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Abstract An important control on magma rheology is
the extent to which the magma crystallizes during ascent
as a result of the effective undercooling created by vol-
atile exsolution. To assess this undercooling, we need to
know the final (anhydrous) one-atmosphere phase rela-
tions of silicic magmas. For this reason, we have per-
formed one-atmosphere controlled-fO2 crystallization
experiments on dacitic to rhyolitic melt compositions
(67–78 wt% SiO2) and determined equilibrium phase
assemblages, melt fractions, and some phase composi-
tions over a range of temperatures. Experiments were
run at oxygen fugacities between NNO+1 and NNO+2
and temperatures of 1,000 to 1,250�C. Constant phase
compositions and sample crystallinities in runs longer
than 3.5 days suggest that these runs closely approached
compositional equilibrium. Additionally, melting
experiments with similar compositions yielded results
closely resembling those obtained in crystallization
experiments. All samples have liquidus temperatures
between 1,250 and 1,200 �C, with plagioclase the liqui-
dus phase for the two most mafic samples and quartz for
the most silicic sample. When associated glass compo-
sitions are projected into the Qz-Ab-Or system they
define a revised one-atmosphere quartz-feldspar cotectic
5–10% less quartz normative than previously estimated.
Glass compositions from each sample plot along this
cotectic between 1,100 and 1,000 �C, consistent with the
plagioclase-quartz co-crystallization textures found in
runs at these temperatures. This cotectic constrains glass

compositions to a maximum silica content of
76±1 wt% SiO2. Reported glass compositions in excess
of 77 wt% SiO2 in volcanic samples suggest non-equi-
librium crystallization, perhaps a consequence of large
melt undercoolings.

Introduction and previous investigations

As hydrous magmas decompress during ascent, they un-
dergo phase changes (vesiculation and/or crystallization)
that alter their physical properties, which in turn affect
continued ascent and eruption. Feedback mechanisms
created by these processes have been used to explain
transitions in eruptive behavior from explosive to effusive
and the cyclicity in eruptive behavior observed during
recent eruptions of andesitic volcanoes (e.g., Sparks 1997;
Voight et al. 1999; Melnik and Sparks 1999). However,
processes occurring at shallow levels in volcanic conduits
and domes are poorly constrained because of the absence
of experimental data on one-atmosphere phase relations
in natural intermediate and silicic melts. The lack of one-
atmosphere data stands in contrast to the extensive
experimental work that has been completed in simple
granitic systems involving quartz and feldspar (e.g.,
An-Ab, Qz-Ab-Or, Qz-An-Ab, etc.) at higher pressures
(see Johannes and Holtz (1996) for a summary).

Phase relations in the haplogranite system Qz-Ab-Or
in the pressure range of 50–3,500 MPa have been well
constrained for water-saturated conditions (Tuttle and
Bowen 1958; Luth et al. 1964; Merrill et al. 1970; Steiner
1970; Huang and Wyllie 1975; Steiner et al. 1975), for
water-undersaturated conditions (Ebadi and Johannes
1991; Holtz et al. 1992a), and for dry compositions
(Huang and Wyllie 1975; Ebadi and Johannes 1991).
Haplogranite subsystems such as Qz-Ab and Qz-Or,
with and without water, have also been studied exten-
sively to determine liquidus and solidus phase relations
and eutectic liquid compositions at pressures of 100–
1,000 MPa (Schairer and Bowen 1955, 1956; Tuttle and
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Bowen 1958; Shaw 1963; Luth et al. 1964; Luth 1969;
Lambert et al. 1969; Bohlen et al. 1983; Boettcher et al.
1984; Pichavant et al. 1992; Holtz et al. 1992a).

Experimental studies in related systems are not as
well covered as in the haplogranite system. The effects of
excess alumina (peraluminous haplogranite system; Qz-
Ab-Or-Al2O3) have been examined at 200 MPa in H2O-
saturated and undersaturated experiments (Dimitriadis
1978; Voigt and Burnham 1983; Holtz et al. 1992b;
Joyce and Voigt 1994). Addition of alumina decreases
the cotectic temperature and shifts the quartz-feldspar
cotectic towards more quartz-rich compositions. Phase
relations in the tonalite system Qz-Ab-An-H2O have
been investigated via melting experiments at 500 and
200 MPa (Yoder 1968; Johannes 1978, 1989; Bartels
1987). Within this system (and others), reaction rates are
strongly dependent on temperature. Equilibrium can
apparently be reached at 1,000 �C after only 1 h, but
requires experiments in excess of 10 days below 790 �C
(Johannes 1978). Time series studies suggest that
experiments in the Qz-Ab-An-H2O system at 730 �C
would need to run an estimated 100,000 years to reach
equilibrium (Johannes 1978). Johannes et al. (1994)
found that addition of excess Al2O3 to the tonalite
system produces faster reaction rates and shifts the
quartz-feldspar cotectic towards the Qz-apex. Additional
studies at pressures of 100–800 MPa have extended the
haplogranite system to include anorthite (An; James and
Hamilton 1969; Winkler and Ghose 1973; Whitney 1975;
Winkler et al. 1975, 1977; Johannes 1984). Kinetic
studies in the granite system Qz-Ab-Or-An-H2O have
found that approach to equilibrium is extremely sluggish
below 800 �C, but above this temperature equilibrium
compositions can be reached in runs of only a few days
(Johannes and Holtz 1996). Whitney (1975) found that
slightly increasing the An-content increases the liquidus
temperature about 150 �C above that determined by
Tuttle and Bowen (1958) for the haplogranite (Qz-Ab-
Or) system. Addition of An also increases the solidus
temperature, however the effect is very small (e.g., 10 �C
when albite is replaced by plagioclase An40; Johannes
1984). As noted by Johannes and Holtz (1996), the
presence of phases in addition to plagioclase and quartz
may be even more important in affecting the composi-
tions of melts, their temperatures of formation, and the
rates at which equilibrium is attained.

While there are abundant data on feldspars and
quartz in simple two-, three-, four-, and five-component
systems, fewer phase equilibria studies have been per-
formed in multi-component Fe- and Mg-bearing silicic
systems (Clemens and Wall 1981; Huang and Wyllie
1981; Naney 1983; Rutherford et al. 1985; Clemens et al.
1986; Conrad et al. 1988; Le Breton and Thompson
1988; Puziewicz and Johannes 1988; Rutherford and
Devine 1988; Vielzeuf and Holloway 1988; Johnson and
Rutherford 1989; Holtz and Johannes 1991; Scaillet
et al. 1995), and none of these were conducted at one-
atmosphere. Previous work in silicic systems at one-
atmosphere appears to be limited to the plagioclase

melting loop in the system Ab-An (Bowen 1913; Tsu-
chiyama and Takahashi 1983; Muncill and Lasaga 1987;
Johannes et al. 1994) and the Qz-Ab-Or system (Schairer
and Bowen 1935; Schairer 1950). In some of their earliest
experiments Schairer and Bowen (e.g., 1935) could not
locate the one-atmosphere equilibrium liquidus in the
Qz-Ab-Or system because their highly polymerized dry
melts would not nucleate crystals, even in runs as long as
5 years. Their efforts (e.g., Schairer and Bowen 1935;
Schairer 1950) are often cited by other researchers as
evidence that anhydrous quartz-feldspar systems are too
viscous to reach equilibrium at one-atmosphere (e.g.,
Cashman 1992; Holtz et al. 2001). Therefore, experi-
ments in such systems at pressures below �50 MPa do
not appear in the literature. However, to our knowledge,
no one has ever conducted one-atmosphere experiments
in dry silicic systems that contain natural levels of net-
work modifiers such as Fe and Mg. Our results suggest
that the presence of these network modifiers reduces the
viscosity and increases reaction rates enough to allow
experiments to reach equilibrium on experimental time
scales (e.g., Johannes et al. 1994). So while we cannot
directly examine one-atmosphere phase relations in the
haplogranite system, we can study them in analogous
natural multi-component systems, which also provide
better descriptions of natural silicic magmas.

Using the phase assemblages, abundances, and com-
positions produced in one-atmosphere experiments one
may evaluate the extent to which volcanic samples
achieve equilibrium at near-surface conditions. This in
turn can provide constraints on the crystallization
behavior of a particular magma. Some magmas may
crystallize steadily as they ascend and decompress, as
appears common with basalts and basaltic andesites
(e.g., Hammer et al. 2000; Gardner et al. 1998). Others
may continuously degas as they rise, overstep their liq-
uidus, and then, after some lag time, crystallize near or
at the surface (e.g., Hammer et al. 1999; Cashman and
Blundy 2000). In the former case, crystals would con-
tinuously re-equilibrate with the melt as the magma rose,
sometimes leading to zoned phenocrysts with high
pressure compositions in their interiors and low pressure
compositions at their margins. In the other instance, the
melt would experience large effective undercooling (due
to decompression) and respond by crystallizing low
pressure, near-surface phase assemblages and composi-
tions late in the ascent process. Knowledge of one-
atmosphere phase relations and compositions may
therefore help us examine syn-eruptive crystallization
and its effects on volcanic eruptions. In this study, we
conduct one-atmosphere, controlled fO2, crystallization
experiments on select compositions to determine their
equilibrium phase assemblages and compositions over a
range of temperatures. A smaller number of melting
experiments, constituting quasi-reversals, provide con-
firmation of the crystallization runs.

The results reported here include the identities of the
stable phases and, when possible, phase compositions
for given composition-temperature conditions, and
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provide a basis for determining whether natural samples
achieved near-surface equilibrium prior to quenching.
These comparisons can be used to examine the driving
forces of volcanic eruptions when magma intrudes to
shallow levels, and to better understand the kinetics of
degassing-induced crystallization.

Methods

Starting materials

As starting material we used individual pyroclasts pro-
duced during the 1986 eruption of Augustine Volcano,
Alaska. The samples encompass a large range in bulk
composition, from basaltic andesite to dacite, and
groundmass (glass plus microlites) compositions from
dacite to rhyolite. Two different types of starting mate-
rials were employed: (1) synthetic glasses (samples 816-3,
722-5, and 816-4 of Table 1) prepared to simulate the
natural groundmass compositions, and hereafter referred
to as ‘‘initial melt’’ compositions, and (2) natural samples
(A and B of Table 1) prepared by crushing Augustine
pyroclasts and removing large crystals.

Previous kinetic investigations have shown that
equilibrium is best approached in crystallization
experiments when crushed glasses are used as starting
materials and they are brought directly to the run
temperature (Becker et al. 1998), a method that we
employed. Melting experiments were run on two nat-
ural samples. One of these (A) had a composition
quite similar to one of the synthetic samples (816-3)
(see Table 1) and as such provided the opportunity to
evaluate whether the crystallization experiments and
melting experiments produced similar results. The
other (B) had a composition quite different from the
synthetics, but nonetheless was useful in constructing a
summary phase diagram presented in the discussion
section.

Initial melt compositions were estimated by analysis
of the groundmass using a broad beam (30 lm) on a
Cameca SX-50 electron probe microanalyzer (EPMA)
at the University of Oregon, operating at 15 kV
acceleration voltage and 5 nA beam current. Care was
taken to avoid crystals larger than �50 lm across due
to their zoning, resorption, and sieve textures. Data
reduction used a PAP correction model (Pouchou and
Pichoir 1991). Depending on the homogeneity of the

sample, 26–57 points were analyzed and averaged to
determine the average groundmass melt composition
(Table 1). The three synthetic compositions were cre-
ated by combining appropriate proportions of oxide
(Mg, Al, Si, Ti, Fe3+) and carbonate (Na, K, Ca)
powders, decarbonating them in a controlled atmo-
sphere that reduced much of the Fe2O3 to FeO, and
then fusing them.

Natural rock starting materials were created by
lightly crushing selected samples from Augustine Vol-
cano and removing all crystals ‡200 lm in diameter.
Once the largest crystals were removed, the remaining
groundmass was hand ground in an agate mortar for
approximately 30 minutes. Consequently, the starting
material for the melting experiments consisted of shards
of glass and small crystals of plagioclase, pyroxene, and
iron-titanium oxides (Fe-Ti oxides).

Experimental procedures

All experiments were conducted at one atmosphere in
Deltech gas-mixing vertical quench furnaces with tem-
perature monitored by Pt-Pt90Rh10 thermocouples cal-
ibrated against the melting point of gold. Oxygen
fugacity was held between the NNO+1 (one log unit
more oxidizing than the Ni+1/2O2=NiO buffer;
Huebner and Sato 1970) and NNO+2 buffers using
CO2/H2 gas mixtures and monitored using Y-doped
ZrO2 solid electrolyte oxygen sensors. Sample powders
were suspended from 0.005-inch diameter Pt wire loops
at the run temperature for 77–413 h and then quenched
in water. No special effort was made to prevent iron
loss to the platinum wire, as these samples contained
very little iron and the mass of platinum in contact
with the samples was negligible. Similarly, no special
procedures were employed to minimize potential Na-
volatilization during the experiments themselves.
However, the same is true of the super-solidus experi-
ments that were analyzed to determine the bulk com-
positions of the samples. Each synthetic sample was
run over a range of temperatures from its liquidus to
1,000 �C. The run conditions and resulting assemblages
are tabulated in Table 2.

Analytical methods

Textures and phase compositions were collected using a JEOL
JSM-6300XV scanning electron microscope (SEM) and Cameca
SX-50 EPMA at the University of Oregon. To minimize sodium
loss while analyzing glass with the EPMA, a 5-nA beam current
and a 20-lm diameter spot size were used with an accelerating
voltage of 15 kV (e.g., Morgan and London 1996). Where crys-
tallinity was relatively high and large glass patches could not be
found, spot sizes of 10 lm or 3 lm were used. As smaller spot sizes
lead to loss of Na during analyses, a sodium loss correction factor,
based on the linear depletion of sodium counts with time
under these conditions, was applied to the 10 and 3 lm analyses
(Nielsen and Sigurdsson 1981; Roman 2001, Appendix D). These
corrections were typically on the order of 0.01–0.12 wt%. Crys-

Table 1 Bulk compositions of synthetic initial melts (wt%)

Sample SiO2 TiO2 Al2O3 FeO* MgO CaO Na2O K2O

816-3 67.19 0.50 16.45 3.48 1.89 5.10 4.29 1.11
722-5 73.71 0.87 14.04 2.30 0.54 2.81 4.09 1.65
816-4 78.07 0.38 12.84 1.64 0.26 1.21 3.86 1.75
Natural A 67.41 0.36 17.37 2.27 1.08 5.56 4.15 1.81
Natural B 61.16 0.60 16.38 5.30 3.19 6.84 5.10 1.44

FeO* indicates that all iron is recalculated as ferrous iron
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talline phases were analyzed using a focused (1 lm) beam. All
analyses were assumed to be anhydrous and were therefore nor-
malized to 100% after the Na correction, when applied. Original
totals ranged from 97 to 103%. For each phase, 8 to 15 points were
analyzed and then averaged. Individual glass analyses that con-
tained statistical outliers (values 0.1 wt% greater than or less than
2r standard deviations from the mean) for one or more elements
were discarded and the average compositions were recalculated. A
list of average glass compositions for each run is given in Table 3; a
complete list of original analyses can be found in Brugger (2001).
We are confident of our glass data but found the crystalline phases
extremely difficult to analyze due to their small sizes; every crystal
analysis contained glass contamination at some level. We were able
to correct for this reasonably well with the plagioclase analyses (as
described below) and thus report these (corrected) data here. The
same cannot be said of the pyroxenes and oxides so no analyses of
these phases are reported.

Mineral formulas were calculated for all plagioclase analyses
(Table 4). The highest temperature runs gave the most stoichio-
metrically accurate cation totals because lower temperature runs
contained very small (<1 lm in diameter) crystals that were
difficult to analyze without contamination from adjacent glass.
We used the MgO and TiO2 contents of our plagioclase analyses
to assess the extent of glass contamination. An appropriate
amount of glass contaminant was then subtracted from each
analysis to make the Ti and/or Mg content zero. The plagioclase
analyses with the best stoichiometries were then averaged (Ta-
ble 4). As noted above, this correction could not be applied to
the pyroxene data, as Ti and Mg are present in these minerals.
However, the data were adequate to identify the phases as py-
roxenes and to distinguish between clinopyroxene and orthopy-
roxene.

The crystallinity of each run (Table 2) was calculated using
K2O abundances and the batch melting equation, assuming perfect
incompatibility of potassium in all crystallizing phases. However,
as a small amount of K2O (up to 0.4 wt%) are present in the

plagioclase crystals (Table 4), calculated crystallinities should be
regarded as a minima. If the error associated with analyzing
potassium is considered, calculated crystallinity errors on the order
of 5–6% (absolute) are reasonable.

Results

Approach to equilibrium

The time necessary to reach equilibrium was assessed by
comparing experiments of different durations to deter-
mine how long they needed to run before the phase
assemblages and compositions stabilized. The most si-
licic sample, 816-4, was run at 1,050 �C for 3.5, 8.6, and
17.2 days, and all of these runs produced the same glass
composition within error (Fig. 1). Similarly the total
crystallinity in these runs, calculated from K2O con-
centrations, was constant at 32±2 wt% (Fig. 2). On the
basis of these results, we conclude that runs of 3.5 days
or longer acceptably approached equilibrium at
1,050 �C with our most silicic sample, 816-4. As higher
temperatures or less silicic compositions would lead to
acceptable results in shorter duration runs, we have also
retained the data from runs of 3.2 days with sample 816-
4 at 1,100 and 1,200 �C. Melting experiments run in
parallel with crystallization experiments produced very
similar results, supporting our contention that these runs
closely approached equilibrium.

Table 2 Summary of run
conditions and products

agl Glass, pl plagioclase, qtz
silica phase,ox oxides, opx
orthopyroxene,cpx clinopyrox-
ene; phases listed in order of
appearance
bCalculated assuming K2O is
completely incompatible; see
text
cTemperature and oxygen
fugacity were not monitored in
these experiments as the goal
was to completely melt the
samples and determine their
bulk composition

Sample Run no. T (�C) log
ƒO2

Duration
(days)

Phases presenta Crystalsb

(%)

816-3 13 1,250 )5.01 7.7 gl 0.0
12 1,190 )5.56 7.7 gl, pl 5.1
11 1,150 )6.16 8.0 gl, pl 17.2
7 1,100 )7.80 3.8 gl, pl, ox, opx, qtz 40.6
15 1,050 )7.48 9.0 gl, pl, ox, opx, qtz, cpx 55.4
17 1,000 )8.22 10.0 gl, pl, ox, opx, qtz, cpx 70.0

722-5 25 1,250 )5.01 7.1 gl 0.0
23 1,200 )5.56 7.1 gl, pl )5.1
21 1,150 )6.16 8.9 gl, pl, qtz 1.2
22 1,090 )6.80 7.1 gl, pl, qtz, ox 12.7
20 1,040 )7.48 8.9 gl, pl, qtz, ox 35.5
24 990 )8.22 10.2 gl, pl, qtz, ox, opx 54.9

816-4 8 1,225 )6.28 7.0 gl 0.0
5 1,200 )6.56 3.2 gl, qtz 1.1
14 1,140 )7.16 9.0 gl, qtz, pl, ox 1.7
2 1,100 )7.80 3.2 gl, qtz, pl, ox 15.5
3 1,050 )8.48 3.4 gl, qtz, pl, ox 30.0
6 1,050 )8.48 8.6 gl, qtz, pl, ox 32.2
10 1,050 )8.48 17.2 gl, qtz, pl, ox 33.7
16 990 )9.22 10.0 gl, qtz, pl, ox 44.8

Natural A 35c �1,400 - 3.0 gl
31 1,140 )7.16 7.3 gl, pl
33 1,090 )7.80 8.0 gl, pl, qtz, ox, opx
29 1,040 )8.48 7.3 gl, pl, qtz, ox, opx, cpx

Natural B 26c �1,400 - 2.0 gl
27 1,190 )5.56 7.8 gl, pl
30 1,150 )6.16 7.3 gl, pl
34 1,100 )6.80 8.0 gl, pl, ox, opx
28 1,050 )7.48 7.8 gl, pl, ox, opx, cpx
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Table 3 Electron microprobe analyses of glasses

Run no. n SiO2 TiO2 Al2O3 FeO* MgO CaO Na2O K2O

816-3 13 10 67.2 (3) 0.50 (18) 16.5 (1) 3.48 (34) 1.89 (6) 5.09 (12) 4.29 (9) 1.11 (7)
12 10 67.8 (5) 0.48 (18) 15.8 (2) 3.45 (34) 1.91 (11) 4.68 (16) 4.72 (17) 1.17 (6)
11 10 69.6 (2) 0.64 (15) 14.3 (3) 4.11 (29) 2.25 (10) 3.92 (13) 3.85 (20) 1.34 (6)
7 10 76.4 (7) 0.74 (12) 12.4 (4) 3.30 (21) 1.10 (7) 2.67 (22) 1.55 (25) 1.87 (6)
15 9 76.9 (5) 0.65 (19) 11.9 (4) 2.39 (19) 0.73 (5) 1.92 (31) 2.93 (14) 2.49 (10)
17 9 76.4 (9) 0.68 (32) 12.5 (7) 1.83 (18) 0.42 (7) 1.32 (40) 3.08 (23) 3.70 (26)

722-5 25 5 73.7 (4) 0.87 (6) 14.0 (1) 2.30 (23) 0.54 (2) 2.81 (18) 4.09 (9) 1.65 (7)
23 7 73.7 (3) 0.91 (12) 14.0 (2) 2.39 (12) 0.58 (4) 2.86 (4) 4.00 (8) 1.57 (9)
21 6 75.4 (7) 0.95 (15) 12.9 (3) 2.43 (23) 0.61 (5) 2.23 (7) 3.80 (19) 1.67 (5)
22 10 76.7 (4) 0.86 (24) 12.3 (1) 2.24 (19) 0.71 (4) 1.50 (16) 3.78 (25) 1.89 (10)
20 10 76.5 (6) 0.68 (18) 12.3 (4) 1.93 (13) 0.88 (7) 1.06 (10) 4.04 (17) 2.56 (10)
24 8 76.4 (5) 0.65 (22) 12.7 (5) 1.33 (11) 0.53 (6) 0.64 (12) 4.13 (18) 3.66 (24)

816-4 8 10 78.1 (5) 0.38 (9) 12.8 (3) 1.64 (20) 0.26 (5) 1.21 (14) 3.86 (17) 1.75 (11)
5 11 77.5 (7) 0.33 (9) 13.2 (3) 1.75 (26) 0.42 (5) 1.93 (13) 3.10 (31) 1.77 (9)
14 9 77.6 (2) 0.38 (7) 12.8 (2) 1.69 (14) 0.40 (5) 1.57 (12) 3.80 (16) 1.78 (4)
2 11 76.8 (6) 0.42 (21) 13.2 (3) 2.05 (16) 0.53 (7) 1.17 (11) 3.78 (15) 2.07 (10)
3 11 76.5 (4) 0.42 (8) 13.2 (3) 2.14 (17) 0.58 (6) 0.80 (7) 3.83 (16) 2.50 (16)
6 13 77.1 (7) 0.26 (7) 13.3 (4) 1.55 (22) 0.63 (8) 0.79 (9) 3.71 (25) 2.58 (17)
10 14 77.0 (3) 0.34 (14) 13.3 (1) 1.72 (20) 0.59 (3) 0.61 (6) 3.82 (25) 2.64 (8)
16 12 75.7 (9) 0.32 (18) 13.5 (5) 2.46 (29) 0.67 (8) 0.46 (4) 3.73 (19) 3.17 (12)

Natural A 35 6 67.4 (4) 0.36 (6) 17.4 (2) 2.27 (13) 1.08 (4) 5.56 (15) 4.15 (13) 1.81 (6)
31 9 72.0 (3) 0.38 (7) 14.0 (2) 2.56 (18) 1.34 (9) 3.55 (14) 4.36 (8) 1.80 (11)
33 9 74.2 (3) 0.38 (14) 12.7 (2) 2.92 (13) 1.23 (8) 2.77 (15) 3.85 (13) 1.92 (19)
29 9 76.9 (6) 0.49 (14) 12.1 (1) 2.54 (18) 0.60 (7) 1.61 (16) 3.22 (49) 2.50 (8)

Natural B 26 8 61.2 (4) 0.60 (8) 16.4 (2) 5.30 (24) 3.19 (7) 6.84 (15) 5.10 (11) 1.43 (4)
27 10 62.4 (4) 0.67 (12) 16.2 (2) 5.28 (34) 3.43 (9) 6.42 (15) 4.51 (9) 1.15 (13)
30 10 63.8 (7) 0.79 (14) 14.9 (2) 5.88 (34) 3.84 (23) 5.82 (22) 3.81 (18) 1.20 (11)
34 10 67.9 (5) 0.99 (14) 13.1 (2) 5.84 (37) 2.08 (14) 4.76 (15) 3.76 (13) 1.61 (10)
28 11 76.1 (7) 0.95 (25) 11.9 (4) 2.87 (21) 0.88 (15) 2.25 (29) 2.53 (18) 2.47 (13)

n number of analyses
Figures in parentheses represent one standard deviation of replicate analyses in terms of least units cited. Thus, 1.89 (6) should be read
1.89±0.06 and 4.72 (17) is 4.72±0.17
FeO* indicates that all iron is recalculated as ferrous iron

Table 4 Electron microprobe analyses and structural formulae of plagioclase

Run
no.

n SiO2 TiO2 Al2O3 FeO* MgO CaO Na2O K2O Cations (based on 8 oxygens) An-Ab-Or
proportions

Si Ti Al Fe Mg Ca Na K An Ab Or

816-3 12 9 51.64a,b 0.01 30.40 0.65 0.03 13.27 3.98 0.03 2.35 0.00 1.63 0.02 0.00 0.65 0.35 0.00 0.65 0.35 0.00
11 10 51.48 0.03 29.85 1.13 0.05 13.61 3.84 0.02 2.35 0.00 1.61 0.04 0.00 0.67 0.34 0.00 0.66 0.34 0.00
7 8 53.61 0.13 28.27 0.84 0.01 12.43 4.59 0.11 2.44 0.00 1.52 0.03 0.00 0.61 0.40 0.01 0.60 0.40 0.01
15 7 53.11 0.04 28.08 1.43 0.27 11.85 5.18 0.03 2.42 0.00 1.51 0.05 0.02 0.58 0.46 0.00 0.56 0.44 0.00
17 6 57.71 0.06 25.64 1.02 0.23 8.75 6.57 0.02 2.60 0.00 1.36 0.04 0.02 0.42 0.57 0.00 0.42 0.58 0.00

722-5 21 8 52.64 0.04 29.10 0.91 0.01 12.99 4.24 0.08 2.40 0.00 1.56 0.03 0.00 0.63 0.37 0.00 0.63 0.37 0.00
22 7 54.78 0.12 27.88 0.62 0.00 11.55 5.02 0.02 2.48 0.00 1.49 0.02 0.00 0.56 0.44 0.00 0.56 0.44 0.00
20 6 58.95 0.19 25.09 0.63 0.04 8.52 6.43 0.15 2.64 0.01 1.32 0.02 0.00 0.41 0.56 0.01 0.42 0.57 0.01
24 6 62.82 0.45 22.65 0.98 0.00 6.53 6.35 0.21 2.78 0.02 1.18 0.04 0.00 0.31 0.55 0.01 0.36 0.63 0.01

816-4 14 10 44.17 0.08 37.77 0.84 0.00 13.60 3.53 0.02 2.03 0.00 2.05 0.03 0.00 0.67 0.31 0.00 0.68 0.32 0.00
2 7 56.34 0.06 27.75 0.32 0.00 10.83 4.57 0.13 2.53 0.00 1.47 0.01 0.00 0.52 0.40 0.01 0.56 0.43 0.01
6 7 61.70 0.26 23.27 0.72 0.00 8.27 5.62 0.17 2.74 0.01 1.22 0.03 0.00 0.39 0.48 0.01 0.44 0.55 0.01
16 8 63.39 0.21 23.50 0.22 0.00 6.31 5.94 0.43 2.79 0.01 1.22 0.01 0.00 0.30 0.51 0.02 0.36 0.61 0.03

Natural A 31 4 51.92 0.00 29.84 1.04 0.25 13.25 3.54 0.16 2.37 0.00 1.60 0.04 0.02 0.65 0.31 0.01 0.67 0.32 0.01
33 7 53.74 0.05 28.84 0.72 0.08 12.18 4.23 0.15 2.44 0.00 1.54 0.03 0.01 0.59 0.37 0.01 0.61 0.38 0.01
32 5 54.93 0.02 28.02 0.60 0.04 11.29 4.91 0.20 2.48 0.00 1.49 0.02 0.00 0.55 0.43 0.01 0.55 0.44 0.01

Natural B 27 5 52.85 0.05 29.23 0.87 0.15 12.56 4.16 0.13 2.40 0.00 1.57 0.03 0.01 0.61 0.37 0.01 0.62 0.37 0.01
28 3 59.70 0.39 22.76 2.54 0.63 8.56 4.87 0.54 2.69 0.01 1.21 0.10 0.04 0.41 0.43 0.03 0.47 0.49 0.04

FeO* indicates that all iron is recalculated as ferrous iron
aAn appropriate amount of glass has been subtracted from the plagioclase analyses (see text for details)
bErrors are not given for plagioclase analyses because the correction for glass contamination made it difficult to estimate quantitatively
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Phase relations

Liquidus constraints

All three initial melt compositions lack crystals at
1,250 �C but contain them at 1,200 �C, thus con-

straining their one-atmosphere liquidus temperature
between 1,200 and 1,250 �C (that of 816-4 is further
constrained to lie between 1,200 and 1,225 �C) (Ta-
ble 2). A silica phase (hereafter referred to as quartz)
is the liquidus phase in the most silicic sample 816-4,
with plagioclase and unidentified Mg-Fe-Ti oxides
crystallizing between 1,200 and 1,150 �C. Intermediate
sample 722-5 has plagioclase as the liquidus phase,
with quartz crystallizing by 1,150 �C, oxides by
1,100 �C, and orthopyroxene by 1,000 �C. In the most
mafic sample, 816-3, plagioclase is the liquidus
phase with quartz, oxides and orthopyroxene crystal-
lizing by 1,100 �C, and clinopyroxene appearing by
1,050 �C.

Glass compositions

The ranges in glass compositions produced from all
three synthetic starting materials are plotted
together in Fig. 3 as a function of temperature.
Potassium behaves incompatibly in all samples,
increasing in concentration as the temperature de-
creases and crystallinity increases. Conversely, calcium
displays compatible behavior, decreasing as a conse-
quence of plagioclase crystallization. Pyroxene crys-
tallization is best monitored by Mg abundance, which
increases in the melt until pyroxene forms and then
decreases.

In the most mafic sample 816-3, the silica content
in the glass increased from 67.3 to approximately
76.5 wt% SiO2 between 1,250 and 1,000 �C. In the
intermediate sample 722-5, silica increased only
3.0 wt%, beginning at 73.7 wt% SiO2 and again
ending at �76.5 wt% SiO2. Neither sample produced
glass more siliceous than this maximum. By contrast,
the most silicic sample, 816-4, started with an SiO2

content of 78.1 wt%, higher than this inferred ‘‘max-
imum.’’ As the temperature of this sample decreased
to 1,000 �C, the glass silica content decreased 2.2 to
�76 wt% SiO2 as a result of quartz crystallization,
indicating that the bulk composition of sample 816-4
is on the quartz side of the quartz-feldspar cotectic.
With decreasing temperature, melts in all three sam-
ples evolved to a final glass silica composition of
76±1 wt%, suggesting that this corresponds approxi-
mately to the silica content of the one-atmosphere
quartz-feldspar cotectic.

Plagioclase compositions

The compositions of plagioclase (corrected for glass
contamination as described above) formed over the
temperature range 1,000 to 1,200 �C are shown in Fig. 4.
Although plagioclase is present at 1,200 �C in the
intermediate and most mafic samples 722-5 and 816-3,
individual crystals in the intermediate sample were too
small and too scarce to analyze. All plagioclase crystals

Fig. 1 Glass compositions from sample 816-4 at 1,050�C for run
durations of 3.4, 8.6, and 17.2 days. The data are compiled in
Table 3. One standard deviation error bars are shown for each
point. Note the very compressed wt% SiO2 scale and the resulting
large error bars

Fig. 2 Calculated crystallinity of sample 816-4 at 1,050�C as a
function of experimental duration. As the duration of the
experiment increases, the crystal content reaches a plateau,
indicating an approach to equilibrium in experiments lasting at
least 3.5 days
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plot along the An-Ab plagioclase join, with orthoclase
components generally accounting for less than 1 mol%.
The small Or component is anticipated as the solubility

of potassium in plagioclase decreases with decreasing
pressure (Nelson and Montana 1992; Fuhrman and
Lindsley 1988).

Fig. 3 Harker diagrams
comparing glass compositions
for each sample over the range
of investigated temperatures.
Black symbols Sample 816-3;
gray symbols sample 722–5;
open symbols sample 816–4.
Note the vertical scale of the
MgO plot is half that of the
other plots. Temperatures are
given as a range of values, for
the actual temperature of each
run see Table 2. Error bars
represent the maximum one
standard deviation error of any
of the plotted points

Fig. 4 Compositions of
plagioclase grains in each
sample over a range of
temperatures plotted on
anorthite-albite-orthoclase
(An-Ab-Or) ternary diagrams.
Sample 816-3 (black symbols),
sample 722–5 (gray symbols),
sample 816–4 (open symbols).
None of the samples displayed
compositional zoning.
Temperatures are given as a
range of values, for the actual
temperature of each run see
Table 2. Error bars represent
the maximum one standard
deviation error for all the points
plotted on that diagram
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All samples show a similar strong dependence of
plagioclase composition on run temperature. The first
plagioclase crystals to form in each sample are calcium-
rich labradorites, and as the temperature decreases, the
amount of calcium available in the melt decreases and
plagioclase compositions shift toward sodium-rich
andesine (Fig. 4 and Table 4).

Melting experiments

Natural sample A has a bulk composition reasonably
similar to synthetic sample 816-3, and thus a compar-
ison of the temperature-phase composition relations of
these two sets of experiments provides a rough test of
reversibility and hence equilibrium. Glass compositions
vary significantly over the temperature interval inves-
tigated and those produced in the melting experiments
are very similar (within 2r error bars) to those in the
crystallization experiments at the same temperatures
(Fig. 5). The largest overall discrepancy between the
glasses produced in the two samples is in FeO, the
oxide that varies most between the two bulk compo-
sitions (Table 3). The close match of glass compositions
from melting and crystallization experiments indicates

Fig. 5 Harker diagrams comparing glass compositions in crystal-
lization experiments on sample 816-3 (filled symbols) and melting
experiments on natural sample A (open symbols). While the bulk
compositions of these two samples are similar (diamonds), they are
not exactly the same. Thus at any given temperature the two
samples are not expected to have exactly the same compositions.
The temperatures given in the first diagram apply to every plot.
Error bars represent one standard deviation. Where the vertical
error bars are not visible, they are smaller than the symbol
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that compositional equilibrium was closely approached
in both sets of experiments. The similarity of plagio-
clase compositions in the melting and crystallization
experiments further supports this interpretation
(Fig. 6). Also, we note that the phase assemblages
produced at each run temperature were the same in the
two types of experiments (compare 816-3 and natural
A in Table 2), despite their small differences in bulk
composition.

Discussion

Attainment of equilibrium

Low-pressure phase relations in synthetic silicic systems
are poorly defined because of the difficulty in reaching
equilibrium on laboratory time-scales in these viscous
melts (e.g., Schairer 1950). However, all previous studies
of such systems at one-atmosphere have focused on
simple, and refractory, two-, three-, or four-component
synthetic systems (e.g., Qz-Ab, Qz-Ab-Or), rather than
natural multi-component systems (Bowen 1913; Schairer
1950; Tuttle and Bowen 1958; Tsuchiyama and Takah-
ashi 1983; Johannes et al. 1994). The small amount of
network modifiers, such as magnesium and iron, present
in natural melts significantly reduces their viscosities,
increases diffusivities, and increases reaction rates
(Johannes et al. 1994; Baker 1995). For the melts of this
study, calculated viscosities (e.g., Shaw 1972) increase by
an order of magnitude when the Fe, Mg, and Ti are
numerically removed. As a result, in this study of natural
multi-component silicic melts, equilibrium was closely
approached on time scales ‡3.5 days, even for our most

silicic composition at relatively low temperature
(1,050 �C).

Significance of bulk composition

The samples examined in this study range in bulk SiO2

content from 67.2 to 78.1 wt%, yet they all have liquidus
temperatures between 1,200 and 1,250 �C. This is con-
sistent with dry liquidus temperatures of >1,200 �C
determined by Whitney (1975) at 200 MPa for various
compositions in the system Qz-Ab-Or-An. Liquidus
temperatures increase dramatically as H2O contents
decrease, although on most phase diagrams liquidus
curves are dashed as they approach one-atmosphere due
to lack of data at these conditions (e.g., Johannes and
Holtz 1996). Liquidus temperatures as high as those
documented here suggest that one-atmosphere anhy-
drous silicic liquidus temperatures are higher than pre-
viously estimated, in fact they are nearly equivalent to
the liquidus temperatures found in more mafic systems
(Grove et al. 1982). As suggested by Becker et al. (1998)
and Holtz et al. (2001), dry silicic liquidus temperatures
given in the literature (Huang and Wyllie 1975; Ebadi
and Johannes 1991) are probably underestimated be-
cause the quartz and feldspar starting materials contain
small amounts of water, which leads to the formation of
melt at lower temperatures.

The relative effects of temperature and silica content
on the crystallization temperature of each phase are
shown in Fig. 7, a summary of our results. We believe
that these samples can be reasonably linked in a diagram
of this type since they all erupted from the same volcanic
center and likely represent derivatives of one another.
Steeply dipping mineral-in boundaries in Fig. 7 indicate
strong compositional control, while shallow dipping
boundaries indicate that the temperature of phase
appearance is nearly independent of composition. Our
data do not constrain the slope of the plagioclase-in
curve very well, but we suggest a low angle, consistent
with data of Grove et al. (1982) showing that plagioclase
is on the one-atmosphere liquidus of more mafic com-
positions (e.g., 54.5 wt% SiO2) near 1,200 �C. The near-
horizontal orientation of the plagioclase phase boundary
suggests that its crystallization is more dependent on
temperature than the bulk silica content of the sample.
Oxides also appear little affected by bulk composition,
although their temperature of appearance decreases
slightly with decreasing bulk silica. This behavior may
reflect the nearly constant oxygen fugacity in the
experiments. In contrast, the appearance of quartz
shows a strong compositional control. Quartz is both
more abundant and crystallizes earlier in high-silica
melts than in melts with lower silica contents. The
appearance of orthopyroxene and clinopyroxene is
controlled by both temperature and bulk composition,
with a strong temperature control in more mafic com-
positions and an upper compositional limit at silica
contents of �75 wt%.

Fig. 6 Compositions of plagioclase crystals from crystallization
experiments on sample 816-3 (filled symbols) and melting experi-
ments on natural sample A (open symbols) plotted on an anorthite-
albite-orthoclase (An-Ab-Or) ternary diagram. Error bars represent
the maximum one standard deviation error. At each temperature,
the plagioclase crystals from crystallization and melting experi-
ments have the same compositions, within error
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Qz-Ab-Or diagram

The haplogranite system quartz-albite-orthoclase (Qz-
Ab-Or) provides a useful means of comparing silicic melt
compositions. Phase relations in the Qz-Ab-Or system
are well defined for pressures between 50 and 500 MPa
and water-saturated conditions (Tuttle and Bowen 1958;
Luth et al. 1964; Ebadi and Johannes 1991; Holtz et al.
1992a). At pressures below 500 MPa there are two pri-
mary phase volumes, quartz and feldspar, separated by a
curved cotectic (Fig. 8). The square on each cotectic is the
thermal minimum, and represents the final composition

of a crystallizing melt at any given pressure. There are no
reliable experimental data on the Qz-Ab-Or ternary at
pressures below 50 MPa because of difficulties in reach-

Fig. 7 Summary phase diagram of temperature versus bulk silica
content in each sample. Due to their similar bulk compositions,
results for sample 816-3 and natural A were combined. The
plagioclase box for sample 722-5 at 1,200�C is shaded gray because
this sample contains only a few, very small plagioclase crystals, and
is therefore very close to the plagioclase-in temperature. The
plagioclase-in curve was drawn near horizontal based on the
plagioclase-in temperatures found by Grove et al. (1982) for more
mafic compositions

Fig. 8 Projection of glass compositions in experimental runs into
the Qz-Ab-Or system using the projection scheme of Blundy and
Cashman (2001). Sample 816-3 (black symbols), sample 722–5 (gray
symbols), sample 816-4 (open symbols). The correction does not
account for the effect of normative corundum. Due to corundum
>1%, all 816-4 samples should move down slightly (�3 wt% away
from Qz apex) and the 816-3 sample at 1,100�C with quartz should
move down �4 wt%. Correcting for normative corundum will
bring these samples more in-line with the other experiments.
Previous estimates of the 300, 200, 100, 50, and 0.1 MPa (1 atm)
water-saturated quartz-feldspar cotectics and minima (squares) are
shown. Data from Tuttle and Bowen (1958), Luth et al. (1964),
Ebadi and Johannes (1991)

c
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ing equilibrium (Schairer 1950), therefore the one-
atmosphere (0.1 MPa) cotectic is dashed in Fig. 8,
approximated by Blundy and Cashman (2001) from the
experiments of Schairer (1950). During isobaric cooling,
melts evolve toward the appropriate pressure cotectic,
and then down the cotectic toward the thermal minimum.

Glass compositions from the multi-component silicic
samples used in these experiments were projected into
the Qz-Ab-Or system using the empirical projection
scheme of Blundy and Cashman (2001) (Fig. 8), which
corrects for small amounts (<20%) of normative an-
orthite. In their Fig. 3 these authors showed that this
projection scheme shifts the positions of experimental
melts like ours, saturated in quartz and plagioclase, to
new positions in the Qz-Ab-Or diagram on or near the
appropriate quartz-feldspar cotectics for the pressure of
the experiments. For each point in Fig. 8, the plotted
components, Qz, Ab, and Or, account for a substantial
majority (average of �82%) of the normative descrip-
tion of the melt. While this projection does correct for
normative anorthite, it does not account for the effect of
normative corundum, which is greater than 1% in
sample 816-3 at 1,100 �C (2.9%) and all glasses from
sample 816-4 (1.8–3.1%). Excess alumina shifts points
toward more Qz-rich compositions (Holtz et al. 1992c;
Johannes and Holtz 1996), thus a correction for the
normative corundum in these samples would reduce Qz
by �2 wt% for melts with �2.5 wt% normative
corundum (Blundy and Cashman 2001), bringing these
samples more in-line with the others.

Samples 816-3 and 722-5 have initial melt (bulk)
compositions well within the feldspar stability field in
the Qz-Ab-Or diagram (Fig. 8). Thus, plagioclase is the
first phase to crystallize in these samples. As plagioclase
crystallizes, it drives the composition of the melt away
from albite toward the quartz-feldspar cotectic and more
silicic compositions. By 1,100 �C these samples have
begun crystallizing quartz and their glass compositions
have theoretically reached the one-atmosphere quartz-
feldspar cotectic. Co-crystallization of plagioclase and
quartz then drives the glass compositions along the
quartz-feldspar cotectic to the right, toward the thermal
minimum.

The bulk initial melt composition of sample 816-4
also plots within the feldspar stability field based on the
one-atmosphere cotectic estimated by Blundy and
Cashman (2001) (Fig. 8). However, the first phase to
crystallize in this sample is quartz (by 1,200 �C) which
drives the composition of the melt to less silicic com-
positions and by 1,140 �C plagioclase begins crystalliz-
ing. The difference in glass compositions between the
1,200 and 1,140 �C runs is very small, suggesting that the
bulk composition of this sample lies very close to the
true quartz-feldspar one-atmosphere cotectic.

In all samples at 1,000–1,100 �C, quartz and plagio-
clase display intergrowth textures suggestive of cotectic
crystallization (e.g. Fig. 9). However, the normative
quartz contents in each of these melts fall significantly
short of the one-atmosphere cotectic previously esti-

mated by Blundy and Cashman (2001), who noted the
large uncertainty in the data of Schairer (1950), upon
which their placement of the cotectic was based.
Accordingly, we have revised the estimated location of
this phase boundary, moving it away from quartz to a
position consistent with our experimental observations
(Fig. 10). We stress that our low temperature run
products do not contain alkali feldspar and thus we
cannot claim to have truly located the one-atmosphere
quartz-alkali feldspar cotectic in the Qz-Ab-Or diagram.
However, judging from the success of Blundy and
Cashman (2001) in projecting experimental quartz- and
plagioclase-saturated melts like ours onto the appro-
priate pressure cotectics in the Qz-Ab-Or system, we
believe that our revised one-atmosphere cotectic is
appropriately placed (Fig. 10). We also note that our
lower temperature glasses, which we use to define the
position of this cotectic, consist predominantly (83–
92 mol%) of normative Qz+Ab+Or and thus little
distortion is expected to result from this projection. Our
proposed location of the one-atmosphere cotectic also
seems in line with extrapolation of the higher-pressure
cotectics to one-atmosphere (Fig. 10).

The melt phase in all three of our bulk compositions
reaches the new one-atmosphere cotectic by 1,100 �C, in
agreement with the quartz and plagioclase co-crystalli-
zation textures observed in each sample at this, and
lower temperatures. Additionally, along the cotectic, all
three samples plot in the same general location within
error, and help to define the thermal gradient along the
cotectic as the minimum is approached (Fig. 10).

Fig. 9 BSE image of quartz-plagioclase co-crystallization texture in
sample 722-5 at 1,050�C. This texture is found in each sample
between 1,000 and 1,100�C, consistent with the temperature
interval over which these samples plot along the quartz-feldspar
cotectic in the Qz-Ab-Or system. This patchy texture is not merely
an experimental phenomenon, but is also found in volcanic
deposits where the magma stalled and crystallized at shallow
depths and in domes and spines (Cashman and Blundy 2000).
Examples of each phase are labeled. The black areas are holes or
blemishes in the surface of the sample

366



Significance of quartz crystallization

Groundmass quartz is found in silicic volcanic rocks
only when magma has stalled in the conduit or when it
ascends slowly (Hammer et al. 1999; Cashman and
Blundy 2000; Blundy and Cashman 2001). This suggests
that low-pressure quartz nucleation may be kinetically
inhibited, with nucleation requiring a lag time, probably
because of its highly polymerized structure. In decom-
pression experiments, melts that experienced high de-
grees of effective undercooling (�200 �C) were found to
suppress quartz formation in runs as long as 168 hours
(Hammer and Rutherford 2002). However, in the iso-
thermal one-atmosphere experiments of this study,
quartz crystallized at an undercooling of 200 �C in runs
of only 74 h (shortest duration examined at this degree
of undercooling), and at an undercooling of �100 �C in
runs as short as 24 h (the shortest duration examined in
this study). Therefore, rates of quartz nucleation and
growth appear to depend on the rate of decompression,
the degree of undercooling, the pressure, and the magma
cooling rate (the amount of time it has to equilibrate).
The absence of quartz in eruptive deposits suggests that
these magmas either cooled quickly, or they decom-
pressed rapidly and thus experienced a high degree of
undercooling. Alternatively, water in natural samples
may inhibit quartz nucleation by depolymerizing the
melt. In any case, the absence of quartz in natural
samples indicates that their magmas did not equilibrate
with surface conditions.

Summary and implications

The matrix glass in every experimental sample evolved
to 76±1 wt% SiO2, regardless of its initial bulk com-
position (Fig. 3). Similarly, the final melt (glass) com-
positions found in the 1986 eruption deposits of
Augustine Volcano fall within the narrow range of
silica contents (75.2 and 78.2 wt%), even though their
initial melt compositions (i.e. groundmasses) ranged
from 65.0 to 77.2 wt% SiO2 and their bulk composi-
tions ranged from 58.5 to 63.2 (Roman 2001). The
similar evolution of silica contents in glasses derived
from initially quite different bulk compositions suggests
that this is the approximate silica content of the one-
atmosphere cotectic. Regardless of the initial melt
compositions, crystallization of various phases in dif-
ferent proportions drives them toward similar final
compositions, where subsequent crystallization will
hold the composition of the melt steady. Therefore,
�76–77 wt% SiO2 may represent an upper limit to
attainable silica contents in magmas such as these.

Glasses with silica contents greater than �76–
77 wt% SiO2 are common in some eruptive deposits
(Cashman and Blundy 2000; Roman 2001; Blundy and
Cashman 2001; Hammer et al. 1999; Wolf and Ei-
chelberger 1997). Our experiments suggest that these
high silica glasses result from magmas that overshot
the quartz-feldspar cotectic during ascent. When mag-
ma is highly undercooled it will crystallize rapidly in
an effort to attain equilibrium. Due to kinetic delays
associated with nucleation and growth of quartz, rap-
idly undercooled magmas may continue to crystallize
only plagioclase, even after they reach the quartz-
feldspar cotectic. This would drive the glass composi-
tion past the quartz-feldspar cotectic into the quartz
stability field, resulting in higher silica contents than
expected at equilibrium. This interpretation is sup-
ported by new experimental data of Martel and
Schmidt (2003) who found that plagioclase crystallized
readily in their decompression experiments, but silica
contents reached 80 wt% prior to the onset of cristo-
balite crystallization. In summary, anomalously high
silica contents provide evidence of non-equilibrium
crystallization resulting from high degrees of effective
undercooling (250–300 �C, based on the high liquidus
temperatures of our experiments) created during
decompression and volatile exsolution, and kinetic
barriers to nucleation and growth of a silica phase.
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Fig. 10 Qz-Ab-Or projection of experimental samples 816–3, 722–
5, and 816–4 from 1,250 to 1,000�C (for the temperature of each
symbol see Fig. 10). Between 1,100 and 1,000�C these samples
define a new one-atmosphere quartz-feldspar cotectic, which is
further from the Qz-apex than previously estimated (Tuttle and
Bowen 1958). Isotherms along the cotectic are defined by the
clustering of experiments at each temperature
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