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Abstract
Understanding the impact of magmatic plumbing systems on explosive volcanic activity is important for hazard manage-
ment. This study describes phase equilibria experiments using a high-silica andesite (HSA;  SiO2 = 62.5 wt%) from the 2006 
eruption of Augustine Volcano, Alaska. Experiments were conducted under  H2O saturated conditions, f

0
2
 = RRO (Re–ReO2 

or ~ Ni–NiO + 2), at pressures of 50–200 MPa (PTotal = PH2O), and at temperatures of 800–1060 °C. Run durations varied 
from 23 to 539 h, inversely scaled with temperature. The natural Augustine HSA phase assemblage (plagioclase, two pyrox-
enes, Fe–Ti oxides, magnesio-hornblende) was reproduced at 860–880 °C and 120–200 MPa. Comparing experimental and 
natural glass and plagioclase compositions further refined those conditions to ~ 870 °C and 120–170 MPa. Crystallization 
of euhedral quartz was accompanied by biotite and small amounts of cummingtonite at T ≤ 850 °C. The relatively high 
temperature appearance of these typically low-T phases indicates that higher f

0
2
 could enhance their stability. The storage 

conditions estimated from our experiments compare well with previous magma plumbing system models for Augustine from 
geophysical and petrological data. The refined experimental pressure range suggests a storage depth of 4.6–6.6 km, assum-
ing a crustal density of 2650 kg/m3. The strong petrological and geochemical similarities between the products of the 2006, 
1986, and 1976 eruptions suggest that the Augustine magmatic system had generally consistent crystallization conditions 
for the HSA lithology during that > 30-year time interval. The experimental results broad implications for understanding 
higher f

0
2
 magmas at andesitic arc volcanoes.

Keywords Augustine volcano · Magma storage · Phase equilibria · Andesite · Oxygen fugacity

Introduction

The 2006 eruption of Augustine Volcano, a Pleisto-
cene–Holocene stratovolcano located in Cook Inlet, Alaska 
(Fig. 1), continued a trend for renewed unrest on a 10- to 
30-year cycle. With documented eruptions in 1812, 1883, 
1935, 1964, 1976, 1986, and 2006, Augustine is the most 
active volcano in Cook Inlet. Ash fall from recent eruptions 
of Augustine has impacted local communities, while older 
historical and prehistorical eruptions have been linked to 
regional tsunamis, the most recent of which was in 1883 
(Waythomas and Waitt 1998). In addition, ash from Augus-
tine eruptions impacts on the busy airspace above southern 
Alaska (Neal et al. 2010). Given these facts, understanding 
the volcanic system at Augustine is important for hazard 
management, and consequently, the volcano is one of the 
most comprehensively monitored and studied in the region 
(Power et al. 2010).
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The three most recent eruptions of Augustine (2006, 
1986, and 1976) were similar in both products (crystal-rich 
andesite) and temporal progression from initial explosive 
activity to effusion over a scale of weeks to months; all were 
all triggered by the injection of mafic magma into a cooler, 
shallow-stored andesite (Johnston 1978; Larsen et al. 2010; 
Roman et al. 2006; Steiner et al. 2012). The wide range of 
magma compositions produced and their incomplete hybrid-
ization indicates that Augustine has a complex crustal stor-
age region comprising interconnected dikes and sills (De 
Angelis et al. 2013; Roman et al. 2006).

Pre-eruptive magma crystallization conditions (e.g., 
P–T–XH2O– f

0
2
 ) play a significant role in defining the phys-

ico-chemical properties of magmas and, by extension, the 
style of associated volcanic activity. Experimentally recre-
ating natural phase assemblages and phase compositions 
through the varying of those key conditions is an important 
tool for modeling magmatic and eruption processes at arc 
volcanoes. However, such an approach requires the assump-
tion that samples were erupted in a state of equilibrium rep-
resenting a unique set of P–T–XH2O– f

0
2
 conditions (Blundy 

and Cashman 2008). Augustine eruptions are marked by per-
vasive pre- and syn-eruptive magma mixing and mingling 
(Larsen et al. 2010; Roman et al. 2006), and many erupted 
products exhibit numerous disequilibrium features render-
ing them unsuitable targets for a phase equilibria study. The 
high-silica andesite (HSA) lithology erupted in 2006 appears 
to represent a relatively unmodified end member, although 
it too shows some signs of compositional and textural 

heterogeneity and complexity (Benage et al. 2018). Com-
pared with other andesite lithologies from the 2006 eruption, 
the HSA exhibits little whole-rock compositional variation 
(62.2–63.3 wt%  SiO2), fewer disequilibrium textures (Larsen 
et al. 2010), a homogenous low-Al amphibole (magnesio-
hornblende) population (De Angelis et al. 2013), and the 
lowest and most uniform apparent temperatures among the 
eruptive products (880 ± 13 °C; Coombs and Vazquez 2014; 
Larsen et al. 2010; Tilman 2008). The HSA is inferred to 
represent the Augustine lithology that is the least impacted 
by mingling and hybridization. Conversely, it could also rep-
resent a crystal mush, resident in the shallow crust since at 
least the last episode of activity, that was remobilized dur-
ing replenishment prior to the eruption (Larsen et al. 2010).

Here, we present an experimental study that examines 
the pressure–temperature (PH2O–T) stability of magmatic 
phases within the HSA. Given the complexity of all Augus-
tine andesite lithologies, we use the experimental results 
largely to refine and corroborate prior geophysical and 
petrological models of pre-eruptive storage at Augustine, 
rather than as a stand-alone product. At XH2O = 1 and = f

0
2
 

RRO (Re–ReO2 or ~ Ni–NiO + 2), we found that the natural 
HSA is best reproduced at 860–870 °C and ~ 120–170 MPa 
(~ 4.6–6.6 km depth). The phase diagram also shows inter-
esting shifts to higher temperatures of the phase stability for 
low temperature quartz, biotite, and cummingtonite, likely 
because of the higher f

0
2
 used. Therefore, our results are also 

broadly applicable to examining the crystallization condi-
tions of other high-silica arc andesites at relatively oxidized 
conditions and can be applied to other volcanic systems that 
contain those phases.

Methodology

Starting materials

Experiments were conducted using the HSA pumice sample 
06AUMC004c  (SiO2 = 62.52 wt%; Table 1), emplaced dur-
ing the Rocky Point pyroclastic flow on 27 January 2006 
(Vallance et al. 2010). Starting material powders were pre-
pared in three different ways to allow comparison of the 
kinetic effects imposed on experiments by their starting tex-
ture: (1) crushed natural powders (CH); (2) sintered (SNS); 
and (3) sintered and seeded (SS). For each, the HSA start-
ing material was lightly crushed using an agate mortar and 
pestle. The sintered starting material was then produced by 
twice fusing 15 g of crushed HSA powder in a platinum 
crucible, in air at 1400 °C, for 30 min apiece, re-grinding 
the fused glass to a fine powder after the heating steps. Elec-
tron microprobe analyses of the twice-fused sintered glass 
verified that the composition remained close to that of the 
original HSA sample and that there was no appreciable Fe 

152˚

154˚

154˚

152˚ 150˚

150˚

59˚ 59˚

60˚ 60˚

61̊ 61˚

100 km

Augustine

Douglas

Fourpeaked

Iliamna

Redoubt

Spurr

Co
ok

 In
let

Ke
na

i P
en

in
su

la

Homer

Anchorage

d

180˚

180˚

130˚

130˚

50˚ 50˚

60˚ 60˚

70˚ 70˚

1000 km

Fig. 1  Map of Cook Inlet volcanoes. Inset map shows Alaska with 
the Cook Inlet region highlighted



Contributions to Mineralogy and Petrology (2020) 175:24 

1 3

Page 3 of 20 24

loss to the platinum crucible. For seeded experiments, this 
sintered powder was combined with 20 wt% plagioclase 
and 5 wt% amphibole (magnesio-hornblende) grains. The 
plagioclase seeds were extracted from 06AUMC004c using 
heavy liquid separation. The relative scarcity of amphi-
bole in Augustine samples renders the extraction of seed 
grains inefficient; therefore, seeds were taken from samples 
erupted from Soufrière Hills Volcano, Montserrat in 2008. 
The compositions of the amphibole (magnesio-hornblende) 
in 06AUMC004c and of those in the Montserrat samples are 
very similar (Table 1). Amphibole were separated from their 
host using heavy liquids and then picked by hand.

Experimental methods

Powdered starting material (0.1 g), ~ 10 wt% de-ionized 
 H2O, and the f

0
2
 buffer capsules were loaded into 4 mm 

Au tubes. Melt inclusions from the 2006 HSA contain only 
trace  CO2 (Webster et al. 2010); therefore, experiments 
were conducted under  H2O saturated conditions. Experi-
ments covered a PH2O–T range spanning 50–200 MPa, and 
800–1060 °C (Table 2). Augustine magmas are relatively 
oxidized (Larsen et al. 2010) and experiments were buff-
ered at f

0
2
 = RRO (Re + ReO2 or approximately NNO + 2 log 

units). The 3-mm  Ag70  Pd30 f0
2
 buffer capsules were loaded 

with Re and  ReO2 powder in a 1:1 molar ratio. To verify 

the effectiveness of the buffer assemblage, we ran 7- to 
14-day test experiments. The compositions of seeded Fe–Ti 
oxide pairs from these experiments showed re-equilibration, 
thereby verifying accurate experimental temperatures and f

0
2
 

(based on the algorithm of Ghiorso and Evans 2008).
Experiments below 880 °C were conducted in externally 

heated, Tuttle-style, Waspaloy cold-seal pressure vessels 
placed in horizontal furnaces and quenched with com-
pressed 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 melt-
ing 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 capsules and positioned closest to the thermocou-
ple, experimental temperatures were likely within 5 °C of 
reported temperatures. Experiments at temperatures above 
880 °C were conducted using titanium–zirconium–molyb-
denum (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  CH4 
to the Ar pressurizing gas. TZM runs were rapidly quenched 
following Sisson and Grove (1993). Experimental durations 
ranged from 23 to 539 h (Table 2), with longer run times 
used in lower temperature runs in order to achieve a suf-
ficient approach to equilibrium.

Table 1  Representative starting material compositions

*Data average of ‘n’ analyses with standard deviation in brackets
a Full dataset available in the Electronic Supplementary Material spreadsheet
b Data from Larsen et al. 2010
c “06AU” removed from sample name for the sake of brevity
d Amph amphibole, Plag plagioclase, Cpx clinopyroxene, Opx orthopyroxene
e Glass totals are original totals. Glass data are anhydrous and normalized to 100

HSA whole  rockb HSA matrix  glassb HSA
Ampha,d

SHV seed
Ampha

HSA
Plaga

HSA
Opxa

HSA
Cpxa

Sample MC004cc MC004c MC004c
Grain 1

SH08
Grain 7

MC004c
Grain 31

MC004c
Grain 8

MC004c
Grain 6

SiO2 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)
TiO2 0.56 0.44 (0.18) 1.57 (0.27) 1.39 (0.03) N/A 0.16 (0.02) 0.31 (0.02)
Al2O3 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 (t) 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)
Na2O 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)
K2O 0.99 2.22 (0.20) 0.12 (0.03) 0.14 (0.02) 0.12 (0.02) N/A N/A
P2O5 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
Totale 100.00 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
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Reversal experiments were performed employing CH and 
SNS starting materials in inner capsules within the same run 
at 1000 °C and 1060 °C and at 150 and 140 MPa (Table 2). 
Two series of controlled melting and cooling experiments 
were also performed to approximate reversals and to verify 
the positions of the phase stability curves (HSA4-1, HSA4-2 
and HSA4-2st2; Table 2). The crystallization experiment 
was conducted by first equilibrating SNS starting material at 
1100 °C and 125 MPa for 48 h. The resulting HSA4-1 mate-
rial was then re-loaded into a sealed capsule with sufficient 
water and refreshed buffer materials, thermally equilibrated 
to 1100 °C, and then cooled to 1000 °C using a 0.03 °C per 
minute cooling ramp to induce crystallization. The melting 
experiment started with CH material loaded into the cap-
sules and held at 100 MPa and 840 °C for 120 h. The sample 
was then heated to 870 °C and held for a further 120 h before 
quenching.

Analytical methods

Phase identification and acquisition of major oxide compo-
sitional data for experimental glasses and mineral phases 
were conducted using a Cameca SX50 electron microprobe 
and a JEOL JXA-8530F field emission electron microprobe, 
both at the University of Alaska Fairbanks Advanced Instru-
mentation Laboratory. The Cameca SX50 is equipped with 
one EDAX energy-dispersive (EDS) spectrometer and four 
wavelength-dispersive (WDS) spectrometers. The JEOL 
JXA-8530F is equipped with a Thermo System 7 silicon drift 
detector (SDD) EDS system and five WDS spectrometers.

Mineral phase analyses were conducted with a 1–5 μm, 
15 kV, 10 nA beam. Amphibole compositions were re-cal-
culated to their mineral formula and classified according 
to Leake et al. (1997), based on the occupancy of the A 
(Na + K), B (Ca, Na), C (Mg,  Fe2+,  Fe3+, Ti, Mn,  Alvi), and 
T (Si,  Aliv) sites. Recalculation to the mineral formula was 
based on 23 oxygens, with  Fe2+/Fe3+ estimation assuming 
13 cations for magnesio-hornblende and 15 cations for cum-
mingtonite. Error propagation during mineral formal recal-
culation was performed using MINERAL (MINeral ERror 
AnaLysis), a  MATLAB® based program that calculates the 
error on formula unit cations though the propagation of ana-
lytical uncertainties during mineral formula recalculations 
(De Angelis and Neill 2012).

Areas of matrix glass in the experimental charges 
were often marginal in size compared with the defocused 
(~ 10  μm diameter) beams routinely used for analyz-
ing hydrous glasses; therefore, we used a semi-focused 
(2–4  μm) low current (3  nA) beam with a voltage of 
15 kV to help reduce Na migration. In addition, a lin-
ear time-dependent correction to Na counts using the 
Time Dependent Intensity (TDI) function in the Probe for 
EPMA (PFE) software was applied; however, consistently 

low Na concentrations in measured glasses suggest that 
this correction was insufficient. Other researchers have 
reported similar deficiencies with this correction (Sisson 
2017, pers. com.). Working standards for the experimental 
glass analysis included both dry and hydrous glass sam-
ples (KN-18, VNM50-15, 508, and 510), as described by 
Devine et al. (1995) and originally utilized for calibrating 
electron probe micro-analysis (EPMA) hydrous glasses 
data against FTIR data.

A  Qemscan® WellSite instrument (Quantitative Evalu-
ation of Minerals by SCANning electron microscopy) at 
the University of Liverpool was used to quantify mineral 
proportions.  Qemscan®, manufactured by FEI, is an Auto-
mated SEM–EDS system that uses a Tungsten filament 
to produce a 15 kV electron beam. Two Bruker energy 
dispersive X-ray spectrometers record discrete second-
ary X-rays emitted by the sample. X-Ray spectra are then 
processed to identify and quantify the elements present, 
and to output a chemical composition. This chemical com-
position is matched to known chemical compositions for 
minerals, glasses, and other amorphous phases.

Controlled using the  iMeasure® software, data were 
collected from polished and carbon coated experimental 
charges at 2-µm resolution. The electron beam dwelled on 
each point until sufficient X-rays were collected to allow 
for successful phase matching (i.e., 1,000 X-rays in this 
study). Using the  iDiscover® software, the resulting data 
were stitched to form continuous color images of each 
sample. The numbers of pixels for each phase were then 
summed, and normalized to give mineral abundances as 
an area-percentage. Unclassified pixels (e.g., vesicles, 
epoxy) and ‘other’ pixels (i.e., unidentified phases and/
or compositions produced when the beam hit two grains 
at the same time) were removed, and the remaining data 
were re-normalized to provide a final area-percentage. In 
this study, the ‘other’ category was < 1 area %, and gen-
erally ≪ 1 area %, for all experimental charges. Minerals 
with abundances of < 0.1 area % were considered to repre-
sent noise and were reclassified as ‘other’. The QEMSCAN 
beam has an interaction volume of ~ (~ 10 µm3); as such, 
the abundances of phases with small crystal size (e.g., 
groundmass phases) may be misrepresented. In general, 
we found that the minerals identified by  Qemscan® were 
consistent with those identified during traditional, manual 
SEM analysis. However, there was sometimes a mismatch 
for minerals present in low amounts. In particular, manual 
SEM analysis failed to identify clinopyroxene in many of 
the experiments where  Qemscan® identified it in low quan-
tities (< 5 area %). In contrast, minor amounts of cum-
mingtonite were identified during manual SEM analysis, 
but this mineral was only identified by  Qemscan® in two 
experiments (yielding abundances 0.5 area % for both).
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Results

Augustine HSA summary from prior studies

The 2006 HSA samples are generally uniform in whole-rock 
composition (62.2–63.3 wt%  SiO2) and matrix glass com-
position (74–77 wt%  SiO2; Larsen et al. 2010); although, 
a single low-K HSA sample was also identified. For most 
oxides, the matrix glass composition of this low-K HSA 
was consistent with other HSA samples; however, it con-
tained elevated  SiO2 (76.7–79.7 wt%) and depleted  K2O 
(1.1–1.6 wt% compared with 1.5–2.6 wt% in the major-
ity of HSA samples; Larsen et al. 2010). The HSA con-
tains 45–60 modal % microlite-poor glass, plagioclase (32 
modal.%), augite (6 modal.%), orthopyroxene (4 modal.%), 
Fe-Ti oxides (2 modal.%), and minor amphibole (magnesio-
hornblende); some samples also contain minor olivine, and 
apatite (< 0.5 modal.%; Larsen et al. 2010). Larsen et al. 
(2010) used the QUILF algorithm to calculate f

0
2
 conditions 

of NNO + 2 and a temperature range of 841–898 °C (Fig. 2), 
which they then corrected by 30 °C to account for a QUILF 
overestimation for high fugacity magmas (Rutherford and 
Devine 1996). A recalculation of the same and additional 
oxide data using the Ghiorso and Evans (2008) algorithm 
yields slightly less oxidized f

0
2
 conditions (NNO + 1.5 or 

0.5 log units below RRO) and slightly higher temperatures 
(880 °C ± 13 °C; Coombs and Vazquez 2014; Fig. 2).

Webster et al. (2010) used Fourier transform infrared 
(FTIR) to analyze plagioclase melt inclusions in 2006 HSA 
samples and found that all (n = 49) had  CO2 contents below 
the limit of detection (< 0.003 wt%), while  H2O contents 
ranged from 3.08 ± 1.3 to 4.1 ± 0.001 wt%. Based on the 
model of Papale et al. (2006) and assuming a temperature 
of 880 °C, the mean of these analyses corresponds to a 
saturation pressure of ~ 77 MPa (~ 2.9 km depth, assum-
ing a crustal density of 2650 kg/m3 here and throughout 
this manuscript), while the upper end of the analyzed range 
yields a saturation pressure of 104 MPa (~ 4.0 km depth). 
Similar results are found when applying the model of New-
man and Lowenstern (2002), which yields saturation pres-
sures of ~ 85 MPa (~ 3.3 km depth) and 115 MPa (~ 4.4 km 
depth) for the mean and maximum values, respectively. In 
general, OH bearing amphibole is stable at pressures greater 
than ~ 100 MPa (~ 4 km) and in melts containing at least 
4 wt%  H2O (Rutherford and Hill 1993); although Moore and 
Carmichael (1998) found amphibole stable in andesitic melt 
with just 3.5 wt%  H2O. As such, most of the melt inclusion 
water contents are below those typically needed to stabilize 
amphibole in a melt; therefore, the inclusions likely expe-
rienced leakage and/or grew during decompression crystal-
lization. As a result, storage pressures represent minimum 
possible values and are likely underestimated. However, the 
deepest storage pressure estimates are consistent with the 
conclusions of De Angelis et al. (2013), who used the exist-
ence of amphibole in the 2006 HSA to suggest storage at 
pressures of greater than ~ 100 MPa (~ 4 km depth).

Experimental run products

The crystallinity of experimental charges ranged with exper-
imental conditions, from crystal free or crystal poor (< 20 
area % crystals; Table 2) at high temperatures (Fig. 3a, c) 
to crystal and microlite rich (from ~ 40 to 80 area % crys-
tals; Table 2) at low temperatures (Fig. 3b, d). Based on 
crystal-free experimental products (using both the CH and 
SNS starting materials; Table 2), at PH2O = 140 MPa the liq-
uidus is located between 1000 and 1060 °C (Fig. 4); how-
ever, liquidus temperature increases with decreasing pres-
sure, with plagioclase (32.2 area %), orthopyroxene (6.3 
area %), and clinopyroxene (2 area %) observed at 1000 °C 
and PH2O = 125 MPa. Plagioclase and orthopyroxene were 
observed in all experimental runs at < 1060 °C; however, 
experimental resolution was insufficient to identify which 
was the liquidus phase. At PH2O = 150 MPa and 1000 °C, 
plagioclase crystals (13.9 area %) in the CH experiment were 
anhedral and embayed; however, stable euhedral grains were 
observed in the groundmass. Clinopyroxene crystallized at 
temperatures below 1000 °C and was most abundant (up to 
4.5 area %) in experiments run between 840 and 860 °C at 
PH2O = 130–200 MPa; at P–T conditions above and below 

 Temperature (oC)

 lo
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Fig. 2  Estimated high-silica andesite storage temperature and f
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2
 

conditions calculated from the compositions of euhedral touching 
Fe–Ti oxide pairs in natural samples (Tilman 2008; Larsen et  al. 
2010; Coombs and Vazquez 2014). White circles denote calculations 
following the algorithm of Ghiorso and Evans (2008). Grey circles 
denote recalculations, on a subset of the same data, following the 
QUILF algorithm (Andersen et  al. 1993). QUILF derived tempera-
tures have been corrected by 30 °C to account for overestimation by 
the algorithm when applied to highly oxidized magmas (Rutherford 
and Devine 1996)
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this, clinopyroxene abundance was generally less than 1% 
by area. Fe–Ti oxides (dominated by magnetite) crystallized 
in all experiments conducted at ≤ 1000 °C; however, the 
abundance of Fe–Ti oxides remained low in all experiments 
(< 1 area %).

Magnesio-hornblende was clearly identified in experi-
ments run at ≥ 120 MPa and ≤ 880 °C using both the SS 
and SNS starting materials, with most crystals euhedral 
and 5–30 μm in diameter; the overall abundance was less 
than 1 area % in all experiments. In addition, trace amphi-
bole (magnesio-hornblende) was observed in a CH reversal 
experiment run at PH2O = 100 MPa, with a starting tempera-
ture of 840 °C and a final temperature of 870 °C.

Using manual SEM analysis, we observed both cum-
mingtonite and euhedral quartz in experiments conducted 
at ≤ 850 °C using all starting materials; both phases were 
also sometimes observed as intergrowths with orthopy-
roxene. The crystallization of cummingtonite and quartz 
was concurrent with a reduction in augite. We verified the 
positions of the quartz- and cummingtonite-in curves with 
experiment HSA4-2st2. This experiment was first equili-
brated within the cummingtonite–quartz fields for 120 h at 

840 °C and 100 MPa, and then heated and re-equilibrated 
for 120 h at 870 °C, outside of the cummingtonite and quartz 
fields. In automated  Qemscan® analyses, quartz abun-
dances vary from 0.2 area % (850 °C/200 MPa) to 19 area 
% (840 °C/100 MPa). Using  Qemscan®, cummingtonite was 
only confirmed in two experiments, both with abundances 
of 0.5 area % (820 °C/120 MPa and 840 °C/120 MPa, both 
using the SS starting material).

Using automated  Qemscan® analysis, biotite was iden-
tified in two low P–T experiments [840 °C/120 MPa and 
820 °C/120 MPa (Fig. 3d)], with abundances of 5.1 and 6.4 
area %. In manual SEM analysis, a phase rich in K, Mg, Al, 
Fe, and Si was identified in other experiments run below 
~ 850 °C run using the sintered starting material. This phase 
was unstable under the electron beam and quantitative analy-
sis was not successful. As a result, we were unable to con-
firm with 100% certainty the nature of this phase; however, 
EDS spectra and textural characteristics suggest that it was 
biotite. Given the uncertainty, an exact phase appearance 
curve was not delineated.

Using manual SEM identification, accessory apatite was 
identified, even in experiments run at > 900 °C; however, its 

30 µm 200 µm (a) (b)

(d)(c) 300 µm 100 µm 

Fig. 3  Images of experimental groundmass. Backscatter electron 
(BSE) images of a Aug 73b (sintered-not-seeded [SNS] starting 
material held at 1000 °C/150 MPa for 69 h) and b Aug 37 (sintered-
not-seeded [SNS] starting material held at 840  °C/130  MPa for 
190  h).  Qemscan® (Quantitative Evaluation of Minerals by SCAN-
ning electron microscopy) automated energy dispersive spectrometer 
(EDS) phase maps of c Aug 50 (sintered-not-seeded [SNS] starting 

material held at 960 °C/130 MPa for 30 h) and Aug 24 (sintered-and-
seeded [SS] starting material held at 820 °C/120 MPa for 237 h). In 
 Qemscan® images: grey, glass; light blue, plagioclase; light purple, 
orthopyroxene; green, clinopyroxene; orange, hornblende; pink, cum-
mingtonite; brown–red, biotite; dark blue, quartz; light red, Fe–Ti 
oxides; black, unidentified phase; white, voids
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small size made verification challenging and we were not 
able to constrain the phase boundary; it was not identified 
in  Qemscan® analysis.

Experimental mineral compositions

Plagioclase was the most commonly observed mineral in all 
experimental products (Table 3; Fig. 5). The An (anorthite) 
content of plagioclase ranged from An47–An81 and was 
strongly controlled by experimental temperature. In general, 
An was positively correlated with temperature (Fig. 5a) and 
negatively correlated with estimated undercooling (ΔT; 
Fig. 5c). At temperatures of < 900 °C, we also observed a 
positive correlation between An and PH2O (Fig. 5b). How-
ever, as most experiments at temperatures of > 900 °C were 
conducted at intermediate pressure (PH2O = 120–150 MPa), 
the resulting An values of > 70 plot above the general trend. 
At temperatures of < 900 °C, PH2O < 180, and undercooling 
of >  ~ 180 °C, plagioclase compositions were An50–60 (i.e., 
the compositional range of natural HSA plagioclase).

Experimental pyroxene showed a range of compositions, 
some of which overlapped with the compositions of natural 

HSA phenocrysts (Table 4; Fig. 6). Both orthopyroxene 
(enstatite) and clinopyroxene (augite), showed weak posi-
tive correlations between Mg# (Mg/Mg + Fe) and both PH2O 
(Fig. 6b) and experimental temperature (Fig. 6c). In general 
experimental orthopyroxene overlapped with the natural 
orthopyroxene Mg#’s (~ 0.67) between ~ 135 and 200 MPa, 
and between 840 and 860 °C. Experimental clinopyroxene 
only overlapped with natural HSA clinopyroxene compo-
sitions (Mg# ~ 0.74) at pressures (PH2O) of 120 MPa and 
temperatures of 820 °C. At higher PH2O–T conditions, clino-
pyroxene were significantly Mg-enriched.

Experimental amphibole were classified as mag-
nesio-hornblende or cummingtonite (Fig.  7; Table 5). 
Magnesio-hornblende compositions were consistent 
with those of both natural HSA amphibole and the seed 
grains. Regardless of experimental starting material (SS 
or SNS) or the PH2O–T conditions (PH2O = 120–200 MPa, 
T = 820–860 °C), differences in composition were minor; 
however, magnesio-hornblende in seeded experiments 
were slightly Mg-depleted with respect to both the natural 
HSA and seed grain compositions, while those that crys-
tallized from the unseeded starting material were either 
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Fig. 4  Experimental phase diagram for the Augustine 2006 high-
silica andesite (HSA). Solid curves denote confirmed boundaries, 
while dashed curves indicate inferred but unresolved phase bounda-
ries. Right pointing triangles denote crushed HSA starting material, 
left pointing triangles denote sintered-and-unseeded (SNS) start-
ing material, black circles denote sintered-and-seeded (SS) starting 
material, and grey squares denote experiments conducted using the 
experimental charge from SNS experiment HSA4-1. Arrows con-
nect the start and end conditions of variable temperature experiments. 
Opx orthopyroxene, Pl plagioclase, Ox Fe–Ti oxides, Cpx clinopy-
roxene, Hb hornblende, Cum cummingtonite, Qtz quartz, Bt biotite. 

The lightly shaded horizontal grey box denotes the minimum pres-
sure range for HSA storage based on natural melt inclusions (Webster 
et al. 2010) and the models of Newman and Lowenstern (2002) and 
Papale et al. (2006). 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. The hashed grey area denotes the 
region in which experiment plagioclase exhibit mol.% An contents 
consistent with those of the natural HSA starting material
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slightly Mg- or Si-enriched (Fig. 7b). Cummingtonite 
Mg# ranged from 0.75 to 0.86. The number of data points 

was insufficient to comprehensively assess any correla-
tion between Mg# and experimental conditions; however, 

Table 3  Representative 
experimental plagioclase 
compositions

Data represent average compositions for a given experiment. Full dataset available in the Electronic Sup-
plementary Material spreadsheet
*Data average of ‘n’ analyses with standard deviation in brackets
**Uncertainty calculated using the MINERAL software (De Angelis and Neill 2012)
a  Starting Material: SS = Sintered, SNS = Sintered (not seeded)
b Melt  H2O estimated (where both plagioclase and glass data were available) using the hygrometer of 
Waters and Lange (2015)

SMa SNS SNS SS SNS SNS

Experiment Aug 49 Aug 42 Aug 31 Aug 45 Aug 73b
T (°C) 850 860 840 925 1000
P (MPa) 160 150 150 150 150
SiO2 60.45 (0.35)* 59.18 (0.84) 55.11 (1.92) 51.33 (1.60) 49.74 (1.53)
Al2O3 23.73 (0.99) 24.47 (1.07) 28.26 (0.19) 30.55 (1.01) 30.28 (1.58)
FeO (t) 1.00 (0.11) 0.93 (0.18) 0.69 (0.24) 0.81 (0.10) 0.91 (0.36)
MgO 0.34 (0.01) 0.21 (0.06) N/A 0.10 (0.04) 0.37
CaO 9.07 (0.54) 9.55 (0.97) 10.83 (0.44) 14.28 (0.84) 13.89 (1.03)
K2O 0.26 (0.19) 0.39 (0.03) 0.13 (0.05) 0.05 (0.04) 0.02 (0.04)
Na2O 3.33 (0.27) 3.08 (0.50) 4.55 (0.50) 2.76 (0.21) 2.21 (0.31)
Total 98.19 (1.38) 97.81 (0.43) 99.58 (1.35) 99.88 (0.14) 97.55 (1.10)
n 2 2 3 4 7
An 58.88 (4.28)** 61.22 (6.09) 56.43 (2.51) 73.86 (5.16) 77.54 (7.09)
Ab 39.12 (3.53) 35.76 (5.82) 42.73 (2.71) 25.83 (2.25) 22.33 (3.35)
Or 2.01 (1.47) 3.02 (0.28) 0.84 (0.42) 0.31 (0.25) 0.13 (0.27)
Melt  H2Oc 5.2 5.3 N/A 5.0 3.5

 Estimated ΔT (oC)
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Fig. 5  Experimental and natural plagioclase compositions: a varia-
tion in experimental mol.% An (anorthite) as a function of tempera-
ture (°C); b variation in experimental mol.% An as a function of pres-
sure (PH2O in MPa) and; c variation in experimental mol.% An as a 
function of undercooling (ΔT in °C). Data points represent the mean 
of all analyses from each experiment. One standard deviation (1σ) 
error was calculated following De Angelis and Neill (2012). Right 

pointing triangles denote crushed high silica andesite (HSA) starting 
material, left pointing triangles denote sintered-and-unseeded (SNS) 
starting material, black circles denote sintered-and-seeded (SS) start-
ing material, and grey squares denote experiments conducted using 
the experimental charge from SNS experiment HSA4-1. The dashed 
black line and surrounding lightly shaded grey area represents the 
mean and 1σ of the natural HSA An content



 Contributions to Mineralogy and Petrology (2020) 175:24

1 3

24 Page 10 of 20

lower Mg# (< 0.8) values tended to be found at higher 
PH2O (> 170 MPa).

Experimental glass compositions

Despite the small low-amperage beam utilized for glass 
analysis, locating areas of exposed glass in some experi-
mental charges was unsuccessful. In particular, low PH2O–T 
experiments often contained a microlite-rich groundmass 
(Fig. 3b, d) and as a result, in a number of experimental 
charges, observed glass areas were too small to analyze. 
For experiments where glass was successfully analyzed, the 
range in compositions reflected the changing experimental 
conditions (and in particular changing T) and phase assem-
blages (Fig. 8).

In general, experimental glass compositions formed a tie 
line between the natural HSA whole rock and glass end-
member compositions. At 1060 °C and PH2O = 140 MPa, 
experimental charges (experiments Aug 76a and Aug 76b) 
were completely aphyric. With the exception of  Na2O, major 
oxide glass compositions were similar to the whole rock 
composition of the HSA starting material (to within ~ 1.3 
wt% or less); for  N22O, the experimental charges were 
depleted (1.99 and 2.44 wt%, respectively) in comparison 
with the natural HSA whole rock (3.78 wt%). With decreas-
ing experimental temperature, glasses became progres-
sively more silicic, increasing from 63.18 wt%  SiO2 (Aug 

76b; 1060 °C/140 MPa; Fig. 8) to 77.82 wt%  SiO2 (Aug 
49; 850 °C/160 MPa). Concurrent decreases were seen in 
 Al2O3 (from 18.03 wt% at 1100 °C/125 MPa to 12.67 wt% at 
850 °C/160 MPa), CaO (from 6.78 wt% at 1060 °C/140 MPa 
to 2.04 wt% at 840 °C/130 MPa), FeO (from 5.05 wt% at 
1060 °C/140 MPa to 1.08 wt% at 850 °C/160 MPa), and 
MgO (from 3.75 wt% at 1060 °C/140 MPa to 0.60 wt% at 
860 °C/150 MPa).

Alkali elements (i.e., K and Na) were depleted in almost 
all experimental glasses (Fig. 8e, f). Despite the applica-
tion of a TDI correction, low  Na2O values (Fig. 8f) most 
likely reflect Na migration under the electron microprobe 
beam, and can also partially explain the consistently low 
experimental glass totals (~ 88–97 wt%; Table 6), which is 
a common feature of hydrous experimental glass analysis 
(e.g., Hammer et al. 2002; Rutherford and Devine 2003). 
In contrast, the  K2O values in glasses from liquidus experi-
ments (0.86–0.89 wt% at 1060 °C/140 MPa; Fig. 8e) showed 
only minor depletion in comparison to natural whole rock 
 K2O contents (0.99 wt%); however, with decreasing experi-
mental temperature and increasing  SiO2, the experimen-
tal glasses failed to become significantly or consistently 
 K2O enriched, despite the progressive crystallization with 
decreasing temperature and pressure. The veracity of these 
values was tested by reanalyzing some of the samples on 
a different microprobe (Cameca SX5 at the Cameca Dem-
onstration Laboratory in Madison, Wisconsin), following 

Table 4  Representative 
experimental pyroxene 
compositions

Data represent average compositions for a given experiment. Full dataset available in the Electronic Sup-
plementary Material spreadsheet
a Starting Material: CH Crushed HSA, SS Sintered, SNS Sintered (not seeded)
b Cpx clinopyroxene, Opx orthopyroxene

SMa SS SNS SNS CH CH

Experiment Aug 31 Aug 42 Aug 49 Aug 73a Aug 73a
Phase Opxb Opx Opx Opx Cpx
T (°C) 840 860 850 1000 1000
P (MPa) 150 150 160 150 150
SiO2 52.81 (0.23) 52.91 (0.24) 51.3 54.76 (0.39) 52.26 (0.26)
TiO2 0.16 (0.01) 0.09 (0.14) 0.14 0.18 (0.01) 0.36 (0.14)
Al2O3 3.64 (0.05) 2.91 (0.02) 6.28 2.42 (0.89) 3.35 (1.31)
FeO (t) 13.69 (0.76) 15.0 (0.08) 11.13 11.68 (2.30) 7.68 (0.85)
MnO 0.84 (0.07) 0.36 (0.51) 0.81 0.38 (0.01) 0.27 (0.07)
MgO 26.03 (0.88) 26.12 (0.26) 27.71 26.74 (0.57) 16.29 (0.39)
CaO 0.47 (0.03) 0.69 (0.04) 0.57 2.39 (0.45) 19.22 (1.22)
Na2O N/A N/A 0.08 0.06 (0.05) 0.21 (0.03)
K2O N/A N/A N/A 0.01 (0.01) 0.01 (0.01)
Total 97.60 (0.42) 98.11 (0.67) 98.03 98.63 (0.72) 99.67 (1.16)
n 2 2 1 2 2
En 76.45 (2.35) 74.56 (0.75) 80.64 76.38 (3.57) 47.34 (1.87)
Fs 22.56 (1.25) 24.02 (0.23) 18.17 18.72 (3.45) 12.52 (1.37)
Wo 0.99 (0.07) 1.42 (0.08) 1.19 4.91 (0.93) 40.14 (2.45)
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re-polishing and reapplication of the carbon coat. The low-T 
(840–860 °C) experimental glasses had  K2O values of just 
1.00–1.47 wt%, compared with a natural HSA glass compo-
sition of 2.22 wt%. However, the  K2O values of the low-T 
experimental matrix glasses showed excellent agreement 
with a single low-K HSA identified in the 2006 deposits 
 (K2O = 1.1–1.6 wt%; Larsen et al. 2010).

For experiments where data pairs were available, the 
Waters and Lange (2015) hygrometer was used to estimate 
experimental melt water contents from mean plagioclase 
and glass compositions (Fig. 8g). We found no clear rela-
tion between experimental pressure and melt  H2O; however, 
there was a clear negative correlation between experimental 
temperature and melt  H2O, ranging from 5.0–5.5 wt%  H2O 
at T =  ≤ 880 °C to ~ 3.5 wt%  H2O at T = 1000 °C.

With the exception of the alkali elements, low-T experi-
mental glasses (840–860 °C) showed the greatest degree 
of consistency with natural HSA glass compositions. How-
ever, they were slightly enriched in  SiO2 (77.68–78.03 
wt% vs. 75.86 wt% in the natural HSA matrix glass), 
making them more consistent with the  SiO2 values of the 
natural low-K HSA sample (76.7–79.7 wt%). A similar 
result was seen for FeO, although the difference in FeO 
between the normal and low-K natural HSA glasses was 
minor, while  Al2O3 and CaO showed greater consistency 
with the standard natural HSA matrix glass compositions.
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Fig. 6  Experimental and natural pyroxene compositions: a Pyrox-
ene classification quadrilateral. Black squares denote rim composi-
tions of pyroxene in the natural high-silica andesite (HSA) start-
ing material. Experimental data symbol shapes denote pressure 
(PH2O in MPa), while symbol color denotes temperature (white 
symbols =  ≥ 1000  °C, dark grey symbols = 870–960  °C, and light 
grey symbols =  ≤ 860 °C). b Variation in the Mg# (Mg/Mg + Fe) of 
experimental pyroxene with changing experimental pressure (PH2O in 
MPa). c Variation in the Mg# of experimental pyroxene with chang-
ing experimental temperature (°C). Data points represent the mean of 
all analyses from each experiment. One standard deviation (1σ) error 
was calculated following De Angelis and Neill (2012); however, the 

1σ error is always smaller than the data symbols. In b, c: solid black 
lines and the surrounding lightly shaded grey areas denote the mean 
and standard deviation (1σ) of Mg# for clinopyroxene (cpx) in the 
natural HSA starting material; dashed black lines and the surrounding 
shaded grey areas denote the mean and 1σ of Mg# for orthopyrox-
ene (opx) in the natural HSA starting material; symbol shape denotes 
pyroxene type (circles = cpx, squares = opx) and; symbol shad-
ing denotes starting material (white = sintered-and-unseeded/SNS, 
dark grey = sintered-and-seeded/SS, black = crushed HSA, and light 
grey = experiments conducted using the experimental charge from 
SNS experiment HSA4-1)
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Discussion

Approach to equilibrium

Experiments on silicic systems can be challenging because 

of slow reaction timescales, especially in crystal-rich charges 
with evolved groundmass melts (e.g., Brugger et al. 2003; 
Lange et al. 2009). Furthermore, systems characterized by 
mixing and mingling are generally unsuitable for phase equi-
libria studies because by their very nature they are out of 
equilibrium. To address the issue of natural disequilibrium, 
we selected the most homogenous lithology erupted from 
Augustine during the 2006 activity. This HSA is crystal rich 
(36–55 vol.% phenocrysts), and this study produced experi-
ments that evolved to melt  SiO2 of > 75 wt%. We experi-
enced a number of ‘failed’ experiments in which sluggish 
kinetics resulted in a failure to approach equilibrium. Given 
these challenges, a systematic assessment of the approach 
to equilibrium was critical.

First, we used three different types of starting materials 
(completely glassy, seeded, and crystal-rich natural pow-
ders) to assess the achievement of equilibration in experi-
ments with both melt and crystal-rich starting points, similar 
to traditional reversal experiments. Crushed natural powders 
most closely replicated natural textural conditions; 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 equi-
libration (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 

Fig. 7  Experimental and natural 
amphibole compositions: a 
classification diagram for 
magnesio-hornblende crystals, 
and b classification diagram for 
cummingtonite crystals. Data 
points represent the mean of all 
analyses from each experiment. 
One standard deviation (1σ) 
error was calculated following 
De Angelis and Neill (2012). 
The black square denotes 
amphibole from the natural 
high-silica andesite (HSA) start-
ing material, while the black 
circle denotes the amphibole 
seed compositions (Soufrière 
Hills Volcano andesite)
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Table 5  Representative experimental amphibole compositions

Data represent average compositions for a given experiment. Full 
dataset available in the Electronic Supplementary Material spread-
sheet
a Starting Material: CH Crushed HSA, SS Sintered, SNS Sintered (not 
seeded)
b Hb Hornblende, Cum Cummingtonite

SMa SNS SNS SNS SNS

Experiment Aug 41 Aug 49 Aug 42 Aug 41
T (°C) 850 850 860 850
P (MPa) 200 160 150 200
Phaseb Hb Hb Hb Cum
SiO2 47.92 48.30 (0.78) 49.64 (1.56) 57.76 (1.32)
TiO2 0.83 0.99 (0.28) 1.10 (0.07) 0.42 (0.22)
Al2O3 10.16 10.75 (0.93) 11.17 (1.09) 8.08 (2.20)
FeO (t) 9.73 8.96 (0.68) 9.52 (0.76) 8.84 (0.60)
MnO 0.34 0.40 (0.08) 0.29 (0.04) 0.66 (0.13)
MgO 14.54 16.28 (1.23) 15.28 (0.85) 18.79 (0.94)
CaO 10.96 10.79 (0.87) 10.71 (0.36) 6.44 (2.0)
Na2O 1.18 0.88 (0.12) 1.07 (0.11) 0.80 (0.27)
K2O 0.14 0.06 (0.06 0.11 (0.06) –
Total 95.79 97.43 (1.24) 98.89 (0.88) 97.79 (0.52)
N 1 7 4 3
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starting material to act as ‘seed crystals’ can dramatically 
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 analysis problematic.

Second, in order to achieve sufficient local equilib-
rium, at least between crystal rims and the adjacent melt, 
we employed very long run times (up to > 500 h) as sug-
gested by a variety of experimental studies (e.g., Brugger 
et al. 2003; Martel and Schmidt 2003). Martel and Schmidt 
(2003) found that rhyolitic melts  (SiO2 > 75 wt%) achieved 
equilibrium within 7 days (168 h) for pressures ≥ 100 MPa. 
Brugger et al. (2003) found that in their most silicic experi-
ments  (SiO2 ~ 75.7–77.6 wt%) run times of 3.5 days (84 h) or 
longer were required for the attainment of equilibrium. In our 
study of 21 experiments, 12 were for held for greater than 
84 h, and seven were held for greater than 168 h (Table 2). 
Only nine experimental runs had durations of less than 84 h 
(Table 2), and those were all at temperatures > 900 °C, at 
which equilibration timescales should be much shorter.

Despite the fine-grained textures, particularly 
at low-T conditions with significant undercooling 
(ΔT = 100–300 °C), the experiments using the glassy start-
ing material (SNS) were most successful. Some seeded 
(SS) and crushed HSA (CH) experiments exhibited unsta-
ble crystal textures (e.g., dissolution or breakdown) and 
showed significant scatter in the compositional data of 
glass and mineral phases. These features suggest a fail-
ure to equilibrate well, despite long experimental dura-
tions, and on this basis these experiments were not used 
to construct the Augustine phase diagram. We also con-
ducted two double capsule experiments, in which CH and 
SNS starting materials were loaded in separate compart-
ments within a single capsule (Aug 73, Aug 76). These 
experiments served as ‘reversals’ to help assess equili-
bration. For the double-capsule experiment at 1060 °C 
(PH2O = 140 MPa), both starting materials transformed into 
crystal-free experimental charges with mean major oxide 
glass values that were all within 0.52 wt% of each other 
(Fig. 8). The 1σ envelopes around these values converged 

Fig. 8  Experimental glass 
compositions. a–f Harker 
plots showing the variation in 
experimental and natural glass 
wt%  SiO2 with wt%: a  Al2O3; 
b CaO; c FeO; d MgO; e  K2O; 
and f  Na2O. g Experimental 
melt  H2O estimated using the 
model of Waters and Lange 
(2015). Data points represent 
the mean of all analyses from 
each experiment with error bars 
showing one standard deviation 
(1σ). Black squares denote the 
groundmass glass composi-
tion of the natural high silica 
andesite (HSA) starting mate-
rial, black diamonds denote the 
whole rock composition of the 
natural HSA starting material, 
and black circles denote the 
groundmass glass composi-
tion of a natural low-K HSA 
sample (Larsen et al. 2010). 
Experimental data symbol 
shapes denote pressure (PH2O 
in MPa), while symbol color 
denotes temperature (white 
symbols =  ≥ 1000 °C, light grey 
symbols = 880–960 °C, and 
dark grey symbols =  ≤ 860 °C)
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for all oxides with the exception of  SiO2, where uncertain-
ties were ± 0.01 wt%. For the double-capsule experiment 
at 1000 °C (PH2O = 150 MPa), the resulting phase assem-
blages were the same (Table 2), while the glass composi-
tions were similar, with all major oxides except  SiO2 and 
 Al2O3, showing compositional overlap between the experi-
ments. The mean  SiO2 and  Al2O3 values differed by 1.5 
and 0.67 wt%, respectively, while the 1σ envelopes around 
these values approached each other, but did not converge. 
The lower  SiO2 and  Al2O3 values were both seen for the 
CH experiment and it is likely that minor amounts of a 
non-stable phase (e.g., plagioclase) failed to completely 
dissolve; however, the remaining amount was insufficient 
to be observed during extensive microprobe sessions. On 
the basis of these results, we inferred that both double 
capsule experiments exhibited an acceptable approach to 
equilibrium.

For the experiments included in the final dataset, the 
1σ envelopes around the mean major oxide glass com-
positions were relatively low and were consistent with 
those deemed acceptable by other experimental studies 
(e.g., Brugger et al. 2003; Hammer et al. 2002; Sisson 
et al. 2005). For example, the mean 1σ on  Al2O3 for glass 
analyses in this study was 0.35, with a maximum of 0.86 
(Aug 42). 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, 
our experimental glasses are sufficiently homogeneous 

as compared to similar studies to exhibit an acceptable 
approach to equilibrium.

Despite our efforts to ensure that experiments reached 
equilibrium, some experiments with a rhyolitic ground-
mass, and in particular those in which quartz saturation was 
reached, may have had experimental kinetics so sluggish as 
to prohibit the achievement of equilibrium. For these experi-
ments in particular, we endeavored to probe crystals with 
clear growth textures and/or euhedral shapes consistent with 
approach to equilibrium.

Low temperature phase stability

While the positions and shapes of stability limit curves for 
magnesio-hornblende, plagioclase, and pyroxene (Fig. 4) are 
consistent with the results from other experimental stud-
ies of similar volcanic systems (e.g., Browne and Gardner 
2006; Rutherford and Devine 2003), we observed the unusu-
ally early (hot) appearance of normally low-T phases (i.e., 
quartz, cummingtonite, and biotite). In comparison with 
experimental studies on similar volcanic systems, including 
the Soufrière Hills Volcano andesite (Barclay et al. 1998; 
Rutherford and Devine 2003) and Unzen Volcano dacite 
(Holtz et al. 2005), our Augustine quartz appearance curve 
is ~ 20–40 °C hotter. However, similarities are seen between 
our results and the experimental study of the 1991 Mount 
Pinatubo dacite (Rutherford and Devine 1996), where the 
intersection between the quartz and magnesio-hornblende 

Table 6  Representative 
experimental glass compositions

Data represent average compositions for a given experiment. Full dataset available in the Electronic Sup-
plementary Material spreadsheet
*Data average of ‘n’ analyses with standard deviation in brackets
a Starting Material: CH Crushed HSA, SNS Sintered (not seeded)
b Glass totals are original totals. Glass data are anhydrous and normalized to 100%
c Melt  H2O calculated using VolatileCalc (Newman and Lowenstern, 2002)

SMa SNS SNS SNS SNS CH

Experiment Aug 49 Aug 42 Aug 48 Aug 45 Aug 76a
T (°C) 850 860 880 925 1060
P (MPa) 160 150 160 150 140
SiO2 77.82* 77.68 (1.02) 74.48 (0.31) 71.67 (1.16) 63.80 (0.23)
TiO2 0.36 0.29 (0.04) 0.41 (0.18) 0.77 (0.27) 0.52 (0.09)
Al2O3 12.67 12.95 (0.86) 14.60 (0.25) 15.32 (0.62) 17.51 (0.11)
FeO (t) 1.08 1.49 (0.14) 2.13 (0.08) 2.17 (0.01) 5.04 (0.26)
MnO – 0.6 (0.04) 0.28 (0.00) –
MgO 0.94 0.60 (0.05) 0.98(0.09) 1.74 (0.19) 3.73 (0.08)
CaO 2.53 2.85 (0.41) 3.89 (0.30) 4.89 (0.08) 6.53 (0.25)
Na2O 3.33 2.99 (0.14) 2.48 (0.51) 2.60 (0.44) 1.99 (0.13)
K2O 1.30 1.00 (0.16) 0.94 (0.19) 0.85 (0.08) 0.89 (0.04)
Original  Totalb 91.79 90.03 (0.97) 92.56 (0.62) 92.88 (0.73) 93.45 (0.29)
N 1 11 3 3 5
Melt  H2Oc 5.14 4.91 5.05 4.71 4.15
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phase appearance curves was observed at ~ 120 MPa and 
850–860 °C, despite the ~ 0.8 wt% higher  SiO2 content of 
Mount Pinatubo glasses (Rutherford and Devine 1996). The 
Mount Pinatubo experiments were conducted at high f

0
2
 con-

ditions (NNO + 3), even more oxidizing that Augustine.
Biotite was only confirmed in two of our experiments 

(820 °C and 840 °C at 120 MPa), although there is evi-
dence to suggest that it may also be present in other experi-
ments of <  ~ 850  °C. Biotite is generally not observed 
above ~ 800 °C in experimental studies of calc-alkaline 
andesitic systems (e.g., Holtz et al. 2005; Rutherford and 
Devine 2003; Venezky and Rutherford 1999), 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 that 
we are aware of 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 rela-
tively high temperatures (810–830 °C at 150–250 MPa; 
Rutherford and Devine 1996).

It is likely that the relatively higher temperature appear-
ance of quartz and biotite reflects both the high crystallinity 
of the experiments and the high oxygen fugacity (RRO), 
which forced the melt to evolve to higher  SiO2 at higher 
PH2O–T conditions relative to systems with f

0
2
 closer to 

NNO. Magmatic f
0
2
 influences both the PH2O–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) found that f

0
2
 exerts a strong influence 

on near-solidus phases and on melting and crystallization 
behavior. They found that at constant temperature, increas-
ing the f

0
2
 of basaltic magmas encourages the consumption 

of both melt and  Fe2+ amphibole components and results in 
the crystallization of plagioclase and Fe–Ti oxides and the 
production of  H2O (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 
late stage minerals such as quartz and biotite.

These conditions are also likely responsible for the 
extremely high-T crystallization of cummingtonite. How-
ever, while quartz and biotite are common in calc-alkaline 
magmatic systems, cummingtonite is much rarer, although 
it has been identified in some magmas similar to those stud-
ied here; for example, the Mount St. Helens (Geschwind 
and Rutherford 1992) and Mt. Pinatubo (Rutherford and 
Devine 1996; Scaillet and Evans 1999) dacites. Experi-
mental work on suggests that cummingtonite in silicic 
magmas is only stable at temperatures of < 800 °C, pres-
sures of ~ 250–300 MPa, f

0
2
 of > NNO + 1, and PH2O that 

is ≥ 75–80% of Ptotal (e.g., Geschwind and Rutherford 1992; 
Nicholls et al. 1992; Wood and Carmichael 1973). Scail-
let and Evans (1999) identified cummingtonite in dacites of 
the 1991 eruption of Mount Pinatubo; however, they failed 

to crystallize it in experiments run at a range of f
0
2
 con-

ditions (NNO to NNO + 2.7). Further experimental work 
on the Pinatubo dacite was able to synthesize cumming-
tonite through the addition of sulfur (Evans et al. 2007) 
and through the use of an unfused natural starting mate-
rial (Rutherford and Devine 1996), inferred to have a higher 
natural sulfur content than the dry-glass starting materials 
used by Scaillet and Evans (1999).

At Augustine, cummingtonite has been identified in late 
Pleistocene rhyolites (Coombs and Vasquez 2014; Nadeau 
et al. 2015) and prehistoric pumicious tephras (Tappen et al. 
2009), where it coincides with magnesio-hornblende; how-
ever, to our knowledge, despite extensive work by various 
researchers, it has not been identified in the products of the 
2006 eruption. Despite this, the 2006 products are consist-
ent with the conditions required for cummingtonite stability, 
including high f

0
2
 (NNO + 2) and high PH2O (in our experi-

ments, PH2O–PTOTAL). Furthermore, a number of studies 
have suggested a link between low-K glass, as observed in 
our low P–T experiments and in one natural HSA sample 
from 2006, and the stabilization of cummingtonite (e.g., 
Coombs and Gardner 2004; Tomiya et al. 2010). In terms 
of sulfur, rhyodacite and rhyolitic melt inclusions from 
Augustine generally have lower contents than those seen at 
other calc-alkaline subduction zone volcanoes; however, the 
high f

0
2
 of the system means that the majority of this sulfur 

would be present in an oxidized state, leading to fluids rich 
in sulfur species (Webster et al. 2010); this is consistent with 
the significant  SO2 measured in volcanic vapor during the 
2006 eruption (McGee et al. 2010). Even so, experimental 
cummingtonite at such high temperatures (up to 850 °C) is 
unprecedented. Higher cummingtonite Mg# has been linked 
with higher temperatures (e.g., Evans and Ghiorso 1995; 
Geschwind and Rutherford 1992); at Mg#s of 0.75–0.86, 
the cummingtonite in our study are consistent with higher 
temperature occurrence. Tomiya et al. (2010) suggested that 
cummingtonite in some of their experiments was not a truly 
stable phase, but instead a function of a powdered dry glass 
starting material. It is possible that the same may be true for 
our experiments; however, its appearance in starting materi-
als of all types is contrary to this theory.

Low alkalis in experimental glasses

Low alkali values are a feature of almost all experimental 
glasses in this study. With respect to Na, low values are also 
seen in working standards and likely stem from Na migration 
away from the electron beam, as noted by previous authors 
(e.g., Devine et al. 1995; Nielsen and Sigurdsson 1988). The 
TDI correction applied to Na count data was insufficient to 
account for this Na migration, which is consistent with the 
observations of other researchers (Sisson 2017, pers. com.).
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In terms of potassium, the  K2O in experimental glasses 
from experiments approaching the liquidus behaved as 
expected, with compositions approaching those of the 
whole rock (~ 1 wt%; Fig. 8e). However, as an element that 
is highly incompatible in most minerals,  K2O in experi-
mental glasses should increase with increasing  SiO2 and 
with an increasing degree of crystallization as experimen-
tal temperatures and pressures decrease. However, in no 
experiment did  K2O values reach the level seen in natural 
HSA glasses (~ 2–3 wt%).

Similar to Na, the migration of K away from the elec-
tron beam during electron microprobe analysis of hydrous 
glass has also been documented. However, the effects of 
K migration are significantly less pronounced than those 
for Na (Reed 2005). Furthermore, our electron microprobe 
data do not show similar K depletion in working standards, 
and time-dependent K count data on experimental glasses 
do not exhibit systematic decreases; therefore, while it 
may contribute to low  K2O in analyzed glass, K migra-
tion in our samples cannot completely explain the results. 
Potassium is relatively insoluble in super-critical  H2O fluid 
and is not known to alloy with gold capsules during hydro-
thermal experiments like Fe does (Ratajeski and Sisson 
1999). Therefore, viable explanations for the depletion of 
K include its incorporation in modest quantities into more 
abundant phases (e.g., plagioclase) or the crystallization of 
K-rich mineral phases such as K-feldspars (e.g., sanidine) 
or biotite micas.

A small number of the experimental plagioclase show 
significant K enrichment, with some having orthoclase (Or) 
contents of > Or-5. While this could be the result of the elec-
tron beam partially overlapping with areas of K-enriched 
glass, both the relative ease of plagioclase analysis (result-
ing from the abundance of relatively large crystals) and the 
low-K nature of the experimental glasses in general, render 
this unlikely. Furthermore, similar levels of Or enrichment 
have also been reported from experiments on dacite starting 
materials from the 1912 Katmai eruption (Hammer et al. 
2002) and the 1991 Pinatubo eruption (Prouteau and Scaillet 
2003; Scaillet and Evans 1999), which were also conducted 
under high oxidation conditions (i.e., ≥ NNO + 2).

More importantly, significant biotite was identified in two 
of our samples (6.4 and 5.1 area %) using  Qemscan® analy-
sis; furthermore, using manual SEM analysis, a biotite-like 
K-rich phase was identified in other low P–T experiments 
using the sintered starting material. On this basis, the low-K 
nature of the most evolved experimental glasses most likely 
reflects and confirms the crystallization of biotite. Interest-
ingly, our glass compositions were similar to those from a 
single low-K HSA sample identified in the natural Augustine 
2006 deposits and mass balance calculations predict that 
the crystallization of ~ 2 to 3 wt% biotite in the natural HSA 
would produce the observed low-K composition.

Experimental constraints on HSA storage

Given the heterogeneous nature of the broad spectrum 
of andesites produced by the Augustine volcanic system, 
including the HSA end member, we considered our phase 
equilibrium constraints within the broader context of esti-
mates from both geophysics and natural sample petrol-
ogy and geochemistry; as such, we use them largely as a 
refinement of prior models. Using petrological and geo-
physical data, a number of storage models have previously 
been proposed for Augustine. For the HSA of the 1976 
eruption (62.1–62.3 wt%  SiO2), Harris (1994) used the 
compositions of Fe–Ti oxide touching pairs to calculate 
a temperature range of 867–885 °C and f

0
2
 conditions of 

Ni–NiO (NNO) + 2. Similarly, for HSA of the 1986 eruption 
(60.7–63.3 wt%  SiO2), Roman et al. (2006) calculated tem-
perature and conditions of 877–890 °C and NNO + 2 (based 
on Fe–Ti touching pairs and using the QUILF algorithm; 
Anderson et al. 1993), and a storage depth of at least 4–5 km 
below the summit (based on melt inclusion water contents). 
For the 2006 HSA, Fe–Ti oxide data indicate f

0
2
 conditions 

of NNO + 1.5 (or 0.5 log units below RRO) and temperatures 
of 880 °C ± 13 °C (Coombs and Vazquez 2014; Fig. 2). The 
presence of stable amphibole places the minimum storage 
depth at ~ 4 km (De Angelis et al. 2013). Furthermore, based 
on the  H2O contents of natural plagioclase. storage depth 
has been estimated to be no less than 3.3–4.4 km (Webster 
et al. 2010). As discussed, this range includes some inclu-
sion water contents that permit amphibole (> ~ 4 wt%  H2O) 
and some that are too low. It is possible that some melt inclu-
sions experienced leakage, or were entrapped at lower pres-
sures during decompression crystallization. Experimental 
melt  H2O was found to be sufficient for amphibole stabiliza-
tion at temperatures of ≤ 960 °C (Fig. 8g).”

Geophysical models for magma storage at Augustine are 
consistent with petrological data. Based on pre-eruptive 
1976 seismic activity and on post-eruptive 2006 seismic 
activity, Power and Lalla (2010) inferred a storage region 
at 3.5–5 km below sea level (bsl). Based on geodetic data 
from the 2006 eruption, Cervelli et al. (2010) proposed a 
cylindrical pipe storage model with a top at 2.5–4.5 km bsl 
and a base at 6.5–10.5 km bsl.

Overall, the experimental mineral stabilities and compo-
sitions observed in this study are consistent with past esti-
mates and provide further refinement to the range of possible 
 PH2O-T conditions for the Augustine HSA. In particular, HSA 
storage conditions are constrained between the amphibole 
(hornblende) in-curve (~ 200 MPa at 890 °C and ~ 110 MPa 
at > 860 °C) and the cummingtonite and quartz in-curves 
(~ 200 MPa at 840 °C and ~ 100 MPa at 860 °C; Fig. 4). Within 
this region, conditions are further constrained by the upper 
temperature and pressure limits at which experimental and 
natural plagioclase An compositions are consistent (~ 870 °C 
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and 170 MPa) and by the lower pressure limit and upper tem-
perature limit at which natural and experimental glass compo-
sitions are consistent (~ 120 MPa and ~ 860 °C, respectively). 
Clinopyroxene occurs in relatively low abundance, and com-
positions show no systematic changes with changing experi-
mental conditions (Fig. 6); similarly, while orthopyroxene is 
significantly more abundant, there is only weak correlation 
between changing compositions and changing experimental 
PH2O–T conditions, which is consistent with the results of other 
experimental studies (e.g., Prouteau and Scaillet 2003; Ruther-
ford 1985). However, in general, our experimental orthopyrox-
ene overlapped with the natural orthopyroxene Mg#’s (~ 0.67) 
between ~ 135 and 200 MPa, and between 840 and 860 °C.

When all phase stability and compositional trends 
are considered, the resulting storage temperature range 
(~ 860 to 870 °C) provides a refinement on past estimates 
(838–908 °C). The refined pressure range (120–170 MPa) 
suggests a storage depth of 4.6–6.6 km, which fits particu-
larly well with geodetic observations (Cervelli et al. 2010) 
that indicate a storage region with a top at 2.5–4.5 km bsl 
and a base at 6.5–10.5 km bsl, and meets the storage pres-
sure constraints from petrological data (e.g., >  ~ 4 km based 
on the presence of stable amphibole).

Wider implications for petrological modeling

The results of this study have potential implications for 
existing petrological and thermodynamic models of vol-
canic systems; for example, rhyolite-MELTS (Gualda et al. 
2012) and the plagioclase-liquid hygrometer-thermometer 
(Lange et al. 2009; Waters and Lange 2015). In particular, 
our findings offer new insights and data for the calibration 
of such models because: (1) few experimental studies of arc-
andesite systems have produced glasses with such high-SiO2 
rhyolitic compositions; (2) the unprecedented shift to higher 
temperatures of the quartz, biotite, and cummingtonite sta-
bility curves; (3) that these findings appear to be linked to 
the elevated experimental f

0
2
 , which has been reported for a 

small, but important sub-set of arc-andesite volcanoes [e.g., 
Augustine Volcano, Alaska (e.g., Larsen et al. 2010); Pina-
tubo, Philippines (e.g., Scaillet and Evans 1999; Rutherford 
and Devine 1996); Volcan de Colima, Mexico (e.g., Moore 
and Carmichael 1998; Reubi et al. 2013)]; and (4) given the 
challenges involved in this study, particular care was taken 
to ensure well constrained experimental conditions and an 
approach to equilibrium in experimental charges.

Summary and conclusions

In this study, we performed phase equilibria experiments 
using a high-silica andesite (HSA;  SiO2 = 62.5  wt%) 
from the 2006 eruption of Augustine Volcano, Alaska. 

Experiments were conducted under  H2O saturated condi-
tions, f

0
2
 = RRO (~ Ni–NiO + 2), pressures of 50–200 MPa 

(PTotal = PH2O), and at temperatures of 800–1060 °C. The 
natural phase assemblage from the Augustine HSA was 
reproduced at 860–880 °C and 120–200 MPa. Comparison 
with natural glass and plagioclase compositions further 
refined those conditions to ~ 870 °C and 120 to 170 MPa. A 
significant finding of this work was the unprecedented shift 
to higher temperatures of the quartz, biotite, and cumming-
tonite stability curves. Crystallization of euhedral quartz 
was accompanied by small amounts of cummingtonite at 
T ≤ 850 °C; biotite was also identified in two low P–T exper-
iments (840 °C/120 MPa and 820 °C/120 MPa). The rela-
tively high temperature appearance of these typically low-T 
phases indicates that higher f

0
2
 could enhance their stability.

Given the challenges associated with experimental studies 
of silicic systems (e.g., slow reaction timescales, crystal-
rich charges, evolved groundmass melts), particular care was 
taken to ensure that experimental conditions were accurate 
and well constrained (e.g., temperature accuracy was veri-
fied to within 5 °C by direct measurement of the melting 
point of gold), and to ensure that a true approach to equilib-
rium was achieved in experimental charges. We employed 
three different starting materials to assess the achievement 
of equilibration in experiments with both melt and crystal-
rich starting points. To ensure local equilibrium between 
crystal rims and melt, we employed very long run times 
(up to > 500 h), in particular for those experiments run at 
the lowest P/T conditions. We monitored the 1σ envelopes 
around mean major oxide compositions to confirm low data 
spreads within experiments and the similarities/differences 
among data values for different experiments. Microprobe 
data were collected from crystals with clear growth textures 
and/or euhedral shapes. Experiments with an insufficient 
approach to equilibrium were not used in the final model.

The results of this study have allowed us to refine previ-
ous geophysical and petrological estimates for the location 
of HSA storage beneath the volcano prior to the 2006 unrest 
[120–170 MPa (or 4.6–6.6 km) at ~ 860–870 °C]. Prevailing 
models conclude that magmas beneath Augustine are housed 
in a complex network of interconnected dikes (Roman et al. 
2006; Larsen et al. 2010; De Angelis et al. 2013), rather 
than one contiguous, stable and stratified magma reservoir. 
The pressures and temperatures of the magmas stored in 
these dikes would vary, depending on their size, age, rela-
tive depth, and level of interaction with hotter replenishing 
magmas; this variation is supported by the range of eruptive 
products observed for recent eruptions. However, the strong 
similarity of the 2006 HSA to the HSAs erupted during both 
1976 and 1986 (e.g., bulk composition, matrix glass com-
position, mineralogy, crystal compositions; Johnston 1978; 
Roman et al. 2006; Larsen et al. 2010; Steiner et al. 2012) 
suggest that the pre-eruptive crystallization conditions of the 



 Contributions to Mineralogy and Petrology (2020) 175:24

1 3

24 Page 18 of 20

HSA magma beneath Augustine remained more or less con-
sistent during the > 30-year time interval encompassing the 
1976 through 2006 eruptions. Future eruptions of Augustine, 
which have recently occurred on a 10- to 20-year interval, 
are thus likely to produce a similar suite of low- tohigh-silica 
andesite deposits.

From a broader perspective, the results of this study (e.g., 
the high-SiO2 rhyolitic experimental melts; relatively high-T 
stability of quartz, biotite, and cummingtonite; high experi-
mental f

0
2
 ; and strong focus on approach to equilibrium) will 

be of interest to petrological and thermodynamic modelers 
with a focus on evolved magmas from arc volcanic systems.
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