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Abstract This study presents a pre-eruptive magma
storage model for the rhyodacite and andesite magmas
erupted during the 3430 yBP caldera-forming eruption
of Aniakchak volcano, Alaska, derived from phase
equilibria experiments and petrological data. The
compositions of Fe-Ti oxide pairs from the early
erupted Plinian rhyodacite pumice yield core temper-
atures of 871-900°C, with rims up to ~942°C, and fO,
from -10.6 to -11.8 log units. Melt inclusions
entrapped in plagioclase phenocrysts have H,O con-
tents between 3 and 5 wt%, estimated by FTIR and
electron microprobe volatiles by difference methods,
with no detectable CO,. Assuming water saturation,
this corresponds to entrapment pressures between ~65
and 150 MPa. Phase equilibria results reproduce the
natural phase assemblages at Ppg,o of 95-150 MPa at
870-880°C, assuming water saturation. A mismatch in
experimental versus natural glass SiO, and Al,O3, and
MELTS models for H,O-undersaturated conditions
indicate that the rhyodacite may not have been H,O
saturated. MELTS models with Xy,0 = 0.8 and Py
of 125-150 MPa at 870-880°C reproduce the natural
groundmass glass Al,O; composition best, indicating
the magma may have been slightly H,O under-
saturated. Those pressures correspond to storage at
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4.5-5.4 km depth in the crust. MELTS models and
VBD estimates from melt inclusions in titanomagnetite
grains from the andesite indicate pre-eruptive condi-
tions of ~1,000°C and > 110 MPa, corresponding to a
minimum residence depth of ~4.1 km assuming water
saturation or greater if the magma was H,O under-
saturated. Previous geochemical studies indicate sepa-
rate histories of the two magmas, though they retain
some evidence that they are ultimately related through
fractional crystallization processes. Analogous to the
1912 Novarupta magmas, the rhyodacite and andesite
presumably originated within the same crystal mush
zone beneath the edifice, yet were separated laterally
and underwent different degrees of crustal assimila-
tion. The andesite must have resided in close proxim-
ity, with ascent occurring in response to movement of
the rhyodacite, and resulting in extensive syn-eruptive
mingling.

Introduction

Large volume, caldera-forming eruptions (CFEs)
present significant proximal hazards and could trigger
short-term global climate change. Petrology studies
providing constraints on pre-eruptive magma storage
and movement lead to a better understanding of the
causes of these spectacular events. Aniakchak caldera
is located 670 km southwest of Anchorage on the
Alaska Peninsula (Fig. 1). The caldera is 10 km in
diameter and was created during the 3430 “C yBP
CFE (Miller and Smith 1977, 1987). This event pro-
duced voluminous and highly mobile rhyodacite and
andesite pyroclastic flow deposits (Miller and Smith
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Fig. 1 a Location map of the 164°
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Alaska Peninsula and 62°
Aniakchak volcano.

b Regional map showing the
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CFE ash flow sheet. The
dashed line illustrates the axis
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deposits are thickest. After
Waythomas and Neal (1998)
and Neal et al. (2001)

56° Cold Bay

Alaska

—Kodiak

P\ ¢
ISR
4 o¢
Inferred extent of
100 200 KM 3430 yr B.P ash-flow deposits
100 Ml (Miller and Smith, 1977)

1987; Dreher et al. 2005) and is thought to have con-
tributed to a period of global climate cooling (Miller
and Smith 1987; Beget et al. 1992). This eruption has
been the focus of general investigations on calderas in
the Aleutian arc (Miller and Smith 1977, 1987), geo-
logic investigations by the Alaska Volcano Observa-
tory (e.g., Waythomas et al. 1996; Waythomas and
Neal 1998; Neal etal. 2001), and geochemistry,
petrology, and physical volcanological studies (Dreher
2002; George et al. 2004; Dreher et al. 2005). It pro-
duced a minimum of 14 km® dense rock equivalent
(DRE) calc-alkaline rhyodacite (68-70 wt% SiO,) and
13 km® DRE andesite (58-60 wt% SiO,; Dreher 2002;
Fig. 2). The eruption deposits comprise early rhyoda-
cite Plinian pumice fall, a middle section of mingled
rhyodacite and andesite pyroclastic flow, and late-
erupted andesite pyroclastic flow deposits (Fig. 1).
Significant banding is present in pumice clasts from the
mingled rhyodacite/andesite portion of the pyroclastic
flow sheet. This banding has been observed to persist
on the 10’s of microns scale in scoria clasts from the
late erupted, ‘‘purely” andesite pyroclastic flow
deposits. No obvious banding is observed in the Plinian
rhyodacite pumice fall deposits that erupted first
(Dreher 2002).

Geochemical models of the Aniakchak CFE
deposits derived from Sr, Nd, and U isotopic data
(George et al. 2004) are used by Dreher et al. (2005) to
infer magmatic relationships prior to the eruption. The
results of their study indicate that the rhyodacite and
andesite may not be related simply through fraction-
ation, and crustal contamination and hybridization may
play an important role in production of the andesite in
particular. Their models are interpreted to reflect
complex mixing with magma remaining from a batch
that produced a precaldera rhyodacite fall deposit
exposed along the caldera rim. Dreher et al. (2005) use
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the geochemical data to interpret the rhyodacite as
having originated deep within the crust, intersecting a
shallow, hybrid andesite magma chamber prior to
eruption.

The goal of this study is to use high pressure and
temperature experiments and petrological data from
the eruptive products to provide a model of the pre-
eruptive magma storage and dynamics of the 3430 yBP
Aniakchak magmas, focusing primarily on the
rhyodacite. The CFE rocks are crystal-poor and the
groundmass glass compositions show only small
degrees of evolution away from the bulk rocks. This
makes the phase equilibria approach difficult to apply
to the nearly aphyric CFE andesite, and its storage
conditions are estimated here using a combination of
MELTS modeling and melt inclusion volatile concen-
trations. The Aniakchak rhyodacite contains equilib-
rium Fe-Ti oxide pairs suitable for geothermometry,
and melt inclusions in plagioclase provide initial esti-
mates on crystallization depths through H,O contents.
The petrological data provide independent constraints
that can be compared with the phase equilibria
experimental results to provide a model of the pre-
eruptive history of the rhyodacite magma. The model
resulting from the experimental work is compared with
the magma storage and genetic models discussed by
Dreher et al. (2005).

Methods
Experimental techniques

Sample 98ACJL1B collected from Plinian fall deposits
along the Bering coast (Fig. 1) provided the experi-
mental starting material, because the pumices are early
erupted and are the samples used in the petrological
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Fig. 2 Harker diagrams plotting major oxide compositions of the
whole rock juvenile rhyodacite (RD) pumice and andesite
(AND) scoria, groundmass glass, and melt inclusions against
wt% SiO,. Whole rock XRF analyses are those reported in
Dreher (2002), and shown in Fig. 6 of Dreher et al. (2005). M1
denotes melt inclusion analyses. All glass analyses shown in this
figure were collected for this study (electronic supplement)
separate from Dreher (2002) and Dreher et al. (2005). The melt
inclusions from plagioclase phenocrysts from the andesite have
rhyodacitic compositions and overlap those analyzed from
plagioclase found in the rhyodacite. This provides evidence for
crystal exchange between the rhyodacite and andesite magmas
prior to or during the eruption

portion of the study. The experimental methods used
for the phase equilibria runs are similar to those re-
ported in Hammer et al. (2002) and Larsen (2005).
Preparation of the starting powders involved cleaning
the pumice clasts ultrasonically in de-ionized water and
hand crushing them under ethanol using ceramic and
agate mortar and pestle. The crushed powders were
loaded into 5 mm OD Ag;,Pds, or Au tubes, with
~20 wt% de-ionized water to ensure vapor saturation,
and sealed into the capsule by welding. Experiments
run below ~900°C and 200 MPa utilized Waspaloy®

cold seal pressure vessels buffered at fO, of Ni-NiO
+ 0.5 to 1 log unit (NNO + 0.5 to 1) by using a Ni filler
rod. The experiments run in Au served to check
the phase assemblages in case of Ni infiltration. Cpx,
possibly stabilized by Ni, crystallized in ACP8 but
failed to form in repeat experiment ACP10, run in
Au tubing. Temperatures above ~900°C required a
titanium-molybdenum-zirconium (TZM) alloy pressure
vessel enclosed in an Inconel sheath, and bathed in
argon gas. Those sample assemblies consisted of an
outer Ag;oPds;y sample tube, ~20 wt% de-ionized
water, and a separate Pt capsule filled with Ni metal
foil and NiO powder. This buffer assembly served to
monitor capsule fO,, which was fixed through fH, by
adding 2-3 bar of CH,4 gas to the ultra-high purity
Ar pressurizing gas. The quench process involved
dropping the TZM vessel rapidly into a bucket of cold
water upon removal from the furnace. Reversal
experiments were conducted by running glass- and
crystal-rich experimental materials simultaneously at
an intermediate P and 7 condition, to help verify the
position of the phase stability curves.

Analytical techniques

The whole rock geochemical data derived from Dreher
(2002) came from the Washington State University
Geoanalytical Lab and a detailed description of the
methods and analytical precision and accuracy can be
found in Johnson et al. (1999). Quantitative analyses
of mineral phases in the experimental and natural
samples were conducted using a 15 KeV, 10 nA, and a
focused (~1 pm) beam using the Cameca SX-50 elec-
tron microprobe in the Advanced Instrumentation
Laboratory at the University of Alaska, Fairbanks
(UAF). The nearly aphyric natural samples have some
mineral phases that are present in very small amounts.
Probe data from pyroxenes and amphiboles were
conducted using grain mounts from crystal concen-
trates. Mineral phases crystallizing in the experiments
are typically a few to 10’s of pm across, and some were
too small to analyze. During each microprobe session,
a 30 KeV, 20 nA scanning beam was used to help
locate the mineral phases of interest in each sample
through the difference in brightness in the backscat-
tered electron image (BSE). Each crystal targeted for
analysis was first confirmed using the EDAX energy
dispersive spectrometer (EDS).

All hydrous and nominally anhydrous natural and
experimental glasses were analyzed using operating
conditions of 15 KeV, 10 nA, and a defocused
(~10 pm) beam to minimize Na migration (e.g. Devine
et al. 1995). Accurate Na compositions required
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collecting Na counts first, and measuring the decay in
Na counts with time over 16 s. A linear fit to the Na
decay data was used to correct the decreasing Na
counts back to the original, and most accurate values
collected early in the analyses. This procedure was
conducted using a self-calibrating correction routine
within the Probe for Windows® software package used
at UAF. Since hydrous silicate glasses can be prob-
lematic, the standardization routine also included 5-7
data points collected on polished chips from the set of
hydrous glasses studied by Devine et al. (1995). The
VBD method was used to estimate the amount of
water in each hydrous glass standard, and checked
against the published compositions prior to each
microprobe session. Rhyolite glass standard KN18 was
analyzed before, after, and often during each micro-
probe session when the unknown samples were chan-
ged. The KNI18 analyses were ratioed with their
published values (Devine et al. 1995) to be used to
normalize the SiO,, Al,O3, Na,O, K,O, and total FeO
compositions of the unknown glasses. CaO data in the
experimental glasses tended to be systematically low
by ~0.25 wt%. Glasses synthesized at super liquidus
conditions were checked against the bulk compositions
and used to apply an additional correction to CaO in
all experimental glass runs.

Melt inclusion analyses

Melt inclusions in plagioclase phenocrysts were pre-
pared for Fourier transform infrared spectroscopy
(FTIR) measurements. Although plagioclase is usually
suspected of leaking (e.g., Tait 1992), the largest and
most abundant inclusions in the Aniakchak rhyodacite
reside within plagioclase. Pyroxenes and amphibole
also contain melt inclusions but they are too small
(<30 pm) to analyze using FTIR. Plagioclase pheno-
crysts from fresh pumice clasts from the Bering coast
outcrop were picked after washing the glass away
gently using a shallow watch glass and submerging each
in mineral oil to find suitable melt inclusions (i.e. one
shrinkage bubble and no visible cracks). Those crystals
were mounted on a glass slide using acetone soluble
Crystal bond 509 and doubly polished to expose the
chosen melt inclusions on both sides.

The FTIR analyses were conducted at the USGS in
Menlo Park using a Nicolet Magna 750 spectrometer
coupled with an IR microscope and LN-cooled MCT
detector. Each inclusion was centered on a 100-um
pinhole, and two adjustable, square apertures were
used to select the region bounded only by the exposed
inclusion for analyses. Each spectra contained H,O
absorbance peaks, but no detectible CO,. The heights
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of the 4,500 and 5,200 cm™! absorption peaks were used
to calculate H,O contents through the Beer-Lambert
relationship, using & 1.50 and 1.86 1 mol™' cm™ for
4,500 and 5,200 cm™! vibrations, respectively (Ihinger
et al. 1994), and melt density of 2,300 kg/m>. Thick-
nesses were estimated using a spindle stage and pin
gauge and contribute the greatest source of error to the
water concentrations.

Results
Rhyodacite and andesite natural phase assemblages

The Aniakchak rhyodacite from both Plinian and ash-
flow deposits is crystal-poor, containing ~9 vol%
phenocrysts of plagioclase, hypersthene, augite, magnetite,
ilmenite, and amphibole. The equilibrium phase
assemblage consists of all those phases, except augite,
which is rare and suspected of being a xenocryst, as
discussed below. Using the phase compositions listed in
Tables 1, 2, and 3, a linear least squares mass balance
provides estimates of the proportion of each phase. The
proportions are 93-94 vol% glass, 5.4-6.4 vol%
plagioclase, 0.53-0.57 vol% hypersthene, 0.26-0.28
vol% amphibole, and 0.01-0.03 vol% magnetite, with
rms error of 0.016-0.022. The ranges represent models
fit using a range of plagioclase compositions, from Ans;
to Anyg.

The Aniakchak andesite is also crystal-poor, con-
taining a similar proportion of phenocrysts as the
rhyodacite, by weight. The andesite contains plagio-
clase, hypersthene, augite, magnetite, and rare olivine
and quartz (Dreher et al. 2005). The olivine and quartz
indicate that the andesite has a heterogeneous and
disequilibrium phenocryst assemblage, arising from
crustal assimiliation or magma mixing (Dreher et al.
2005). Evidence for crystal exchange between the CFE
rhyodacite and andesite exists primarily in plagioclase
and pyroxenes. This accompanies the macroscopic
evidence for mingling found in ash flow deposits that
contain unmingled rhyodacite and andesite, along with
banded pumice.

Glasses

The rhyodacite groundmass glass and melt inclusion
major oxide data are presented in Table 1, Fig. 2
and the electronic supplement. The rhyodacite
groundmass glass is microlite free, with 69-72 wt%
SiO, (Fig. 2). However, the groundmass glass analyses
are fairly scattered in most of the major oxides (Fig. 2),
reflecting local variability on the approximate scale
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Table 1 Representative major element compositions of the bulk starting materials

Oxide RD bulk® AND bulk® RD MG AND MG RD MI
Si0, 70.57 58.7 (8)° 71.5 (4) 58.6 (8) 71.3 (9)
TiO, 0.53 1.34 (05) 0.54 (02) 1.47 (13) 0.43 (14)
Al O5 15.31 16.3 (01) 14.48 (20) 16.11 (38) 15.17 (47)
FeOq 2.69 7.43 (38) 2.60 (14) 8.10 (54) 2.46 (32)
MnO 0.16 0.20 (01) - - -

MgO 0.61 2.82 (17) 0.50 (04) 2.83 (32) 0.47 (11)
CaO 2.00 6.13 (36) 1.91 (04) 6.11 (49) 1.73 (13)
Na,O 5.38 4.42 (19) 5.22 (05) 4.51 (34) 4.98 (49)
K,O 2.97 1.57 (07) 2.96 (16) 1.61 (29) 3.12 (16)
P,0Os 0.11 0.56 (05) 0.08 (04) - -

Cl - - 0.20 (10) 0.11 (02) -

Total® 99.60 99.85 99.80 99.27 96.01

nd 1 35 9 43 25

RD rhyodacite, AND andesite

#XRF analysis of major oxides in the RD collected by the WSU Geoanalytical Lab have an estimated accuracy within 1% for all
elements reported (Johnson et al. 1999). The AND bulk composition estimated from electron microprobe analyses on a fused glass

bead, prepared and analyzed at UAF

°Numbers in parentheses represent the standard deviation of n analyses

“Analyses normalized to 100% volatile-free, with the original totals included

4, number analyses. In the case of RD bulk, XRF analyses were conducted on two splits from powders crushed from a single pumice

block

(or larger) of the microprobe beam. In particular,
Al,O3 and Na,O compositions appear to be the most
affected, with values extending ~1 wt% below the
average contents of the bulk pumice. This could signify
depletion of Na and Al from the melt in response to
plagioclase crystallization in the magma.

The CFE andesite glass compositions are presented
in Table 1, Fig. 2 and the electronic supplement. The
andesite glass data tend to span a wider range in SiO,
(~57 to >70 wt%) than the rhyodacite because of
pervasive banding on both the macro (cm) and/or
micro (um) scale in all CFE andesite clasts studied. In
the middle of the stratigraphic section where mingling
is most pronounced, the pumices are clearly banded,
and thin sections of those samples reveal major oxide
glass compositions that extend partway through the
compositional gap outlined by the bulk rock composi-
tions from the separate rhyodacite and andesite
deposits (Fig. 2). Isolated regions of clear, rhyodacite
glass on a 10-um spatial scale also exist in scoria sam-
ples from the upper, andesite-dominant ash flow
deposits and groundmass glass data from those scoria
clasts also show variability in SiO, based on the fine-
scale banding (Fig. 3). It is important to note, however,
that the compositional trends in the andesite ground-
mass glass data do not extend completely through the
gap in SiO; outlined prominently by the whole juvenile
clast data set. This shows that although mingling was
pervasive throughout the eruption, hybridization

between the two magmas probably occurred only to a
very limited extent.

The melt inclusions from plagioclase in the
rhyodacite are found in the cores of ~1 mm Angg
plagioclase phenocrysts, and are compositionally simi-
lar to the groundmass glass (Table 1). The melt inclu-
sion Al,O3 diverges the most among the oxides from
the bulk pumice values, with Na,O showing a similar
depletion as the groundmass glass. The Al,O5 data are
scattered, with one point showing ~1 wt% depletion
relative to the bulk data, but most data extending up to
~1 wt% greater contents than the bulk and ~2 wt%
greater than the most depleted groundmass glass. If the
melt inclusions reflect entrapment of the melt existing
with the magma at its last storage conditions, it is ex-
pected that Al,O3; would also show ~1 wt% depletion
relative to the bulk pumice data, as seen in the
groundmass glass analyses. It is possible that some of
those analyses resulted from overlap between the
microprobe beam and the adjacent plagioclase crystal.
If this was always the case, however, there should be a
concurrent increase in Na in the same analyses, but
only one data point shows elevated Na as well.

Melt inclusion major oxide analyses from magnetite
and plagioclase phenocrysts in the andesite are also
shown in Fig. 2. Inclusions derived from plagioclase
crystals are all rhyodacite, while those analyzed within
magnetite are andesite (Fig. 2, electronic supplement).
Also, some of the andesite composition inclusions
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Table 2 Representative rhyodacite and andesite phenocryst compositions

Oxide RD Amph RD Opx RD Cpx AND Opx AND Cpx*
SiO, 435 (3) 53.1 (8) 51.9 (3) 523 (3) 517 (5)
TiO, 3.82 (24) 0.24 (03) 0.44 (10) 0.25 (11) 0.74 (10)
ALOs 11.3 (1) 0.7 (1) 1.5 (3) 0.6 (1) 2.9 (4)
FeO, 12.19 (32) 20.20 (88) 11.21 (46) 20.08 (1.36) 8.25 (32)
MnO 0.47 (08) 0.44 (03) 0.25 (02) 1.32 (60) 0.26 (09)
MgO 14.66 (19) 22.38 (44) 14.19 (29) 22.47 (60) 15.23 (20)
CaO 11.35 (22) 1.41 (14) 19.57 (43) 1.58 (45) 20.94 (54)
Na,O 2.54 (07) 0.03 (02) 0.36 (01) 0.03 (01) 0.30 (03)
K,O 0.49 (03) - - - -

Cl 0.05 - - - -

F 0.31 - - - -

Total 100.84 98.49 99.45 98.59 100.35

n® 10 19 6 3 8

Mol %*© - 3-64-33 41-41-19 3-63-34 43-43-13
Oxide RD PP AND PI1? AND PI2? AND PI3*

SiO, 585 (1.6)¢ 58.4 (1.0)¢ 54.1 (6) 472 (1.0)

TiO, - - - -

ALOs 26.3 (1.0) 25.94 (7) 28.6 (6) 329 (1.1)

FeO, 0.43 (13) 0.41 (10) 0.60 (12) 0.80 (19)

MnO - - - -

MgO - - - -

CaO 82 (12) 8.16 (68) 11.66 (56) 17.00 (92)

Na,O 6.81 (12) 7.02 (39) 5.06 (26) 2.01 (50)

K,O 0.34 (11) 0.29 (04) 0.15 (04) 0.04 (02)

Total 100.67 100.25 100.17 99.87

n® 45 44 16 15

Mol %°© 39 30-40 52-59 78-88

Mineral phases are labeled as follows: PI plagioclase, Cpx augite, Opx hypersthene, O/ olivine, Amph amphibole

dAverage analyses of plagioclase reported after Dreher (2002) and Dreher et al. (2005) are included here for reference. The original
data is published in Dreher (2002) PhD thesis, and histograms of the data are presented in Dreher et al. (2005). Opx, Cpx, and Amph

analyses were conducted for this study

®n, number of individual crystals analyzed in each sample

“Mol% refers to the average anorthite component in the plagioclase and Wo-En-Fs in pyroxene

YThe numbers in parentheses represent 1o about the average of n individual analyses and are larger than the individual analytical

errors on each data point

found in magnetite are slightly enriched in SiO,. The
compositional deviations from the groundmass glass
values may reflect variable inward crystallization in the
melt inclusions contained in both magnetite and
plagioclase.

Plagioclase

Figure 4 in Dreher et al. (2005) shows histograms of
plagioclase analyses for both CFE rhyodacite and
andesite. Those data are derived from analyses pub-
lished as an appendix in his PhD thesis (Dreher 2002),
and are limited in number and undifferentiated with
respect to crystal size, shape, texture, and the position
of the microprobe beam. Average plagioclase compo-
sitions from Dreher (2002) are given in Table 2, since
the compositional analyses are only available as an
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appendix to the thesis. Additional analyses were also
collected for this study (Table 2) primarily to ascertain
whether the phenocryst modal compositions shown in
the histogram of Dreher et al. (2005) correspond to
plagioclase confined to distinct size ranges or textures.

The data published in Dreher et al. (2005) show
plagioclase compositions of ~Ansgps; from the
rhyodacite. Data below Anjz, shown in Fig. 4 of Dreher
et al. (2005) should be disregarded, since the low An
analyses published in Dreher (2002) show significantly
elevated SiO, and reduced Al,O5 consistent with beam
overlap with adjoining glass. The additional analyses
collected here from plagioclase from Plinian fall and
ash flow rhyodacite pumice samples are composition-
ally similar, ranging between Ansz and Any; (Table 2).
Although most plagioclase in the rhyodacite are
euhedral and prismatic, including those analyzed for
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Table 3 Rhyodacite Fe-Ti oxide pair compositions

Pair T1c*P T2 T3 T4r p2r™ P2c
Titanomagnetite

TiO, 11.29 11.62 11.55 11.69 11.59 (28) 11.95 (24)
AL O; 2.26 2.15 221 2.16 2.25 (08) 2.29 (01)
FeOq 78.33 80.21 80.30 78.97 77.82 (2.51) 78.95 (20)
MnO 1.18 1.33 1.16 1.25 1.23 (14) 1.24 (03)
MgO 1.94 1.99 2.02 212 2.12 (15) 2.03 (10)
Cr,03 0 0.05 0.02 0.01 0 0

Total 95.00 97.37 97.26 96.19 95.01 96.46
Ilmenite

TiO, 4417 44.03 42.95 41.17 43.68 (75) 39.7 (1.5)
AL O; 0.20 0.21 0.22 0.45 0.27 (04) 0.43 (05)
FeOq 48.40 48.70 48.17 51.87 50.02 (22) 51.99 (17)
MnO 1.52 1.71 1.48 1.44 1.43 (05) 1.60 (07)
MgO 3.41 3.42 343 3.02 3.36 (02) 3.32 (11)
Cr,03 0 0 0 0 0.02 (02) 0.02 (02)
Total 97.71 98.08 96.25 97.95 98.77 97.05
Temperature® 883 (20) 888 (21) 891 (21) 923 (20) 942 (21) 901 (21)
1O, -11.44 -11.32 -11.24 -10.55 -10.18 -11.07
Pair P4r P4c P5r P5c Pér P6c
Titanomagnetite

TiO, 11.68 (11) 12.14 (14) 11.98 (10) 12.41 (24) 11.97 (39) 11.90 (18)
AL O3 2.19 (02) 2.17 (08) 2.11 (06) 2.07 (03) 2.13 (08) 2.21 (08)
FeO, 79.96 (41) 79.60 (70) 79.08 (54) 79.21 (38) 79.15 (97) 79.65 (63)
MnO 1.24 (11) 1.29 (11) 1.22 (08) 1.18 (05) 1.21 (12) 1.28 (12)
MgO 2.03 (07) 2.07 (05) 2.03 (02) 2.02 (10) 2.11 (08) 2.06 (11)
Cr,03 0.01 (01) 0.01 (01) 0.02 (02) 0.02 (02) 0.01 (01) 0.03 (02)
Total 97.09 97.28 96.4 96.9 96.58 97.13
Ilmenite

TiO, 43.44 (34) 43.69 (26) 45.96 (36) 4481 (66) 45.53 (21) 449 (1.2)
ALO; 0.26 (01) 0.23 (01) 0.23 (04) 0.24 (03) 0.22 (01) 0.24 (02)
FeO, 48.71 (26) 49.01 (79) 48.58 (63) 48.70 (31) 48.41 (18) 48.23 (65)
MnO 1.56 (11) 1.49 (02) 1.53 (14) 1.51 (01) 1.52 (12) 1.59 (18)
MgO 3.28 (08) 3.24 (06) 3.24 (07) 3.30 (16) 3.29 (05) 3.37 (06)
Cr,03 0.02 (02) 0.01 (01) 0.02 (02) 0.03 (01) 0 0.01 (01)
Total 97.26 97.69 99.55 98.60 98.97 98.34
Temperature® 899 (21) 892 (21) 895 (22) 875 (23) 882 (22) 878 (22)
fO, -11.17 -11.25 -11.34 -11.75 -11.55 -11.67
Pair P7r P7c POr P9c Plla
Titanomagntite

TiO, 12.21 (08) 12.34 (28) 12.15 (18) 12.43 (07) 14.381 (11)

AL O3 2.11 (08) 2.15 (07) 2.15 (10) 1.95 (03) 0.90 (02)

FeOq 79.78 (47) 79.00 (71) 79.24 (35) 79.24 (35) 74.64 (42)
MnO 1.24 (03) 1.23 (06) 1.35 (08) 1.22 (05) 1.06 (11)

MgO 2.09 (09) 2.01 (07) 1.96 (04) 1.94 (03) 1.77 (03)
Cr,03 0.02 (02) 0.01 (01) 0.01 (01) 0.01 (01) 0.02 (02)

Total 97.45 96.75 96.87 96.88 92.78

Ilmenite

TiO, 45.14 (99) 45.70 (59) 45.29 (19) 45.10 (41) 43.63 (53)
ALO; 0.26 (03) 0.21 (02) 0.23 (02) 0.22 (03) 0.10 (01)

FeO, 49.02 (06) 48.82 (43) 48.98 (19) 48.9 (30) 48.87 (61)
MnO 1.55 (03) 1.58 (06) 1.41 (24) 1.56 (12) 1.29 (08)

MgO 3.18 (04) 3.25 (02) 3.17 (01) 3.18 (02) 2.64 (01)
Cr,03 0.02 (02) 0.04 (04) 0.01 (01) 0.02 (02) 0.05 (05)

Total 99.16 99.38 99.10 99.04 94.57
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Table 3 continued

Pair P7r P7c POr P9c Plla
Temperature 889 (22) 887 (22) 893 (22) 871 (21) 931 (25)
1O, -11.48 —11.46 -11.39 -11.53 —-10.98

#Tlc, T2, T3, and T4 denote core to rim transect analyses, with ¢ denoting core and r denoting rim. T2 and T3 are transitional between

the core and rim

*Typical analytical errors on single analysis are similar to those reported in Izbekov et al. (2004), using the same analytical routine in

Probe for Windows

°P-pair number, r-rim, c-core, a-average

YExcept for the transect points T1-4, each reported analysis is the average of three electron microprobe data points. The numbers in
parentheses represent the standard deviation about the mean of the average value reported

All pairs reported in this table pass the MgO/MnO equilibrium criteria of Bacon and Hirschmann (1988)

this study, a few plagioclase grains have embayed edges
and dissolution features aligned along cleavage planes
parallel to the longest axis of the crystals.

The plagioclase phenocrysts in the andesite appear
to comprise three distinct populations, based upon core
compositions presented in Dreher et al. (2005), with an
overall range from ~Anjg gg. The andesite populations
are approximately divided into three modes: Anzg 49,
Ans,_s9, and Anyg gg. For the present study, additional
microprobe work was conducted specifically to verify
the sizes and textures of the crystals producing the
different modes. The An;g gg crystals are coarsely
sieved. Several Ansg 40 plagioclases are found embed-
ded in regions of clear, rhyodacite glass. The Ans,_so
grains tend to be unsieved elongate and tabular

Fig. 3 Photomicrographs of
plagioclase from Aniakchak
CFE rhyodacite and andesite
samples. a Representative
plagioclase phenocryst from
ACAF1D1 andesite scoria
sample (Dreher 2002). This
plagioclase is typical of those
with Ans, s9 compositions.

b Representative plagioclase
phenOCrySt (~An3()4())
typically found within
rhyodacitic glass (RD gl),
embedded in andesite glass
(AND gl) in scoria from
location ACAF1ES (Dreher
2002). ¢ Coarsely sieved
plagioclase crystal
representative of those with
~An;g_gg compositions from
scoria from ACAF1E5
location. d Euhedral
plagioclase from Plinian fall
section AC36a (same location
as 98ACIL1B),
representative of those with
Anjp_49 compositions

@ Springer

phenocrysts and microphenocrysts (Fig. 3). The links
between the different textures and the compositional
modes lend additional support for heterogeneous pla-
gioclase populations in the andesite. The lower An
plagioclase embedded in clear, rhyodacite glass indi-
cates crystal exchange between the two CFE magmas
occurred prior to or during the eruption, perhaps
coincident with the mingling that produced the bimo-
dal ash flow deposits and banded pumice.

Pyroxenes and amphibole

Both Aniakchak rhyodacite and andesite contain ortho
and clinopyroxenes and the compositions of those
phases presented here result from microprobe work
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conducted specifically for this study (Table 2). The
rhyodacite pyroxenes have compositions of Wos 4,
Ell60_64, FS32_36 and WO41_42, El’l41_42, F517_19, classifying
them as hypersthene and augite (Table 2). Both types
of pyroxenes are unzoned and euhedral to slightly
rounded. Augite is very rare in the rhyodacite, and is
found only after crystal concentrates of the crushed
pumice are examined for mafic phases. Its scarcity
indicates that it is xenocrystic, and may have originated
within the co-erupted andesite. The amphiboles are
classified as pargasitic hornblende (Table 2), and do
not have reaction rims. The amphibole also tends to
be rare, yet is present in greater abundance than the
augite.

The hypersthene and augite pyroxenes found within
the andesite have average compositions of
WosEngsFs;; and Wou3EngsFs 5, both unzoned, and
euhedral or subrounded. The hypersthenes from the
andesite overlap in composition with those from the
rhyodacite. Hypersthene is very rare in the andesite
and some are found within regions of clear rhyodacite
glass, as described for the Ansg 49 plagioclase also
found within the andesite. It is possible that the
hypersthenes are xenocrystic, and originated through
crystal exchange with the co-erupted rhyodacite during
syn-eruptive mingling. Augite found in the andesite is
slightly more calcic than those in the rhyodacite,
although the compositions of the two groups are very
similar (Table 2).

Constraints on temperatures and fO,
from the natural samples

Samples from the Plinian phase rhyodacite pumice
contain magnetite and ilmenite, with some unexsolved,
euhedral touching pairs suitable for estimating pre-
eruptive magmatic temperatures. Temperatures and
oxygen fugacities (fO,) were estimated from the pair
compositions using the model of Andersen and
Lindsley (1988), and the mineral reformulation model
of Stormer (1983), with all compositional and model
data presented in Table 3. The first four sets of data
listed in Table 3 represent single points in a traverse
across one of the oxide pairs studied. The other anal-
yses are separated into averages of the analyses from
core and rim regions (e.g. Venezky and Rutherford
1999; Coombs et al. 2000). Each of the magnetite—
ilmenite pairs included in Table 3 pass the MgO/MnO
criteria for equilibrium formulated by Bacon and
Hirschmann (1988). The data from Table 3 is plotted in
a curve of temperature versus fO, shown in Fig. 4.
These data demonstrate that most of the core and rim
temperature estimates fall between 871 and 900°C with

most uncertainties near =+ 20°C, and log fO, from
-11.1 to -11.7, or 0.8 =+ 0.2 log units above NNO
(Andersen and Lindsley 1988). Three temperature
estimates fall between 920 and 942°C, corresponding to
two rim measurements and one average of three core
analyses (P11a; Table 3). The P11a average data point
falls off the trend produced by all other data, and thus
is suspect. The compositions of those points indicate a
subtle zonation in Ti towards the rims of the ilmenite
grains in those pairs, though the errors on the average
core and rim points tend to be large. This zonation
could signify heating of the rhyodacite, presumably by
the co-erupted andesite, prior to or during the erup-
tion.

Use of the QUILF program (Andersen et al. 1993)
to predict pre-eruptive temperatures from the co-
existing pyroxenes in the rhyodacite yielded estimates
of 948-1,026°C, with uncertainties of + 68-153°C. The
data used in QUILF consists of individual microprobe
data points from each of the grains analyzed, which
were used to formulate the averages given in Table 2.
The QUILF model is useful in examining equilibrium
between the co-existing pyroxenes, and the large
uncertainties indicate that the rhyodacite augite and
hypersthene pyroxenes are not in equilibrium. A
further test involved fixing the composition of one
pyroxene at a time, and letting the QUILF program fit
for the other pyroxene’s composition while estimating
the temperature. In most cases, the two independently
estimated temperatures did not agree within 25°C, nor
did the composition of the variable pyroxene fit by
QUILF agree with the microprobe analyses. Thus, use
of the two pyroxene geothermometer is not reliable,
and indicates that the scarce augite is indeed xeno-
crystic.

Constraints on pre-eruptive temperatures and fO,
from the CFE andesite are problematic, since neither
Fe-Ti oxides nor QUILF provide reliable estimates.
Although Dreher et al. (2005) report temperatures
from Fe-Ti oxide pairs of ~890 and ~1,100°C for the
andesite, the lower temperature estimate was obtained
from sample AC36b banded pumice and thus likely
contains magnetite—ilmenite pairs from the rhyodacite.
The higher temperature estimate exceeds the liquidus
estimated using MELTS models (Ghiorso and Sack
1995; Asimow and Ghiorso 1998), as described below.
Use of the QUILF (Andersen et al. 1993) two pyroxene
geothermometer yielded temperatures between 947
and 1,012°C, with uncertainties greater than + 100°C.
This indicates that the pyroxenes in the andesite are
not in equilibrium, and in this case, it is the
hypersthene that is suspect as described above. The
cpx-liquid thermobarometer of Putirka et al. (2003)
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Fig. 4 This figure shows the temperature estimates derived from
Fe-Ti oxide pair (magnetite-ilmenite) compositions, as deter-
mined using the models of Stormer (1983) and Andersen and
Lindsley (1988). Temperatures plotted against fO, show that the
temperature ranges and fO, used in the experiments agree well
with those estimated for the natural magmas. Also notable are
the rim temperatures that extend up to ~940°C, although the
averaged data point in this temperature range falls off the trend
and is suspect

does provide an estimate of 1,050-1,070°C based on
the andesite augite and groundmass glass compositions
(Tables 1, 2).

Pr,0 estimates from melt inclusions

The melt inclusions analyzed using FTIR contain
0.87 (£ 0.04) to 3.06 ( +0.16) wt% total H,O, with
negligible CO, (Table 4). The VBD estimates from
electron microprobe analyses of different melt inclu-
sions yield an average estimate of 5.0 ( = 0.6) wt%
(electronic supplement). This estimate is derived by
averaging the water contents that fall within 25% of
the highest value obtained through analyses of dif-
ferent melt inclusions (~5.6 wt%; see supplemental
data). The melt inclusion FTIR results predict
entrapment pressures of ~65 MPa, while the higher
H,O contents estimated through the VBD method
predict pressures of ~150 MPa. It is possible that
the VBD estimates are skewed towards higher H,O
contents if Na migration problems are not adequately
corrected. On the other hand, the melt inclusions
analyzed using FTIR could give lower total H,O
because of leaking through cracks and capillaries in
the plagioclase host crystals.

@ Springer

The melt inclusions from magnetite phenocrysts in
the andesite provide a first approximation of the pre-
eruptive pressure estimates, and were selected over the
plagioclases because those tend to have rhyodacitic
inclusion glass compositions and are suspected of
originating within the rhyodacite (Fig. 2). Although
the volatiles VBD method is not as accurate as FTIR,
the opacity of the oxides would make double polishing
the melt inclusions for spectroscopy extremely difficult.
Inclusion water contents range from 0.4 to 4.1 wt%
(Electronic supplement), with the average of the top
25% of the population yielding 3.5 (+0.5) wt%. Using
the bulk composition of the andesite and the solubility
model of Moore et al. (1998), this corresponds to
entrapment pressures of ~110 MPa at 1,000°C. One
drawback of the VBD estimate is that it cannot provide
information on CQO, contents in the inclusions.
Entrapment pressure estimates based on H,O alone,
with no information on CO, contents, should be
viewed as minima (e.g., Wallace 2005).

Rhyodacite experimental results

Most experimental run products consist of a combi-
nation of glass, Fe-Ti oxides, plagioclase, hypersthene,
augite, and amphibole in varying proportions depend-
ing on the experimental conditions (Table 5, Fig. 5).
At 950°C the quenched run consists entirely of glass.
Oxides, predominantly magnetite, exist in all sublig-
uidus runs. Apatite crystallizes at the lowest Py,o and
T of all phases shown in the phase diagram. The phase
assemblage thought to be stable in the natural
rhyodacite, oxides, plagioclase, hypersthene, and

Table 4 Melt inclusion water contents from FTIR analyses

Incl.? Thickness Wt% H,O Wt% OH Total H,O
(um) (5,200 cm™)® (4,500 cm™)®  (wt%) FTIR
f 29 (1) 171 0.86 2.57 (08)
3 19 (1) 2.13 0.92 3.05 (16)
h 39(1) 1.78 1.00 2.78 (07)
b 24 (10) 148 0.73 2.21 (92)
cmil 37 (3) 1.87 0.95 2.82 (23)
cmi5 32 (2) 1.41 0.75 2.16 (14)
dmil 41 (2) 0.82 0.50 0.87 (04)
cmi2 37 (3) 1.87 0.95 2.82 (23)
dmi2 41 (2) 1.00 0.62 1.62 (08)

“Incl. refers to the specific inclusion sample number. All inclu-
sions analyzed using FTIR came from sample location
98ACIL1b

b¢ values are 1.5 and 1.85 1 mol™ cm™ calibrated for rhyolite
glasses by Thinger et al. (1994). The numbers in brackets are the
uncertainties in thicknesses and water contents, derived from the
thickness errors
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amphibole, crystallizes over a wide range of P and T
(Table 5, Fig. 5).

Experimental plagioclase compositions change pre-
dominantly with Ppg,o (e.g. Housh and Luhr 1991).
The dotted curves in Fig. 5 outline the range of
experimental plagioclase compositions as a function of
experimental Py,o and 7, which vary between Ans;_3s
at Pp,0 ~80 MPa and Anszg 39 at Pp,0 > 125 MPa.
However, the compositions also become more calcic as
temperature increases above ~870°C, indicating that
the compositions are also temperature dependent near
the plagioclase mineral-in curve.

Hypersthene crystallized with compositions between
WosEnsgFs6 and Wo,EnggFs3; (Table 6), all similar to
those from the natural rhyodacite. Calcium-rich augite
crystallized in some of the experiments, with compo-
sitions ranging between WozsEngFs;; and Woy3En;s
Fsy9. Of those analyzed, the closest in agreement with
augite found in the natural rhyodacite crystallized in
experiment ACPS, equilibrated at 130 MPa and 840°C,
or about 40°C cooler than the Fe-Ti oxide estimates of

Table 5 Experimental run conditions and phases crystallized

the pre-eruptive temperatures. However, this experi-
ment is suspected of Ni infiltration artificially stabiliz-
ing the augite. Edenite and pargasite amphiboles
crystallized in experiments run at Py,0 > 95 MPa
with RACP4 run at 130 MPa and 880°C most closely
reproducing those from the natural pumices. Augite
and amphibole coexist over a similar temperature
range above ~95 MPa, except in ACP9, which was held
for shorter than ~100 h (Hammer and Rutherford
2002; Larsen 2005) and thus may not have fully equil-
ibrated.

Experimental glass compositions are presented in
Table 6, normalized to 100% for comparison with the
essentially dry natural groundmass glass. Figure 6
shows decreasing SiO, and K,O, and increasing
Al,0O35 and CaO as a function of pressure to 150 MPa at
870-880°C. The shaded regions in Fig. 5 also outline
where the experimental glass compositions intersect
those of the groundmass glass from the natural pumice,
providing an estimate of the pressure at which the
magma last crystallized. SiO, in experimental glasses

Run Pressure (MPa) Temperature (°C) Duration (h) Phase assemblage®
Rhyodacite®

ACP1 65 880 120 gl, ox, pl, opx

ACP2 95 880 164 gl, ox, pl, opx, amph
ACP3 95 840 193 ¢l, ox, pl, opx, cpx,
ACP4 80 820 336 gl, ox, pl, opx, cpx

ACP5 110 870 144 ¢l, ox, pl, opx, cpx, amph
ACP6 90 890 74 gl, ox, pl, opx, cpx,
ACP7 110 840 175 gl, ox, pl, opx, amph
ACPS8 130 840 144 gl, ox, pl, opx, cpx, amph
ACP9 120 870 72 gl, ox, pl, opx, amph
ACP10 130 840 217.5 ¢l, ox, pl, opx, amph
ACP11 150 870 168 gl, ox, pl, cpx, amph
ACP12 150 820 168 gl, ox, pl, opx, amph
ACP13 170 850 168 gl, ox, pl, opx, amph
ACP14 100 890 192 ¢gl, ox, pl, opx, amph
ACP15 200 850 122 ¢l, ox, pl, opx, amph
ACP16 50 900 166 gl, ox, pl, opx

ACP17 150 890 96 gl, ox, amph

ACP18 150 950 15 el

ACP20 120 925 13 gl

RACP4 (11, 16)° 130 880 96 gl, ox, opx, amph
RACP5 (13, 17) 170 865 100 gl, ox, pl, opx, amph
RACP6 (12, 14) 75 840 168 gl, ox, pl, opx, cpx, apt
RACP7 (7, 14) 100 860 120 gl, ox, pl, opx, cpx, amph
RACPS (11, 18) 150 900 14 ¢l, ox, pl, amph

RACP9 (11, 18) 130 880 456 gl, ox, pl, opx, cpx, amph

“Phases crystallized are labeled as follows: gl glass, ox oxides, pl plagioclase, opx enstatite, cpx augite, amph amphibole, apt apatite

PStarting materials for all experiments, except the reversals, are powdered natural pumice from the Plinian fall section of the eruption.
The pumice is crystal-poor and was not homogenized by melting prior to the runs

“Reversal experiments were run to check the stability of phases in certain places to help better constrain the phase stability curves. The
reversals comprise both crystal and glass-rich starting materials from prior experimental runs, as noted in parentheses. For example,
RACP4 (11, 16) is a reversal conducted using ACP11 and ACP16 run products as starting materials
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Fig. 5 Phase diagram for the Aniakchak CFE rhyodacite under
H,O-saturated conditions. Experimental runs are shown using
triangles and their directions point towards the approach to
equilibrium (Table 5). Two triangles meeting at one point denote
a reversal experiment, run using starting materials from prior
crystal and glass-rich experiments (Table 5). The phase-in curves
for plagioclase (pl), hypersthene (opx), augite (cpx), amphibole
(amph), and oxides (ox) are shown using solid lines where better
constrained, and dashed lines where more uncertain. All curves,
except for amphibole, are approximated using straight lines
primarily because of a lack of resolution on their precise
curvature as a function of P and 7. The shaded regions outline
the P-T regions where the natural phase compositions and
modeled oxide temperatures compare well with those repro-
duced experimentally. The vertical, light gray region (Fe-Ti
oxides), covers the temperature range predicted by oxide
thermometry. The dark gray vertical regions (gISi and glAl)
outline the Py,0-7 regions where the experimental glass SiO,
and Al,O3; compositions agree with those in the natural
groundmass. The hatched region outlines the 95-130 MPa Py,
range at 870-880°C predicted by the H,O-undersaturated
MELTS models for ALQO;, in comparison with the natural
groundmass glass composition. The short dashed curves approximate
how the experimental plagioclase compositions change as a
function of Py,0 and T

produced at 110-140 MPa and 870-880°C cross the
field outlining the natural glass composition
(Figs. 5, 6). H,O-saturated experimental glass Al,O3
crosses the natural glass field between 65 and 110 MPa
(Figs. 5, 6). Within this pressure range, Al,O5 values
are ~0.8 wt% higher than in the natural glass. K,O and
CaO meet the natural glass composition at pressures
>110 MPa. The divergence of the H,O-saturated
experimental glass Al,O3 from the natural groundmass
relative to SiO, over a similar pressure range may
indicate H,O undersaturation in the natural magma
(e.g., Hammer et al. 2002).

The two curves shown in Fig. 6 represent the
predicted liquid line of descent of the melt using
MELTS (Ghiorso and Sack 1995; Asimow and Ghiorso
1998). Both models ran for varying pressures at 880°C,
with fO, equaling NNO, with one assuming H,O
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saturation, and the other with Xy,0 = 0.8. The trends
in SiO, and K,O measured in the H,O-saturated
experimental glasses tend to follow those predicted by
the H,O-saturated MELTS models fairly well, with the
H,O-saturated experiments and model shifted to
higher Al,O3 contents relative to the H,O-undersatu-
rated model. The H,O-undersaturated MELTS curve
predicts Al,O3 should intersect the natural groundmass
glass at Py, between ~90 and 130 MPa, in better
agreement with the pressure range predicted by the
H,O-saturated SiO, experimental trend (Figs. 5, 6).
SiO, estimated from the H,O-undersaturated MELTS
model intersects the natural glass within a slightly
higher, but narrower Py, range of ~125-150. CaO
from the H,O-undersaturated model is slightly but
consistently ~0.1 wt% lower than the H,O-saturated
model, which intersects the natural glass >110 MPa.
Incompatible K,O does not change much between the
two models.

Discussion
Pre-eruptive magma storage and movement

Figure 5 shows different shaded regions corresponding
to pre-eruptive P and T estimates derived from
different sources of data. The vertical shaded region
outlines the 871-900°C Fe-Ti oxide derived tempera-
ture range, and the vertical arrow shows the ~65-150
Pu,0 range indicated by melt inclusion analyses. The
two dark shaded regions labeled gISi and glAl denote
the Pu,0 ranges over which H,O-saturated experi-
ments run at 870-880°C reproduce the natural
groundmass compositions. The hatched region
between 95 and 130 MPa denotes where Al,Oj3 pre-
dicted by the H,O-undersaturated MELTS models
reproduces the natural groundmass glass within the
870-880°C temperature range. Experimental plagio-
clase, shown by the dotted curves, compares well with
the average Ansg composition from the natural pla-
gioclase between 75 and 150 MPa and 870 and 895°C.
Experimental amphibole matches that in the natural
pumice most closely at 130 MPa and 880°C. Assuming
water saturation, the experimental and petrological
data indicate that the rhyodacite magma equilibrated
at Ppg,o between 110 and 140 MPa, and 870 and 895°C.
Those pressures correspond to 4.2-5.3 km depth,
assuming a lithostatic pressure gradient and crustal
density of 2,700 kg m™. Seismic velocity studies reveal
that the bulk of the upper, continental crust of the
Alaska Peninsula is probably andesitic (e.g., Fliedner
and Klemperer 2000) and the crustal density chosen for
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this study allows a direct comparison with studies on
other Aleutian and Kamchatkan arc volcanic eruptions
(Coombs and Gardner 2001; Hammer et al. 2002;
Izbekov et al. 2004).

The assumption of water saturation for the Aniak-
chak rhyodacite magma may not be correct, however.
The mismatch in the Py, predicted by experimental
SiO,, Al,O3, and CaO compositions in comparison
with the natural glasses is suspect. Hammer et al.
(2002) performed a series of H,O-saturated and H,O-
undersaturated experiments on the andesite and dacite
erupted in 1912 from Novarupta in the Valley of Ten
Thousand Smokes, Alaska. Those experiments show
Al,O3 in H,O-saturated experiments (72 wt% SiO5)
differ by ~0.8 wt% relative to H,O-undersaturated
runs at the same temperature, driven by changes in
crystallization of plagioclase. It is interesting to note
that Al,Oj3 in the Aniakchak H,O-saturated experi-
ments is ~0.8 wt% higher relative to the pressure range
predicted from the experimental glass SiO,. The
MELTS H,O-undersaturated runs, however, do pre-
dict a trend in Al,Os that intersects the natural
groundmass data over a Py, range of ~90-130 MPa.
This estimate is consistent with the pressure range
indicated primarily by SiO, from the H,O-saturated
experiments. The slight shift in the Py, range pre-
dicted from the H,O-undersaturated SiO, trend does
make the comparison worse, though they do overlap
between 125 and 130 MPa. The shift in CaO predicted
by the H,O-undersaturated models is within error of
most of the experimental data points, but the agree-
ment with the natural groundmass glass is not as good.
Although the MELTS H,0O-undersaturated model also
has inconsistencies between the different oxides
(Fig. 6), the model results fit the natural glass compo-
sitions more consistently than either the H,O-saturated
experiments or models. This indicates that the Aniak-
chak rhyodacite magma was probably water undersat-
urated, and elevates the predicted storage pressure
range to between 125 and 150 MPa P (4.5 and
5.4 km).

Andesite constraints

The andesite proved problematic in using phase equi-
libria experiments to constrain pre-eruptive storage
conditions. Its disequilibrium phenocryst assemblage
makes application of the experimental and geother-
mometry methods difficult. Its crystal-poor nature
makes it difficult to converge on a unique solution of
pre-eruptive magma P and T through a comparison
between experimental and natural glass compositions.
In this case, the MELTS model provides a relatively

inexpensive and less time-consuming way to approxi-
mate the temperatures and pressures at which the
mineral phases in the andesite probably grew, through
comparing the groundmass glass compositions with the
liquid line of descent predicted by the model. Aleutian
arc basalt and andesite liquid lines of descent are
reproduced reasonably with fO, of NNO to NNO + 2
log units (e.g., Baker and Eggler 1983; Sisson and
Grove 1993). A rough estimate of the pre-eruptive
temperature was made using MELTS, starting with the
bulk composition, a liquidus temperature calculated of
~1,050°C, and letting it crystallize under equilibrium
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Fig. 6 Rhyodacite experimental glass compositions plotted
versus Py,o at 870-880°C. The circles and squares represent
melting and crystallization experiments, undifferentiated: white
squares, CaO; gray circles, K;O; black circles, Al;O3; and gray
squares, SiO,. The regular and inverted triangles denote reversal
experiments. The shaded regions denote the composition of the
natural groundmass glass, and their widths represent 1o about
the average glass composition. The solid lines show the predicted
liquid line of descent as a function of pressure as modeled in
MELTS at fO, = NNO, T7=880°C and H,O-saturated conditions.
The dashed curves represent the MELTS liquid line of descent
for Xu,0 = 0.8 and similar P, and T
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Crustal assimilation/melting

(repeated
intrustions)

Periodic mafic T.
replenishment

Changes in local stress regime
8— destabilize andesite

Fig. 7 This cartoon illustrates a model for pre-eruptive magma
storage and ascent prior to the caldera-forming eruption. The
rectangular regions show the inferred storage depths of the
rhyodacite (RD) and andesite (AND). These cartoons are
illustrative only and are not meant as an exact replica of the
sub-surface plumbing system. a RD and AND CFE magmas
were stored at similar depths of 4.5-5.4 and > 4.1 km, respec-
tively, within the crust. It is likely that those magmas originated
in the same or chemically similar mush zones (stipled pattern),
and were affected differently by crustal assimilation and magma
mixing processes (e.g., George et al. 2004; Dreher et al. 2005).
b The rhyodacite may have ascended, which could have
destabilized the andesite nearby triggering its ascent shortly
after. ¢ Pervasive syn-eruptive mingling probably occurred within
the conduit, resulting in crystal exchange (e.g., Fig. 3) and um to
cm scale banding observed within all stratigraphic levels

conditions and fO, equal to NNO. The liquid line of
descent predicted by MELTS converges on that of the
natural groundmass glass at a temperature of ~1,000°C
under H,O-saturated conditions and a wide range of
pressures (50-150 MPa). This estimate is ~60°C cooler
than predicted by the cpx-liquid geothermobarometer
of Putirka et al. (2003), using the augite and bulk rock

@ Springer

compositions provided in Tables 1 and 2, indicating
augite formed on the liquidus.

Combined with the MELTS temperature con-
straints, the melt inclusion VBD data from electron
microprobe analyses indicates approximate storage
pressures of 110 MPa, corresponding to a depth of
~4.1 km. Those estimates assume the andesite was
H,O saturated, yet no constraints on Pco, exist. If the
andesite was H,O undersaturated, the melt inclusion
pressure/depth estimates must be viewed as minima
since they are based on assuming Py, = Pu,0. This
result offers a very general constraint on the storage
conditions of the andesite, indicating that the two
magmas may have originally been stored at similar
depths prior to the eruption, or the rhyodacite was
stored slightly deeper if the andesite was H,O satu-
rated.

Implications for the 3430 yBP Aniakchak
caldera-forming eruption

The preferred model to explain the phase equilibria
results, consistent with the prior geochemical studies
(George et al. 2004; Dreher et al. 2005), starts with
storage of two separate magma bodies at similar depths
of ~4.1-5.5 km (Fig. 7), though the depth estimates,
particularly for the andesite, are minima. Although it is
tempting to place the magmas within the same, strati-
fied magma chamber, the prior geochemical studies
(George et al. 2004; Dreher et al. 2005) indicate that
they are not directly related through fractionation of
magma parental to the andesite. Both CFE magmas
probably evolved within an extensive mush column,
built up through time by repeated replenishment of the
system from deeper sources. Despite similar residence
depths, they may not have been in physical contact
initially, causing differences in their AFC dominated
geochemical signatures (e.g., Brophy and Dreher 2000;
George et al. 2004; Dreher et al. 2005). They also
could have been extracted as liquids from separate, but
spatially adjacent crystallizing magma batches over a
relatively short amount of time before ascent (e.g.,
Sisson and Bacon 1999). Brophy and Dreher (2000)
discuss a similar model for the generation of compo-
sitional gaps such as that seen at Aniakchak (Fig. 2)
through magma mixing and fractionation processes at
South Sister volcano, Oregon. There, the magmas are
hypothesized to have originated as multiple, discrete,
and separately evolving bodies of basalt, andesite, and
rhyolite at any given time. This can lead to magmas
that have some geochemical evidence for being
related, yet are overprinted by magma mixing and
assimilation signatures.
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The Aniakchak eruption probably started with as-
cent of the rhyodacite, triggered either by a large
change in the regional tectonic stress field through an
earthquake, or overpressure in the magma chamber
leading to sufficient opening of fractures to allow for
the passage of the magma. If the two magmas resided
in close proximity, ascent of ~10 km®> magma should
also have changed the local stress field around the
andesite reservoir (e.g., Takada 1989; Gudmundsson
1998), essentially dragging it up along with the
rhyodacite. Conversely, it is possible that the andesite
magma started to ascend first, intersecting the shal-
lower rhyodacite magma and triggering the eruption.
This sequence would better explain the somewhat
ephemeral evidence for zonation in the ilmenite used
for thermometry estimates, predicting heating of the
rhyodacite up to ~942°C (Fig. 4). If the andesite
ascended nearly simultaneously along the same
conduit, syn-eruptive mingling would result. An anal-
ogous situation may have existed beneath Katmai and
Novarupta prior to the 1912 eruption (Coombs and
Gardner 2001; Hammer et al. 2002). In that case, the
magmas erupted from the same vent, and laterally
separate storage regions at similar depths are invoked
to help explain the simultaneous collapse of Katmai
caldera 10 km away from Novarupta.

Conclusions

Petrologic and experimental data from the Aniakchak
CFE rhyodacite and andesite eruption products yield
constraints on pre-eruptive magma storage and
dynamics. Fe-Ti oxide thermometry results yield pre-
eruptive temperature and fO, estimates for the
rhyodacite of 871-900°C and fO, of NNO + 0.5 to 1
log units. H,O-saturated phase equilibria experiments
replicate the phenocryst populations and compositions
of the rhyodacite in a P-T range from 95 to 150 at
870-880°C. Experimental glass data reveal a mismatch
between SiO, and Al,Os in their agreement with
the natural groundmass, with SiO, predicting Py,0
between 110 and 140 MPa and AlL,O; predicting
65-110 MPa. MELTS models (Ghiorso and Sack 1995;
Asimow and Ghiorso 1998) run for water-undersatu-
rated conditions alleviate the mismatch between SiO,
and Al,O; to some degree. The range in Py, between
125 and 150 MPa predicted from a comparison
between the undersaturated liquid line of descent and
the natural glass compositions is slightly higher than
from the H,O-saturated experiments, and correspond
to storage at 4.5-5.4 km depth in the crust. The nearly

aphyric nature of the andesite points to a near-liquidus
pre-eruptive temperature, estimated at ~1,000°C using
MELTS. Volatiles by difference data from melt inclu-
sions in titanomagnetite from the andesite yield a
minimum storage pressure of ~110 MPa, when Pp,o is
assumed to equal Py, . This corresponds to storage at
a minimum depth of 4.1 km. The estimates indicate
similar residence depths for both the rhyodacite and
andesite CFE magmas prior to eruption. Ultimately,
the CFE andesite and rhyodacite show evidence for
origination in a common mush zone, yet were probably
physically separated (George et al. 2004; Dreher et al.
2005), similar to Katmai/Novarupta prior to 1912
(Coombs and Gardner 2001; Hammer et al. 2002). Yet,
they must have been close enough so that they
ascended nearly simultaneously, which is necessary to
explain the mingling which affects the eruption
deposits on all levels and scales.
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