PLOpx,Q,0x, A, gl
Aug 36 CH 880 100 404 Pl Opx, Cpx, Hb, Ox, A
Aug37 SNS 840 130 190  PI, Opx, Hb, Q, Ox, gl
Aug 38 CH 880 50 215  Pi, Opx, Ox
Aug 40 SsS 880 200 480 PI%, Opx, Hb, Ox, gl
Augd4l SNS 850 200 145  PI(0.37), Opx(<0.1), Hb(<0.1), Ox(<0.1), g1(0.5)
Aug42 SNS 860 150 317  Pl, Opx, Hb, Ox, gl
Aug43 SNS 840 100 220 PLCpx,Q,0x,B
Aug44 SNS 800 120 162 Pl Hb, Q, Ox
Aug45 SNS 925 150 72 PIf(0.2), Opx(<0.1), Ox(<0.1), gl(0.67)
Aug47 SNS 840 170 162 Pl, Opx, Hb, Q, Ox, A, gl
Aug48 SNS 880 160 162  PIl, Opx, Hb, Ox, gl
Aug49 SNS 850 160 166 PI, Opx, Hb, Ox, gl
Aug50 SNS 960 130 30  Opx, Ox', gl
Aug64 CH 970 160 48  Opx® Ox, gl
Aug 65 CH 980 135 47  Opx® Ox, gl
Aug66 SNS 940 135 52 Opx, Ox, gl
Aug 67 CH 960 150 43 PIE(0.23), Opx(<0.1), Ox(<0.1), gl(0.66)
Aug73a® CH 1000 150 69  Opx, Iim, gl
Aug 73b" SNS 1000 150 69  Opx'(<0.1), im(<0.1), g1(0.9)
Aug76a® CH 1060 140 23 gl(1)
Aug 76b" SNS 1060 140 23 gl(l)
? Starting Material: CH=Crushed HSA, SS= Sintered, SNS=Sintered (not seeded)
® PI=plagioclase, Opx=orthopyroxene, Cpx=clinopyroxene, Q=quartz, Ox=oxides (magnetite and ilmenite),
B=biotite, A=Apatite, IIm=ilmenite, gl=glass
“Modal data calculated by mass balance. Full data in Appendix 2.2.
4 Large plagioclase seeds are unstable and skeletal. Small plagioclases are stable and euhedral
¢ All plagioclase are rounded and <20 pm
fAll crystals are <20 pm
& All crystals are unstable and resorbed
" Double capsule experiment




Table 2.3: Representative experimental glass compositions®

SM® SNS SNS CH CH
Experiment Aug 37 Aug 48 Aug 65 Aug 76a
T (°C) 840 880 980 1060
P (MPa) 130 160 135 140
Si0, 77.77 (0.30)° 74.48 (0.31) 69.64 (0.74) 63.80 (0.23)
TiO, 0.30 (0.03) 0.41 (0.18) 0.55 (0.24) 0.52 (0.09)
ALO; 13.18 (0.16) 14.60 (0.25) 14.78 (0.06) 17.51 (0.11)
FeO () 1.66 (0.04) 2.13 (0.08) 3.90 (0.33) 5.04 (0.26)
MnO 0.09 (0.00) 0.28 (0.00) 0.04 (0.16)
MgO 0.89 (0.03) 0.98(0.09) 2.17 (0.18) 3.73 (0.08)
Ca0 2.04 (0.08) 3.89 (0.30) 5.04 (0.48) 6.53 (0.25)
Na,O 2.56 (0.66) 2.48 (0.51) 2.51 (0.04) 1.99 (0.13)
K;0 1.47 (0.03) 0.94 (0.19) 1.29 (0.46) 0.89 (0.04)
Cl 0.04 (0.01) 0.00 (0.00) 0.08 (0.06)
Original Total® 92.80 (0.71) 92.56 (0.62) 93.62 (1.12) 93.45 (0.29)
n 3 3 3 5
H,0* 4.56 4.71 4.25 4.15

 Full dataset available in Full dataset available in Appendix 2.3.

® Starting Material: CH=Crushed HSA, SS= Sintered, SNS=Sintered (not seeded)
Glass totals are original totals. Glass data are anhydrous and normalized to 100%

4H,0 calculated using VolatileCale (Newman and Lowenstern, 2002)
€ Modal data calculated by mass balance

* Data average of ‘n’ analyses with standard deviation in brackets



Table 2.4: Representative experimental plagioclase compositions®

SM® SS SS SNS CH
Experiment Aug 21 Aug 31 Aug 47 Aug 36

T (°C) 860 840 840 880

P (MPa) 100 150 170 100
SiO, 53.71(0.31) 55.11 (1.92) 58.20 55.43 (1.07)
AlLO; 29.39 (0.06) 28.26 (0.19) 25.37 27.71 (0.45)
FeO (1) 0.60 (0.04) 0.69 (0.24) 1.15 0.42 (0.06)

MgO N/A N/A 0.36 N/A
CaO 11.54 (0.26) 10.83 (0.44) 9.47 9.84 (0.53)
K,0 0.11 (0.02) 0.13 (0.05) 0.34 0.20 (0.07)
Na,O 4.81(0.21) 4.55 (0.50) 3.68 5.51(0.15)
Total 100.19 (0.28) 99.58 (1.35) 98.57 99.11 (1.19)

n 4 3 1 5

An 56.65 (1.47)" 56.43 (2.51) 57.28 49.05 (1.78)
Ab 42.71 (1.51) 42.73 (2.71) 40.28 49.73 (1.73)
Or 0.64 (0.09) 0.84 (0.42) 2.45 1.22 (0.40)

Wt % H,0° 4.9 N/A 6.0 N/A

?Full dataset available in Appendix 2.4.

b Starting Material: CH=Crushed HSA, SS= Sintered, SNS=Sintered (not seeded)

“H,0 calculated using the hygrometer of Lange et al. 2009
* Data average of ‘n’ analyses with standard deviation in brackets.

**Uncertainty calculated using the MINERAL software (De Angelis and Neill 2012)

88



Table 2.5: Representative experimental pyroxene, amphibole, and biotite compositions®

SM” SS SS CH SNS SS SS SS
Experiment Aug 10 Aug 19 Aug33 Aug 37 Aug 15 Aug 16 Aug 19
Phase Cpx° Cpx Opx Opx Amph Amph Bt
T(°C) 860 820 860 840 840 820 820
P (MPa) 150 120 100 130 120 140 120
SiO; 51.05(1.32) 52.68 (0.86) 53.52(0.41) 52.37(0.48) 46.60 (1.55) 47.66 (0.60) 4031 (1.17)
TiO, 0.67 (0.19) 0.44 (0.24) 0.15 (0.06) 0.16 (0.14) 1.37 (0.22) 1.43 (0.05) 1.98 (0.37)
ALO; 2.66 (0.72) 1.80 (0.89) 0.94 (0.26) 7.08 (3.30) 7.48 (0.71) 7.10 (0.33) 14.68 (0.56)
FeO (t) 10.67 (1.27) 9.35(0.31) 20.29 (0.59) 12.23 (1.96) 14.70 (0.70) 13.88 (0.75) 19.78 (2.04)
MnO 0.57 (0.07) 0.54 (0.11) 0.71 (0.14) 0.65 (0.19) 0.53 (0.08) 0.54 (0.02) N/A
MgO 14.22 (0.23) 14.03 (0.68) 22.31(0.33) 23.25 (2.86) 13.45(0.17) 13.90 (0.55) 14.24 (0.60)
Ca0 19.33 (1.09) 20.16 (0.71) 1.13 (0.06) 1.80 (0.97) 10.98 (0.03) 10.77 (0.12) 0.88 (0.11)
Na;O 0.32 (0.04) 0.30 (0.07) 0.03 (0.03) 0.97 (0.76) 1.42(0.13) 1.31 (0.17) 1.26 (0.24)
K;0 N/A N/A N/A N/A 0.31(0.02) 0.19(0.03) 6.96 (0.55)
Total 99.49 (0.03) 99.30(0.39) 99.10 (0.35) 98.51 (0.34) 96.78 (0.03) 96.88 (0.68) N/A
n 2 3 3 4 2 4 3
En 41.69 (0.48) 41.55 (1.52) 64.65 (0.94) 73.92 (1.75) N/A N/A N/A
Fs 17.55(2.01) 15.54 (0.76) 32.99 (0.96) 21.76 (1.49) N/A N/A N/A
Wo 40.76 (2.48) 42.91(1.48) 2.36 (0.12) 4.32(2.66) N/A N/A N/A

*Full dataset available in Appendix 2.5.
b Starting Material: CH=Crushed HSA, SS= Sintered, SNS=Sintered (not seeded)
¢ Cpx = clinopyroxene; Opx = orthopyroxene; Amph = amphibole
¢ Data from semi-quantitative EDS analyses. EDS software automatically normalizes all data to 100%.
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CHAPTER 3:
Experimental insights into the formation of heating- and decompression-induced amphibole reaction rims

and implications for shallow-level magmatic processes at arc volcanoes®

3.1 ABSTRACT

The focus of this chapter is the use of novel experiments to examine the differences between amphibole
reaction rims created by heating or decompression. The experiments employed calc-alkaline andesite and
dacite starting materials at H,O vapor saturated conditions and buffered at fO,= Re-ReO; (~Ni-NiQO+2).
Heating experiments equilibrated at 870°C and 140 MPa for 24 hours before single-step isobaric heating to
880°C, 900°C, or 920°C. Decompression experiments equilibrated at 840°C and 150 MPa for 24 hours,
before single-step isothermal decompression to 75, 65, or 55 MPa. Duration at the final conditions ranged
between 3-48 hours (heating) and from 12-144 hours (decompression). Heating-induced rims form at
higher growth rates (< 0.25x107-1.6x10"cm/s) than observed from the decompression experiments
(<~1.7x10"® cm/s). The thicknesses of decompression-induced rims formed at 65 MPa for >50 hours (> 25
um) overlap with heating-induced rim thicknesses formed at 880°C for <36 hours or at 900°C- 920°C for
<12 hours. Decompression-induced rims primarily contain orthopyroxene and Fe-Ti oxides, with little or
no clinopyroxene or plagioclase present. Heating-induced rims contain two pyroxenes, Fe-Ti oxides, and
plagioclase in varying amounts. Measurements of the sizes and number densities of crystals that form
within the reaction rims reveal differences that appear to be specific to the mechanism of formation. For
example, decompression generally produces smaller microlite sizes (<8 um) and N»’s (> ~50,000 mm™),
while heating produces rims with larger grain sizes (> 5 pum) and lower N,’s (< ~50,000 mm™>). In
addition, negative correlations between crystal nucleation and growth rates with time make it possible to

estimate the duration of heating events in natural samples. A comparison between decompression-induced

3 Henton De Angelis, S., Larsen, }. & Coombs, M. & Dunn, A. Experimental insights into the formation of
heating- and decompression-induced amphibole reaction rims and implications for shallow-level magmatic
processes at arc volcanoes. Prepared for submission to Contributions to Mineralogy and Petrology
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reaction rims formed under different oxygen fugacities reveals growth rates that are a factor of 1.5-4 higher
at fO,=Re-ReQ; than they are at NNO+0.5 to 1 log units. In conclusion, quantitative textural and
mineralogical data (e.g. mineral modes, N, and crystal area fractions) are crucial for the correct

classification of amphibole reaction rims.

3.2 INTRODUCTION

Disequilibrium textures are commonplace in subduction zone magmas, which often undergo complex paths
of mixing and episodic ascent on their way to the surface. Amphibole, a common phenocryst phase in
intermediate-composition arc magmas, is generally stable at pressures >100 MPa (~4 km), in melts that
contain at least 4 wt% H,0O (Rutherford and Hill 1993), and at temperatures generally less than ~880-900
°C. Notably, reaction rims of anhydrous minerals (referred to hereafter as ‘microlites”)form during
destabilization of hydrous amphibole phenocrysts. Decompression-induced dehydration is one important
mechanism that leads to amphibole breakdown, and measurements of reaction-rim thicknesses are widely
used to estimate ascent rates for subduction zone magmas (e.g. Rutherford and Hill 1993; Devine et al.
1998; Luhr, 2002; Nicholis and Rutherford, 2004; Browne and Gardner, 2006; McCanta et al. 2007;
Coombs et al. 2012). In addition to decompression-induced dehydration, rims on amphibole can also form
due to heating if temperatures exceed the thermal stability of the mineral.

Past studies of natural amphibole reaction rims classified 'decompression’ and ‘heating'
mechanisms largely based on microlite textures and mineralogy (Garcia & Jacobson 1979; Rutherford and
Hill 1993; Devine et al. 1998; Murphy et al. 2000; Rutherford & Devine 2003). Decompression-induced
reaction rims are generally described as thin (~1-40 pm), with microlite grain sizes of 1-30 um, and
primarily composed of orthopyroxene, plagioclase, and Fe-Ti oxides. In contrast, heating rims are
described as thicker (generally >200 pm), coarser grained (30—-300 pm grain size), and clinopyroxene-rich.
However, only a small number of studies have experimentally confirmed these classifications (e.g. Browne
and Gardner 2006; Buckley et al. 2006; Plechov et al. 2008).

Past experimental work has focused on decompression-induced breakdown reactions in order to
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provide calibrations for magma ascent rates (Rutherford and Hill 1993; Rutherford and Devine 2003;
Browne and Gardner 2006). Less than 7% of all experiments from prior studies yielded data on heating-
induced amphibole breakdown reactions. Only Buckley et al. (2006) described the mineralogy of reaction
rim microlites and compared their results with a mass balance approach. Browne and Gardner (2006)
presented a comprehensive and quantitative account of how reaction rim textures change with variable
disequilibrium conditions.

This study focuses on the first experiments to compare the growth rates, mineralogy, and microlite
textures of heating- vs. decompression-induced amphibole reaction rims. The experiments demonstrate that
heating-induced rims can grow rapidly and thus suggest that thickly rimmed or pseudomorphed amphiboles
found in natural samples may form over remarkably short timescales (<48 hours). Contrary to previous
classifications, this study shows that heating-induced experimental reaction rims have textural and
mineralogical similarities with those formed during decompression experiments. The implications of these
results are that natural amphibole reaction rims may not be simply classified on the basis of semi-
quantitative textural and mineralogical observations. Instead, measurements quantifying modal mineral
abundances, crystal number densities and calculations of crystal nucleation and growth rates are crucial.
With an increase in experimental data applied to the problem, it may be possible to infer the cause of the
breakdown rim formation from those parameters. However, experimental calibrations of reaction rates are
best applied to natural systems when independent observations are available to reliably infer the

mechanisms of their formation.

3.3 METHODOLOGY

Heating experiments were conducted using finely ground, fused glass derived from high-silica andesite
pumice produced during the 2006 eruption of Augustine Volcano, Alaska, and seeded starting powders
with ~20 unreacted amphibole phenocrysts. Decompression experiments were conducted using crushed
dacite from the 1989-90 eruption of Redoubt Volcano, Alaska (Browne and Gardner 2006). All

experiments were H,O vapor saturated, buffered at fO; of Re-ReO (RRO~Ni-NiO+2), and conducted using
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TZM alloy or externally heated, Rene-style, Waspaloy cold-seal pressure vessels. Heating experiments
were initially held at 870°C and 140 MPa for 24 hours before isobaric heating to 880°C, 900°C, or 920°C.
Likewise, the decompression experiments initially thermally equilibrated at 840°C and 150 MPa (Browne
and Gardner 2006) for 24 hours before isothermal decompression to 75, 65, or 55 MPa. Experiments were
heated or decompressed in a single step before being held for 3—48 hours (heating) or 12—144 hours
(decompression) at the final conditions.

Major oxide compositional data from experimental amphiboles was collected using a Cameca
$X50 electron microprobe with a focused (1-5 um), 15kV, 10nA beam. BSE images and X-ray maps of 1
to 5 amphibole reaction rims per experiment were collected using an EDS equipped scanning electron
microscope set to a 25kV accelerating voltage, large spot size (~65-80), and a 10 mm working distance.
Image processing was performed using the ImageJ software package. Reaction rim thickness was measured
at 5 to 20 different locations around the grains, from which average thicknesses were calculated. The
mineral phase, size, aspect ratio, and position within the rim for <10 to >200 microlites per reaction rim
were recorded. Reaction rim microlite size is represented by the Feret’s diameter (FD), or the longest
distance between any two points around the boundary of the crystal, as measured by ImageJ. Crystal
number densities (N) and microlite area fraction measurements were used to calculate crystal growth (G),

and nucleation rates (I) were calculated following the method of Brugger and Hammer (2010).

3.4 RESULTS

3.4.1 Reaction Rim Mineralogy

Reaction rims have formed during all experiments in this study. Reaction rims show systematic changes in
mineralogy and textural complexity with increasing time at disequilibrium (Figure 3.1, Figure 3.2), the
magnitude of disequilibrium, and with different forcing mechanisms (heating vs. decompression).

All heating-induced reaction rims contain Fe-Ti oxides and pyroxene (Figure 3.2). Pyroxene is
invariably the primary phase (57.4 to >90 modal %) and includes both ortho- and clinopyroxene varieties.

However, at constant temperature, the abundance of clinopyroxene consistently decreases with increasing
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time, from >70 modal % at 3-hours to 0 modal % at 48 hours. This is most apparent in the 900°C and
920°C series. Minor mineral phases include plagioclase (0 ~15 modal %) and fragments of amphibole in
short duration (3 hour) experiments at 880 and 900°C. The modal abundance of oxides increases with time
in all temperature series.

Decompression-induced reaction rims contain 71.3 to 82.8 modal % orthopyroxene (Figure 3.2).
Clinopyroxene is observed at one set of experimental conditions (840°C, 65 MPa, and 114 hours) but it is
volumetrically minor at 0.34 modal %. Fe-Ti oxides range from 17.2 to 25.6 modal %, and plagioclase
ranges from 1 to 3.2 modal %. Decompression-induced reaction rims show much less mineralogical

variability with experimental duration than do heating-induced reaction rims.

3.4.2 Reaction Rim Textures

3.4.2.1 Thicknesses, Growth Rates, and Microlite Size

Heating-induced reaction rims increase in thickness with both the magnitude of imposed disequilibrium
(degree of heating) and experimental duration (Figure 3.3A). The thickest reaction rims form during
heating to 920°C (from a starting temperature of 870 °C). Complete breakdown to pseudomorphs occurs
after 12 hours at 920°C and 24 hours at 900°C, with the exception of an unusually large grain yielding a
small remnant core and a >200um thick rim after 48 hours at the final temperature. The slowest rim growth
occurs in experiments heated to 880°C. However, between 36 and 48 hours the reaction rate increases
greatly and by 48 hours at this temperature, all amphiboles form pseudomorphs.

Correspondingly, heating-induced rim growth rates increase with final temperature (Figure 3.3B).
The highest growth rates of 1.6x10"cm/s occur in experiments held at 920°C for 3 hours. At 6 hours the
rates fall to 9.1x10°® cm/s, but by 12 hours they rise again to 1.3x107cm/s. At 900°C growth rates are >
45% lower but their progression with time shows the same pattern. At 900°C, the growth rates remain
relatively low (<1x1077 cm/s) for at least 12 hours before rising again to a high of ~ 1.3x107 cm/s. At 880°C
growth rates start at ~ O.7x10'7cm/s, similar to those at 900°C in the shortest duration experiments, and

then they decrease < 0.25x10” cm/s. They remain low compared to the higher temperature experiments for
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up to 36 hours before increasing rapidly to 1.1x10”cm/s at hold times >36 hours.

In decompression experiments held at 55 and 75 MPa, the reaction rims (Figure 3.3D) never
exceed 15um. Rims formed by decompression to a final pressure of 65MPa are significantly thicker and
exceed 20um by ~50 hours and are >25um by 144 hours. While thicker than some heating-induced rims,
the decompression rims form over much longer timescales due to much lower growth rates, peaking at
~1.7x10® cm/s when held for 50 hours at 65 MPa. However, even at their peak, the growth rates observed
are up to a factor of 4 faster than those reported by Browne and Gardner (2006) at similar final pressures.
Both studies utilized the same starting material, but in this study an oxygen fugacity ~1 to 1.5 log units
higher was utilized.

Heating-induced reaction rims contain a wide range of microlite sizes although few exceed 20 pm
(Figure 3.3C). Microlites in decompression-induced reaction rims show less variation and are typically <8
pm in size (Figure 33.F). There is no systematic relationship between microlite size and the degree of
heating/decompression outside of stability, reaction timescale, or the position of a microlite within each

reaction rim.

3.4.2.2 Reaction Rim Crystal Number Densities, Nucleation, and Growth Rates

In general, reaction rims created in both the heating and decompression experiments exhibit a negative
correlation between crystal number density per unit area (N,) and average microlite size (FD; Figure 3.4A),
with decompression-induced reaction rims anchoring the high N4 (~10°> mm™) and low microlite size
(<8um) end of the data range, and the heating experiments producing lower N4s and larger crystals size
textures. There is a weak negative correlation between reaction rim thicknesses and Nj.

When crystal nucleation rates are calculated (as N4 over average crystal size, divided by the
experimental timescale at the final conditions), there is a negative correlation between the calculated
nucleation rates and time for heating experiments (Figure 3.4C), with nucleation rates highest in the short
duration experiments. In contrast, the variation in nucleation rates with time is more subdued for

decompression experiments. The most robust kinetic observation is that the growth rate of crystals within
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the reaction rims appears to decrease with increasing experimental duration (Figure 3.4D), with the shortest

experiments (primarily heating experiments) showing the highest crystal growth rates (Figure 3.4D).

3.5 DISCUSSION

3.5.1 Initiation of Reaction Rim Formation

There are three modes of reaction rim initiation: 1) Crystallization of anhydrous minerals from the melt
(Figure 3.5A); 2) Physical shedding of amphibole from the host phenocryst (Figure 3.5B); and 3) Zones of
pyroxene (most commonly clinopyroxene) still attached to the amphibole host (Figure 3.5C). Two possible
explanations exist for the formation of attached pyroxene zones: 1) solid state phase transition (e.g. Wartho
1995), or 2) pyroxene overgrowth (e.g. Streck 2008). The observed pyroxene zones contain the
continuation of cleavage traces and cracks from the host amphibole and on this basis formation by
pyroxene overgrowth is rejected. Wartho (1995) used a photo emission electron microscope apparatus to
view in real time the sold-state transition of tschermakitic hornblende to oxyhornblende and then to an
‘amphiboloid’ phase with a clinopyroxene structure during heating from 750-1000°C. These experiments
were conducted in a vacuum, and the exact duration of experiments is not disclosed but is on the scale of
hours. As with the clinopyroxene zones observed in the experiments, the ‘amphiboloid’ phase retains
original amphibole features such as cleavage traces.

In heating experiments, the different modes of reaction initiation are observed not only within the
same experiments but also at different points around the same amphiboles. This suggests that the processes
controlling the initiation of breakdown are independent of the magnitude of disequilibrium and/or of the
amphibole composition. Likely, amphibole shedding is encouraged where cracks or pronounced cleavage
planes in the host phenocrysts weaken its physical strength. Modes of formation may also be related to
local melt conditions, such as the melt viscosity in the immediate vicinity of the amphibole boundary.
Higher viscosity conditions (perhaps resulting from variable glass compositions and crystallinities) may
inhibit physical amphibole breakdown (Browne and Gardner 2006; Coombs et al. 2012). In such cases,

solid-state transition may be the easiest way for amphiboles to react to changing temperature conditions.



102

3.5.2 Separating Heating from Decompression-Induced Rim Formation

3.5.2.1 Mineralogy

The mineralogy of amphibole reaction rims has been a key component used to classify the causes of
reaction rim formation. Most studies of natural amphiboles (e.g. Rutherford and Devine 2003) reported that
orthopyroxene dominates over clinopyroxene in decompression-induced reaction rims. Prior experimental
results also suggest that decompression-induced reaction rims can be identified by the total or near total
absence of clinopyroxene (e.g., Browne and Gardner 2006). However, mass balance and X-ray mapping
observations later revealed that clinopyroxene exists in significant quantities in natural amphibole rims
previously described as containing orthopyroxene only (Figure 3.2; Buckley et al. 2006). A recent study by
Plechov et al. (2008) provides convincing evidence of natural amphiboles with orthopyroxene-only reaction
rims although they attribute the formation of these rims to isobaric heating, not decompression, yet, it is
also commonly suggested that heating-induced reaction rims are clinopyroxene rich (e.g. Rutherford and
Devine 2003; Browne and Gardner 2006). This study represents the first to attempt to quantify
experimental reaction rim mineralogy through the use of high-resolution X-ray maps, and these support
prior observations that decompression-induced rims are clinopyroxene-free. Howev‘er, contrary to prior
studies, in this study heating-induced reaction rims contain both pyroxenes in varying amounts. This is
consistent with the conclusions of Chapter 2, which suggest that in the Augustine system, heating-induced
reaction rims contain both pyroxenes in significant quantities.

There is a relationship between heating-induced rim mineralogy and the experimental duration
(Figure 3.2). With increasing time at the final temperature, the modal abundances of clinopyroxene fall
(Figure 3.2). In pseudomorphs formed during the longest-duration experiments, only orthopyroxene is
identified. This suggests that phase relations within an individual system are the primary control on rim
mineralogy. For Augustine Volcano high-silica andesites, clinopyroxene is not stable above 880°C
(Chapter 2) and thus clinopyroxene is a meta-stable phase in the experimental reaction rims that forms

upon initial breakdown during heating above 880°C. Due to its significant calcium content, it may form
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early during the process of amphibole decomposition, thus explaining its presence in short duration
experiments (3—12 hours). However, clinopyroxene eventually dissolves into the melt because it is unstable
at the final experimental conditions. Further, in this study differences in amphibole composition do not
control reaction rim mineralogy. Amphiboles in this study show little compositional variability, both within
and between phenocrysts. Moreover, there is no correlation between variations in any amphibole major
oxides with variations in the proportions of clino- and orthopyroxene in the reaction rims. Although this
study provides the first published data set of this kind, further experimental work on compositions relevant
to a broad range of volcanic systems is needed to more completely understand the relative stabilities and

abundances of ortho- and clinopryoxene in both heating and decompression-induced reaction rims.

3.5.2.2 Textures and Growth Rates

For similar experimental durations, heating produces thicker reaction rims and faster growth rates (Figure
3.3). However, a region of overlap exists between reaction rims from long duration decompression (>50
hours) and shorter duration heating experiments (3—12 hours at 900-920°C and 3-36 hours at 880°C). The
sizes of microlites in those decompression reaction rims are consistently <10 um. In comparison, a large
number of heating reaction rims from those short duration experiments also contain microlites that are on
average < 10 um.

In general, these new experimental results agree with previous studies and confirm that
decompression-induced rims are typically thinner and finer grained than heating-induced ones. However
the new data clearly demonstrate that the ranges of rim thicknesses and grain sizes used to classify heating
versus decompression rims from natural samples may fall within the region of overlap observed in the long
duration decompression and shorter duration heating experiments. For example, over 80% of heating-
induced reaction rims in this study are <40 pm in thickness. Thus, a short-term heating event due to magma
mixing in a natural magma could produce the same texture and thickness of rim as decompression during
relatively slow magma ascent. If similar rims are observed in nature, they might be mistakenly classified as

decompression-induced based on their relatively small thicknesses and fine-grained texture (e.g. Murphy et



104

al. 2000; Rutherford and Devine 2003). Thus, caution is urged when using measurements of amphibole

reaction rim thicknesses alone to classify the provenance of natural amphibole textures

3.5.2.3 Discrimination by Rim Microlite Number Densities

As demonstrated above, it may be difficult to classify natural rims according to their forcing mechanisms
on the basis of individual parameters alone. However, one method that shows promise is to compare
microlite number densities as a function of average microlite size in the rim (Figure 3.3A). Experimental
results predict that decompression produces microlite sizes that are typically <5 pm and N4’s > ~50,000
mm regardless of time at the final pressure. This indicates rapid nucleation of anhydrous phases in the
reaction rim and limited growth over the observed experimental timescales. In contrast, the heating-induced
rims typically produce coarser grained (>12 um) rims with lower N, (< ~50,000 mm™) than in the
decompression rims. Some overlap exists where microlites sizes range from 5-12 pm and N4’s range from
30,000-80,000 mm™ (Figure 3.3A). The addition of data points from future experimental work may
determine whether the distinction between heating- and decompression-induced reaction rims can be made

with confidence.

3.5.3 Estimating Timescales of Disequilibrium

Previous experimental results (e.g., Browne and Gardner 2006) demonstrate that different combinations of
disequilibrium magnitude and duration can produce indistinguishable reaction rims. The results suggest that
for heating-induced reaction rims, experimentally derived crystal nucleation and growth rates may
represent reliable proxies for heating duration estimates in nature (Figure 3.4C and D). The reliability of
this method is contingent on the rapid quenching of the magma soon after the heating event. Additional
experiments are needed to refine calibrations, particularly for crystal nucleation rates, which exhibit more
scatter with time (Figure 3.4C). Unfortunately there is little systematic change in crystal nucleation or

growth rates with magnitudes of heating, and as such distinguishing the degree to which a magma may
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have been heated on the basis of amphibole reaction rims remains elusive. If the degree of heating is known
with accuracy from independent methods (e.g. Fe-Ti oxide re-equilibration timescales; Devine et al. 2003),
then it may be possible to estimate heating durations on the basis of reaction rim thicknesses alone,
assuming the natural heating event ends as the samples are quenched during eruption. For decompression
reaction rims, variations in crystal growth rates, and (especially) crystal nucleation rates with time, are
minor and not always systematic. As a result they currently cannot be used for estimating timescales of

decompression.

3.5.4 Observations of Reaction Rim Kinetics

Kinetic studies of disequilibrium (cooling or decompression) plagioclase crystallization have linked
changing textural features (e.g. N, aspect ratio, and microlite size) as a function of experimental duration
to nucleation vs. growth-dominated crystallization regimes (e.g., Muncill and Lasaga 1988; Hammer and
Rutherford 2002). Nucleation rates are highest when the degree of disequilibrium is high, while growth
rates are highest when the degree of disequilibrium is low (e.g. Brugger and Hammer 2010). High N, and
small crystal sizes are indicative of nucleation-dominated crystallization during reactions in which the
system is forced far from equilibrium over short timescales (Hammer and Rutherford 2002). In contrast,
reduced N, and larger crystal sizes indicate a growth-dominated crystallization regime in a system reacting
to a smaller degree of forcing away from equilibrium. Nucleation and growth rates typically show separate
but overlapping curves as a function of degree of (effective) undercooling, whereby growth rates increase
as nucleation rates fall.

Experimental amphibole reaction rims in this study show alternative patterns. In heating rims,
crystal nucleation (I) and growth rates (G) are both high following short durations at the final conditions,
and fall together as experimental durations increase (Figure 3.4C and D). This could mean that almost all
nucleation is accomplished early, and that in longer experiments this early nucleation “event” is averaged
over longer and longer experimental timescales. At the same time, crystal growth is rapid early in the

breakdown process, but slows with time. There is also little systematic change in crystal sizes or N, with
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different degrees of thermal disequilibrium. The same relationships are observed for decompression rims,
although the relationships are not as strong. Decompression rims, which contain the highest N, values and
smallest microlite sizes (Figure 3.4A), should yield the highest crystal nucleation rates (Brugger and
Hammer 2010). However, calculated values are intermediate to those for heating rims, and are an order of
magnitude lower than the highest nucleation rates calculated for heating-induced breakdown reaction rims.
Plagioclase nucleation studies have focused on single-mineral crystallization from the melt (e.g.
Brugger and Hammer 2010). In contrast, amphibole reaction rim formation is a complex process. For
example, in some cases it might involve amphibole dissolution followed by the nucleation and growth of
multiple minerals (e.g. Rutherford and Hill 1993; Browne and Gardner 2006). In others, it might involve
the solid-state phase transition of amphibole (e.g. Wartho 1995) to pyroxene followed by growth-
dominated crystallization. Thus the measured crystal number densities, crystal nucleation rates, and crystal
growth rates in the experiments reflect the sum of multiple different reactions and processes. It is therefore
not surprising that the relationships seen in the experimental data for amphibole reactions rims do not agree
with the models based on plagioclase crystallization kinetics. In future work it may be interesting to
differentiate between the N, G, and I properties of different mineral phases within reaction rims in order to

better understand the kinetics of reaction rim formation.

3.5.5 Effects of Changing Oxygen Fugacity

The effects of oxidation on reaction rim formation rates was tested using decompression experiments. A
small number of the single-step decompression experiments performed utilized the same 19891990
Redoubt Volcano dacite starting material that was employed in the Browne and Gardner (2006) study.
Browne and Gardner (2006) buffered experiments at an fO, of NNO-+0.5 to 1 log unit. In contrast, the fO,
of experiments in this study was fixed at RRO (~NNO+2 log units). In agreement with Browne and
Gardner (2006), reaction rim growth rates peak at 65 MPa (~35 MPa below amphibole barometric
stability). However, growth rates are significantly elevated in experiments buffered at RRO. At final

pressures of 65 MPa growth rates are 1.5-4 times faster, while at 55 MPa growth rates are approximately a
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factor of 2 faster. These results highlight the sensitivity of amphiboles to changes in magmatic conditions
and the individuality of different volcanic systems. As a result, experimental calibrations must be used with

caution when applied to different volcanic systems.

3.5.6 Combined Disequilibrium Conditions: Simultaneous Heating and Decompression

Given the complexity of volcanic systems, amphiboles can be exposed to multiple disequilibrium
conditions either concurrently or in successionprior to eruption. As a result, natural amphibole reaction
rims may reflect multiple processes, such as decompression followed by shallow level oxidation (e.g.
Genareau and Clarke 2010). In other cases magma ascent could initiate rim formation, but release of latent
heat during decompression-induced crystallization of the groundmass could then act to heat the amphiboles
in the ascending magma. Indeed, Blundy et al. (2006) cite evidence for heating during magma ascent of up
to 100°C. The results show that heating of amphibole by much smaller degrees can produce reaction rims
on a scale of hours. Thus, while the rims may start to form because of decompression, they may grow and
mature texturally because of simultaneous heating and evidence for their decompression origin would be

overprinted and obscured by the effects of heating.

3.5.7 Formation of Pseudomorphs

Pseudomorphs form very quickly in heating experiments. Even at temperatures of 880°C, <10°C above the
amphibole thermal stability boundary (Chapter 2), pseudomorphs form after only 48 hours. Some represent
the natural culmination of rim thickening, when the inward progression of reaction rim formation ceases
due to the exhaustion of host amphibole. In contrast, other pseudomorphs form rapidly after decomposition
of the entire grain. For example, in the 880°C heating experiments pseudomorphs form suddenly and
rapidly between 36 and 48 hours, following relatively slow growth in the preceding 36 hours. The results of
the 880°C heating experiments suggest that amphibole can resist small degrees of thermal destabilization

for a small amount of time, for the most part maintaining their structure and only breaking down along the
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outer boundary with the melt. As time progresses the amphibole becomes less able to resist the effects of
increased temperature. Eventually the system reaches a critical threshold after which breakdown occurs
throughout the phenocryst. This theory is consistent with reaction rim growth rates (Figure 3.3B), which
increase with time. Breakdown progresses along planes of weakness as demonstrated by the alignment of
microlites along cleavage planes in many pseudomorphs (Figure 3.5D). The maintenance of the host
amphibole shape and quickness of this reaction suggest that it reflects sold-state phase transition to

pyroxene (e.g. Wartho 1995) rather than amphibole dissolution and re-nucleation of microlites.

3.5.8 Implications for Natural Augustine Amphibole Reaction Rims

This new experimental data can be used to make tentative interpretations regarding the genesis of
Augustine Volcano 2006 amphibole reaction rims. Type 1 reaction rims (those <50 um thick; Chapter 1)
are closest to the textures of experimental decompression reaction rims. However, they contain significant
clinopyroxene (in contrast to experimental decompression reaction rims). Therefore, while decompression
remains the most likely process driving their formation, it is also possible that some or all represent short
duration (<36 hours) heating. Type 2 reaction rims (5080 um thick; Chapter 1) are texturally and
mineralogically consistent with heating-induced formation over timescales <48 hours. Type 3 reaction rims
(>80 um thick; Chapter 1) have mineral modes consistent with heating. However, average reaction rim
thicknesses and microlite sizes exceed those of most heating experiments (although total conversion to
pseudomoprhs has not occurred). These rims also contain lower crystal number densities than any
experimental reaction rims. It is possible that these reaction rims are the result of the slow, long-term
decomposition of amphiboles stuck along conduit walls below amphibole barometric stability. Technically
this would make these decompression-induced reaction rims, albeit ones formed in a sluggish kinetic
environment over a scale of months to years, rather than days to weeks. However, the abundance of

clinopyroxene in these rims goes against this theory.
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3.6 CONCLUSIONS

This study represents the first comprehensive experimental study of heating-induced amphibole breakdown
reaction rims. The new experiments show textural and mineralogical differences between heating-induced
and decompression-induced amphibole reaction rim formation. Heating-induced reaction rims form more
rapidly, resulting in growth rates approximately 1 order of magnitude faster (< 0.25x10”7 —1.6x10""cm/s)
compared with the decompression experiments (~1 .7x10"® cm/s). Decompression reaction rim thicknesses
(up to 25 pm) overlap with heating-indicted reaction rim thicknesses formed at 880°C for <36 hours or
900°C to 920°C for <12 hours. As a result, distinguishing the forcing mechanism on the basis of reaction
rim thickness and microlite sizes alone may not be possible. However, it may be possible to distinguish
heating- from decompression-induced reaction rims by more in-depth textural and mineralogical
observations.

In contrast with heating-induced reaction rims, current experimental results show that
decompression-induced rims contain little or no clinopyroxene. The results of this study suggest that the
mineralogies of heating-induced reaction rims are a function of phase stability within an individual
volcanic system. However, additional experimental data are needed at a broader range of conditions to
confirm these findings. Without further experiments on a range of volcanic products, this also remains a
possibility for decompression-induced reaction rims.

It may be possible to use the relationship between microlite number densities and microlite sizes
within the rims to distinguish heating- from decompression-induced reaction rims. Decompression
generally produces microlites<10um in size and with N,’s > ~50,000 mm™, indicating rapid nucleation of
anhydrous phases in the reaction rim and limited growth over the observed experimental timescales.
However, some overlap with heating-induced reaction rims occurs where microlite sizes range between 5—
12 pm and Ny’s are from 30,000 — 80,000 mm™. The addition of data points from future experimental
studies will help to refine this boundary region. For heating-induced reaction rims, durations of heating can
be estimated from crystal nucleation and growth rates.

Reaction rims from higher fO, experiments buffered at RRO (~NNO+2) are greater than those at
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NNO + 0.5 to 1 log units (Browne and Gardner 2006) by a factor of 1.5 to 4. Future investigations of
natural amphibole reaction rims from relatively oxidized volcanic systems should employ experimentally
calibrated reaction rates at the appropriate fO, when assessing timescales of decompression.

There are clear textural and mineralogical similarities between experimental heating-induced rims
and natural reaction rims. In the past, heating-induced reaction rimsmay have been mistakenly attributed to
decompression processes. A better way to decipher the causes of natural rim formation is to take a
quantitative approach based on characterization of the rim textures and mineralogies, as used here on this
new experimental data set. Relying on estimates of reaction rim thickness and microlite sizes alone may not
be sufficient to uniquely characterize the provenance of natural amphibole reaction rims. With further
research on experimental and natural reaction rims, it may be possible to estimate both the magnitudes of
thermal disequilibrium and the heating durations required to form a given reaction rim. This would require
more detailed quantification of textural and mineralogical data (e.g. modal mineral abundances, crystal
number densities, crystal nucleation and growth rates) as a function of different experimental conditions
and timescales to correctly classify amphibole reaction rims. The results of this study also highlight the fact
that there are significant differences in amphibole reaction rates observed between different experimental
conditions (e.g., fO,) and compositions (e.g. Rutherford and Hill 1993; Browne and Gardner 2006; this
study). Thus, application of experimental results to natural systems must be approached with caution, and
extrapolation of the experimental results to different natural systems could create errors in the modeling of

amphibole reaction timescales.
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3.8 FIGURES
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Figure 3.1 Composite X-Ray maps of experimental amphibole reaction rims. Reactions depicted were all

formed at a temperature of 900°C and at a pressure of 140 MPa. Successive images reflect increasing

experiment durations: A) 3 hours; B) 6 hours; C) 12 hours; D) 24 hours; E) 36 hours; F) 48 hours. Different

colors depict different minerals. Exact shading varies between images but in general: blue = glass; purple =

plagioclase; red = magnetite; yellow = ilmenite; ‘olive’ green = amphibole; green = orthopyroxene;

yellow/green = clinopyroxene.
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Figure 3.2 Natural and experimental amphibole reaction rim mineralogies. Natural reaction rim data from Augustine Volcano (Chapter 1) and Soufriere
Hills Volcano, Montserrat (SHV; Buckley et al. 2006), and experimental reaction rim data represents directly measured modal percentages from the

analysis of X-Ray maps. Natural reaction rim data from Bezyminany (Bezy) Volcano (Plechov et al. 2008) and Mount St Helens (MSH; Rutherford and

Hill 1993) represent mass balance calculations. Full data in Appendix 3.1.

€l



Heating Induced Reaction Rims

250 x1077
, . ) . -
A @ =920°C 20} c 4
8 = 900°C 3
21 ¢ = 880°C ¢ E e
% Y 5 Eisl » ¢
173 T 3
2150 i < o
X Fd %
K] § ]
E e 1 Z1o} »
E100 1 € 5 ,
o E =
c o = ¢
0 [ g
B 50 | gos S sHm ]
§ g = 1O
«c
0 10 20 30 40 50 0 10 _ 20 30 40 50 0 10 _ 20 30 S0
Time (Hours) Time (Hours) Time (Hours)
Decompression Induced Reaction Rims
= %108 =

3 w25 E
E [ D £ ol E 3 glF
73 25t L o I
2} o 15} N 6t a +
2 15t a O=75MPa] @ 1} o© 4_¢ ¢ o
> - O= 65 MPa] ! = <
§ 5 M O=55 MPa ‘§ 0.5 Lo .g 2t

0 50 100 150 2 © 50 100 150 o 50 100 150

Time (Hours) U] Time (Hours) Time (Hours)

Figure 3.3 Average reaction rim rhicknesses, growth rates, and microlite sizes. Panels A-C represent
heating experiments. Panels D-F represent decompression experiments. Note that growth rate values are
expressed as x107 and x10® (Panels B and E). Error bars represent 1-sigma uncertainty on the average

values for 2-5 reaction rims per experiment. Full data in Appendices 3.1 and 3.2.
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Figure 3.4 Kinetic features of experimental and natural reaction rims. A) Crystal number density (N,;

mm?) as a function of average microlite size (um); B) Crystal number density (N4; mm) as a function of

average reaction rim thickness (m); C) Crystal nucleation rates (I; mm™ s) as a function of experimental
14 Y

time (hours); D) Crystal growth rates (G; mm s™") as a function of experimental time (hours); Experimental

data characterized by degree of disequilibrium. Natural amphibole data from Augustine Volcano (Aug)

categorized by average reaction rim thickness. Note the log scales on most axes. Error bars represent 1-

sigma uncertainty on the average values for 2-5 reaction rims per experiment. In many cases uncertainty is

smaller than symbols. Full data in Appendix 3.3.
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Figure 3.5 Composite X-Ray maps of notable textural features. Panels A-C depict different modes of rim

initiation. Panel D depicts pseudomorph formation along lines of weakness in the host amphibole. Different

colors depict different minerals. Exact shading varies between images but in general: blue = glass; purple =

plagioclase; red = magnetite; bright yellow = ilmenite; ‘olive’ green/brown = amphibole; green =

orthopyroxene; pale yellow/green = clinopyroxene.
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CHAPTER 4:
MINERAL: A program for the propagation of analytical uncertainty through mineral formula

recalculations®

4.1 ABSTRACT

MINERAL (MINeral ERror AnaLysis) isa MATLAB® based program that performs mineral formula
recalculations and calculates the error on formula unit cations though the propagation of analytical
uncertainties. The program is focused on 9 common mineral groups. Other minerals are accommodated
through a generic routine in which users designate the number of cations and oxygens in the desired
formula. Additional functionalities provide users with a range of mineral-appropriate output options.
Recalculations and uncertainty calculations include site assignments for multi-site cations (e.g. tetrahedral
and octahedral Al in mafic minerals), partitioning of Fe?* and Fe**, and calculations of mol fractions of end
members. Until now, performing full propagation of uncertainty through mineral formula recalculations
was labour intensive and, for users unfamiliar with statistical notation or techniques, a significant
computational challenge. The lack of precedent set by previous studies has made it accepted practice within
the discipline to not provide recalculated uncertainty information. This oversight prevents analysts from
assessing the quality of their data and interpretations in a robust and quantitative manner. This automated

toolbox renders the process fast and simple.

4.2 KEYWORDS: Error, uncertainty, mineral recalculation

* De Angelis, S. H. & Neill, O. K. (2012). MINERAL: A program for the propagation of analytical
uncertainty through mineral formula recalculations, Computers and Geosciences 48, 134-142
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4.3 INTRODUCTION

The quantification and reporting of analytical uncertainty is an essential aspect of scientific data
presentation because the magnitude of uncertainty can directly influence data interpretation. Error
estimation is a function of uncertainties inherent in acquiring raw data, as well as in applied post-processing
procedures. Rigorous propagation of uncertainty through all steps of data processing requires specific and
sometimes complex calculations based on statistical methods.

In geology and petrology, major-element compositions of solid phases, normally determined by
electron probe micro-analysis (EPMA), are commonly reported in two ways: a) wt% abundances of
elemental or oxide components; and b) atomic proportions within a mineral formula, referred to as ‘formula
cations’ or ‘atoms per formula unit’ (a.p.f.u.). Despite the automated pre-processing commonly associated
with EPMA data (e.g. Donovan et al. 2007), elemental abundances in wt% are often considered the 'raw’
results. Typically, users will convert these to wt% oxides, where oxygen is calculated stoichiometrically.
Where results are calculated from averaging 'n' data points, uncertainty is reported as the standard deviation
on 'n’ analyses. On individual data points, uncertainty can be calculated based on either the counting
statistics of each individual measurement or multiple analyses of a “bench” standard.

To report data as a.p.f.u., analysts are required to apply mineral-specific recalculations to their
data. These calculations are used to determine the proportions of elements in each crystallographic position
and are based on normalizing oxide percentages against an ideal chemical formula. The recalculation
process involves multiple steps. Different methods exist for the estimation of uncertainty on recalculated
data. The two simplest methods are: 1) to estimate uncertainties from the standard deviation on ‘n’ analyses
of a bench standards or 2) to perform formula recalculations on ‘n’ analyses of a sample and then calculate
the average and associated standard deviation. Alternatively, uncertainty of formula cations can be
calculated by propagating uncertainty through each step of the recalculation using a standard statistical
method. In some cases the different methods may yield similar (or functionally identical) results, while in
others uncertainties can vary by up to an order of magnitude (Table 4.1).

While the most robust method statistically, propagating uncertainty through mineral formula re-
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calculations using standard error analysis techniques is complex. Each step in the recalculation procedure
involves an associated calculation for error propagation. This process cannot be performed for individual
oxides independently, as both the composition and uncertainty on a cation is a function of the composition
and uncertainty of all input oxides.

Published a.p.f.u. results typically do not include uncertainties, due to two primary issues. First,
propagation of uncertainty through multi-step, mineral specific recalculations of a mineral formula is
laborious, and analysts may be unwilling and/or unable to perform the necessary calculations. Second, the
lack of precedent set by previous studies has made it accepted practice within the discipline to not provide
recalculated uncertainty information.

A.p.fu. data is often used in models to infer geological processes (e.g. Anderson et al., 1993;
Holland & Blundy, 1994; Putirka et al., 2003). Lack of uncertainty data is an oversight that prevents
analysts from quantitatively assessing the quality of their data. Performing uncertainty calculations not only
conforms to standard scientific protocols but also helps to identify ‘bad’ data (e.g. outliers, mixed analyses,
compositionally heterogeneous crystals) and confirm the validity of conclusions. For example, relationships
between tetrahedral Al (in the crystallographic T site) and A-site alkalis (Na + K; Figure 4.1a) and
tetrahedral Al and B-site (the crystallographic M4 site) Ca in a volcanic amphibole dataset (Figure 4.1b)
both show positive correlations, indicating a relationship between the variables. The relatively small error
bars (in both X and Y; Figure 4.1c) strengthen this conclusion with respect to tetrahedral Al and A-site
alkalis. However, analytical uncertainty accounts for a significant portion of the total variation in B-site Ca
(Figure 4.1d).

MINERAL (MINeral ERror AnalLysis) is a new MATLAB® based programthat provides mineral
formula recalculations combined with the associated propagation of the analytical uncertainties. Methods
are based on the work of Giamarita and Day (1990). However, additional features have been added to
provide users with greater flexibility in data reporting. Many programs exist to recalculate wt% data into
formula unit cations. Some generalized programs can be used to recalculate the formula of multiple
minerals e.g. CALCMIN (Brandelik, 2009) and HYPER-FORM (De Bjerg at al., 1992). Other programs

are mineral specific e.g. AMPH CLASS (Esawi, 2004) and PROBE AMPH (Tindle and Webb, 1994) for
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the recalculation of amphibole analyses; ILMAT (Lepage, 2003) for the recalculation of magnetite and
ilmenite; and PX-NOM (Sturm, 2002) for the recalculation of pyroxene analyses. MINERAL provides a
rapid method for the recalculation of multiple common minerals. However, its strength lies in the fact that
it is the first tool to incorporate the associated uncertainty propagation calculations. As these are performed
concurrently with the standard recalculations, no additional time is needed to perform uncertainty
propagation. While an understanding of the underlying calculations is strongly recommended, MINERAL
is designed to allow users with little or no experience operating MATLAB® and/or performing mineral

formula recalculations and uncertainty propagation to undertake both with ease.

4.4 REVIEW OF PAST WORK

Giaramita and Day (1990) provide equations for the recalculation of mineral formulae and for propagating
the associated uncertainties through these calculations. Two methodologies are presented: full or partial
uncertainty propagation. Full uncertainty propagation includes the calculation of a covariance matrix. The
covariance matrix is omitted in the partial routine. For both methods, different equations are provided
depending on the type of cation under consideration, e.g. single or multi-valence, single or multi-site. A full
description of the equations provided by Giaramita and Day (1990), and used in MINERAL, are provided
in Appendices 4.1 and 4.2

Giaramita and Day (1990) tested their method on amphibole (hornblende), pyroxene (augite) and
feldspar (bytownite) datasets. They conclude that: (1) While the uncertainty on major oxides is a good
approximation for uncertainty for single valance, single-site cations, the same is not for true multi-valance,
multi-site cations; (2) The absolute differences between uncertainties calculated from full and partial error
propagation are not large, but relative differences may be significant. For high precision work, multi-site
cations, or multi-valance cations, it is advisable to conduct full error propagation. For example, Giamarita
and Day (1990) show that counting errors of just 0.5 % relative on FeO in amphibole and augite can be
magnified to 2.25% and 7.26% for Fe** calculations, respectively; (3) Errors in structural formulae are

magnified or reduced compared to uncertainties on oxides. Magnification depends on the composition of
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the mineral, the normalization scheme employed, the structural formula, the magnitude of uncertainty on

oxides, and the contribution from covariance.

4.5 MINERAL (MINeral ERror AnaLysis)

The implementation of the Giaramita and Day (1990) method is long and labour intensive (especially if full
covariance is calculated) and, for users unfamiliar with statistical notation or techniques, may present a
significant challenge. This automated toolbox provides for fast and simple implementation of their method
along with added functionality that provides users with a range of output options appropriate to the mineral
under consideration.

MINERAL is a toolbox that is run using the MATLAB® platform. The current version of
MINERAL includes options for the recalculation of 9 common mineral groups: pyroxenes, feldspars,
olivine, spinels, ilmenite, amphiboles, micas, garnets, and epidotes. The program also includes a generic
recalculation function that incorporates user-defined recalculation parameters. Users are able to select the
type of uncertainty propagation, the type of uncertainty reported, and, where appropriate, the method of
mineral recalculation. MINERAL can be operated from a simple Graphical User Interface (GUI; Figure
4.2), from the command line using a wrapper script, or by embedding any of MINERAL functions into
users” own MATLAB® scripts. Full operating procedures can be found in the MINERAL user manual,
provided with the program.

The input and output of MINERAL depends on the type of error propagation required. For full
error propagation, users input ‘n’ analyses from which average oxide composition, standard deviations, and
a covariance matrix are calculated. For partial error propagation, users input a single set of wt% oxide
values and an associated (pre-calculated) uncertainty for each. Input data are passed through the error
propagation equations to yield recalculated and site-assigned cations and the associated uncertainties.
Additional functionality is provided on a mineral-by-mineral basis.

Giaramita and Day (1990) suggest that the primary advantage to performing partial error

propagation is simplicity. With MINERAL, the application of either method is straightforward. However,
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partial error propagation has other benefits. While full uncertainty propagation is preferred for multi-
valance or multi-site cations, or when high precision is required, it restricts the input uncertainty to the
standard deviation of ‘n’ analyses. Some users may feel that analytical uncertainty is better expressed as the
standard ;ieviation calculated from working standards or counting statistics and applied uniformly to each
analysis. Uncertainties of this kind can only be handled using the partial error propagation method, which
allows the input of a user-defined uncertainty on major oxides, rather than the calculation of one by
MINERAL itself.

For each calculation, MINERAL must know the molecular weights of all input oxides, and for this
reason, the program is currently restricted to 12 of the most common major oxides: SiO,, TiO,, Al,O;, FeO,
MnO, MgO, Ca0, Na,0, K;0, Cr,0;, V,0;, NiO, as well as F and CI for amphibole. Output for full
uncertainty propagation includes calculated average oxides, calculated cations, cation uncertainties, cation
sum, and any mineral specific-outputs. Output for partial uncertainty propagation includes calculated
cations, cation uncertainties, cation sum, and any mineral-specific outputs. For each type of error
propagation, users are able to select how uncertainties are reported, e.g. absolute 1g, 26, 30, or ¢
(variance). Users may view other calculation outputs, e.g. calculated covariance matrices, by editing the
desired MATLAB® script (see user manual for details).

MINERAL imports data from .csv files. These files can be created in standard spreadsheet
programs. Data must be input in a specific manner, as explained in detail in the user manual. MINERAL
output is written to both .txt files and to MATLAB® .mat structures. The provision of MATLAB®
structures makes it easier for users to continue using MATLAB® for further data manipulation or plotting.
The .txt files can be read in common spreadsheet software.

Users wishing to recalculate amphibole can choose between normalization to 15 or 13 cations. For
normalization to 13 cations: 13 = Si+Ti+Al+Fe+Mn+Mg in the T and C (M1, M2, M3) sites. This method
excludes Ca from the C sites and Fe**, Mn and Mg from the B (M4) site. In contrast, for normalization to
15 cations: 15 = Si+Ti+tAlH+Fe+tMn+Mg+Ca in the T, C, and B sites. Users should refer to the literature for
the more appropriate choice of calculation type (Cosca et al., 1991; Leake et al., 1997; Robinson et al.,

1982; Schumacher, 2007).
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The stoichiometric calculation of Fe?* and Fe*" in minerals such as amphibole and pyroxenes is
standard practice and this is reflected in the calculations offered by MINERAL. However, numerous
studies have shown stoichiometric methods to be unreliable and prone to significant uncertainty, especially
in amphiboles where incomplete occupancy of the hydroxy! site is common (Al'meev et al., 2002; Blundy
and Holland, 1990; Cosca et al., 1991; Hawthorne and Oberti, 2007). For calcic amphibole, it is generally
thought that 13-cation normalization is the most accurate stoichiometric methods of calculating Fe** and
Fe*, while for Fe-Mg-Ca amphibole, 15-cation normalization is more appropriate (Al'meev et al., 2002).
However, those requiring highly accurate data on Fe**/Fe** partitioning should consider direct
measurement by wet chemistry techniques or Mossbauer spectroscopy (e.g. Blundy and Holland, 1990;
Cosca et al., 1991). MINERAL users should be aware of the pitfalls of stoichiometric calculations and
recognize that uncertainties on Fe’* and Fe’* represent minimum error estimates.

Most MINERAL recalculations are based on normalization to cations except for the amphibole-15,
epidote, and mica routines, which are normalized to formula oxygen. This is consistent with other
commonly used programs for the recalculations of mineral formulae e.g. CALCMIN (Brandelik, 2009);
ILMAT (Lepage, 2003); PROBE AMPH (Tindle and Webb, 1994). The generic routine allows users to
decide between recalculation normalized to oxygen or cations.

Additional functionalities, above and beyond the calculations of Giaramita and Day (1990),
primarily include the calculation of mol fraction mineral end members (and their associated uncertainties).
For ease of calculation, and regardless of the type of uncertainty propagation used to calculated cation
errors, the errors on end members are calculated without the use of the covariance term. Calculated
variables and end members for each mineral were chosen to allow users the greatest flexibility in reporting
their results. However, users should be aware that not all variables are appropriate for all recalculations,
despite their presence in the output. For example, the mol fraction ulvospinel calculated by the spinel
routine is only appropriate for magnetite spinels. Similarily, the end members reported for the complex
mineral groups, e.g. epidote and garnet, are not exhaustive and users should be aware that other, rarer end
members also exist. Users should take care to report the most appropriate variables for their analyses. For

some users, this may mean discarding end members, and site assigned cations, and reporting the total
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cations (and associated uncertainties) only.

4.5.1 Mineral Specific Considerations

4.5.1.1 Feldspar

Feldspar end member calculations include mol fraction An (anorthite; Ca end member), Ab (albite; Na end
member), and Or (orthoclase; K end member). Fe is reported as Fe(t). As only Fe*'is incorporated into the
feldspar structure, Fe(t) represents Fe’*(t). The conversion of FeQ (Fe**) to Fe,O; (Fe*") is performed

within MINERAL,; users should ensure that the original data input is in wt% FeO.

4.5.1.2 Olivine

Olivine end member calculations include mol fractions of Fo (forsterite; Mg end member), Fa (fayalite; Fe
_end member), Te (tephroite; Mn end member), CaOl (calcium olivine end members), and Lei

(liebenbergite; Ni end member). All Fe is assumed to be Fe?*.

4.5.1.3 Pyroxene

Pyroxene end member calculations include those appropriate for both calcic and sodic pyroxenes. Users
should decide which classification scheme is the most appropriate. Calcic end members include mol
fraction En (enstatite; Mg end member), Fs (ferrosilite; Fe end member), and Wo (wollastonite; Ca end
member). Sodic end members include mol fraction Aeg (aegirine; Na/Fe end member), Jd (jadite; Na/Al
end member), and Di (diospide; Ca/Mg end member). In addition to total Fe and Al, Fe?, Fe**, AlY, and
AlY (tetrahedral and octahedral Al) cation proportions and uncertainties are calculated. The calculation of

FeO and Fe,0; oxide wt% is based on stoichiometric and charge balance criteria (Droop, 1987).
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4.5.1.4 Spinel

Spinel end member calculations include those for both magnetite spinels and for the spinel group. Users
should decide which classification scheme is the most appropriate. Mol fractions are calculated for Chr
(chromite group), Mag (magnetite group), and Spl (spinel group). Further, the mol fraction Usp
(ulvospinel) is calculated. Usp is only appropriate for magnetite spinels; mol fraction Mag (magnetite) may
be calculated as 1-Usp. In addition to Fe(t), Fe’* and Fe**cations and cation uncertainties are calculated.
The calculation of FeO and Fe,0O; oxide wt% is based on stoichiometric and charge balance criteria

(Carmichael, 1967).

4.5.1.5 llmenite

The ilmenite routine includes the calculation of mol fraction Ilm; mol fraction Hem (hematite) may be
calculated as 1-Ilm. In addition to Fe(t), Fe*" and Fe**cations and cation uncertainties are calculated. The
re

calculation of FeQO and Fe;0s; oxide wt% is based on stoichiometric and charge balance criteria

(Carmichael, 1967).

4.5.1.6 Amphibole

In addition to total Fe, Al, Na, Fe**, Fe**, AI", and AI", Na (B site) and Na (A site) cations (and their
uncertainties) are calculated. The halogens (F and Cl) are calculated, although H,Q is not. The calculation
of FeO and Fe,0; oxide wt% is based on stoichiometric and charge balance criteria (Droop, 1987). Users
are referred to Leake et al. (1997) for amphibole classification nomenclature. End member calculations

may be added to MINERAL at a later date.



128

4.5.1.7 Garnet

Given the large number of garnet varietals, only the most commonly found end members are calculated by
MINERAL. Pyralspite (Al in y-site) garnet end members included are almandine, pyrope, and spessartine.
Ugrandite (Ca in X-site) garnet end members included are andradite, grossular, and uvarovite. In addition
to Fe(t), Fe?* and Fe**cations and uncertainties are calculated. The calculation of FeO and Fe,0; oxide wt%

is based on stoichiometric and charge balance criteria (Droop, 1987).

4.5.1.8 Epidote

Given the large number of epidote end members, only the most commonly found are calculated by
MINERAL. For monoclinic epidote users should refer to the end members: epidote (Fe end member),
clinozoisite (Al end member), and tawmawite (Cr end member; Franz & Liebscher, 2004). For zoisite, the
orthorhombic polymorph of clinozoisite, users should refer to the calculated mol fractions of Fe, Mn, and
V. Users are referred to Franz & Liebscher (2004) for a full discussion of the nomenclature of epidote
group minerals. As only Fe*" is incorporated into the epidote structure, all Fe is converted to Fe,O; and
Fe(t) represents Fe**(t). The conversion of FeO (Fe**) to Fe,O; (Fe*) is performed within MINERAL;

users should ensure that the original data input is in wt% FeO.

4.5.1.9 Mica

Mica is a complex mineral for which there are a number of recalculation methods. MINERAL performs its
calculations based on normalization to 22 oxygens per formula unit. Halogens (F and Cl) are recalculated,
although H,O is not. This method assumes that all Fe is present as FeO. Cation normalization methods that
calculate the distribution of FeO and Fe,O; are available, but are only appropriate when there are no
vacancies in the octahedral sites (Yavuz & Oztas, 1997). The option to recalculate micas based on cation

normalization may be added to MINERAL at a later date. AI", Al" and their uncertainties are calculated.
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Users are referred to Rieder et al. (1998) for amphibole mica nomenclature. End member calculations will

be added at a later date.

4.5.1.10 Generic

The generic routine allows users to calculate uncertainties on minerals not specifically included in
MINERAL. Cation calculations for all input elements are made, However, no site assignment calculations
are included. In addition to Fe(t), Fe?* and Fe** cations and cation uncertainties are calculated. The generic
calculation function cannot be used if unusual mineral-specific changes need to be made to the
recalculation scheme. For example, recalculating feldspar through the generic routine would be
problematic, as the generic routine does not convert FeO(t) to Fe,0s(t). Similarly, the generic routine could
not be used for the recalculation of amphibole, as recalculations of amphibole exclude Ca, Na, and K from

the cation sum.

4.6 TESTING MINERAL

4.6.1 Mineral Formula Recalculations

To test the formula recalculations performed by MINERAL, results were compared with those derived
from published results and other published recalculation programs (Figure 4.3). There is excellent

correlation between the results from MINERAL and other published sources. For example, calculated Xy
values for ilmenite were equal to 7 or more decimal places (d.p.) (relative differences < 0.001 %).
Calculated An values for plagioclase were identical to 6 or more d.p. (relative differences < 0.01 %).
Calculated X, values for olivine were identical to 4 or more d.p (relative differences < 0.1 %). The resuits
from amphibole comparisons depend on valency and on the number of sites in which a cation resides.
However, in general calculated values are identical to 3-4 or more d.p (relative differences predominantly <

0.5 %). Given that a.p.f.u results are rarely reported to greater than 3 d.p., the MINERAL calculations are
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functionally identical to other calculation tools. Minor variations are likely the result of differences in the
number of significant figures used for the input molecular weights of each oxide, as well as differences

between programs in rounding and the number of significant digits that are carried through the calculations.

4.6.2 Formula Uncertainty Calculations

MINERAL is tested by attempting to reproduce the results of calculations reported in Giaramita and Day
(1990). For partial error propagation, recalculated formula unit cations show relative differences between
0.00 and 4.17% (Table 4.2). However, in absolute terms the results are identical to 4 or more significant
figures. Given that oxide and cation data are rarely reported to more than 3 decimal places, the results are
functionally identical. The relative differences between calculated uncertainties are higher, ranging between
0.00 and 12.0%. However, in absolute terms, the results are identical to 3 or more significant figures.

For full propagation, Giaramita and Day (1990) provide the calculated covariance matrix (with
data rounded to 2 decimal places) but not the original oxide data (as required by MINERAL). As a result,
the full error propagation results cannot be realistically compared. However, complex spreadsheets set up
to test the calculations (in preparation for the writing of MINERAL) indicate that the Giaramita and Day
(1990) results can be reproduced to levels similar to those seen for the partial error propagation routine
(Table 4.2). In summary, the results reported by Giaramita and Day (1990) and those calculated by
MINERAL are close, but not identical. As with the recalculated cations themselves, these minor variations
likely result from differences in the number of significant figures used for the molecular weights of each
oxide and also in the way the results of various stages of the calculations have been rounded.

Giaramita and Day (1990) highlighted the particular importance of uncertainty propagation for
multi-site and multi-valance cations. MINERAL results are consistent with this observation. For example,
Figure 4.4 shows a.p.f.u. values for total Fe, Fe** and Fe®* in a number of magnetite analyses plotted
against their calculated error (reported as relative standard deviation). When recalculated values are
reported as total Fe, relative uncertainty is less than 1%. However, when the distribution of Fe’" and Fe*' is

calculated, uncertainties are magnified by up to 3-fold.
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4.7 CONCLUSION

Giaramita and Day (1990) conclude that for minerals containing single-valance, single-site cations,
uncertainties on measured oxides provides a good approximation for uncertainties on recalculated cations.
Several subsequent studies have cited this as a reason to ignore full uncertainty propagation calculations
(e.g. Agrosi et al, 2002). However, the provision of an automated system for performing uncertainty
propagation renders the complexity and time-intensive nature of the calculations irrelevant and eliminates
the need for approximations. The MINERAL package will continue to be developed and expanded. It is
likely that developments will include amphibole classification, plotting tools, adoption of the covariance
term in the calculation of end member error, and addition of other mineral groups such as sulphides and
carbonates.

MINERAL is designed to be easily accessible for users with no prior knowledge of either
MATLAB® or statistical analyses. The program transforms calculations of analytical uncertainty on
formula unit cations from a time-consuming effort, ignored by most, to a simple and fast procedure. With
the main barrier to performing these calculations removed, it is hoped that a precedent for reporting
uncertainty on recalculated data will be developed. In the long term this will help to encourage a culture of

more robust evaluation of data quality in geology and petrology.

4.8 ACKNOWLEDGEMENTS

The authors wish to extend their gratitude to Marty Giaramita and Howard Day for their support of this
project, and Ken Severin for providing formative ideas and computational assistance. The authors also
thank John Brady, Silvio De Angelis, Ronni Grapenthin, Julia Hammer, Eric Hellbrand, Pavel Izbekov,
Jessica Larsen and Franz Meyer for providing data and critical comments on early versions of
MINERAL.Pavel Pletchov and Thomas Shea provided constructive reviews that helped to improve the
manuscript and software. The authors wish to acknowledge the following grants that helped support this

work: NSF EAR 0911694 (S.M.H. De Angelis through J.F. Larsen), NSF PIRE — Kamchatka Award OISE



132

0530278 (O.K. Neill through P.E. Izbekov and J.C. Eichelberger), and NSF CAREER Award EAR04-

49888 (O.K. Neill through J.E. Hammer).



133

4.9 FIGURES
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Figure 4.1 Recalculated amphibole cations with and without propagated errors. (A) tetrahedral aluminium
(X axis) plotted against A-site alkalis (sodium + potassium; Y axis). (B) tetrahedral aluminium (X axis)
plotted against B-site calcium (Y axis). (C, D) contain the same datasets as in (A) and (B), respectively,
with the inclusion of error bars as calculated using MINERAL. Dataset taken from author’s unpublished

data.
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Figure 4.2 Screen shot of the MINERAL GUI. Users are able to define input and output files and select
mineral type and calculation options. For amphibole data, users can define the type of recalculation (13 or
15 cations). For generic recalculations (i.e. for minerals not included in the main mineral list) users can
choose recalculation based on either cation or oxygen normalization, utilizing any desired number of

oxygens and cations per formula unit.
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Figure 4.3 MINERAL vs. published recalculation programs. Amphibole recalculations (a & b) were

conducted in both MINERAL and PROBE AMPH (Tindle & Webb, 1994). Garnet (¢) recalculations are

compared to the results of Harangi et al. (2001). Olivine (d), plagioclase, and plagioclase (e) recalculations

were conducted in both MINERAL and CALCMIN (Brandelik, 2009). Magnetite (e) recalculations were

conducted in both MINERAL and ILMAT (Lepage, 2003). Datasets taken from: Author’s unpublished

data; Allialy et al.(2011); Erlund et al. (2010); Harangi et al. (2001); Izbekov et al. (2004); Niedermeier et

al. (2009); Robinson et al. (2002); Shamberger and Hammer (2006).
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Figure 4.4 Total Fe, Fe** and Fe?* in magnetite plotted against calculated error. Calculated error reported

as relative standard deviation.
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4.10 TABLES

Table 4.1: MINERAL uncertainty calculations

Type of uncertainty

A.p.fu. Analytical * Average " MINERAL MINERAL
uncorrelated © correlated °
Plagioclase Feldspar
Si 2.34 0.019 0.009 0.013 0.009
Al 1.663 0.009 0.009 0.010 0.009
Fe** 0.02 0.002 0.002 0.002 0.002
Ca 0.67 0.012 0.007 0.011 0.007
Na 0.30 0.009 0.005 0.008 0.005
K 0.010 0.001 0.001 0.001 0.001
Orthopyroxene
Si 1.96 0.013 0.017 0.014 0.017
Ti 0.004 0.001 0.001 0.001 0.001
AlY 0.020 0.001 0.014 0.008 0.012
Al 0.023 0.001 0.007 0.007 0.000
Fe** 0.039 0.001 0.026 0.024 0.029
Fe™* 0.60 0.010 0.023 0.026 0.025
Mn 0.037 0.003 0.004 0.003 0.004
Mg 1.25 0.022 0.014 0.016 0.014
Ca 0.067 0.003 0.003 0.003 0.003

Standard deviation on ‘n’ analyses of the bench standard

. Standard deviation on the average a.p.f.u. calculated from ‘n’ analyses of the sample

¢. Standard deviation on the average oxide values from ‘n’ analyses of the sample, propagated through the
formula recalculation using the partial error method in the MINERAL software.

d. Standard deviation on the average oxide values from ‘n’ analyses of the sample, propagated through the

formula recalculation using the full error method in the MINERAL software.

o



Table 4.2: Comparison to past studies
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Atoms per formula unit

Calculated 1 sigma uncertainty

G&D MINERAL  Ab. Diff % G&D MINERAL Ab.Diff %

Diff. Diff.

Si* 1.8264 1.8265 0.0001 0.01 0.0070 0.0071  0.0001 1.43

Ti® 0.0231 0.0230 0.0001 0.43 0.0014 0.0014 0.0000  0.00

Fe**  0.0363 0.0364 0.0001 0.28 0.0145 0.0148  0.0003 2.07
Fe*  0.1520 0.1518 0.0002 0.13 0.0139 0.0142  0.0003 2.16
Mn®  0.0048 0.0046 0.0002 4.17 0.0013 0.0012  0.0001 7.69
Mg® 0.9002 0.9006 0.0004 0.04 0.0064 0.0065 0.0001 1.56
Ca' 0.6230 0.6231 0.0001 0.02 0.0054 0.0054 0.0000 0.00
Na&  0.0848 0.0847 0.0001 0.12 0.0025 0.0028 0.0003 12.0
Cr' 0.0043 0.0043 0.0000 0.00 0.0015 0.0014  0.0001 6.67

a. 50.16 (0.23); b. 0.84 (0.05); c. 6.18 (0.16); d. 0.15 (0.04); . 16.59 (0.14); f. 15.97 (0.15); g. 1.2 (0.04); i.

0.15(0.05)
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