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Abstract. Experimental phase equilibria have been investigated on three medium-K silicic 
andesite (60-61 wt % SiO2) samples from Mount Pelhe at 2-4 kbar, 850-1040øC, under both 
vapor-saturated CO2-free and vapor-saturated CO2-bearing conditions. Most experiments 
were crystallization experiments using dry glasses prepared from the natural rocks. Both 
normal- and rapid quench experiments were performed. Two ranges of oxygen fugacity (fo2) 
were investigated: NNO (Ni-NiO buffer) to NNO + 1 and NNO + 2 to NNO + 3. At 2 kbar 
for moderately oxidizing conditions, plagioclase (pl) and magnetite (mt) are the liquidus 
phases, followed by low-Ca pyroxene (opx); these three phases coexist over a large 
temperature (T)-H20 range (875-950øC and 5-7 wt % H20 in melt). Amphibole (am) is stable 
under near vapor-saturated CO2-free conditions at 876øC. At 900øC, ilmenite (ilm) is found 
only in experiments less than or equal to NNO. Upon increasing pressure (P) under vapor- 
saturated CO2-free conditions, pl + mt is replaced by am + mt on the liquidus above 3.5 kbar. 
For highly oxidizing conditions, mt is the sole liquidus phase at 2 kbar, followed by pl and 
opx, except in the most H20-rich part of the diagram at 930øC, where opx is replaced by Ca- 
rich pyroxene (cpx) and am. Compositions of ferromagnesian phases systematically correlate 
with changingfo2 Experimental glasses range from andesitic through dacitic to rhyolitic, 
showing systematic compositional variations with pl + opx + mt fractionation (increase of 
SiO2 and K20, decrease of A1203, CaO, FeO t, and MgO). FeO*/MgO moderately increases 
with increasing SiO2. Forfo2 conditions typical of calk-alkaline magmatism (approximately 
NNO + 1), magnetite is either a liquidus or a near-liquidus phase in hydrous silicic andesite 
magmas, and this should stimulate reexamination for the mechanisms of generation of 
andesites by fractionation from basaltic parents. 

1. Introduction 

Arc magmatism, volumetrically second to ocean floor 
magmatism, is the key for understanding the formation of 
continents and matedhal recycling into the mantle. Andesites 
form an important fraction of arc igneous rocks, and much 
effort has been devoted to elucidate their petrogenesis. 
Andesites have been considered to represent primary magmas, 
generated by melting of either basalts from the subducting slab 
[Green and Ringwood, 1968; Kay, 1978; Defant and 
Drummond, 1990; Yogodzinski et al., 1994] or peridotite from 
the mantle wedge [e.g., Kushiro et al., 1972; Nicholls and 
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Ringwood, 1973; Mysen et al., 1974; Green, 1976]. A second 
group of models interprets andesites and the felsic igneous 
rocks of the calc-alkaline series as fractionation products of 
primitive, mantle-dedhved, basaltic magmas [e.g., Stern, 1979; 
Gill, 1981; Sisson and Grove, 1993a, b]. Magma mixing [e.g., 
Eichelberger, 1975] and assimilation are also known to play 
important roles in the genesis of andesites. 

A limited number of phase equilibrium studies on andesites 
have been performed under simultaneously controlled melt 
H20 content and fo2 [Egglet, 1972; Eggler and Burnham, 
1973; Maksimov et al., 1978; Ritchey and Eggler, 1978; 
Sekine et al. 1979; Baker and Eggler, 1987]. The influence of 
H20 on liquidus and solidus temperatures of andesitic magmas 
and on crystallization sequences and the conditions of 
amphibole stability have been determined up to 10 kbar and 
above. However, the compositions of coexisting minerals and 
melts have remained largely unknown, in part because most of 
these studies were performed before routine use of the electron 
microprobe and also because of iron loss and quenching 
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Table 1. Composition of Starting Materials 

1929 Dome (D29) P1 Fallout (P1R) P1 Surge (P1D) 

WR a Glassb WRa Glass b WRa Glass• 

SiO2 61.11 62.19 60.75 62.06 60.97 63.17 
TiO2 0.48 0.50 0.43 0.43 0.45 0.46 
Al203 17.74 17.49 17.48 17.63 17.47 17.76 
Fe•O3 3.10 - 2.11 - 1.97 - 
FeO 3.26 6.39 c 4.04 6.21 c 4.19 5.47 c 
MnO 0.18 0.14 0.17 0.14 0.18 0.13 
MgO 2.29 2.28 2.17 2.27 2.20 1.98 
CaO 6.24 6.35 6.16 6.50 6.15 6.27 
Na20 3.53 3.59 3.45 3.67 3.53 3.67 
K20 1.05 1.06 0.97 1.08 1.03 1.14 
H20 0.37 ND 1.68 ND 0.77 ND 
Total 99.35 100.00 99.41 100.00 98.91 100.00 

aWhole-rock analysis (wet chemical technique; FeO by titration). 
hAverage of electron microprobe analyses, recalculated to 100%. 
cTotal Fe as FeO. 

ND, not discernible 

problems [Sisson and Grove, 1993a]. These earlier studies 
were all carded out under relatively reducing conditions 
(Fayalite-Magnetite-Quartz <_ fo2 <_ NNO), now known to be 
inappropriate to the crystallization of typical island arc 
andesires (fo2 around NNO + 1 [see Gill, 1981]). There is 
clearly a need for additional experiments on andesites under 
carefully controlled fo2 conditions above NNO. 

In addition to being of fundamental petrological interest, 
andesites commonly erupt from island arc volcanoes, such as 
at Mount Pel•e (Martinique), one of the active volcanoes of 
the Lesser Antilles island arc. For understanding volcanic 
processes and better evaluating the potential associated 
hazards, knowledge of the preeruptive conditions of 
equilibration of andesitic magma bodies is a prerequisite. 
Conditions of magma storage, in particular, melt H20 contents, 
have a profound influence on eruptive style (e.g., explosive 
versus effusive). Studies of phase equilibria at low pressures, 
appropriate for the storage of the magmas in crustal reservoirs, 
constitute one of the best approaches for the determination of 
preeruptive conditions, as first demonstrated on the Mount St. 
Helens dacites [Rutherford et al., 1985; Rutherford and 
Devine, 1988]. 

In order (1) to provide new experimental data applicable to 
the petrogenesis of andesites and (2) to determine the 
preeruptive storage conditions of silicic andesite magmas 
(SiO2 - 60 wt %) tapped by eruptions of Mount Pel•e 
eruptions, an experimental phase equilibrium study has been 
performed on three Mount Pel•e andesires at pressure (P) < 4 
kbar. In this paper the effects of fo2 and melt H20 content on 
andesite phase relations are detailed, with emphasis placed on 
the stability of ferromagnesian phases and on compositional 
variations. The application of the experimental data to the 
recent Mount Pel•e eruptions forms the subject of C. Martel et 
al. (manuscript in preparation, 1999). 

2. Experimental and Analytical Methods 

2.1. Experimental Methods 

2.1.1. Starting materials and charges. The experiments 
were performed in parallel on three medium-K silicic andesite 
samples with nearly identical compositions (Table 1), typical 

of compositions erupted during the recent period of activity at 
Mount Pe16e [Fichaut et al., 1989; Smith and Roobol, 1990]. 
The selected samples, however, have different textural 
characteristics. One is a pumice from the 650 years B.P. 
Plinian fallout (P1 fallout), whereas the other two are lithic 
juvenile rocks from the P1 basal surge and the 1929-1932 
dome, respectively (the latter is subsequently referred to as the 
1929 dome). Modal proportions and phase compositions are 
fully detailed in the companion paper (C. Martel et al., 
manuscript in preparation, 1999). The three samples have the 
same phenocryst assemblage (plagioclase, orthopyroxene, 
magnetite, rare clinopyroxene, trace ilmenite, and resorbed 
amphibole) and modal proportions (-45 vol % phenocrysts on 
a vesicle-free basis). There are minor but detectable 
differences in the phenocryst compositions (C. Martel et al., 
manuscript in preparation, 1999). Plagioclase dm 
compositions range from An55 to An60 in the two P1 samples 
and from An50 to An55 in the 1929 dome sample. In the latter, 
orthopyroxenes tend to be more Mg-rich than in the P1 
samples, the result of near-surface oxidation that is also 
apparent in the whole rock FeO/Fe203 data (Table 1). 

Most experiments were crystallization experiments starting 
from glasses. However, during the initial stages of the study, 
melting experiments were also performed directly using 
andesite powders ground to <50 pm, run together with the 
crystallization experiments (Table 2). In spite of the relatively 
long run durations (typically 1-2 weeks at 850-900øC), we 
experienced difficulty in distinguishing between the newly 
formed phases and the residual, inherited crystals. When 
refractory phases such as plagioclase are involved, bulk 
equilibrium probably can not be attained in melting 
experiments of any reasonable durations. Consequently, 
crystallization experiments were preferred. The experimental 
strategy followed one established previously for phase 
equilibrium studies of felsic magmas [e.g., Pichavant, 1987; 
Holtz et al., 1992; Scaillet et al., 1995; Scaillet and Evans, 
1999]. Dry glasses were used as starting materials. In so doing, 
during the heating up period, melts are forced to cross a T-H20 
domain of high AT and intermediate H20 contents where 
crystal nucleation is promoted [e.g., Fenn, 1977]. Each rock 
was ground in an agate mortar to -50 !am, loaded in a Pt 
capsule, and then fused twice (with grinding in between) for 4 
hours at 1400øC and 1 atm. The glasses obtained were 
analyzed by electron microprobe and their compositions 
compared with the whole rock wet chemical data (Table 1). 
Relative differences (average values of 0.8% (SiO2), 1% 
(A1203, CaO), 2% (Na20), 5% (FeO t, MgO), and 6% (K20)) 
are within analytical errors. The electron microprobe analysis 
of Fe in both Pt capsules and glasses before and after fusion 
showed that Fe loss during fusion is negligible. The three 
glasses were ground to <20 p m. 

Charges consisted of the glass powder (-30 mg) plus water 
(distilled and deionized) and silver oxalate, as source of CO2. 
Both CO2-free and CO2-bearing experiments were carded out. 
All experiments were performed in presence of a fluid phase 
and are vapor-saturated. The vapor phase consists essentially 
of either pure H20 (experiments subsequently referred to as 
vapor-present CO2-free or more simply by CO2-free) or H20- 
CO2 fluid mixtures (experiments subsequently referred to as 
vapor-present and CO2-bearing or more simply by CO2- 
bearing). Initial fluid compositions (XH2Oin. = 
XH20/(XH20+XCO2) in moles) were 1 (CO2-free system), 0.9, 
0.8, and 0.7 (H20-CO2 mixtures). The fluid/silicate ratio (mass 
of fluid components/(mass of fluid components + glass 
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Table 2. Experimental Conditions and Results 

Charge XH2Oin. H20 aH20, 
in Glass, bars 

wt % 

log fOz, ANNO Resultsa 
bars 

•,R2 Fe 

Loss, b 
% 

D29/1 0.79 5.5c 

D29/2 I 6.9 1 
D29/3 0.89 6.5 0.94 
D29/4 0.81 6.15 0.88 
PIR/1 I 6.9 1 
P1R/2 0.90 6.45 0.94 
PIR/3 0.80 6.15 0.89 
P1D/1 I 6.9/7.3 1 
P1D/2 0.90 6.6 0.96 
PID/3 0.79 6.3 0.93 

D29/5 
P1D/4 

P1D/5 d 
P1D/6 d 

D29/6 
D29/7 
D29/8 
D29/9 
P1R/4 
P1R/5 
P1R/6 
P1R/7 
P1D/8 
P1D/9 
P1D/10 
P1Dql 

D29/10 
D29/11 
D29/12 
D29/13 
PIR/8 
PIR/9 
P1R/10 
P1R/11 
PID/12 
P1D/13 
PID/14 
P1D/15 

P1R/12 
P1R/13 
P1R/14 
P1R/15 

P 1 R/16 
P1R/17 
P1R/18 
PIR/19 

D29/14 
D29/15 
D29/16 
D29/17 
PIR/20 
PIR/21 
PIR/22 
PIR/23 
P1D/16 
P1D/18 
PID/19 

D29/18 
D29/19 
D29/20 
D29/21 
PIR/24 
PIR/27 
PID/20 
PID/21 

0.79 
O.82 

1 

o.88 

1 

o.89 
0.79 
0.69 
1 

o.9o 
0.77 
0.70 
1 

o.9o 
o.8o 
o.71 

1 
o.88 
o.8o 
o.71 
1 
o.91 
o.79 
0.70 
1 

o.9o 
o.8o 
0.70 

1 

o.89 
o.8o 
0.72 

1 
o.89 
o.8o 
0.72 

1 

o.9o 
0.79 
o.71 
1 

o.9o 
o.81 
0.70 
1 

0.79 
0.70 

1 

0.89 
o.8o 
0.72 
1 

o.71 
o.8o 
0.72 

5.5 c 
5.5c 

6.9 
6.1 

6.9 
6.2 
5.6 
5.5 
6.9 
6.3 
5.5 
5.4 
6.9 
6.1 
5.6 
5.5 

6.9 
6.2 
5.8 
5.1 
6.9 
6.2 
5.8 
5.7 
6.9 
6.2 
5.6 
5.5 

6.9 
6.1 
5.7 
5.3 

6.9 
6.45 
6.0 
5.6 

6.9 
6.4 
6.05 
5.5 
6.9 
6.4 
5.8 
5.4 
6.9 
5.6 
5.5 

6.9 
6.7 
6.3 
6.2 
6.9 
5.5 
6.3c 
6.0c 

Run X1, 2028 bars, 850øC, fH 2 = 1.0 bars, 235 hours 
0.82 - 11.0 + 1.8 g1(47), pl(40), opx(8), mt(5) 
Run X5, 2130 bars, 876øC, fti2 = 3.5 bars, 322 hours 

- 11.4 + 0.9 g1(59), p1(27), opx(5), mt(3), am(6) 
- 11.4 + 0.9 g1(54), p1(33), opx(7), cpx(3), mt(3) 
- 11.5 + 0.8 g1(44), p1(42), opx(11), mt(3) 
- 11.4 + 0.9 gl(60), p1(29), opx(7), mt(3), am(1) 
- 11.4 + 0.9 g1(53), p1(36), opx(9), mt(2) 
- 11.5 + 0.8 g1(45), p1(44), opx(8), cpx(1), mt(2) 
- 11.4 + 0.9 g1(57), p1(32), opx(7), cpx(1), mt(3) 
- 11.4 + 0.9 g1(54), p1(33), opx(6), cpx(4), mt(3) 
- 11.4 + 0.9 g1(46), pl(41), opx(10), mt(3) 

Run X2, 2150 bars, 902øC, fH 2 = 3.6 bars, 270 hours 
0.81 - 11.0 + 0.8 g1(55), p1(33), opx(9), mt(3) 
0.80 - 11.0 + 0.8 g1(48), pl(40), opx(9), mt(3) 
Run X17, 1980 bars, 900øC, fH 2 = 5.5c bars, 123 hours 
1 - 11.3 +0.6 g1(68), p1(23), opx(5), cpx(1), mt(3) 
0.89 - 11.4 + 0.5 g1(57), p1(32), opx(9), mt(2) 
Run X4, 2205 bars, 903øC, fH 2 = 5.9 bars, 302 hours 

1 - 11.2 + 0.6 g1(66), p1(22), opx(8), mt(3), ame 
0.90 - 11.3 + 0.5 g1(55), p1(33), opx(9), mt(3), ame 
0.81 - 11.4 + 0.4 g1(49), 
0.79 - 11.4 + 0.4 g1(45), 
1 - 11.2 + 0.6 g1(72), 
0.95 - 11.3 + 0.5 gl(61), 
0.83 - 11.4 + 0.4 g1(49), 
0.78 - 11.4 + 0.4 g1(46), 

p1(38), opx(10), mt(3), ame 
p1(42), opx(11), mt(2), ame 
p1(21), opx(7), mt(<l), ame 
p1(29), opx(6), cpx(2), rot(2), ame 
p1(39), opx(10), mt(2), ame 
p1(43), opx(10), mt(1) 

1 - 11.2 + 0.6 g1(68), pl(21), opx(7), mt(4) 
0.88c - 11.3 + 0.5 g1(57), p1(31), opx(9), mt(3), ame 
0.81 - 11.4 +0.4 g1(46), p1(41), opx(ll), mt(2), ame 
0.79 - 11.4 + 0.4 g1(46), p1(42), opx(10), mt(2), ame 
Run X3, 2112 bars, 902øC, fit2 = 9.8 bars, 327 hours 

I - 11.7 + 0.1 g1(65), p1(23), opx(9), mt(3), ame 
0.89 - 11.8 0.0 
0.84 - 11.9 - 0.1 
0.74c - 12.0 - 0.2 
1 - 11.7 + 0.1 gl(70), 
0.89 - 11.8 0.0 g1(57), 
0.83 - 11.9 - 0.1 g1(48), 
0.83 - 11.9 - 0.1 gl(40), 
1 - 11.7 + 0.1 g1(63), 
0.90 - 11.8 0.0 gl(51), 
0.80 - 11.9 - 0.1 g1(44), 

g1(55), p1(32), opx(11), mt(2), ilm(tr), ame 
g1(48), p1(38), opx(12), mt(2), ilm(tr), ame 
g1(35), p1(47), opx(17), mt(1), ame 

pl(20), opx(8), cpx(tr), mt(2), ame 
p1(34), opx(9), mt(tr), ame 
pl(41), opx(lO), mt(tr), ilm(tr) 
p1(48), opx(10), mt(2), ilm(tr) 
p1(26), opx(9), mt(2), ame 
p1(37), opx(10), mt(2), ilm(tr) 
p1(44), opx(11), mt(1), ilm(tr) 

1 - 10.4 
0.92 - 10.5 
0.87 - 10.6 
0.78 - 10.7 
1 - 10.4 
0.92 - 10.5 
0.83 - 10.6 
0.79 - 10.6 
0.88 - 10.6 
0.79 - 10.6 
0.77 - 10.7 

0.79 - 11.9 - 0.1 g1(38), p1(49), opx(12), mt(1) 
Run X10, 2265 bars, 930øC, fn 2 = 1.0 bars, 216 hours 

1 - 9.2 + 2.2 g1(87), pl(8), cpx(1), mt(2), am(2) 
0.91 - 9.2 + 2.1 g1(74), pl(20), opx(3), mt(3), ame 
0.85 - 9.3 + 2.1 g1(67), p1(26), opx(4), mt(3), ame 
0.78 - 9.4 + 2.0 g1(55), p1(37), opx(6), rot(2) 
Run X9, 2126 bars, 930øC, fH 2 = 3.0 bars, 238 hours 

1 - 10.1 + 1.2 g1(77), pl(15), opx(6), mt(1), ame 
0.90 - 10.2 + 1.1 g1(74), pl(18), opx(6), mt(2), ame 
0.84c - 10.3 + 1.1 g1(64), p1(29), opx(6), mt(1), ame 
0.77 - 10.4 + 1.0 g1(58), p1(35), opx(6), mt(1), ame 
Run X6, 2210 bars, 930øC, fH 2 = 4.4 bars, 256 hours 

+ 0.9 g1(67), pl(21), opx(8), mt(4), ame 
+ 0.8 g1(64), p1(24), opx(9), mt(3), ame 
+ 0.8 
+0.7 
+ 0.9 
+ 0.8 
+ 0.8 
+ 0.7 
+ 0.8 

g1(55), p1(34), opx(9), mt(2), ame 
gl(51), p1(37), opx(10), mt(2) 
g1(72), pl(18), opx(7), mt(3), ame 
g1(68), p1(22), opx(8), mt(2), ame 
gl(61), p1(29), opx(8), mt(2), ame 
g1(55), p1(34), opx(9), mt(2), ame 
g1(63), p1(25), opx(9), mt(3), ame 

+ 0.7 g1(54), p1(35), opx(9), rot(2), ame 
+ 0.7 g1(48), pl(40), opx(11), mt(2), ame 

Run X7, 2117 bars, 950øC, fit2 = 0.9 bars, 184 hours 
- 8.7 + 2.3 g1(94), pl(1), mt(5), ame 

0.96 - 8.8 + 2.2 
0.90 - 8.8 + 2.2 
0.88 - 8.9 + 2.2 
1 - 8.7 +2.3 
0.77 - 9.0 + 2.0 
0.91 - 8.8 + 2.2 
0.87 - 8.9 + 2.2 

0.43 

0.23 
0.07 
0.15 
0.36 
0.12 
0.07 
0.20 
0.10 
0.15 

1.03 
0.38 

0.04 
0.21 

0.45 
0.26 
0.10 
0.18 
0.60 
0.39 
0.21 
0.17 
0.48 
0.63 
0.23 
0.37 

0.79 
0.28 
0.08 
0.17 
0.44 
0.17 
0.25 
0.10 
0.76 
0.43 
0.19 
0.11 

0.21 
0.52 
0.40 
0.27 

1.93 
0.76 
0.27 
0.17 

0.84 
0.62 
0.30 
0.29 
0.98 
0.41 
0.14 
0.76 
0.37 
0.17 
0.30 

<1 

<1 
<1 
<1 
<1 
<1 
<1 
<1 
<1 

<1 

<1 
<1 

<1 
<1 

<1 
<1 
<1 
<1 
+1 
<1 
<1 
<1 
<1 
<1 
<1 
-1 

<1 
<1 
<1 
+1 
- 1 
<1 
<1 
<1 
-1 
<1 
<1 
<1 

<1 
<1 
<1 
<1 

<1 
<1 
<1 
<1 

<1 
<1 
<1 
<1 
<1 
<1 
<1 
<1 
<1 
<1 
<1 

3.96 + 1 
g1(75), pl(16), opx(6), mt(3), ame 0.21 < 1 
g1(66), p1(24), opx(7), mt(3), ame 0.63 < 1 
gl(60), pl(30), opx(7), mt(3), ame 0.12 < 1 
g1(95), pl(1), mt(4), ame 2.75 < 1 
g1(63), p1(29), opx(6), mt(2), ame 0.15 < 1 
g1(62), p1(28), opx(7), mt(3), ame 1.03 < 1 
g1(59), pl(31), opx(5), cpx(3), mt(2), ame 0.57 < 1 
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Table 2. (continued) 
Charge XH2Oin. H20 

in Glass, 
wt % 

aH20, log fo2, ANNO Resultsa ER2 Fe 
bars bars Loss? 

% 

P1D/22d 1 6.9/6.2 
P1D/23 d 0.86 5.9 
P1D/24d 0.80 5.8 
P1D/25d 0.74 5.5 

D29/22 1 6.9 
D29/23 0.89 6.7 
D29/24 0.80 6.3 
P1D/26 1 6.9 
P1D/27 0.89 6.6c 
P1D/28 0.79 6.3c 
P1D/29 0.71 5.3c 

P1D/30 1 6.9 
P1D/31 0.89 5.4 
P1 D/32 0.80 4.0 

P1D/33d 1 7.6 
P1D/34d 0.88 5.8 

P1D/35 1 10.8 
P1D/36 0.89 10.5 
P1D/37 0.80 8.9 
P1D/38 0.72 6.7 

Run X15, 2126 bars, 951øC, fH 2 = 4.3 c bars, 48 hours 
1 - 10.1 + 0.9 g1(95), pl(4), mt(1) 0.15 < 1 
0.85 - 10.2 + 0.8 gl(81), pl(14), opx(4), rot(l) 0.04 < 1 
0.83 - 10.3 + 0.7 g1(76), pl(18), opx(5), rot(l) 0.03 < 1 
0.80 - 10.3 + 0.7 g1(68), p1(25), opx(6), rot(l) 0.05 < 1 
Run X8, 2102 bars, 1003øC, f•,r 2 = 0.5 bars, 140 hours 

1 - 7.3 + 2.9 g1(95), mt(5), ame 3.75 + 1 
0.97 - 7.4 + 2.8 g1(94), pl(2), mt(4), ame 3.63 + 1 
0.93c - 7.4 + 2.8 g1(83), pl(12), mt(5), ame 4.65 + 1 
1 - 7.3 + 2.9 g1(95), mt(5), ame 4.17 + 1 
0.95 - 7.4 + 2.8 g1(93), pl(3), mt(4), ame 3.04 + 1 
0.93 - 7.4 + 2.8 g1(83), pl(12), mt(5), ame 5.71 + 1 
0.77 - 7.6 + 2.6 gl(61), p1(28), opx(7), mt(4), ame 1.00 < 1 
Run X12, 2170 bars, 1041øC, fH 2 = 0.4 bars, 53 hours 

1 - 6.4 + 3.2 gl(100), mt(tr), ame 0.27 < 1 
0.78 - 6.7 + 3.0 g1(99), mt(1), ame 0.50 + 1 
0.53 - 7.0 + 2.6 gl(100), mt(tr), ame 0.25 + 1 
Run X16, 3125 bars, 925øC, fH 2 = 6.8 c bars, 71 hours 

1 - 10.6 + 0.8 g1(76), pl(18), opx(6), mt(tr) 0.07 < 1 
0.77 - 10.8 + 0.6 g1(55), p1(34), opx(11), mt(tr), ilm(tr) 0.04 < 1 
Run X11, 4160 bars, 925øC, fH 2 = 9.8 bars, 170 hours 

1 - 10.6 + 0.8 g1(82), mt(2), am(16), ame 1.26 < 1 
0.97 - 10.6 + 0.8 g1(69), pl(19), opx(9), mt(3), ame 2.01 < 1 
0.82 - 10.8 + 0.6 g1(63), p1(26), opx(10), mt(1), ame 1.03 < 1 
0.61 - 11.0 +0.4 gl(60), p1(29), opx(ll), mt(tr), ilm(tr), ame 0.33 < 1 

XH2Oin., initial H20 / (H20 + CO2) in the charge; H20 in glass by difference (see text); second number by Karl-Fischer titration; 
all20 calculated from H20 in glass using the model of Burnham [1979] (see also text); log fo2 calculated from experimental fH2 (see 
text) and calculated fH20 (obtained from aH20); ANNO = log fo2 - log fo2 of the NNO buffer calculated at P and T [Chou, 1987]; gl, 
glass; pl, plagioclase; opx, low-Ca pyroxene; cpx, high-Ca pyroxene; rot, magnetite; ilm, ilmenite; am, amphibole; tr, trace. 

a Phase proportions in weight percent are given in parentheses, calculated by mass balance (see text). 
b Apparent loss or gain of FeO calculated as (FeOca•c - FeOstarting sample) / FeOstarting sample. 
c Estimated from the other experiments (see text). 
d Rapid-quench experiment. 
e quench phase. 

powder)) was kept constant, around 10 wt %, to avoid 
significant changes of the silicate composition by incongruent 
dissolution in the fluid phase [Holtz et al., 1992]. Because of 
the small fluid/silicate ratios and the initially dry starting 
glasses, the equilibrium fluid phase composition differs from 
XH2Oin., reflecting the markedly different solubilities of H20 
and CO2 in silicic liquids at low pressures [see Holtz et al., 
1992, Figure 1]. For most runs, Au capsules were used as 
•ontainers (25 mm long, 2.5 mm ID, 2.9 mm OD). Ag70Pd30 
capsules were also used, both in the 1040øC run (Table 2) and 
in duplicate experiments performed to test for Fe loss. The Au 
capsules were sealed by arc welding and the AgPd capsules 
were sealed with a small torch. They were checked for leaks by 
immersion in an oil bath at 120øC and weighed. Runs were 
performed with up to 12 capsules (four charges with different 
XH2Oin. for each of the three starting samples) kept together 
under the same P-T-hydrogen fugacity (fH2) conditions and 
durations (Table 2). 

2.1.2. Equipment and run procedure. All experiments 
were performed in an internally heated pressure vessel (IHPV) 
working vertically. Ar-H2 mixtures were used as pressurizing 
media in all experiments except for the most oxidized (ANNO 
> 2), where pure Ar was used. Total pressure was continuously 
recorded by a transducer calibrated against a Heise Bourdon 
tube gauge (uncertainty +40 bars, including daily fluctuations). 
For temperatures below 950øC, a double winding Khantal 
furnace was used, allowing a quasi-isothermal hot spot 8 cm 
long [Roux and Lefevre, 1992]. Above 950øC another furnace 
setup [Roux et al., 1994] was used. Temperatures were 
measured by two to four sheathed chromel-alumel 
thermocouples (depending on the furnace setup) and recorded 

continuously. Thermal gradients were mostly within 2øC (up to 
8øC for the experiment performed at 1040øC). Typical 
uncertainties on temperature are +5øC. 

Oxygen fugacity is related to hydrogen fugacity and H20 
fugacity Or}•2o) through the H20 dissociation reaction. In our 
experiments, f}•2 is imposed (at given P and T) and is a 
function of the proportion of H2 initially loaded into the vessel 
[Egglet, 1972; Egglet and Burnham, 1973; Scaillet et al., 
1992, 1995]. For T < 930øC, f,2 was measured directly and 
continuously by a Shaw-type semipermeable H2 membrane 
located in the hot spot of the furnace [Scaillet et al., 1992]. 
Uncertainties on H2 pressure measurements are +0.5 bar, 
corresponding to uncertainties on log fo2 of +0.05-0.15 for the 
f,2 range in Table 2. For T > 930øC, Ni-Pd-O sensors were 
used to determine f,2 [Taylor et al., 1992]. From other studies 
performed in this laboratory [Scaillet and Evans, 1999], f}•2 
measurements with the H2 membrane and the Ni-Pd-O sensors 
agree within 2% for f,2 in the 1-5 bar range. For three runs 
(Table 2), f}•2 was not measured but was estimated from the 
initial H2 loaded into the vessel and from the f-2 measurements 
in other experiments at the same P and T. 

Experimental durations varied between 2 and 14 days, 
decreasing generally with increasing temperature (Table 2). 
Runs were normally stopped by switching off the power, 
inducing an averaged temperature drop of 100øC/min. Three 
experiments were performed with a rapid quench device 
modified after Roux and Lefevre [1992]. A thin alumina tube 
holding the capsules was hung in the furnace hot spot by two 
Khantal wires (0.2 mm diameter). At the end of the experiment 
the Khantal wires were fused electrically, allowing the sample 
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holder to fall instantaneously into the cold pan (---50øC) of the 
vessel (temperature drop of-100øC/s) under quasi-isobaric 
conditions. After the experiment each capsule was weighed to 
check for leaks and then opened. For each charge a clast of run 
product was embedded in an epoxy resin, polished, then 
studied by scanning electron microscopy (SEM), and analyzed 
by electron microprobe. 

2.2. Analytical Methods 

2.2.1. Major elements. The electron microprobe analyses 
were performed with either a Cameca Camebax or a Cameca 
SX 50 (Services Communs BRGM-CNRS-Universit6, 
Orldans), under an acceleration voltage of 15 kV and a 
counting time of 10 s. Silicate minerals were used as 
standards. Sample currents of either 6 or 12 nA and beam sizes 
of 1-2 tam were employed for mineral phases and 6 nA and 
either 10 or 5 tam for glasses. In the latter, the measured alkali 
concentrations were corrected using secondary standards [e.g., 
Pichavant, 1987], which were three bubble-free hydrous 
rhyolitic glasses, nearly identical in composition to the 
experimental glass samples, containing 2.0, 4.6, and 6.3 wt % 
H20. They were synthesized by hydration, at 1300øC, 4 kbar 
for 3 days of matrix glass fragments separated from a pumice 
sample of the P1 eruption from Mount Pe16e, then analyzed for 
H20 by Karl-Fischer titration [Behrens et al., 1996] and for the 
alkalies by wet chemical techniques. Correction factors varied 
from 0.95 to 1.2 for Na20 and from 0.95 to 1.1 for K20, 
depending on the glass H20 content. For the different oxides 
analyzed, the analytical errors are 1% (SiO2, A1203, CaO), 3% 
(FeO, MgO, TiO2), and 5% (MnO, Na20, K20). Mass balance 
calculations [Albarbde, 1995] were performed on all major 
oxides except MnO and H20 to estimate the proportions of 
phases coexisting in a given charge and to evaluate the extent 
of Fe loss. 

2.2.2. H20. The H20 content of the experimental glasses 
was systematically measured since it could not be estimated 
from the composition of the fluid phase [e.g., Eggler and 
Burnham, 1973], which is unknown. Because most charges 
contain a significant proportion of crystals homogeneously 
distributed in the glass (Table 2), infrared spectroscopy could 
not be used as a routine method for H20 analysis. The glass 
H20 contents were thus measured using the "by-difference" 
method [Devine et al., 1995]. The difference from 100% of 
electron microprobe analyses (after correction of the alkalies) 
was calibrated against the dissolved glass H20 content by 
using the three hydrous glasses described above as standards, 
analyzed together with the experimental glasses during each 
microprobe session. 

Despite the use of the secondary standard glasses, H20 
contents measured with our by-difference method were 
anomalously too high (by several weight percent) in a number 
of glasses (but not all) from the 2 kbar experiments. This 
problem was not encountered in the rapid quench experiments 
and is therefore not of analytical nature. In the normal-quench 
experiments, quenching is not isobaric and glasses could either 
microvesiculate or hydrate locally (since a fluid phase is 
always present), while temperature drops, leading in both cases 
to higher apparent H20 concentrations. Therefore the 
anomalously high H20 contents found in all the 2 kbar normal- 
quench experiments were corrected against the data for the 
rapid quench experiments. H20 contents of glasses from the 
900 and 951 øC, 2 kbar, CO2-free rapid quench experiments are 
identical (6.9 wt %, Table 2) and this value was taken as the 

H20 content for all the -2 kbar CO2-free experiments (Table 
2). Analysis by Karl-Fischer titration of the 95 IøC, 2 kbar, 
CO2-free rapid quench charge and of one 876øC, 2 kbar, CO2- 
free charge (Table 2) yielded 6.2 + 0.2 and 7.3 + 0.2 wt % 
H20, respectively. For the CO2-bearing experiments the 
corrections were performed by using the dependence between 
XH2Oin. and glass H20 content established from the rapid 
quench experiments. Uncertainties of our glass H20 content 
determinations are +0.5%. 

2.2.3. Calculations of fo2. For each charge the H20 
dissociation reaction was used to compute fo2 from 
experimental fH2 and calculated fH20 [Scaillet et al., 1995]. fH2o 
was obtained from the H20 activity (aH20), which was 
calculated from the glass H20 contents using a thermodynamic 
model [Burnham, 1979]. Because our CO2-free rapid quench 
experiments yield analyzed glass H20 contents slightly higher 
than the thermodynamic model used (e.g., 6.9 wt % H20 at 
951øC, 2.12 kbar (Table 2) versus 6.0 wt % H20 for the 
model), a•42o values from the model were normalized so as to 
give unity for glass H20 contents corresponding to our CO2- 
free rapid quench experiments. This procedure maintains the 
internal consistency of our H20 concentration data, avoids 
handling values of aH2o > 1 (Table 2), and affects the fo2 
calculations by < 0.1 log unit. Overall uncertainties on 
individual log fo2 determinations are +0.25 log units. For a 
given experiment (constant P-T-fH2), the average variation of 
fo2 between charges with different XH2Oin. (and consequently 
aH2o) is 0.3 log unit, the maximum being 0.6 log unit (run X 12, 
Table 2). For comparison, compositions of three pairs of 
coexisting magnetites and ilmenites in run X3 (2.1 kbar, 902 + 
5øC, Tables 2 and 3) yield ANNO/T(øC) values of-0.3/849, - 
0.6/875, and -0.2/934 using the solid solution model for Fe-Ti 
oxides of Ghiorso and Sack [ 1991] and -1.2/858, -0.4/809 and 
-0.1/840 using the model of Andersen et al. [1993], whereas 
experimental ANNO values are 0.0, 0.0, and -0.1, respectively 
(Table 2). 

3. Experimental Results 

Since the objectives of the study are to provide 
experimental information on the phase equilibria of silicic 
andesite magmas under relatively oxidizing conditions and at 
low pressures, most of the experiments were performed at -2 
kbar, with a few additional ones at 3 and 4 kbar (Table 2). T 
was varied between 850 and 1040øC to cover most of the 

crystallization interval of the magmas. Two ranges of fo2 were 
investigated (Figure 1): NNO to NNO + 1 (subsequently 
termed "moderately oxidizing" or "low" fo2) and NNO + 2 to 
NNO + 3 (subsequently termed "highly oxidizing" or "high" 
fo2), so that the effect of varying fo2 above the NNO buffer 
(calculated at the pressure of interest from Chou [1987]) can 
be determined. Although H20 contents were varied from CO2- 
free to CO2-bearing conditions, it was not considered relevant 
to study nearly dry conditions since andesitic magmas from 
island arcs are known to be distinctly H20-rich. At ---2 kbar the 
investigated melt H20 contents range from -4 to --7 wt % H20. 
Experimental conditions and results are detailed in Table 2. 

3.1. Run Products and Attainment of Equilibrium 

Run products consisted of fluid, glass, and mineral phases. 
Plagioclase, low-Ca pyroxene, and magnetite were found 
systematically in most experiments, whereas Ca-rich pyroxene, 
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Table 3. Selected Experimental Compositions 
Charge Phase SiO2 TiO2 m1203 FeO MnO MgO CaO Na:O K20 Total Mole 

Percent 

D29/1 ß gl(4) b 78.13(32) c 
pl(1) 53.65 
opx(3) 54.23(70) 
rot(l) 156 

D29/2 gl(4) 72.66(72) 
pl(2) 52.54(77) 
opx(2) 53.22(10) 
rot(2) 0,24(5) 
am(6) 47.08(91) 

P1D/1 gl(2) 71.45(36) 
pl(2) 54.48(46) 
opx(4) 52.60(25) 
cpx(4) 51.11 (6) 
rot(3) 0.17(1) 

D29/3 gl(4) 73.31(12) 
pl(1) 52.38 
opx(4) 51.77(22) 
cpx(1) 51.2 
mt(2) 0.28(12) 

P1R/2 gl(4) 73.67(49) 
pl(1) 54.05 
opx(3) 52.42(36) 
rot(l) 0.25 

D29/4 gl(1) 74.41 
pl(2) 55.63(92) 
opx(2) 51.66(11) 
rot(l) 0.22 

P1D/4 gl(4) 73.06(21) 
pl(2) 55.24(34) 
opx(1 51.83(77) 
mt(2) 1.90(4) 

P1D/5 a gl(2) 69.69(8) 
plO) 50.71(27) 
opx(3) 52.03(38) 
cpx(2) 51.03(18) 
rot(5) 0.31(8) 

P1D/6 a gl(7) 71.57(35) 
pl(1) 53.27 
opx(6) 51.42(26) 
mt(2) 051(9) 

D29/6 gl(4) 71.75(54) 
pl(1) 48.3 
opx(2) 52.28(9) 
rot(l) 0.33 

P1R/5 gl(2) 72.23(6) 
pl(1) 52.42 
opx(2) 52.30(32) 
cpx(1) 52.41 
rot(2) 0.36(13) 

D29/7 gl(1) 71.71 
pl(2) 54.66(43) 
opx(2) 52.42(33) 
rot(2) 0.89(14) 

D29/9 gl(4) 73.59(49) 
pl(1) 56.25 
opx(4) 50.97(15) 
rot(2) 0.29(3) 

P1D/11 gl(2) 72.95(53) 
pl(2) 55.71(29) 
opx(1) 50.77 
rot(l) 0.27 

Run XI: 2028 bars, 850øC, f,2 =1 bar, zlNNO = +1.8, 235 hours 
0.30(6) 12.21(8) 1.35(15) 0.10(8) 0.41(3) 2.09(12) 2.90(6) 
0.09 28.78 0.87 0.00 0.05 12.39 4.28 

0.13(5) 1.72(29) 16.95(27) 158(8) 24.14(10) 1.43(13) 0.04(3) 
3.96 2.35 83.28 0.69 1.84 0.37 0.12 

Run X5, 2130 bars, 876øC, f,2=3.5 bars, zlNNO = +0.8/+0.9, 322 hours 

252(17) 
0.19 

0.,05(4) 
0.00 

92.35 

100.32 
100.24 

94.18 

An610rl 

En68Wo3 

Mt89 

0.32(6) 15.03(27) 2.36(41) 0.20(8) 0.32(12) 357(22) 3.60(21) 1.93(5) 89.60 
0.02(0) 28.95(17) 0.96(13) 0.04(4) 0.19(12) 13.08(18) 3.40(12) 0.23(2 ) 99.43 An67Orl 
0.16(5) 153(30) 20.78(2) 1.07(9) 21.93(35) 1.66(34) 0.09(3) 0.04(0) 100.48 En62Wo3 
7.03(13) 2.92(5) 81.72(1) 0.51(3) 1 57(13) 0.11(2) 0.01(1) 0.02(0) 94.12 Ut79 
1.31(14) 9.24(30) 13.90(72) 0.45(5) 13.22(49) 10.13(25) 1.75(16) 0.22(6) 97.31 
0.42(8) 14.81(1) 3.46(8) 0.09(9) 0.64(21) 3.81(3) 3.76(5) 156(3) 90.64 
0.03(1) 27.87(56) 0.90(10) 0.13(3) 0.07(1) 12.35(25) 353(3) 0.19(5) 9956 An65Orl 
0.20(3) 1.71(13) 20.66(62) 1.04(10) 21.58(27) 1.87(22) 0.03(1) 0.01(1) 99.68 En61Wo4 
0.43(11) 3.00(40) 11.67(30) 0.74(8) 13.63(27) 18.99(48) 0.35(10) 0.03(1) 99.69 En40Wo40 
7.64(8) 2.89(9) 81.61(14) 058(3) 1.62(3) 0.11(2) 0.00(0) 0.02(2) 94.64 Mt78 
0.36(6) 14.08(11) 2.68(10) 0.17(8) 058(6) 3.11(14) 353(9) 2.18(9) 90.62 
0.02 28.34 1.05 0.00 0.12 11.52 4.32 2.18 97.95 An59Orl 
0.19(4) 1.64(7) 22.66(25) 0.97(8) 20.39(32) 1.60(15) 0.03(3) 0.00(0) 99.26 En59Wo3 
0.41 2.49 13.67 0.87 13.37 17.25 0.44 0.05 99.76 En39Wo36 
9.06(23) 2.72(3) 78.41(49) 0.61(10) 1.29(7) 0.20(5) 0.03(3) 0.00(0) 92.61 mt73 
0.32(4) 14.47(30) 2.41(13) 0.04(4) 0.28(6) 2.93(13) 357(24) 2.30(6) 89.97 
0.08 27.25 1.34 0.04 0.08 11.72 4.39 0.29 99.25 An57Or2 
0.21(2) 1.80(29) 23.10(48) 0.84(9) 20.55(9) 1.81(33) 0.05(2) 0.01(1) 100.79 En58Wo4 
8.48 2.77 77.31 0.34 1.29 0.08 0.07 0.02 9059 Mt74 
0.36 13.32 255 0.13 0.34 2.39 4.09 2.42 92.31 
0.12(6) 26.72(93) 1.11(21) 0.05(5) 0.11(0) 10.89(66) 4.55(12) 0.24(2) 99.43 An56Or1 
0.23(3) 1.15(1) 24.82(40) 1.26(15) 18.96(29) 2.17(11) 0.05(5) 0.01(1) 100.31 En54Wo4 
10.39 2.36 76.25 057 1.44 0.14 0.00 0.04 91.41 Mt69 

2.14(11) 
0.26(6) 
0.01(1) 
0.07(2) 

Run X2, 2150 bars, 902øC, f,2 
0.36(4) 14.22(13) 3.30(26) 
0.04(4) 26.70(18) 0.69(13) 
0.16(8) 1.5(88) 23.92(54) 
8.96(19) 4.18(5) 72.68(16) 

Run X17, 1980 bars, 900øC, fH2 = 

92.28 

9853 

99.03 

90.42 

0.37(1) 15.19(3) 3.74(1) 
0.02(1) 30.00(13) 1.08(24) 
0.18(4) 2.05(37) 20.36(44) 
0.38(1) 256(31) 11.87(36) 
6.66(14) 3.08(8) 80.14(58) 
0.37(4) 14.52(30) 353(20) 
0.00 28.98 0.87 

0.19(3) 1.65(29) 21.83(69) 
7.98(8) 2.73(1) 80.53(42) 

Run X4, 2205 bars, 903øC, fH2 = 
0.45(4) 15.14(65) 3.02(50) 
0.00 31.38 0.68 

0.16(1) 257(35) 18.83(37) 
7.46 4.05 79.16 

0.43(1) 15.01(9) 2.79(12) 
0.07 28.70 1.76 

0.17(2) 1.93(4) 19.48(21) 
0.36 2.15 14.00 

9.74(3) 3.16(1 ) 76.24(3) 
053 14.94 3.06 

0.08(8) 27.66(55) 1.21(13) 
0.18(1) 2.15(12) 19.15(75) 
10.12(9) 3.16(1) 75.77(40) 
0.51(3) 13.55(12) 3.30(30) 
0.09 27.19 1.00 

0.22(2) 1.30(21) 26.49(11) 
14.09(73) 258(3) 73.88(66) 
0.45(10) 13.61(9) 3.34(48) 
0.07(3) 26.93(28) 0.83(5) 
0.20 1.15 25.67 
14.21 2.74 74.49 

= 3.60 bars, zlNNO = +0.8, 270 hours 
0.12(7) 0_55(7) 2.99(12) 3.26(9) 
0.02(2) 0.11(2) 11.08(35) 4.38(6) 
0.98(20) 19.44(51) 1.15(22) 0.02(3) 
0.58(4) 1.67(11 ) 0.20(14) 0.17(3) 
3.80 bars, •VNO = +0.5/+0.6, 123 hours 
0.18(4) 1.07(0) 4.29(5) 4.05(0) 1.42(2) 91.97 
0.04(3) 0.06(2) 13.69(27) 3.37(6) 0.06(2) 99.02 
0.92(12) 22.52(31) 1.43(19) 0.14(10) 0.02(3) 99.65 
0.63(19) 13.73(41) 18.98(88) 0.25(1) 0.01(1) 99.44 
052(11) 1.74(6) 0.17(3) 0.01(2) 0.01(2) 92.65 
0.13(8) 0.79(4) 351(24) 3.81(7) 1.76(4) 92.40 
0.08 0.02 12.16 4.40 0.16 99.95 

1.19(13) 20.46(43) 1.82(23) 0.04(2) 0.02(4) 98.61 
0.34(19) 1.47(4) 0.22(3) 0.06(6) 0.02(2) 93.87 
5.85 bars, zlNNO = +0.4/+0.6, 302 hours 
0.16(4) 0.24(8) 4.21(8) 3 50(16) 153(5) 92.40 
0.00 0.07 14.81 2.81 0.06 98.11 

0.96(1) 22.87(79) 1.74(15) 0.06(3) 0.01(0) 99.48 
0.35 1.89 0.17 0.00 0.00 93.42 

0.16(2) 0.35(5) 357(5) 3.27(5) 2.21(6) 8951 
0.00 0.08 12.33 3.77 0.16 99.30 

0.96(7) 22.32(24) 1.66(14) 0.04(4) 0.01(1) 98.87 
0.68 15.84 14.05 0.17 0.04 99.69 

0.37 1.48 0.36 0.04(3) 0.04(3) 91.80 
0.24 0.21 355 3.64 2.11 90.64 

0.02(2) 0.10(4) 11.70(17) 3.84(1) 0.25(2) 9952 
0.98(3) 21.94(16) 2.36(86) 0.08(2) 0.01(1) 99.29 
0.39(0) 1.49(1) 0.25(4) 0.07(3) 0.04(2) 92.19 
0.06(5) 0.40(8) 2.68(14) 3.46(2) 2.46(2) 92.33 
0.00 0.10 10.93 4.51 0.26 100.34 

0.91(7) 17.28(35) 1.70(26) 0.02(1) 0.01 (1) 98.89 
0.52(3) 150(9) 0.14(5) 0.06(4) 0.02(1) 92.73 
0.27(0) 0.48(2) 2.85(8) 354(11) 251(13) 93.10 
0.03(1) 0.10(1) 10.80(13) 4.25(17) 0.33(4) 99.05 
1.01 19.54 1.45 0.09 0.00 99.90 
0.40 152 0.15 0.03 0.00 93.82 

An60Orl 

En59Wo3 

Mt71 

An69Or0 

En63Wo3 

En40Wo40 

Mt80 

An60Orl 

En59Wo4 

Mt76 

An74Or0 

En65Wo4 

Mt77 

An64Orl 

En64Wo3 

En46Wo29 
Mt70 

An62Or2 

En63Wo5 

Mt69 

An56Or2 

En51Wo4 

Mt57 

An57Or2 

En55Wo3 

Mt57 
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Table 3. (continued) 
Charge Phase SiO_, TiO_, AI,_O3 FeO MnO MgO CaO Na:O K20 Total Mole 

Percent 

P1R/8 gl(2) 70.57(25) 
pl(1) 50.20 
opx(2) 50.96(29) 
cpx(2) 50.44(23) 
mt(2) 0.44(25) 

D29/11 gl(1) 72.04 
pl(1) 53.23 
opx(1) 51.00 
mt(3) 0.28(5) 
ilm(2) 0.30(7) 

P1R/10 e gl(4) 73.37(31) 
pl(4) 54.76(27) 
mt(3) 0.26(4) 
ilm(1) 0.08 

P1D/15 e gl(1) 74.92 
pl(1) 55.95 
opx(2) 51.13(24) 

P1R/12 • 

P1R/13 

P1R/15 

P1R/19 

P1D/18 

P1R/24 f 

D29/19 f 

P1D/21 f 

P1D/22 d• 

P1D/23 d 

P1D/24 d, 

P1D/25 d• 

P1D/26 , 
P1D/28 f 

P1D/29 f 

pl(2) 48.16(42) 
cpx(3) 51.9(74) 
mt(2) 0.56(35) 
am(3) 46.24(31) 
gl(3) 69.46(4) 
pl(2) 51.91(58) 
opx(2) 54.27(10) 
mt(3) 0.18(3) 
gl(1) 72.62 
pl(2) 55.34(88) 
opx(1) 53.4 
mt(3) 0.51(15) 

gl(4) 70.15(52) 
pl(2) 56.00(6) 
opx(2) 52.62(4) 
mt(3) 0.37(11) 

gl(3) 70.23(29) 
pl(1) 55.46 
opx(2) 51.77(61) 
mt(3) 0.35(18) 

pl(2) 46.42(26) 
mt(3) 0.18(7) 
pl(4) 51.04(15) 
opx(3) 52.18(33) 
mt(3) 0.35(6) 
pl(2) 54.37(24) 
opx(2) 52.56(27) 
cpx(1) 49.19 
mt(2) 0.39(3 

gl(5) 
pl(3) 
gl(3) 
pl(1) 
opx(1) 
mt(4) 
gl(1) 
pl(1) 
opx(2) 
gl(4) 
opx(5) 

63.43(22) 
47.34(31) 
65.20(35) 
49.54 

51.75 

0.28(16) 
66.07 

50.56 

52.11(13) 
66.82(37) 
50.72(31) 

0.14(1) 
47.6 

0.09 

52.10 

53.49(41) 
0.24(2) 

mt(2) 
pl(1) 
mt(1) 
pl(1) 
opx(1) 
mt(2) 

Run X3, 2112 bars, 902øC, f,2 = 9.75 bars, ZlNNO = -0.2/+0.1, 327 hours 
0_56(5) 16.12(43) 3.03(16) 0.21(13) 0.23(5) 4.30(18) 3.47(1) 1.50(2) 87.98 
0.03 30.74 0.62 0.00 0.04 14.83 3.04 0.08 99.58 

0.19(3) 1.86(41) 23.26(74) 0.75(2) 21.72(21) 1.68(10) 0.06(2) 0.03(2) 100.5! 
0.51(10) 2.52(75) 13.78(22) 0.51(5) 12.94(51) 17.79(10) 0.20(3) 0.01(1) 98.70 
12.00(17) 3.24(4) 72.96(70) 0.52(9) 1.68(11) 0.20(4) 0.05(5) 0.01(1) 91.11 
0.41 14.46 3.97 0.00 0.49 3.22 3.26 2.15 89.81 
0.04 28.72 0.75 0.02 0.04 12.64 4.15 0.16 99.76 
0.22 1.92 25.50 0.80 18.28 1.8 0.09 0.03 99.65 

12.71(13) 3.26(5) 73.05(43) 0.55(6) 1.73(2) 0.24(7) 0.00(1) 0.01(1) 91.83 
47.02(13) 0.21(3) 46.03(20) 0.63(15) 258(24) 0.20(3) 0.05(1) 0.01(1) 97.03 
0.45(5) 13.92(10) 3.32(34) 0.06(5) 0.34(5) 2.75(5) 3.26(19) 253(6) 91.01 
0.07(6) 26.74(30) 1.42(44) 0.01(1) 0.10(0) 10.56(21) 4.48(18) 0.31(5) 98.46 
14.24(40) 2.86(3) 69.52(11) 0.52(1) 1_56(19) 0.21(1) 0.05(4) 0.03(2) 89.25 
46.51 0.28 46.00 0.62 2.95 0.18 0.07 0.00 96.69 
0.32 13.34 2.70 0.21 0.25 2.47 3.36 2.43 93.86 
0.08 25.37 1.39 0.06 051 10.16 455 0.28 98.36 

0.23(1) 1.08(28) 28.88(9) 0.88(2) 15.12(4) 2.08(0) 0.12(6) 0.03(0) 99 _57 
Run XlO, 2265 bars, 930øC, f,2 = 1.00 bar, ZlNNO = +2.0/+2.2, 216 hours 

0.01(1) 32.43(16) 0.75(9) 0.00(0) 0.04(4) 17.02(35) 1.98(11) 
0.32(14) 2.52(74) 7.75(19) 0.59(13) 16.06(75) 20.74(73) 0.19(3) 
2.62(13) 4.11(12) 80.80(64) 0.41(4) 3.41(4) 0.15(7) 0.05(5) 
1.27(7) 10.03(7) 10.10(5) 0.32(15) 16.30(14) 11.72(25) 1.78(11) 
0.43(4) 15.92(8) 3.72(19) 0.22(10) 1.19(11) 4_53(4) 3.18(14) 
0.01(1) 29.73(1) 0.95(11) 0.00(0) 0.11(3) 13.67(1) 3.21(9) 
0.14(9) 2.54(11) 12.82(15) 0.87(1) 27.36(23) 1.53(7) 0.08(3) 
358(8) 3.45(5) 82.02(1.0 0.67(6) 2.74(8) 0.15(6) 0.02(1) 
0.39 13.94 3.67 0.15 0.83 3.25 2.98 

0.07(1) 26.75(75) 1.67(21) 0.06(0) 0.16(1) 11.01(41) 4.25(11) 
0.07 1.70 15.72 0.95 25.21 1.66 0.06 

5.02(12) 94(11) 82.33(40) 0.60(6) 2.07(12) 0.18(7) 0.02(3) 
Run X9, 2126 bars, 930øC, f•2 = 3.00 bars, ZlNNO = +1.0/+1.2, 238 hours 

0.55(6) 14.75(22) 4.50(39) 0.15(11) 0.87(17) 3.97(26) 3.10(12) 
0.09(5) 26.08(9) 1.96(35) 0.05(2) 0.23(0) 10.79(1) 4.19(5) 
0.16(0) 1.24(10) 21.38(39) 0.96(4) 21.05(34) 1.62(0) 0.04(2) 
8.30(11) 3.17(13) 79.22(47) 0.46(4) 1.74(2) 0.11(6) 0.17(6) 

Run X6, 2210 bars, 930øC, f,2= 4.40 bars, ZlNNO = +0.7/+0.9, 256 hours 
0.51 (4) 14.48(8) 4.84(28) 0.25(9) 0.78(6) 3.69(16) 3.28(24) 
0.00 27.17 0.98 0.06 0.24 11.25 4.67 

0.26(7) 1.86(33) 24.37(85) 0.93(11) 19.84(11) 1.78(17) 0.02(2) 
9.67(31) 3.13(14) 77.98(87) 0.59(9) 1.73(3) 0.19(11) 0.04(5) 

Run X7, 2117 bars, 950øC, f,2 = 0.90 bar, zlNNO = +2.0/+2.3, 184 hours 

0.08(5) 
o.o2(1) 
o.oo(o) 
0.19(2) 
1.32(10) 
0.09(5) 
0.03(3) 
0.03(2) 
2.16 

0.27(4) 
0.02 

0.02(1) 

1.95(20) 
0.29(1) 
o.o3(1) 
o.o1(1) 

1.95(7) 
0.25 

0.04(1) 
o.o1(1) 

100.48 

100.10 

92.!4 
97.97 

90.92 

99.67 

99.64 

92.83 

92.36 

99 58 

98.78 

93.69 

92.76 

99.68 

99.11 

93.58 

93.85 
100.09 

100.88 

93.68 

0.00(0) 32.60(9) 0.66(16) 0.04(4) 0.05(0) 17.04(17) 1.74(11) 0.03(2) 98_58 
2.63(5) 5.83(1.4) 81.30(1.0 0.39(23) 3.02(10) 0.15(4) 0.03(5) 0.04(3) 92.45 
0.02(2) 29.75(27) 1.00(5) 0.01(1) 0.10(1) 13.65(31) 3_53(19) 0.10(2) 99.21 
0.16(3) 2.54(26) 16.74(21) 0.71(2) 24.88(53) 1_55(19) 0.03(0) 0.01(1) 98.82 
3.48(11) 4.26(4) 79.99(81) 0.40(3) 2.88(4) 0.18(6) 0.03(3) 0.02(1) 91.59 
0.07(7) 27.42(58) 1.04(5) 0.10(7) 0.10(0) 11.71(11) 4.38(4) 0.17(1) 99.35 
0.21(4) 1.95(28) 19.71(16) 0.90(13) 22.94(42) 1.52(6) 0.02(2) 0.00(0) 99.82 
0.83 6.16 18.26 0.96 13.39 10.83 0.44 0.10 100.15 

5.21(8) 13.54(11) 81.23(36) 0.59(12) 2.13(6) 0.21(2) 0.00(0) 0.02(1) 93.32 
Run X15, 2126 bars, 951øC, f•2 = 4.30 bars, ZlNNO = +0.7/+0.9, 48 hours 

0.48(9) 17.17(16) 6.03(38) 0.23(5) 2.21(10) 5.85(10) 3.57(13) 1.04(7) 
0.04(3) 32.25(20) 1.02(5) 0.00(0) 0.08(3) 16.27(12) 2.08(9) 0.06(1) 
0.53(2) 16.18(5) 6.03(36) 0.12(10) 1.64(3) 5.27(2) 3.74(8) 1.29(6) 
0.00 30.66 0.84 0.11 0.11 14.33 3.25 0.11 

.0.25 1.99 20.80 0.88 22.73 1 _55 0.04 0.03 
8.94(12) 4.24(18) 76.03(48) 0.35(14) 2.05(6) 0.18(10) 0.03(3) 0.03(3) 
0.49 15.68 5.93 0.27 1.52 4.94 3.78 1.31 
0.03 29.93 1.22 0.06 0.11 13.93 3.52 0.05 

0.27(1) 1.72(23) 21.31(22) 0.73(8) 21.83(2) 1.57(19) 0.01(1) 0.02(2) 
0.61(1) 15.41(16) 5.88(20) 0.24(9) 1.32(6) 4.68(21) 3.64(13) 1.41(3) 
0.23(9) 1.89(84) 22.78(70) 0.77(13) 20.15(70) 1.84(42) 0.05(7) 0.03(3) 

Run X8, 2102 bars, 1003øC, f•2 = 0.50 bar, zlNNO = +2.6/+2.9, 140 hours 
1.26(3) 4.60(6) 84.38(88) 0.39(4) 3.61 (3) 0.17(0) 0.00(0) 0.04(2) 
0.00 32.51 1.05 0.00 0.10 16.47 2.05 0.02 
1.76 5.08 83.89 0.36 3.56 0.14 0.07 0.05 
0.05 29.1 1.58 0.00 0.18 13.30 3.61 0.16 

0.14(0) 2.65(29) 15.29(55) 0.76(6) 26.96(11) 1.13(0) 0.01(0) 0.03(3) 
2.57(7) 4.62(5) 82.85(25) 0.28(4) 3.49(0) 0.15(11) 0.05(1) 0.06(2) 

91.82 

99.14 

92.98 

98.94 

100.03 

92.14 

93.09 

99.41 

9958 

93.38 

98.46 

94.60 

99.81 

95.00 

100.08 

100.47 

94.31 

An73Or0 

En60Wo3 

En38Wo38 
Mt63 

An62Orl 

En53Wo4 

Mt61 

Ilm89 

An55Or2 

Mt55 

Ilm87 

An54Or2 

En45Wo5 

An82Or0 

En45Wo42 

Mt93 

An70Orl 

En76Wo3 

Mt90 

An58Or2 

En70Wo3 

Mt86 

An58Or2 

En61Wo3 

Mt75 

An56Orl 

En56Wo4 

Mt71 

An84Or0 

Mt92 

An68Orl 

En70Wo3 

Mt90 

An59Or! 
En64Wo3 

En33Wo24 

Mt85 

An81 Or0 

An70Or1 

En63Wo3 

Mt72 

An68Or0 

En62Wo3 

En58Wo4 

Mt97 

An82Or0 

Mt95 

An66Or1 

En73Wo2 

Mt93 
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Table 3. (continued) 
Charge Phase SiO2 TiO2 A1203 FeO MnO MgO CaO Na,_O K,_O Total Mole 

Percent 

P1D/32 gl(3) 62.34(34) 92.75 
mt(2) 0.24(1) 89.03 Mt97 

Run X12, 2170 bars, 1041øC, fH2 = 0.40 bar, ZlNNO = +2.6/+3.2, 53 hours 
0.47(4) 17.20(4) 6.50(5) 0.12(9) 2.21(19) 6.45(11) 3.77(8) 0.98(4) 
1.15(0) 5.80(1) 77.74(81) 0.35(2) 3.50(12) 0.16(2) 0.05(5) 0.02(2) 

Run X16, 3125 bars, 925øC, fH2 = 6.80 bars, ZlNNO = +0.6/+0.8, 71 hours 
P1D/33 d gl(7) 66.31(27) 0.53(6) 16.00(13) 5.65(14) 0.16(8) 1.26(4) 4.99(14) 3.76(13) 1.33(7) 91.78 

pl(2) 50.85(49) 0.03(3) 30.04(20) 0.76(4) 0.06(6) 0.07(1) 14.05(2) 3.36(32) 0.12(0) 99.35 An69Orl 
opx(6) 51.29(81) 0.20(4) 2.35(56) 23.03(46) 0.79(11) 19.34(46) 1.97(24) 0.13(12) 0.02(2) 99.12 En57Wo4 
mt(5) 0.52(25) 10.65(26) 3.71(7) 75.67(80) 0.49(9) 1.68(5) 0.21(8) 0.09(7) 0.05(2) 93.15 mt67 

P1D/34 a• gl(8) 69.89(29) 0.56(2) 14.60(14) 4.74(22) 0.13(6) 0.84(6) 3.91(9) 3.61(4) 1.70(11) 93.07 
pl(1) 53.90 0.09 27.50 0.91 0.04 0.11 11.36 4.45 0.23 98.60 An58Orl 
opx(8) 51.57(65) 0.21(4) 1.55(45) 26.47(40) 1.02(10) 16.34(46) 2.97(21) 0.18(9) 0.04(5) 100.32 En48Wo6 
mt(1) 1.4 ! 14.09 3.21 71.87 0.47 1.47 0.36 0.09 0.06 93.03 Mt56 

Run Xll, 4160 bars, 925øC, fH2 = 9.8 bars, zSNNO = +0.4/+0.8, 170 hours 
P1D/35 e• am(6) 42.60(52) 1.01(30) 12.46(48) 17.94(79) 0.41(11) 11.17(41) 9.01(53) 1.66(12) 0.26(7) 96.49 
P1D/37 c• pl(2) 53.08(64) 0.04(4) 28.64(41) 0.96(5) 0.00(0) 0.10(2) 12.78(32) 4.15(4) 0.13(0) 99.88 An63Orl 

opx(2) 50.87(82) 0.22(4) 2.89(19) 24.55(72) 0.78(11) 18.86(0) 1.82(9) 0.06(6) 0.03(3) 100.09 En55Wo4 

Abbreviations as in Table 2; Number in parentheses in the second column gives the number of analyses; Numbers in parentheses in the oxide 
columns are the standard deviation*100. 

a Glass analyses normalized to 100% anhydrous, with all Fe as FeO. Unnormalized total is reported. 
b Number of microprobe analyses. 
c One standard deviation in terms of least unit cited. 

a Rapid-quench experiment. 
c Phase assemblage uncompletely analyzed. 
f Glass composition not given (quench modifications). 

ilmenite, and amphibole were less frequently encountered. 
Apatite was found in some CO2-free charges below 900øC. 
The experimental phase assemblages and calculated mass 
proportions are listed in Table 2. 

Plagioclase is of relatively small size (-5-10 !am). It is 
euhedral, mostly tabular, less frequently with an equant shape. 
Low-Ca pyroxene is the largest crystalline phase present, with 
lengths sometimes reaching -100 !am. It is euhedral and often 
contains melt inclusions. In some cases, low-Ca pyroxene is 
rimmed by a quench phase (<2 !am), either amphibole or 
clinopyroxene, as observed in previous studies [Eggler, 1972]. 
Ca-rich pyroxene is difficult to distinguish optically from 
either low-Ca pyroxene or amphibole. It is usually smaller in 
size than low-Ca pyroxene and also lacks the distinctive 
poikilitic texture. Magnetite, present in all experiments, is 
characterized by an euhedral, equant habit and a small size (5 
!am on average), which makes its analysis by electron 
microprobe difficult. Ilmenite is very rare and coexists with 
magnetite in a few experiments (Table 2). Amphibole is 
present as a stable phase in only a few charges. In these run 
products, amphibole appears as euhedral stubby prisms 10-15 
!am in size. 

Most experiments (except the rapid quench) contain quench 
phases, mainly amphibole (Table 2), yet never occur in greater 
abundance than a few weight percent. We initially had 
considerable difficulty in distinguishing between quench and 
stable amphiboles [Helz, 1973, 1976]. However, the rapid 
quench experiments proved decisive in establishing undoubtly 
the morphological criteria for identification. Quench 
amphiboles appear generally as hollow needles whose sizes 
vary with experimental conditions (-5-10 !am long at 2 kbar, 
coarser at 4 kbar). Needles of a K-bearing phase, possibly 
quench biotite, were identified by SEM in the charge P1R/12 
(Table 2). 

Because the experiments in this study are mostly 
crystallization experiments starting from glass, equilibrium can 

not be rigorously demonstrated. However, crystallization 
experiments are less prone to equilibration problems than 
melting experiments, as discussed above [e.g., Green, 1976; 
Pichavant, 1987' Holtz et al., 1992; Sisson and Grove, 1993a; 
Scaillet et al., 1995' Scaillet and Evans, 1999]. The main 
advantage of crystallization experiments is that most mineral 
phases grow under the imposed conditions, therefore enabling 
bulk crystal/liquid equilibrium to be approached, provided that 
there are no nucleation difficulties. In the early stages of this 
study we checked that crystallization experiments yielded the 
same phase assemblage as melting experiments starting from 
partially crystalline rock powders. Other indications suggesting 
the absence of nucleation problems in our experiments include 
textural and morphological criteria (homogeneous crystal 
distributions, euhedral shapes, plagioclase habits consistent 
with growth at low AT). Mineral phases crystallized in this 
study are homogeneous, and their compositions vary regularly 
and smoothly with the experimental conditions (see below and 
C. Martel et al., manuscript in preparation, 1999). Calculated 
crystal-liquid exchange coefficient (Kd) are in good agreement 
with accepted values (see below), suggesting that chemical 
equilibrium was closely approached. 

The presence of quench phases can be taken as another 
indication that crystals readily nucleated and grew in our 
experiments. This, however, necessitates an examination of the 
effect of quench crystallization on the composition of 
experimental glasses. In all but the rapid quench experiments, 
glass major element compositions are affected by quench 
crystallization, but the magnitude of the effects depends on the 
T-H20 conditions. Quench crystallization is severe in the high- 
temperature (T > 930øC), H20-rich charges, where glasses are 
enriched in SiO2 and depleted in Na20, FeO t, and MgO (MgO 
is especially affected because it is often present in 
concentrations <1 wt % in the experimental glasses). Mass 
balance calculations for H20-rich charges above 930øC 
commonly have residuals >1 (Table 2). Charges having glass 
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Figure 1. T-fo2 conditions of the Mount Pelre experiments. Oxygen buffer curves calculated for 2 kbar total 
pressure. Range offo2 for a given run indicated by error bars. See Table 2 for details. 

compositions severely modified because of quench 
crystallization are specified in Table 3, and the corresponding 
glass analyses are not considered further. 

Calculated mass proportions of run products show that, on 
average, plagioclase is the most abundant crystalline phase 
present, followed by low-Ca pyroxene and magnetite. 
Clinopyroxene, amphibole, and ilmenite rarely exceed 1-3 wt 
% (see charges D29/2, P1D/2, and P1D/35 in Table 2 for 
exceptions). For a given run, proportions of glass 
monotonously decrease with decreasing H20 content of the 
melt (melt H20). Under comparable T-H20 melt conditions, 
increasing pressure causes the proportions of glass to decrease. 
The proportions of low-Ca pyroxene and magnetite decrease 
and increase as fo2 increases from NNO/NNO + 1 to NNO + 
2/NNO + 3, respectively (Table 2). 

Capsules have Fe concentrations below detection (about 
500 ppm under our analytical conditions). The Fe content of 
near-liquidus experimental glasses (P1D/32, Table 3) are 
identical within error to the starting composition (Table 1). In 
addition, the mass balance calculations (Table 2) always yield 
a loss/gain of Fe < 1% relative. This shows that Fe loss to the 
capsules was not significant in this study. 

3.2. Phase Relations 

The phase relations are represented in T-H20 melt diagrams 
(Figure 2) constructed from the experimental data in Table 2. 
These diagrams can be considered as isobaric and isooxibaric, 

despite small pressure and fo2 variations between experiments. 
Initially, phase diagrams were constructed separately for each 
of the three samples investigated. However, the experimental 
results do not change significantly from one starting sample to 
another, and the resulting diagrams were almost identical. 
Therefore the phase diagrams presented here combine the 
experimental data obtained on the three starting samples. In 
most cases, mineral saturation curves are drawn directly from 
experimental results. Others are estimated from proportions of 
mineral phases and their variations with experimental 
conditions. No attempt was made to locate solidus curves. 

The phase relations for moderately oxidizing fo2 (NNO to 
NNO + 1) at -2 kbar are shown on Figure 2a. Plagioclase and 
magnetite are the liquidus phases, followed by low-Ca 
pyroxene, these three phases crystallizing together within 20- 
30øC of the liquidus. The relative order of crystallization 
between magnetite and plagioclase is unknown, since data 
above 950øC are lacking for this fo2 range. However, judging 
from their respective mass proportions, the plagioclase 
saturation curve is probably at a slightly higher temperature 
than the magnetite (Figures 2a and 3a). Plagioclase, low-Ca 
pyroxene, magnetite, and liquid coexist over a large T-H20 
range (875-950øC and 5-7 wt % H20 in melt). Amphibole is 
stable under near CO2-free conditions at 876øC (D29/2 and 
P1R/1, Table 2). Ca-rich pyroxene is present in H20-rich 
charges <_ 900øC (D29/3, P1R/3, P1R/5, P1R/8, P1D/1, P1D/2, 
and P1D/5, Table 2). Because Ca-rich pyroxene occurs 
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sporadically and in low amounts in run products, the saturation 
curve drawn for it is approximate. At 2 kbar, ilmenite was 
found only in the most reduced experiments (run X3, ANNO ,-, 
0, Table 2). No saturation curve is drawn on Figure 2a for 
ilmenite because experiments with less than or equal to NNO 
are available for 902øC only. 

The phase relations for strongly oxidizing conditions (NNO 
+ 2 to NNO + 3) at ,-,2 kbar are shown on Figure 2b. The 

diagram differs from Figure 2a in several aspects. Magnetite 
crystallizes as the liquidus phase at T > 1041øC, followed by 
plagioclase and low-Ca pyroxene, except in the most H20-rich 
part of Figure 2b, where low-Ca pyroxene is replaced by Ca- 
rich pyroxene and amphibole (930øC CO2-free charge P1R/12, 
Table 2). Ca-rich pyroxene is also present in a CO2-bearing 
charge at 950øC (P1D/21, Table 2). Amphibole is stable at 
930øC under CO2-free conditions. 
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In Figure 2, mineral saturation curves show the expected 
slopes in T-H20 melt space, i.e., negative for the anhydrous 
phases and positive for amphibole [Eggler and Burnham, 
1973; Merzbacher and Eggler, 1984; Rutherford et al., 1985; 
Rutherford and Devine, 1988]. It is stressed that amphibole 
crystallization is restricted to CO2-free conditions both at 2 
kbar for the two fo2 ranges investigated and at higher pressures 
for moderately oxidizing conditions (P1D/35, Table 2). Note 
also that amphibole is absent from the CO2-bearing 850øC 
experiment (D29/1, Table 2 and Figure 2b). Therefore the 
amphibole saturation curves must be relatively steep (i.e., with 
elevated dT/dH20 melt). 

The CO2-free phase relations are represented as functions of 
pressure and temperature on Figure 3 for both series of fo2. 
Thus melt H20 contents progressively increase with increasing 
pressure on Figure 3. Melt H20 contents are 7.6 wt % at 3.1 
kbar and 10.8 wt % at 4.2 kbar (Table 2). Increasing pressure 
does not change the stable phase assemblage. Ilmenite was 
found in the 3.1 kbar, 925øC CO2-free charge (P1D/34, Table 
2) and also in one CO2-bearing charge at 4.2 kbar, 925øC 
(P1D/38, Table 2). However, liquidus assemblages vary with 

pressure. Under moderately oxidizing fo2 (Figure 3a) the 
relative order of crystallization between plagioclase and low- 
Ca pyroxene remains unchanged with increasing pressure 
(Figure 3a). Saturation curves for plagioclase, low-Ca 
pyroxene, and magnetite all have negative slopes in P-T space, 
whereas the slope of the amphibole saturation curve is 
positive, in agreement with previous experimental studies 
[Eggler, 1972; Eggler and Burnham, 1973; Rutherford et al., 
1985]. Consequently, amphibole + magnetite replaces 
plagioclase + magnetite on the liquidus above 3.5 kbar. Under 
strongly oxidizing fo2, data at pressures higher than 2 kbar are 
lacking. However, given the wide temperature interval 
separating the crystallization of magnetite from other phases 
(Figure 3b), amphibole is not expected to join magnetite on the 
CO2-free liquidus before pressures >> 3.5 kbar. 

The effect of fo2 on phase equilibria can be illustrated by 
comparing Figures 3a and 3b. Increasing fo2 from NNO/NNO 
+ 1 to NNO + 2/NNO + 3 leads to: (1) an important decrease 
in the saturation temperature of low-Ca pyroxene under CO2- 
free conditions (-40øC if extrapolated to CO2-free conditions), 
concomittant with the appearance of Ca-rich pyroxene and 
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amphibole, and (2) an important expansion of the amphibole 
stability field toward higher temperatures (--60øC at 2 kbar). In 
contrast, the plagioclase saturation temperature is little 
affected. The magnetite stability field is shown markedly 
enlarged towards higher temperatures on Figure 3b, although 
magnetite saturation temperatures at both fo2 are defined only 
on the basis of their proportions in the different charges. 

3.3. Phase Compositions 

Phase compositions are given on Table 3. The data have 
been selected to cover all the investigated P-T-fu 2 conditions 
and the different phase assemblages encountered. However, 
since the experimental data do not depend on the starting 
sample, compositions from any of the three samples are given. 

Experimental plagioclases have compositions ranging 
An54-84Ab 15-45Or0-2 (+2%) and average FeO t 
concentrations between 0.5 and 1.0 wt % (Table 3). They show 
systematic variations with the experimental parameters. All 
other parameters being equal, increasing temperature or H20 
content raises An in plagioclase coexisting with low-Ca 
pyroxene, magnetite, and melt. In contrast, increasing pressure 
causes a decrease of the plagioclase An content (C. Martel et 
al., manuscript in preparation, 1999). Plagioclase composition 
shows no dependence on fo2. The 2 kbar CO2-free exchange 
Kd Ca-Na for plagioclase, defined as (Ca/Na)pl/(Ca/Na)liq, is 
3.8 at 900øC and 4.8 at 950øC (calculated from the rapid 
quench charges P1D/5 and P1D/22, Table 3), in good 
agreement with values for high-alumina basalts [Sisson and 
Grove, 1993a] under comparable PH2o-T conditions (4 at 
925øC, 5.1 at 950øC, respectively). 

Low-Ca pyroxenes have compositions of En45-76Fs18- 
53Wo2-6 (+2%). Their A1203 content is <3 wt %, with average 
values between 1.5 and 2 wt % (Table 3). The En contents of 
low-Ca pyroxenes in equilibrium with plagioclase, magnetite, 
and melt systematically vary with melt H20 content, fo2, T, and 
P (Figure 4) (see also C. Martel et al., manuscript in 
preparation, 1999). All other parameters being equal, 
increasing temperature, melt H20, or fo2 causes En in low-Ca 
pyroxene to increase, whereas increasing P has the opposite 
effect. Low-Ca pyroxene-liquid Fe-Mg exchange Kd ranges 
from 0.27 to 0.26 under CO2-free conditions at 2 and 3 kbar 
(charges P1D/5 and P1D/33, Table 3, calculated with total Fe 
as Fe2+), in good agreement with other experimental data 
[Grove et al., 1997]. 

Ca-rich pyroxenes are augites with compositions of En38- 
46Wo29-42Fs13-25 (Table 3). In only one charge (P1D/21), 
augite has a subcalcic composition (En33Wo24Fs43, Table 3). 
Augites have 0.17-0.44 wt % Na20, 2.15-3.0 wt % A1203, and 
0.32-0.51 wt % TiO2, reaching 6.16 wt % A1203 and 0.83 wt % 
TiO2 in the subcalcic augite (Table 3). At equilibrium with 
plagioclase, orthopyroxene, magnetite, melt + amphibole, the 
Wo content of Ca-rich pyroxenes decreases with decreasing 
melt H20 content, in agreement with other studies [Gaetani et 
al., 1993]. Ca-rich pyroxenes become less Fs-rich with 
increasing fo2, the smallest Fs (and the highest Wo content, i.e., 
En45Wo42Fs13, Table 3) being for the 930øC, highly 
oxidizing, CO2-free charge P1R/12. The Fe-Mg exchange Kd 
between Ca-rich pyroxene and liquid is 0.25 at 2 kbar CO2-free 
(P1D/5, Table 3, calculated with total Fe as Fe2+) close to 0.23 
as determined by Sisson and Grove [ 1993a]. 

Magnetites are titanomagnetites with TiO2 up to -14 wt % 
in the less oxidizing experiments (Table 3). Using the 
projection scheme of Andersen et al. [1993], magnetites range 

between Mt55-98Usp2-45 (+2%). They have significant A1203 
and MgO concentrations and detectable MnO (Table 3), 
similar to those from calc-alkaline volcanic and plutonic rocks 
[Gill, 1981]. Magnetite composition is very sensitive to 
variations in both fo2 and melt H20 content and less so to 
variations in temperature. Compositions of magnetite in the 
moderately and highly oxidizing experiments are markedly 
different, i.e., less Ti-rich and more magnesian with increasing 
fo2 (Figure 5). Ilmenites contain MgO, MnO and A1203 in 
decreasing order of abundance; they range between Ilm87- 
89Heml 1-13 (Table 3). Coexisting magnetites and ilmenites in 
run X3 (Tables 2 and 3) satisfy the equilibrium Mg/Mn 
partitioning criterion of Bacon and Hirschmann [ 1988]. 

Experimental amphiboles are hornblendes with 0.3-0.7 
cations per formula unit (pfu) in the A site and 1.0-1.7 A1 pfu 
in tetrahedral site (Table 3). Their compositions divide into 
three groups, each corresponding to the different experimental 
conditions of amphibole stablility (Figure 6). Amphiboles from 
the P1D/35 experiment (4.2 kbar, 925øC) have the highest A1TM 
and number of cations in the A site. At -2 kbar, amphiboles 
with lower A1TM for a eiven number of cations in the A site are 
obtained. Decreasing temperature from 930 to 8760C strongly 
reduces the number of cations in the A site and, to a lesser 
extent, A1TM. Amphibole Fe/(Fe+Mg), calculated assuming all 
Fe as Fe 2+, is strongly dependent on fo2. Amphiboles from the 
high fo2 experiment P1R/12 (930øC, 2.3 kbar) have 
Fe/(Fe+Mg) of -0.25, markedly lower than for all the other 
amphiboles crystallized either at the same pressure under less 
oxidizing conditions (0.35-0.40) or at 4.2 kbar (0.45-0.55, 
Figure 6). 

Glasses have compositions ranging from andesitic through 
dacitic to rhyolitic (Figure 7), depending on experimental 
conditions. They show systematic compositional variations 
with progressive crystallization (i.e., with either decreasing 
melt H20 content or temperature, or with increasing pressure, 
all the other parameters being equal): SiO2 and K20 increase 
while A1203, CaO, FeO t, and MgO decrease. Na20 shows little 
variation. FeO*/MgO increases with increasing SiO2 (Figure 
7). However, the rate of increase of FeO*/MgO, as defined by 
the rapid quench experiments, is moderate. The data points 
straddle the reference boundary between calk-alkaline and 
tholeiitic suites [Miyashiro, 1974], as do whole rock 
compositions for most volcanic centers from the Lesser 
Antilles arc [Smith and Roobol, 1990, p. 74]. In detail, the 
FeO*/MgO data reflect differences in the experimental fo2: 
data from the moderately oxidizing and highly oxidizing 
experiments plot on/above and below, respectively, the 
reference line (Figure 7). The scatter of the 876øC data points 
can be partly attributed to compositional modifications during 
quench. 

4. Discussion 

4.1. Phase Assemblages, Crystallization of Andesitic 
Magmas, and Liquid Line of Descent 

The present work is in good agreement with previous phase 
equilibrium studies on andesites [Eggler, 1972; Egglet and 
Burnham, 1973; Maksimov et al., 1978; Ritchey and Eggler, 
1978; Sekine et al., 1979; Baker and Eggler, 1987] and 
extends their conclusions toward higher fo2. By putting 
together these different studies, a general model for the 
crystallization of silicic andesite magmas at low pressures can 
be proposed. 
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1. Plagioclase, orthopyroxene, clinopyroxene, amphibole, 
and Fe-Ti oxides are the main phases stable in andesitic 
magmas at crustal pressures (<10 kbar). Olivine (not 
encountered in this study) can be present on the liquidus but 
quickly disappears by reaction as temperature is lowered 
[Eggler, 1972; Grove et al., 1997]. Therefore olivine is not a 
stable phase in relatively cool (<950øC) and wet (H20 melt > 5 
wt %) silicic andesite magmas. Quartz saturation in andesite 
bulk compositions requires temperatures below 850øC 
according to our 2 kbar experimental results (Table 2) and 
most probably around 800øC [Scaillet and Evans, 1999]. 

2. In silicic andesite bulk compositions and for fo2 between 
FMQ and approximately NNO + 1.5, plagioclase is the 
liquidus phase at 1 atm total pressure [Eggler and Burnham, 
1973; Ritchey and Egglet, 1978; Sekine et al., 1979]. Upon 

increasing pressure in this fo: range and for conditions close to 
H20 saturation, plagioclase is either replaced or joined on the 
liquidus by either orthopyroxene [e.g., Eggler, 1972; $ekine et 
al., 1979], clinopyroxene [Maksimov et al., 1978; Sekine et al., 
1979], or magnetite (this study, Figure 3), depending on bulk 
composition and fo:. For fo: progressively increasing above 
approximately NNO + 1.5, the replacement of plagioclase by 
magnetite on the liquidus is expected to occur at progressively 
lower pressures. At sufficiently high pressures (close to CO:- 
free conditions), amphibole becomes either the liquidus or a 
near liquidus phase for all compositions studied [Eggler, 1972; 
Eggler and Burnham, 1973; Maksimov et al., 1978, this study, 
Figure 3]. 

3. Modal data (this study) show that plagioclase is by far the 
most abundant crystalline phase at 2-3 kbar, being followed by 
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orthopyroxene and magnetite in decreasing order of 
abundance. Even for the most oxidizing experiments, modal 
proportions of magnetite never exceed 5 wt % (Table 2), which 
places a limit on the extent of Fe depletion that can be 
achieved by magnetite fractionation. In this pressure range 
(presumably also at lower pressures and at higher pressures if 
the melt is too H20-poor for amphibole to crystallize), pl + opx 
+ mt fractionation essentially controls liquid compositions in 
silicic andesite magmas. In this study, clinopyroxene, 
amphibole, and ilmenite were rarely found to be present in 
proportions higher than a few weight percent, and there is no 
indication that the major mineral and melt compositions are 
significantly affected by the presence of these minor phases 
(compare, for example, compositions of the D29/2 and P1D/1 
charges, Table 3). Our data demonstrate that liquids at 
equilibrium with pl + opx + mt evolve continuously from 
andesitic to rhyolitic with progressive crystallization. At 
900øC,-40% crystallization (in wt %) is required to generate a 
liquid composition with about 70 wt % SiO2 (anhydrous basis) 
from a silicic andesite magma (Tables 2 and 3). In contrast, at 
higher pressures (above 3.5 kbar in this study, Figure 3) and 
for H20-rich conditions, amphibole crystallizes in elevated 
proportions on the liquidus (Table 2), and, therefore, am + mt 
fractionation controls liquid compositions during 
crystallization. Fractionating assemblages in silicic andesite 
magmas might therefore strongly change with pressure, 
provided that melt H20 contents are high enough to stabilize 
amphibole. Since it is likely that liquids at equilibrium with am 
+ mt will differ from those at equilibrium with pl + opx + mt, 
it can be expected that pressure will also influence 
significantly the major and trace element compositions of 
residual liquids. 

4. An isobaric reduction of the melt H20 content causes 
saturation temperatures for plagioclase, the two pyroxenes, and 
Fe-Ti oxides to increase. For a reduction of the first 2 wt % 

H20 at 2 kbar, saturation temperatures increase by about 50øC 
(Figure 2), the same as in previous studies [Eggler, 1972; 
Eggler and Burnham, 1973], and are relatively uniform 
whatever the phase considered. In contrast, amphibole 
saturation curves show some disagreement. According to 
Eggler and Burnham [1973], amphibole saturation is almost 
independent of the melt H20 content between 4.5 and 9.5 wt 
% H20. Our results show a positive dependence of amphibole 
saturation temperature with melt H20 content, both at 2 and 4 
kbar and for the two fo2 ranges investigated. Such contrasted 
results might be caused by different experimental procedures 
and conditions. Eggler and Burnham [1973] used a crystal- 
bearing lava as starting material, and their melting experiments 
were of shorter durations than ours. They studied the 
dependence of amphibole stability with the melt H20 content 
at 5 kbar and above, i.e., at higher pressures than in this study. 
Alternatively, amphibole stability is influenced by 
compositional factors: the two andesite compositions used by 
Egglet [1972] and Egglet and Burnham [1973] are more 
Na20- and MgO-rich than those from this study. 

4.2. Fe-Ti Oxides, Amphibole, and Pyroxene 
in Andesitic Magmas: The Role offo2 

Earlier studies on silicic andesite bulk compositions were 
all carried out under relatively reducing conditions (FMQ <fo2 
< NNO). Results from these studies are typically characterized 
by (1) the common presence of two Fe-Ti oxide phases 
(ilmenite and magnetite) and (2) the late appearance of Fe-Ti 
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oxides in the crystallization sequence [Eggler, 1972; Eggler 
and Burnham, 1973]. Data from those studies, in particular 
concerning the stability of Fe-Ti oxides, have been influential 
in the development of objections against fractional 
crystallization for the origin of andesires [e.g., Eggler, 1972; 
Eggler and Burnham, 1973]. Subsequently, it was pointed out 
by several authors that additional experiments above FMQ 
could well lead to magnetite crystallization closer to the 
liquidus [e.g., Arculus and Wills, 1980; Gill, 1981 ]. Sekine et 
al. [1979] found no magnetite in experiments performed at 
NNO on andesires but estimated that fo2 conditions about I log 
unit above the NNO buffer might have been sufficient to cause 
precipitation of titanomagnetite on the liquidus. 

The influence of fo2 has been systematically studied 
between approximately NNO and NNO + 3 in this study and 
found to be more important than previously considered. 
Changes in fo2 affect not only the stability of Fe-Ti oxides 
[Rutherford et al., 1985' Rutherford and Devine, 1988] but 
also that of amphibole and pyroxenes. Variations in 
compositions of ferromagnesian phases are correlated with the 
evolution of their respective stability fields with changing fo2. 

4.2.1. Fe-Ti oxides. At -2 kbar and 900øC, both ilmenite 
and magnetite crystallized when fo2 was < NNO, whereas 
magnetite is the sole Fe-Ti oxide phase from ANNO = + 0.4 to 
+ 0.6. Ilmenite also coexists with magnetite in some charges at 
3.1 and 4.2 kbar under conditions slightly more oxidizing than 
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NNO (Table 2). This suggests that at -900øC, the coexistence 
of magnetite and ilmenite in andesitic magmas requires fo2 < 
approximately NNO, consistent with the data of Eggler and 
Burnham [1973]. Above ANNO = +0.4, the thermal stability of 
magnetite is strongly fo2-dependent. At 2 kbar, magnetite and 
plagioclase are the liquidus phases between NNO and NNO + 

oxidizing experiments. Therefore magnetite composition alone 
is a sensitive indicator offo2 in andesite magmas. 

4.2.2. Amphibole. Previous studies have recognized the 
strong influence of pressure and H20 melt on amphibole 
stability in andesitic magmas [Eggler, 1972; Eggler and 

1, and magnetite alone is on the liquidus in the range NNO + 2 Burnham, 1973; Maksimov et al., 1978]. The possibility tha,t 
to NNO + 3, crystallizing from temperatures above 1040øC fo2 also has some influence on amphibole stability has been 
(Figure 3). This stresses the sensitivity of magnetite stability on investigated more recently. Rutherford and Devine [1988] 
fo2 conditions above NNO and demonstrates that for fo2 
conditions typical of calk-alkaline magmatism (-NNO + 1 
[Gill, 1981]), magnetite will be either a liquidus or a near- 
liquidus phase for silicic andesite compositions. However, the 
1 atm experimental data [Eggler and Burnham, 1973; Ritchey 
and Eggler, 1978; $ekine et al., 1979] show that even under 
strongly oxidizing conditions (ANNO - 3), plagioclase 
assumes the liquidus for either H20-poor or dry conditions. 
Therefore, for magnetite to be a liquidus/near-liquidus phase in 
silicic andesite magmas, both relatively high fo2 and H20-rich 
conditions are needed. 

Compositions of magnetite show important variations with 
fo2 and temperature (Figure 5). Magnetites crystallizing in the 
moderately oxidizing experiments have lower 
(Mg*100)/(Mg+Fe 2+) and higher Ti than those from the highly 

extended the experiments of Rutherford et al. [1985] on the 
Mount St. Helens dacites toward higher fo2, between the NNO 
and MNO buffers. The thermal stability of amphibole was not 
significantly dependent on fo2 between FMQ and 
approximately NNO + 1.5. Amphiboles in this fo2 range were 
found to have compositions very close to each other (Figure 6). 
Above NNO + 1.5, Rutherford and Devine [1988] obtained 
more magnesian amphiboles (Fe/(Fe+Mg) = 0.15), but their 
maximum thermal stability was not determined systematically. 
Our study shows that increasing fo2 above NNO + 1 promotes 
amphibole stability. At 2 kbar under CO2-free conditions the 
maximum thermal stability of amphibole increases by 60øC 
when fo2 is raised from NNO/NNO + 1 to NNO + 2/NNO + 3 
(Figure 3). This effect is accompanied by marked changes in 
amphibole composition. Amphiboles stable under wet, 
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strongly oxidized (greater than NNO + 2) conditions are Mg- 
rich (Figure 6). Crystallization of more refractory amphibole 
compositions under strongly oxydizing conditions is consistent 
with their enhanced thermal stability. In comparison with 
amphiboles crystallizing under moderately oxidizing 
conditions, lower pressures would be needed for these Mg-rich 
amphiboles to become liquidus phases under near CO2-free 
conditions. 

4.2.3. Pyroxenes. Except for experiments at near CO2-free 
conditions, increasing fo2 from NNO/NNO + 1 to NNO + 
2/NNO + 3 does not significantly affect low-Ca pyroxene 
stability (Figure 2). However, differences exist between 
studies. In the Paricutin andesite, low-Ca pyroxene is the 
liquidus phase for melt H20 contents ranging from saturation 
to au2o - 0.2 at 5 kbar [EggIer, 1972]. In the Mount Hood 
andesite, low-Ca pyroxene is a near-liquidus phase, being 
second in the sequence after plagioclase [EggIer and 
Burnham, 1973]. In contrast, low-Ca pyroxene in this study 
appears relatively late. It follows plagioclase and magnetite at 
2 kbar in both series of experiments and amphibole, magnetite, 
and plagioclase at 4 kbar for moderately oxidizing conditions. 
The contrasted behavior of low-Ca pyroxene between these 
studies probably reflects differences in bulk composition. 
There is a negative correlation between low-Ca pyroxene 
saturation temperature and the FeO*/MgO of the starting 
andesite. Compositions from Mount Pelfie have FeO*/MgO of 
2.7-2.8 (Table 1), significantly higher than the Mount Hood 
andesite (2.1 [EggIer and Burnham, 1973]) and nearly twice 
the value for the Paricutin andesite (1.4 [Egglet, 1972]). Low- 
Ca pyroxene stability is enhanced in magnesian andesites 
probably because En-rich compositions are stabilized. 

At near CO2-free conditions, fo2 strongly affects the stability 
of low-Ca pyroxene (Figure 2). Increasing fo2 from NNO/NNO 
+ 1 to NNO + 2/NNO + 3 decreases the low-Ca pyroxene 
saturation temperature by -40øC (if extrapolated to CO2-free 
conditions). The ferromagnesian silicate phase assemblage in 
the CO2-free 930øC highly oxidizing charge P1R/12 consists 
of high-Ca pyroxene + amphibole instead of low-Ca pyroxene, 
suggesting a reaction relation between low-Ca pyroxene and 
high-Ca pyroxene + amphibole. Similar reaction relationships 
between low-Ca pyroxene and amphibole have been found 
previously in intermediate to silicic compositions [Naney, 
1983; ScaiIIet and Evans, 1999]. Resorption of orthopyroxene 
and crystallization of amphibole is usually attributed to an 
increase of melt H20 content during crystallization [Naney, 
1983]. Our data show that under near CO2-free conditions the 
reaction is promoted by an increase of fo2. This effect could 
result from the preferential stabilization of Fe3*-bearing 
assemblages (i.e., am + cpx) upon increasing fo2 and melt 
Fe3+/Fe 2+. 

By comparison to low-Ca pyroxene, the high-Ca pyroxene 
saturation temperature slightly shifts toward higher 
temperatures (-20-40øC) under highly oxidizing conditions. 
Note, however, that high-Ca pyroxene saturation curves in this 
study are approximate because augires are present sporadically 
in the run products. Nevertheless, high-Ca pyroxenes from the 
CO2-free highly oxidizing 930øC charge (P1R/12, Table 2) 
have compositions differing from those crystallizing under 
moderately oxidizing conditions, the compositional changes 
(i.e., higher En and Wo) being consistent with their enhanced 
thermal stability. The only experimental study involving 
andesites that documented the occurrence of high-Ca pyroxene 
on the liquidus above 3 kbar CO2-free is that of Maksimov et 

aI. [1978], performed on an andesire having 7.6 wt % CaO 
(6.1-6.2 in this study, 6.3 for the Paricutin andesite), 
suggesting that elevated CaO contents favor crystallization of 
high-Ca rather than low-Ca pyroxene for equivalent MgO 
contents. 

5. Concluding Remarks 

The present work extends the experimental database for 
silicic andesite magmas toward higher fo2 (greater than NNO), 
compatible with conditions typical of calk-alkaline 
magmatism. The main result is the demonstration of an 
important influence of fo2 on phase assemblages and 
compositions crystallizing from silicic andesites below 5 kbar. 
In particular, magnetite is a liquidus or a near-liquidus phase in 
hydrous silicic andesite magmas for fo2 conditions more 
oxidizing than NNO + 1. Magnetite compositions (Ti and Mg 
#) are strongly dependent on fo2 above NNO and constitute a 
sensitive indicator of fo2 in andesite magmas. Magnetite 
fractionation exerts control of the FeO*/MgO of the residual 
liquids. At -900øC the coexistence of magnetite and ilmenite 
in silicic andesite magmas requires fo2 _< NNO. Redox 
conditions also play an important role on the stability of 
amphibole and low-Ca and high-Ca pyroxenes, in addition to 
bulk magma composition. Compositions of these 
ferromagnesian phases are systematically correlated with 
changing fo2 conditions. The demonstration that magnetite can 
be a liquidus phase for fo2 > NNO + 1 should stimulate 
reexamination for the mechanisms of generation of andesites 
by fractionation from hydrous and oxidized basaltic parents. 
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