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Abstract

Although hornblende reaction rims are widely used as a tool for evaluating magma ascent during volcanic eruptions, very few
studies constrain the manner in which they form. This study investigates the influence of magma ascent path on the formation of
hornblende reaction rims. To do this, we conducted isothermal (840 °C) decompression experiments using dacite pumice samples
erupted in December 1989 from Redoubt volcano, Alaska. Experiments were first held within the hornblende stability field
determined through phase equilibria experiments for 3 to 5 days before being decompressed to different pressures ranging from 100
to 2 MPa for 1 to 30 days before being quenched. Decompression was performed in either multiple, equal steps (constant rate) or in
one single step. Results from multi-step experiments show that reaction rims form preferentially at pressures from 10 to 40 MPa,
and that this favorable pressure range narrows and decreases with increased decompression duration. Hornblendes in multi-step
experiments are tightly enclosed by fine-grained reaction rims composed of plagioclase and orthopyroxene crystals with high
aspect ratios ranging from 1 to 12. For single-step experiments, reaction rims also form preferentially within a narrow pressure
range (60—70 MPa), where they consist of medium-grained plagioclase, titanomagnetite, and orthopyroxene crystals with aspect
ratios ranging from 1 to 6 that broadly surround subrounded hornblendes. Hornblendes from single-step experiments dropped to
lower pressures (<40 MPa), however, are typically euhedral and tightly enclosed by fine-grained reaction rims composed of
plagioclase and orthopyroxene with aspect ratios ranging from 1 to 12. Little or no titanomagnetite is observed in these rims.
Reaction rim growth was not observed at pressures below 10 MPa, regardless of decompression style or experiment duration,
suggesting that hornblende in magma stored at very shallow depth (<200 m) will not develop reaction rims due to the limited
hornblende dissolution combined with extremely high viscosity of the near-solidus interstitial melt. Finally, we describe what is
expected from several different magma ascent paths with respect to the texture, mineralogy, and thickness of hornblende reaction
rims, as well as changes in hornblende modal abundance. Observations from dome samples emplaced during the 1989-1990
eruption of Redoubt are consistent with the mixing of slowly rising and intermittently stalling batches of magma with lesser
amounts of fresh, rapidly ascending magma. This interpretation is also consistent with seismic observations from the eruption.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A critical problem in understanding how volcanic
eruptions occur is determining the manner and rate in
which magma ascends through the shallow crust during
eruption. The style of magma ascent affects many
important characteristics of volcanic eruptions, includ-
ing eruptive style [1,2], magma supply and withdrawal
[3,4], earthquake type and occurrence [5], magma
mixing [6,7], and mineralogical reactions in the rising
magma [8—12]. Unfortunately, there are few studies that
constrain ascent rates, making it difficult to properly
evaluate current models for magma ascent.

One particularly significant reaction that occurs in
ascending magma is the breakdown of hydrous miner-
als, such as hornblende. Hornblende, which contains
~2 wt.% H,O in its crystal structure [13], crystallizes at
depth in magma storage chambers, but becomes
unstable and reacts with the surrounding melt during
ascent as the concentration of dissolved water in the
melt decreases at lower pressures [14]. If magma
ascends at a sufficiently slow rate, a reaction rim of
anhydrous minerals, such as pyroxene, plagioclase, and
Fe—Ti oxides may develop around a crystal where it is in
contact with melt (Fig. 1) [15].

Rutherford and Hill [15] have examined the rates of
hornblende breakdown in response to magma ascent in
significant detail by performing experiments using a
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hornblende-bearing dacite erupted at Mount St. Helens
in 1980, in which samples were isothermally (900 °C
and 860 °C) decompressed at constant rates from
~210 MPa (or approximately 8 km depth) to near-
surface conditions. They also investigated the rates of
breakdown as a function of residence time at two
shallow pressures equivalent to those proposed for
shallow magma storage beneath Mount St. Helens.
These experiments provided valuable information about
the rate of hornblende reaction rim formation that occurs
during magma ascent, especially that slower decom-
pression rates result in hornblende phenocrysts with
progressively thicker reaction rims. Rutherford and Hill
[15] used their calibrated reaction rate to estimate
magma ascent rates from the 1980—1986 eruptions of
Mount St. Helens. Since then, countless studies have
employed this calibration to infer information about
magma ascent during other volcanic eruptions [16—19].
However, reaction rim formation involves a complex
interplay of many factors, suggesting that it should be
sensitive to changes in a variety of mineral and melt
characteristics, including composition, viscosity, water
content, temperature, and pressure [e.g. [20]]. For
example, since both the concentration of dissolved
water in melt and melt viscosity vary during ascent, the
texture and growth rate of resulting reaction rims may
also vary during ascent. Because dissolved water
content of the melt varies with pressure, and viscosity
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Fig. 1. BSE images of hornblende crystals from natural samples of 1989-1990 Redoubt eruption products with eruption dates provided. HBL,
hornblende; opx, orthopyroxene; Pl, plagioclase; Mt, titanomagnetite. (a) Euhedral and unrimmed hornblende crystal from the December 15, 1989
plinian eruption phase (Sample 92MHRG6-1); reaction rims surrounding hornblende crystals from domes emplaced on December 26, 1989 (b),
January 2, 1990 (c), February 5, 1990 (d), April 15, 1990 (e, f), and June 20, 1990 (g). All reaction rims surround subrounded hornblendes.
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varies strongly with water content of the melt, pressure
is likely to be the main control of the reaction.
Therefore, an understanding of reaction rim formation
as a function of changing pressure during magma ascent
is needed to quantitatively evaluate the effect of magma
ascent path on reaction rim appearance and mineralogy.

To promote a more comprehensive understanding of
hornblende reaction rim development during magma
ascent, we conducted decompression experiments using
dacite from the December 15, 1989 eruption of Redoubt
volcano (Alaska). This starting material was selected for
two main reasons. First, hornblendes in the 1989—-1990
erupted material from Redoubt are surrounded by
reaction rims of various thickness with distinctly
different mineralogy and texture. These samples there-
fore provide an excellent opportunity to investigate the
relationship between magma ascent path (decompres-
sion style) and the resulting texture and mineralogy of
hornblende reaction rims. Second, although the bulk
rock and matrix glass composition of Redoubt dacite are
similar to many other recently erupted dome-forming
magmas (Table 1) [21,22], including Mount St. Helens
(1980, USA), Unzen volcano (1991, Japan), and
Soufriere Hills (1995, Montserrat), the pre-erupted
temperature of dacite magma erupted from Redoubt is
appreciably cooler (~840 °C) than that erupted from
Mount St. Helens in 1980 (~ 880 °C) and Unzen in 1991
(~860 °C). Thus, these samples also provide the chance
to compare hornblende reaction rim formation at lower
magma temperatures.
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2. Experimental and analytical methods

Large portions of lightly crushed dacite pumice
(92MHR6-1) erupted from Redoubt volcano on De-
cember 15, 1989 were selected as experimental starting
materials. Like the majority of material produced from
other dome-forming eruptions, Redoubt dacite contains
~35 vol.% phenocrysts of plagioclase, hornblende,
orthopyroxene, titanomagnetite, and ilmenite. No horn-
blende phenocrysts in the dacite starting material
contain reaction rims; although hornblende reaction
rims are commonly observed in the 14 domes erupted
between December 26, 1989 and June 20, 1990
[18,23,24].

Phase equilibria experiments were conducted to de-
termine the stability field of hornblende, where equilib-
rium was determined by running reversal experiments.
Isothermal decompression experiments were conducted
to investigate how hornblende reaction rims form as a
function of magma ascent path. In both sets of expe-
riments, aliquots of powdered dacite were sealed in 3 or
4 mm Ag;oPd3y or Ag tubing along with a sufficient
amount of distilled H,O to make certain that all expe-
riments were water saturated (Pioi1=Ph,0) at the initial
experimental pressure and temperature. All experiments
were conducted in Ni-rich pressure vessels with a Ni
filler rod and pressurized with H,O to ensure an oxygen
fugacity of approximately one log unit (+0.5) above the
Ni—-NiO (NNO) oxygen buffer curve [12]. Mineral
phases were identified both optically and with energy

Table 1
Whole rock, glass compositions, and temperatures of recently erupted dome-forming magmas
Sample # 92MHR6-1 SH-118 92MHR6-1 91-4pumice  MON6ax
Volcano Redoubt Mount Unzen Soufriere Hills Redoubt Mount Unzen Soufriere
St. Helens St. Helens Hills
Erupted 12/15/1989 5/18/1980 Ave. comp. 5/91  Ave. comp. 12/95  12/15/1989  5/18/1980 May, 1991 January,
event to 5/95 to 10/97 1996
Pumice (WR)  Pumice (WR) Pumice (WR) Pumice (WR) Pumice (G) Pumice (G) Pumice (G) Dome (G)
[37] [21] [22] [16] [24] [38] [22] [40]
Si0, 63.44 63.81 65.24 60.02 76.58 72.49 74.42 71.41
Al,O4 17.67 17.46 15.94 17.86 12.72 14.60 11.25 13.58
TiO, 0.46 0.62 0.65 0.60 0.24 0.36 0.37 0.28
FeO? 4.68 3.73 4.44 6.57 1.01 2.07 1.43 2.78
MnO 0.13 0.07 0.10 0.18 0..03 0.09 0.02 0.13
CaO 5.80 4.81 5.01 7.57 1.16 2.36 1.09 4.86
MgO 1.77 2.04 2.49 2.72 0.24 0.50 0.35 1.64
K,0 1.68 1.26 2.42 0.82 3.44 2.18 3.97 1.60
Na,O 4.18 4.99 3.54 3.50 3.93 5.16 2.77 3.73
P,05 0.19 0.14 0.16 0.14 - - - -
Total 100.00 98.93 99.99 99.98 99.35 99.81 95.67 100.01
Temp. (°C) ~840 ~880 [39] ~860 [39] ~840 [16]

? Total Fe is expressed as FeO; Wr: whole rock composition; G: matrix glass composition.
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dispersive spectroscopy on the electron microprobe, and
were considered stable based on the presence of new,
euhedral crystals that grew during the experiment.

All isothermal decompression experiments were
initially held for 3—5 days at pressure and temperature
conditions (Py,0= Piora) Within our determined horn-
blende stability pressure—temperature field, based on
magnetite—ilmenite geothermometry (Table 2) and
phase-equilibria experiments (Table 3) before carrying
out the first pressure drop. Decompressions were
performed in either single or multiple steps (Table 4),
similar to the procedure employed by Hammer and
Rutherford [11]. Single-step experiments were decom-
pressed in one step to lower pressures ranging from 100
to 5 MPa and held for between 2 and 26 days before
being quenched. Multi-step experiments were decom-
pressed manually at rates of 30, 20, 10, 7, and 5 MPa/day
using a controlled pressure intensifier in 2.5 to 10 MPa
steps at 1 to 24 h intervals over 3 to 30 days to effect slow
and quasi-constant decompression rates (~0.05—0.01 m/s)
down to final pressures ranging from 70 to 2 MPa before
being quenched. For these experiments, no extra time was
spent at the final pressure.

After experimental runs, samples were mounted in
epoxy on thin sections and polished. Back-scattered
electron (BSE) images and mineral analyses were
obtained from thin sections of natural and experimental
samples using both a Cameca SX-50 electron micro-
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probe (located at the University of Alaska, Fairbanks)
and a JEOL 8200 (located at the University of Texas at
Austin). BSE images were conducted using a 2-mm-
wide focused beam, an accelerating voltage of 15 keV,
and a beam current ranging from 25 to 50 nA.
Titanomagnetite and ilmenite analyses were made
using a 2-mm-wide focused beam, an accelerating
voltage of 15 keV, and a beam current of 20 nA.

The widths of amphibole breakdown rims were
measured in polished thin sections of both natural and
experimental samples using back-scattered electron
(BSE) imagery and reflected light analysis because
they more clearly illustrate the true reaction rim, as
noted by [15]. For newly grown rims, both microlites
attached to the hornblende as well as those very near
the hornblende that appeared to be part of the growth
rim were included. Although subjective, the density of
microlites within reaction rims is quite high compared
to the groundmass (e.g. Fig. 1), making it easy to
distinguish between microlites in the reaction rim and
those in the groundmass. Reaction rims were measured
in ~20 pm spacing along hornblende edges, resulting
in between 20 and 50 measurements per crystal. These
rim width measurements were then averaged. Reaction
rims less than 1 pm thick could not be detected. All
hornblende observed in each experimental sample
were included in this study with the exception of
crystals with damaged or cut margins resulting from

Table 2

Representative electron microprobe analyses (oxides in weight percent) of touching Fe—Ti oxide cores and rims

Sample TiO, ALO;  FeO"  Fe,03*  MnO  MgO  Cr,O;  Total Usp IIm T log fO,
(°C)

92MHR6-1 MTO1 core 4.50 1.76 324 59.5 0.90 1.56 0.00 100.6

92MHR6-1 MTO1 rim 4.61 1.71 32.0 58.9 0.94 1.71 0.01 99.9 12.7

92MHR6-1 ILMO1 rim 31.14 028 233 41.7 0.81 2.21 0.08 99.5 57.7 843 —11.0

92MHR6-1 ILMO1 core  34.60  0.30 26.2 35.1 0.83 2.29 0.06 99.4

92MHR6-1 MTO02 core 4.15 2.28 31.7 59.2 0.57 1.92 0.01 99.8

92MHR6-1 MT02 rim 424 221 31.7 59.2 0.58 1.99 0.00 99.9 11.8

92MHR6-1 ILMO2 rim 34.41 0.38 23.6 43.6 0.42 1.89 0.00 100.3 56.4 839 —11.0

92MHR6-1 ILMO02 core ~ 34.47  0.40 27.3 35.0 0.39 1.88 0.02 99.5

92MHR6-1 MTO03 core 4.19 1.82 32.0 59.5 0.82 1.55 0.01 99.9

92MHR6-1 MTO03 rim 4.75 1.70 324 58.6 0.79 1.62 0.00 99.9 13.2

92MHR6-1 ILMO3 rim 30.91 0.20 233 433 0.72 2.14 0.00 100.6 56.7 850 -10.9

92MHR6-1 ILMO3 core ~ 35.69  0.26 27.7 333 0.67 2.08 0.01 99.7

92MHR6-1 MT04 core 4.13 1.75 32.0 59.5 0.84 1.47 0.00 99.7

92MHR6-1 MT04 rim 4.67 1.84 32.7 58.6 0.91 1.38 0.00 100.01 13.2

92MHR6-1 ILMO5 rim 31.91 0.28 253 39.9 0.72 1.48 0.00 99.6 60.0 840 —11.1

92MHR6-1 ILMO5 core  33.72  0.21 26.1 36.8 0.71 1.99 0.00 99.5

92MHR6-1 MTO05 core 4.95 1.86 32.8 57.8 0.85 1.43 0.00 99.7

92MHR6-1 MTO5 rim 4.81 1.79 32.7 58.3 0.69 1.54 0.10 99.9 13.6

92MHR6-1 ILMO5 rim 3278 027 25.0 39.7 0.76 2.10 0.00 100.6 60.3 842 —11.1

92MHR6-1 ILMO5 core 34.98 0.29 26.8 34.4 0.83 2.16 0.00 99.5

# Tron recalculation based on the method of Stormer [26] and calculated temperatures and oxygen fugacities for mineral pairs based on the method
of Anderson and Lindsley [27]. Usp, mole fraction ulvospinel; Ilm, mole fraction ilmenite.
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Table 3
Redoubt dacite phase equilibria experiments

Experiment SM*® P T Duration Products®
(MPa) (°C) (days)

G-235 D 50 900 4.0 P1, Opx, Ox, gl
G-237 D 150 780 9.6 PL, Hbl, Opx, Ox, gl
G-238 D 100 840 7.0 P1, Hbl, Opx, Ox, gl
G-240 D 200 780 7.7 PL, Hbl, Opx, Ox, gl
G-244A D 200 850 5.0 Opx, Hbl, Ox, gl
G-247A D 200 900 2.8 PL, Opx, Ox, gl
G-257A D 125 850 6.8 Pl, Hbl, Opx, Ox, gl
G-258A G-257TA 125 825 5.8 P1, Hbl, Opx, Ox, gl
G-296C D 250 850 5.8 P1, Hbl, Opx, Ox, gl

G-297C G-240 200 800 8.8
G-301C G-244A 200 825 10.8
G-301C G-240 200 825 10.8
RDT-3 G-301C 125 850 49
RDT-4 D 150 840 5.0
RDT-10 RDT-4 150 880 4.5

P1, Hbl, Opx, Ox, gl
Pl, Hbl, Opx, Ox, gl
P1, Hbl, Opx, Ox, gl
P1, Hbl, Opx, Ox, gl
P1, Hbl, Opx, Ox, gl
P1, Hbl, Opx, Ox, gl

RDT-11 RDT-4 100 880 4.5 P1, Opx, Ox, gl
RDT-14A D 125 875 5.1 Pl, Opx, Ox, gl
RDT-14B  G-257A 125 875 4.8 PL, Hbl, Opx, Ox, gl
RDT-15 D 100 900 5.1 P1, Opx, Ox, gl
RDT-16B D 150 900 5.1 PL, Opx, Ox, gl
RDT-17B D 30 775 5.1 Solidus

RDT-21 RDT-4 90 840 8.2 PL, Opx, Ox, gl
RDT-31B  G-301C 200 900 1.4 Opx, Hbl, Ox, gl
RDT-33 D 200 875 34 P1, Hbl, Opx, Ox, gl
RDT-51 RDT-4 80 840 2.1 P1, Opx, Ox, gl
RDT-77 D 250 900 2.0 Ox, gl

RDT-78 D 80 825 5.8 Pl, Opx, Ox, gl
RDT-79 RDT-16B 80 825 5.8 PL, Opx, Ox, gl
RDT-80A D 100 800 6.2 P1, Hbl, Opx, Ox, gl

RDT-80B RDT-17 100 800 6.2 Pl, Hbl, Opx, Ox, gl

% SM, Starting materials; D, crushed 12/15/89 dacite pumice
92MHR6-1; Experiment number, products of previous experiments
used as SM.

b pl, plagioclase; Hbl, horneblende; Opx, orthopyroxene; Px,
orthopyroxene; Ox, Fe—Ti oxide; gl, glass.

the thin section making processes. Repeated measure-
ments of hornblende rims indicate that the uncertainty
(1) of this method is 10% of the mean value.

Size and shape measurements of crystals compris-
ing amphibole breakdown rims were performed on
selected natural and experimental samples by tracing
their perimeters and calculating maximum and mini-
mum diameters from BSE images using Scion Image
software. A minimum of 15 reacting amphiboles from
each sample was included in rim crystal measurement
analyses. For each amphibole included, a minimum of
60 reaction rim crystals was measured. Reaction rim
crystal size measurements were then used to calculate
the aspect ratio (max length/min length) of each
measured crystal within a given reaction rim.

Modal analyses of individual mineral phases ob-
served in natural and experimental samples, including

plagioclase, hornblende, orthopyroxene, Fe—Ti oxides,
and matrix glass were performed by point counting 500
points on BSE images of each thin section (Table 5).
Repeated measurements of modal abundances indicate
an uncertainty (1) of 2% of the mean value.

3. Results
3.1. Geothermometry of natural samples

Titanomagnetite is abundant in dacite sample
92MHR6-1, occurring as 0.02 to 0.5 mm, euhedral to
subhedral phenocrysts, or as inclusions in plagioclase,
hornblende, and pyroxene. Although ilmenite is rela-
tively rare, touching pairs of titanomagnetite and
ilmenite are easily found. Titanomagnetite generally
contains 6—9 wt.% TiO, (16—19 mol% ulvospinel) and
grains in this sample are compositionally homogeneous
(Table 2). Some dacite samples contain titanomagnetite
grains with ilmenite exsolution lamellae, possibly
representing an overprinting effect induced by cooling.
All geothermometry estimates are limited to analyses of
touching titanomagnetite and ilmenite grains with
euhedral or subhedral crystal faces, no exsolution
textures, and pair compositions potentially in equilibri-
um based on the model of Bacon and Hirschmann [25].
Geothermometry estimates from this study also employ
the iron recalculation procedure of Stormer [26] and the
algorithm of Anderson and Lindsley [27]. Sixteen
titanomagnetite—ilmenite pairs from dacite sample
92MHRG6-1 yield temperatures between 839 °C and
850 °C (average=842 °C+5) and oxygen fugacities
ranging from 107 % to 10 '"® bars (Table 2). These
estimates are similar to those obtained in previous
studies [18,24].

3.2. Hornblende reaction rims from natural samples

Hornblende is the most abundant mafic mineral in all
1989-1990 Redoubt samples, making up 4.5-5 vol.%
of pumice samples from the initial eruption on
December 15, 1989 [18,24]. All hornblende in dacite
pumice are euhedral and lack decompression-induced
reaction rims (Fig. 1). Unrimmed hornblendes also
occur in dome samples emplaced throughout the
Redoubt eruption, accounting for approximately
10 vol.% of all dome samples [18,28]. More commonly,
however, reaction rims surround hornblende. This
observation is similar to those made from other dome-
forming eruptions [e.g. [15,16]].

Hornblende reaction rims observed in dome samples
emplaced during the Redoubt eruption are distinguished
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Table 4

Redoubt dacite isothermal decomposition experiments

Experiment MS or SS Rate Pe Time Result Rim
(MPa) (days) products

RDT-1 MS 20 MPa/day 30 35 E Hbl, no rim

RDT-2 MS 10 MPa/day 30 6.0 SR HBI, rim=2 Pl, Px

RDT-5 MS 30 MPa/day 10 3.0 E Hbl, no rim

RDT-6 MS 20 MPa/day 80 1.5 E Hbl, no rim

RDT-7 MS 10 MPa/day 5 4.0 SA Hbl, rim=35 Pl, Px

RDT-8 MS 10 MPa/day 70 1.5 E Hbl, no rim

RDT-9 MS 10 MPa/day 50 4.9 SR and SA Hbl, no rim

RDT-10 MS 10 MPa/day 20 8.5 SR and SA Hbl, rim=4 Pl, Px

RDT-11 MS 10 MPa/day 10 9.5 SR and SA Hbl, rim=5 Pl, Px

RDT-12 MS 7 MPa/day 2 14.8 SR and SA Hbl, rim=8 Pl, Px

RDT-13 MS 5 MPa/day 5 19.5 SR and SA Hbl, rim=15 P1, Px, Mt (trace)

RDT-14 MS 5 MPa/day 70 6.6 SA Hbl, no rim

RDT-15 MS 5 MPa/day 50 10.1 SR and SA Hbl, no rim

RDT-16 MS 5 MPa/day 20 16.6 SR and SA Hbl, rim=2 Pl, Px, Mt (trace)

RDT-17 MS 5 MPa/day 10 18.5 SR and SA Hbl, rim=16 P1, Px, Mt (trace)

RDT-18 SS 110 10.0 SR Hbl, no rim

RDT-19 SS 85 4.3 SR Hbl, rim=trace

RDT-20 SS 85 8.1 SR Hbl, rim=5 Pl, Px, Mt

RDT-21 SS 90 8.2 SR Hbl, no rim

RDT-22 5 MPa/day 40 12.1 SR Hbl, rim=trace

RDT-23 5 MPa/day 85 33 SR Hbl, no rim

RDT-27 SS 10 6.8 SR Hbl, rim=4 Pl, Px

RDT-35 SS 60 7.5 SR Hbl, rim=12 Pl, Px, Mt

RDT-41 7 MPa/day 16 12.5 SR and SA Hbl, rim=7 Pl, Px

RDT-42 7 MPa/day 37 9.5 SR and SA Hbl, rim=trace PI, Px

RDT-43 7 MPa/day 58 6.5 SA Hbl, no rim PL, Px

RDT-44 7 MPa/day 79 35 SA Hbl, no rim

RDT-46 SS 110 0.5 E Hbl, no rim

RDT-47 SS 90 3.0 SR Hbl, no rim

RDT-48 SS 75 3.0 SR Hbl, rim=trace PlL, Px, Mt

RDT-49 SS 60 2.1 SR Hbl, rim=trace P1, Px, Mt

RDT-50 SS 100 2.1 E Hbl, no rim

RDT-51 SS 80 2.1 SR Hbl, no rim

RDT-52 SS 50 1.9 SA Hbl, no rim

RDT-53 SS 40 1.9 SA Hbl, no rim

RDT-54 SS 45 2.8 SR Hbl, rim=trace Pl, Px, Mt (trace)

RDT-55 SS 20 2.0 SA Hbl, no rim

RDT-58 SS 65 2.8 SR Hbl, rim=17 Pl, Px, Mt

RDT-59 SS 70 2.8 SR Hbl, rim=7 P1, Px, Mt

RDT-60 7 MPa/day 9 13.5 SR and SA Hbl, rim=8

RDT-63 SS 40 14.1 SA Hbl, rim=8

RDT-64 20 MPa/day 5 7.2 SA Hbl, no rim

RDT-65 SS 20 3.8 SA Hbl, rim=2 Pl, Px

RDT-68 SS 20 6.0 SA Hbl, rim=8 Pl, Px

RDT-69 SS 10 6.0 SA Hbl, rim=trace Pl, Px

RDT-70 SS 30 9.9 SA Hbl, rim=15 Pl, Px

RDT-73 SS 20 17.0 SA Hbl, rim=15 Pl, Px

RDT-74 SS 30 17.0 SA Hbl, rim=26 Pl, Px

RDT-76 SS 5 26.0 SA Hbl, no rim

RDT-81 SS 55 7.5 SR Hbl, rim=10 Pl, Px, Mt (trace)

RDT-82 SS 65 35 SR Hbl, rim=21 Pl, Px, Mt

Notes: MS, Multi-step experiment; SS, single-step experiment; Rate, decompression rate for MS experiments; P, final pressure (in MPa) at which
experiment is quenched; Time, total time (in days) out of hornblende stability field; HBL rim in microns; E, euhedral edge; SR, subhedral, rounded
edge; SA, subhedral angular edge; Hbl, hornblende; Pl, plagioclase; Px, orpthopyroxene; Mt, titanomanetite.
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Table 5
Modal analyses of starting material and experimental samples
Sample Type®  Event P Phenocryst® Counts  Modal abundance®
MP2) b Hbl Px Ox gl %Pl %Hbl %Px %Ox %gl
Starting material:
92MHR6-1 P Dec. 15, 1989 88 23 28 15 346 500 17.60  4.60 5.60 3.00 69.20
RDT-4 E 150 83 26 21 15 355 500 16.60  5.20 4.20 3.00 71.00
G-257A E 125 89 25 23 14 349 500 17.80  5.00 4.60  2.80 69.80
RDT-3 E 125 89 24 22 16 349 500 17.80  4.80 4.40 3.20 69.80
Experimets:
RDT-47 SS 90 217 23 23 15 222 500 43.40 4.60 4.60 3.00 44.40
RDT-20 SS 85 354 11 22 12 100 500 70.86  2.20 449 250 19.96
RDT-48 SS 75 355 13 25 13 95 500 71.00  2.50 5.00  2.50 19.00
RDT-59 SS 70 355 13 25 10 95 500 71.00 2.50 5.00  2.50 19.00
RDT-58 SS 65 360 15 23 13 93 500 72.00 3.00 4.50 2.00 18.50
RDT-82 SS 65 348 15 23 13 103 500 69.50  3.00 450 250 20.50
RDT-35 SS 60 398 18 20 13 53 500 79.50  3.50 4.00 2.50 10.50
RDT-81 SS 55 395 18 20 13 55 500 79.00  3.50 4.00 250 11.00
RDT-52 SS 50 400 20 23 13 45 500 80.00  4.00 450 250 9.00
RDT-54 SS 45 403 18 20 15 45 500 80.50  3.50 4.00 3.00 9.00
RDT-63 SS 40 398 18 23 15 48 500 79.50  3.50 4.50 3.00 9.50
RDT-74 SS 30 425 23 20 13 20 500 85.00 4.50 4.00  2.50 4.00
RDT-70 SS 30 408 20 25 15 33 500 81.50  4.00 5.00 3.00 6.50
RDT-73 SS 20 428 23 23 15 13 500 85.50  4.50 4.50 3.00 2.50
RDT-65 SS 20 425 23 23 13 18 500 85.00 4.50 4.50 2.50 3.50
RDT-68 SS 20 420 20 23 15 23 500 74.00  4.00 4.50 3.00 4.50
RDT-76 SS 5 430 23 23 15 10 500 86.00 4.50 4.50 3.00 2.00
RDT-6 MS 20 MPa/day 80 303 23 20 13 142 500 60.60  4.50 4.00  2.50 28.40
RDT-1 MS 20 MPa/day 20 328 23 23 15 112 500 65.60 4.50 4.50 3.00 22.40
RDT-64 MS 20 MPa/day 5 342 23 28 15 92 500 68.47  4.50 5.61 3.00 18.42
RDT-8 MS 10 MPa/day 70 251 23 20 15 191 500 50.25 4.50 4.00 3.00 38.24
RDT-9 MS 10 MPa/day 50 287 20 23 13 158 500 5740  4.00 450 250 31.60
RDT-10 MS 10 MPa/day 20 307 18 20 18 138 500 61.40 3.50 4.00 3.50 27.60
RDT-11 MS 10 MPa/day 10 319 18 20 13 131 500 63.80 3.50 4.00  2.50 26.20
RDT-7 MS 10 MPa/day 5 346 18 23 13 101 500 69.27  3.50 450 250 20.22
RDT-44 MS 7 MPa/day 79 254 21 20 14 191 500 50.80 4.20 400  2.80 38.20
RDT-43 MS 7 MPa/day 58 261 19 23 13 185 500 5220 3.80 450 250 37.00
RDT-42 MS 7 MPa/day 37 291 18 20 15 156 500 5826 3.50 4.00 3.00 31.23
RDT-41 MS 7 MPa/day 16 297 18 18 15 152 500 59.46  3.60 3.50 3.00 30.43
RDT-12 MS 7 MPa/day 2 336 17 18 18 112 500 67.20 3.40 3.50 3.50 22.40
RDT-23 MS 5 MPa/day 85 219 23 20 15 223 500 4384  4.50 4.00 3.00 44.64
RDT-14 MS 5 MPa/day 70 231 20 20 13 216 500 46.25  4.00 4.00 250 43.24
RDT-15 MS 5 MPa/day 50 236 18 23 15 209 500 4720 3.50 4.50 3.00 41.80
RDT-23 MS 5 MPa/day 20 247 18 23 13 200 500 49.45  3.50 450 250 40.04
RDT-17 MS 5 MPa/day 10 264 16 23 15 182 500 52.85  3.20 4.50 3.00 36.44
RDT-13 MS 5 MPa/day 5 291 16 23 15 155 500 5826 3.20 4.50 3.00 31.03

? Type: P, pumice; E, phase equilibria experiment; SS, single-step experiment sample; MS, multi-step experiment sample.
® Phenocryst: Pl, plagioclase; Hbl, horneblende; Px, orthopyroxene; gl, glass.
¢ Modal abundance: modal abundances based on 500 count points per sample.

based on texture, mineralogy, and thickness. Horn-
blende reaction rims from the first dome emplaced
during the eruption on December 26, 1989 dome are 13
to 38 um thick (Fig. 1b) and consist of 1-18 pm
diameter plagioclase, orthopyroxene, and titanomagne-
tite with aspect ratios ranging from 1 to 6 (Fig. 2a). In
contrast, hornblende reaction rims from domes em-
placed during the middle of the 198990 eruption, such

as those on January 2, 1990 and February 15, 1990, are
10-25 pm thick (Fig. 1¢ and d), and contain plagioclase,
orthopyroxene, and titanomagnetite. Interestingly, these
reaction rims are texturally bimodal with respect to
the size (maximum diameter) and shape (aspect ratio) of
the crystals comprising them (Fig. 2b and c). Whereas
one population of reaction rim crystals resembles those
observed in the December 26, 1989 dome samples with
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Fig. 2. Reaction rim crystal morphology plotted as a function of size (maximum diameter) and shape (aspect ratio) for reaction rims from natural and
experimental samples. Plots include crystal morphology data from a minimum of 60 individual crystals contained in a representative hornblende
reaction rim. Arrows indicate graphical trends in morphology. Reaction rim crystals from the December 26, 1989, dome are characterized by a single
morphology trend (a), whereas those from the January 2, 1990 and February 15, 1990 are characterized by 2 distinct trends in morphology (b and c,
respectively). Reaction rim crystals from the final domes emplaced on April 15, 1990 and June 15, 1990 appear to contain one dominant trend in rim
morphology, although additional trends may exist as illustrated by dashed trend arrows (d and e, respectively). Reaction rim crystals become
systematically more acicular and finer-grained with decreasing pressure as shown by the data from single-step (SS) and multi-step (MS) experiments

decompressed to 65 MPa (f), 30 MPa (g), and 10 MPa (h).

relatively low aspect ratios (1-6) and diameters (1—
22 pm), another population of crystals exists that is
characterized by higher aspect ratios of 1-12 and
smaller diameters ranging from 1 to 10 pm. Reaction

rims from the final domes emplaced in the 1989-90
eruption, such as those on April 15, 1990 and June 20,
1990 range from 5 to 22 pum thick and are composed of
plagioclase and orthopyroxene, with little or no
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titanomagnetite (Fig. 1e—f, g). Most crystals observed in
reaction rims from these samples are characterized by
high aspect ratios (1-12) and smaller diameters (1—
12 pm) (Fig. 2d and e). However, some crystals found in
these reaction rims have anomalously low aspect ratios
of 1-4 (Fig. 2d and 2 dashed arrows), resembling those
found in earlier dome samples.

3.3. Experimental phase equilibria and hornblende
stability

The results of the phase equilibria experiments on the
Redoubt dacite are given in Table 3 and plotted in Fig. 3.
Hornblende only crystallizes in the Redoubt dome
dacite above 100 MPa at temperatures between 800 and
875 °C, and above 200 MPa at temperatures above
900 °C (Fig. 3). Plagioclase exists below 250 MPa at
860 °C and below 150 MPa at 900 °C, whereas low-Ca
pyroxene is stable below 250 MPa at 880 °C. All dacite
phase equilibria experiments contain titanomagnetite
and ilmenite. Assuming a temperature of ~ 840 °C from
magnetite—ilmenite geothermometry, we find that the
natural assemblage is stable at pressures greater than
100 MPa, where hornblende breakdown begins below
100 MPa. Compositions of experimental plagioclase
rims and matrix glass from dacite experiments run at
840 °C and 150 MPa (+25 MPa) are most consistent
with plagioclase rims and matrix glass from the natural
dacite pumice sample [28], further constraining storage
of the natural dacite. Thus all decompression experi-
ments were initially held at 840 °C and 150 MPa prior to

Pressure (MPa)

800 825 850 875 900
Temperature (°C)

Fig. 3. Experimental phase equilibria diagram (Py,0=Piow) for
hornblende in December 15, 1989 Redoubt dacite (92MHRG6-1).
Experiments are given by triangles, where open triangles are runs that
used natural powder as starting material and solid triangles are reversal
runs that used pre-annealed natural powder starting material from other
runs; left- and right-pointing triangles represent crystallization and
melting experiments, respectively. Solid lines are “mineral in” curves
for hornblende plagioclase feldspar, and orthopyroxene. Fe—Ti oxides
were observed in every run. The narrow, vertical darker shaded region
brackets Fe—Ti oxide temperatures based on geothermometry.

the first pressure drop for 3 to 5 days. This pre-eruptive
storage estimate correlates to a depth of 6—7 km, which
is consistent with the depth approximation for magma
storage of based on seismic evidence [29].

3.4. Single-step decompression experiments

Single-step isothermal decompression runs produced
a variety of breakdown rim mineralogy and textures
depending on the final pressure of the experiment (Fig.
4, Table 4). Experiments held at 150 MPa and 840 °C for
more than 3 days result in euhedral hornblende crystals
with no reaction rims (Fig. 4a). Experiments decom-
pressed to pressures between 80 and 90 MPa (20 to
10 MPa below hornblende stability) and held for 2 days
are subrounded to rounded but do not contain reaction
rims (Fig. 4b). Likewise, experiments decompressed to
70-60 MPa (30 to 40 MPa below the hornblende
stability field) and held for 2 days contain unrimmed
subrounded to rounded hornblende. However, those
held for 3—5 days at these pressures contain subrounded
hornblendes broadly surrounded by 5 to 18 pm thick
reaction rims composed of titanomagnetite, orthopyr-
oxene, and plagioclase (Fig. 4c and d) that range in
diameter from 2 to 17 pm with aspect ratios of 1-4 (Fig.
21). Experiments decompressed to 20 to 50 MPa (80 to
50 MPa below the hornblende stability field) and held
for 2 to 10 days contain subangular hornblende with no
reaction rims. Runs lasting 12 to 25 days, however,
contain hornblende with breakdown rims 5 to 35 um
thick composed of orthopyroxene and plagioclase, with
little or no titanomagnetite (Fig. 4e) ranging in diameter
from 2 to 12 pum with aspect ratios of 1-7 (Fig. 2g).
Reaction rims at this pressure tightly enclose the angular
to subangular hornblende crystals, forming directly at
the boundary between coexisting melt and crystal.
Finally, experiments decompressed to 5 MPa (95 MPa
below the hornblende stability field) consist of nearly
euhedral hornblende with no reaction rims, even when
held for as long as 26 days.

The rate of reaction rim growth into hornblende and
the modal abundance of hornblende vary similarly in
single-step decompression experiments. The growth rate
of hornblende reaction rim aggregates ranges from
9x10"'%t02x10"° cm/s at 90-85 MPa and 5-55 MPa
(Fig. 5a). Rim growth occurs at a faster rate, however, at
pressures between 60 and 70 MPa, where it occurs at an
average rate of 5x10~° cm/s. In addition, hornblende
modal abundance decreases from 4.6 vol.% to 2.2 vol.%
in experiments decompressed to 90 and 85 MPa,
respectively, which is notably less than that observed
in phase equilibria experiments (4.6—5.2 vol.%) and
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Mt (75 MPa) 40 um

RDT-7
(10 MPalday)

20 um

Fig. 4. BSE images of hornblende crystals from phase equilibria (a) and decompression (b—g) experiments, where experiment identification numbers
are provided with the pressure that experiments were quenched. HBL, hornblende; opx, orthopyroxene; Pl, plagioclase; Mt, titanomagnetite. (a)
Euhedral hornblende crystal from phase equilibria experiment RDT-4, (b) single-step experiment to 75 MPa, (c, d) single-step experiment to 65 MPa
with high magnification view of plagioclase+orthopyroxene, and titanomagnetite reaction rim around subrounded crystal, (e) single-step to 30 MPa,
and (f) multi-step experiment decompressed over 15 days at 10 MPa/day rate with high magnification view of plagioclase+orthopyroxene+
titanomagnetite reaction rim around subrounded crystal (g). All reaction rims are fine-grained and composed of plagioclase and orthopyroxene, with
variable amounts of titanomagnetite. Single-step experiments held at higher pressures (~60 MPa) for at least 3 days resulted in subrounded
hornblendes with titanomagnetite-bearing reaction rims compared to single-step experiments quenched at lower pressures, which resulted in more
angular hornblendes with reaction rims that typically lack titanomagnetite.
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Fig. 5. Reaction rim growth plotted against pressure and corresponding depths (in km) for single-step (left) and multi-step (right) decompression
experiments of the December 15, 1989 Redoubt dacite (Sample 92MHR6-1). Reaction rim growth rate is calculated by dividing the measured rim
thickness by the total time held below the hornblende stability field (shaded), based on phase equilibria experiments. Relative rim growth is the
difference in rim thickness from sequentially decompression experiments quenched at lower and lower pressures. For both decompression styles,
growth rate is extremely slow near the hornblende stability field and at pressures below 10 MPa. Growth occurs at the fastest rate at pressures between
60 and 70 MPa, or 40 to 30 MPa below the hornblende stability field for single-step runs, whereas reaction rims form preferentially at lower pressures
(10-50 MPa) for multi-step runs with increasing decompression duration.
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December 15, 1989 dacite pumice starting material (4—
5 vol.%) (Table 5). Likewise, experiments decom-
pressed to 60-70 MPa also contain less modal
hornblende (2.5 to 3.5 vol.%) compared to starting
conditions. Finally, experiments decompressed to
<50 MPa contain 3.5 to 5 vol.% hornblende, which is
equivalent to the phase equilibria experiments and
December 15, 1989 dacite pumice starting material.

3.5. Multi-step decompression experiments

Multi-step isothermal decompression experiments
lasting 3 to 30 days produced reaction rim growth on
hornblendes when decompressed to final pressures
<30 MPa at rates <20 MPa/day, or at least 8 days out
of the hornblende stability field (Fig. 4f and g, Table 4)
in a transit from depth to the surface. Reaction rims form
around subhedral crystal edges and are composed of
orthopyroxene and plagioclase, with little or no
titanomagnetite. These rims are uniformly fine-grained
(0.2—5 pm) with a wide range in aspect ratio from 1 to
12 (Fig. 2h). Interestingly, reaction rims in these
experiments formed preferentially at 30-10 MPa,
where slower decompression rates result in rim growth
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Fig. 6. Modal abundance of hornblende from single-step (filled
squares) and multi-step (open triangles) decompression experiments as
a function of pressure. Hatched pattern indicates region of maximum
reaction rim growth and shaded region indicates region of hornblende
stability field (HSF). Phase equilibria experiments performed within
the HSF contain 4.2-5.5 vol.% hornblende phenocrysts (Table 4).
Hornblende dissolution occurs strongly during single-step decompres-
sion at pressures between 60 and 85 MPa compared to pressures
<40 MPa and >90 MPa or during multi-step decompression. At these
conditions, hornblende dissolution is less significant. Crystallinity also
varies with decompression style, increasing more rapidly with
increasing decompression rate.

at lower pressures (Fig. 5b). That is, during decompres-
sion rates of 10, 7, and 5 MPa/day, rims had average
thicknesses of 5, 8, and 15 pm, respectively. Experi-
ments decompressed at 20 or 30 MPa/day showed no
change in modal hornblende compared to that observed
in the starting material (4—5 vol.%) or phase equilibria
experiments (4.6—5.2 vol.%). Hornblende modal abun-
dance also slightly decreased in runs decompressed at
10, 7, and 5 MPa/day multi-step runs (Fig. 6).

4. Discussion
4.1. Hornblende reaction rim formation

The mineral assemblage present in experimentally
induced hornblende reaction rims that formed during
decompression is identical to that of natural samples, as
well as the existing phenocryst assemblage (Table 5).
Reaction rims grow inward from the crystal edge with
no breakdown in amphibole cores. These rims occur
only when in contact with the surrounding melt, and not
when amphibole is in contact with another crystal. This
demonstrates that the formation of hornblende reaction
rims is the result of a reaction between the hornblende
crystal and the surrounding melt, most likely as a result
of the reduction in the dissolved water content with
decreasing pressure [15].

In the case of single-step decompression runs, the
growth rate of hornblende reaction rims is highest 30 to
40 MPa below the hornblende stability field (60—
70 MPa total pressure) and is characterized by steady
growth of crystals to form the reaction rim as evidenced
by their consistently low aspect ratio and wide ranging
diameters (Fig. 2f). This pressure range also correlates
to a region of elevated hornblende dissolution based on
the presence of subhedral and rounded crystal edges and
decreased modal abundance (Fig. 6). This implies that
necessary reaction rim components released to the
surrounding melt through hornblende dissolution en-
hance the formation rate of reaction rims.

The extent of hornblende dissolution, however, does
not necessarily result in the formation of reaction rims,
as evidenced by the lack of reaction rim formation at
pressures where hornblende dissolution is greatest (75—
90 MPa total pressure) for either single-step or multi-
step runs. Hornblende dissolution clearly occurs at these
conditions as indicated by subrounded to rounded
crystal edges, and by the significant reduction in
modal hornblende. This occurs simultaneously to
increases in modal plagioclase, orthopyroxene, and
titanomagnetite (Table 5), which possibly indicates that
products of hornblende dissolution released to the
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surrounding melt are transported away from the
hornblende-melt boundary to crystal faces of other
pre-existing minerals before crystallization of reaction
rims can occur. This observation was also documented
by Nicholis and Rutherford [30] in their work on
hornblende breakdown in hawaiite magma, emphasiz-
ing transport effectiveness over breakdown rate in lower
viscosity melts.

In contrast, hornblende dissolution is reduced at
lower pressures, as indicated by the presence of
subangular to angular hornblende crystals and the
relatively high hornblende modal abundance. Declining
dissolution with decreasing pressure is consistent with
textures of the reaction rims. For example, in the case of
multi-step decompression runs hornblende reaction rims
grow fastest at 70 to 90 MPa below the hornblende
stability field (30-10 MPa total pressure). At these
conditions where dissolution is negligible, reaction rims
are characterized by uniformly fine-grained (<5 pm)
crystals with acicular habits, as noted by their high
aspect ratios (1—12), that tightly enclose the subangular
to angular hornblende crystal edges. The opposite is
observed at higher pressures, where rims broadly
surround (i.e. not necessarily in direct contact with)
crystal edges in response to high degrees of dissolution.
Below these pressures (0—10 MPa total pressure),
reaction rims do not form at pressures in either single-
step or multi-step runs, even when held for up to
26 days. This may seem contradictory to what is
expected because these experiments occurred at condi-
tions far below the amphibole stability limit. However,
the interstitial melt at very low pressures (<10 MPa)
contains very little dissolved water (<1 wt.%) and is
almost entirely crystalline (Table 5), making it signif-
icantly more viscous (e.g. [13]). Hornblende reaction
rims are thus unlikely to form at near-surface conditions
(<10 MPa), regardless of the manner in which magma
ascends, as a result of the lack of hornblende dissolution
combined with the high melt viscosity and microlite-
rich nature of the surrounding near-solidus interstitial
melt.

4.2. Decompression path and hornblende reaction rims

A strong relationship exists between the decompres-
sion path and reaction rim formation rate (Fig. 5). This
conclusion is consistent with observations from single-
step runs where reaction rims form fastest at higher
pressure, and from multi-step runs where reaction rims
form fastest at lower pressures. It may seem illogical that
given the same amount of time below the hornblende
stability field, multi-step experiments, which were more

slowly decompressed, resulted in favored growth of
hornblende reaction rims at lower pressures compared to
the rapidly decompressed single-step runs. However,
this result is consistent with crystallization processes
observed in other studies where thermodynamic driving
forces (e.g. effective undercooling, disparate chemical
potentials between hydrous crystals and dry melt)
compete against kinetic barriers (namely melt viscosity)
that restrict nucleation and crystal growth [8,11,31].
This is because for any given pressure drop during a
decompression sequence, multi-step decompression
produces smaller effective undercooling throughout
the run than in the single-step experiments. Therefore,
one should expect the thermodynamic driving forces in
multi-step decompression experiments to be weaker, at
least initially, compared to single-step runs.

A similar relationship exists between decompression
path (ascent path) and the texture of the resulting
reaction rim. This conclusion agrees with the influence
that thermodynamic driving forces, such as effective
undercooling, will have on the texture of crystallizing
hornblende reaction rims. For example, with decreasing
pressure, where the effective undercooling increases,
reaction rim textures are finer grained and composed of
progressively more acicular crystals (i.e. higher aspect
ratios), relative to rims that form at higher pressures.
This is evidenced by the distinct reaction rim textures
produced during different decompression experiment
scenarios (Fig. 2f—h). This observation is also consis-
tent with other experimental studies where the
dominant crystallization process changes during de-
compression to lower final pressures [11,32,33],
emphasizing the effect that decompression path has
on crystal texture.

4.3. Comparison to 1980—1986 Mount St. Helens dacite

Results from this study indicate that the growth of
hornblende reaction rims in 1989-90 Redoubt dacite
occurs 30—85% and 15-55% slower than experiments
run at 900 °C and 860 °C, respectively, on Mount St.
Helens 1980 dacite (Fig. 7). It is unlikely that this
discrepancy results from hornblende composition, for
hornblende phenocrysts from both magmas are gener-
ally equivalent with respect to composition and size
[18]. Instead, results from this study indicate that
reaction rim growth rate is strongly controlled by the
rate at which rim components are supplied from the
hornblende to the coexisting melt through dissolution of
the crystal edges. Because this reaction was suppressed
at low pressures, where interstitial melt was more
viscous, it seems probable that the reaction rim growth
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Fig. 7. Hornblende reaction rim width versus time below the
hornblende stability field (HSF) for multi-step experiments on
December 15, 1989 Redoubt dacite (Sample 92MHR6-1). Additional
curves are for constant-rate decompression experiments at 900 °C and
860 °C on Mount St. Helens dacite performed by Rutherford and Hill
[15]. The decompression-induced breakdown reaction of Redoubt
hornblende is slower than those predicted for the Mount St. Helens
dacite, indicating that Redoubt hornblende phenocrysts must spend
more time outside the HSF in order to develop reaction rims of
equivalent thickness to those observed at Mount St. Helens.

rate in hornblendes from 1989-90 Redoubt dacite was
slower compared to those from 1980—86 Mount St.
Helens dacite at equivalent pressures for similar reasons.
This is consistent with the fact that decompression paths
from Rutherford and Hill [15] are the same as those used
in this study. Thus, changes in the dissolved water
content of the melt during decompression are essentially
the same also, indicating that differences in reaction rim
formation in the 1989-1990 Redoubt dacite and the
1980—-1986 Mount St. Helens dacite likely result from
changes in melt viscosity arising from changes in
temperature.

4.4. Implications for different magma ascent scenarios

A commonly used method for estimating magma
ascent rate during a given eruption involves measuring
the thickness of hornblende reaction rims and compar-
ing them to the experimental calibration of rim width
versus time for constant-rate decompression as outlined
in Rutherford and Hill [15] (Fig. 7). Our results show,
however, that hornblende reaction rims form at variable
rates during ascent, or not at all at high (80-90 MPa) or
very low (<10 MPa) pressures, suggesting that reaction

rims of equivalent thickness may develop as a result of
many different ascent scenarios, particularly if ascent
rates are not constant.

We suggest that a more comprehensive interpretation
of magma ascent path may be achieved through the
combined examination of hornblende reaction rim
texture, mineralogy, and thickness because each is
expected to vary as a function of decompression rate,
and whether magma was to stall at various depths (Fig.
8). For example, if magma rises directly from depth,
reaction rim width is expected to increase as ascent rate
slows (Ascent Paths 1 and 3, Fig. 8b). Reaction rim
texture (grain size and aspect ratio) is also expected to
vary as a function of ascent rate, where rims are likely to
be finer-grained and more acicular as ascent rate slows
(Ascent Paths 1 and 3, Fig. 8c). On the other hand, if
rising magma periodically stalls at various depths during
ascent, the width and texture of the resulting rim are
expected to vary depending on the depth where stalling
occurs. For example, stalling at depth results in coarser,
more equant reaction rims, stalling at shallow depth
results in fine-grained and acicular reaction rims, and
stalling at near-surface conditions will result in no
reaction rim growth (Ascent Paths 4, 5, and 2,
respectively, Fig. 8). Finally, if magma were to stall
repeatedly during ascent, hornblende reaction rims may
develop textural and mineralogical zoning, with an outer
zone that reflects rim formation at greater depth (e.g.
equant and coarser-grained titanomagnetite-bearing
rims) and an inner zone that reflects rim crystallization
at shallower depth (e.g. acicular, finer-grained rims void
of titanomagnetite).

4.5. Applications to the 1989-1990 redoubt eruptions

In order to apply these observations to interpreta-
tions of magma ascent during the 1989—1990 Redoubt
eruptions, we have converted pressures to depths by
assuming a density of 2600 kg/m’. Hornblende
reaction rims from the first dome emplaced at Redoubt
on December 26, 1989 reflect an ascent path
characterized by magma stalling at ~3 km depth
during ascent (e.g. Fig. 8, Path 5) for approximately
3 days, based on the presence of reaction rims
composed of large diameter crystals with uniformly
low aspect ratios. This interpretation is consistent with
textures observed in experiments held at 55-70 MPa
during decompression (Fig. 2f), as well as seismicity
during the December 26th eruption, which was
localized at 3—6 km depth [29] in addition to the
Redoubt summit. In contrast, hornblende reaction rims
from domes emplaced during the January 2, 1990 and
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Fig. 8. Schematic diagram of 6 different magma ascent paths with time
(a), where ascent paths and path numbers are indicated by arrows and
corresponding numbers, respectively. Depth is plotted as increasing
downwards. Path 1, magma ascending rapidly and directly to the
surface at a constant rate; Path 2, magma ascending rapidly at a
constant rate, stalling at very shallow depth for any given amount of
time, then finally reaching the surface; Path 3, magma ascending
slowly and directly to the surface at a constant rate; Path 4, magma
ascending towards the surface, stalling at shallow depth for an
extended period of time before continued ascent; Path 5, magma
ascending towards the surface, stalling at intermediate depth briefly
before continuing ascent; and Path 6, magma ascending towards the
surface, stalling at intermediate depth, then again at shallow depth
before reaching the surface. We indicate the expected reaction rim
width and hornblende modal abundance (b), as well as reaction rim
grain size and aspect ratio of reaction rim microlites (c) for each ascent
path based on experimental results. See text for discussion.

February 15 1990 eruptions, reflect an ascent path
characterized by magma stalling at ~3 km depth and
then again at ~600 m during ascent (e.g. Fig. 8, Path

6) over a period of up to 15 days, based on the
presence of 10—25 pum reaction rims composed of 2
populations of crystals characterized by either large
diameter crystals with uniformly low aspect ratios or
smaller crystals with higher aspect ratios. This is
consistent with textures observed in experiments held
at 55-70 MPa and 20-30 MPa (Fig. 2f and g) during
decompression. Indeed, seismicity during these erup-
tions was observed in two discrete regions below the
Redoubt summit, one at shallow depth (0-3 km) and
another at deeper levels (3—6 km) [29]. Hornblende
reaction rims from the final domes emplaced on April
15, 1990 and June 20, 1990 are 5-22 pm thick and
composed of fine-grained and acicular plagioclase and
orthopyroxene with only trace amounts of titanomag-
netite. An ascent path that best describes these
observations is one characterized by magma stalling
at ~600 m depth for a period of up to 25 days (e.g.
Fig. 8, Path 4). This is consistent with textures
observed in experiments held at 20-30 MPa (Fig.
2g) during decompression as well as seismicity during
these later eruptions, which was only observed at very
shallow depth (0-3 km) [29].

Unrimmed hornblendes account for approximately
10 vol.% of all Redoubt dome samples [18,28]. In
order to account for the presence of unrimmed
hornblende in these dome samples, fresh magma
rising at a sufficiently fast rate must have mixed with
stalled conduit magma during ascent to the surface
[e.g. [15]]. As a result, hornblendes from conduit-
stalled magma will be incorporated as fresh batches of
magma moved to the surface. The presence of crystals
with anomalously large diameters and low aspect
ratios in reaction rims from domes emplaced late in
the eruption (e.g. Fig. 2d and e) is consistent with this
model, for fresh rising magma batches are likely to
incorporate stalled magma from all depths. This
process is probably quite common, as evidenced by
similarly diverse rim populations observed in other
volcanoes, including Mount St. Helens, Washington
[15,34], Popocatepetl, Mexico [35], Soufriere Hills,
Montserrat [16,36], Tongariro Volcanic Centre, New
Zealand [37], Black Butte, California [19], and the
Crater Flat volcanic zone, Nevada [30]).
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