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contents of the plagioclase. Compositional zoning of hornblende isCrystallization experiments were carried out on a representative
consistent either with an early crystallization event at ~400 MPasample of the crystal-rich dacite ejected during the 15 June 1991
and 840–900°C, or with mixing events before eruption. Theeruption of Mt Pinatubo, to define the pre-eruption conditions of
experiments show that addition of S leads to an increase in thethis major volcanic event. Experiments were performed in the
mg-number of hornblende in the redox range where pyrrhotite occurstemperature and pressure range of 750–900°C and 220–390
(Ζ NNO+ 1·4) The lack of Mg-rich overgrowth on hornblendeMPa, respectively. Redox conditions were varied between those of
shows that if sulfur was introduced into the magma in the coursethe NNO (nickel–nickel oxide) buffer and 2·7 log fO2 units above
of its crystallization, such as by volatile infiltration from an(NNO + 2·7). Melt water contents ranged from 3 to 7 wt %
underlying, triggering basalt magma, then it must have occurred(H2O saturation). Phase equilibria at 220 MPa reproduce the
when the dacite was already oxidized.phase assemblage of the magma only at temperatures below 780°C

and water-rich conditions: melt H2O content > 6 wt %, or
XH2Ofluid > 0·80. Phase abundances and the compositions of
hornblende, plagioclase, and melt indicate that the eruption tapped
a magma body that was at a temperature of 760 ± 20°C and KEY WORDS: Pinatubo; sulfur; arc-magmas; f O2; water
a pressure in the range 220–180 MPa, with melt H2O contents
between 6 and 6·5 wt %, that is, XH2Ofluid > 0·88. Thermo-
dynamic calculations constrain CO2 in the melt to be <100
ppm. Comparison between natural and experimental Fe–Ti oxide INTRODUCTION
compositions indicates that fO2 was in the range NNO + 1·5 to The enormous amount of SO2 (20 Mt) ejected in the 15
NNO + 1·7. Current calibrations of the Fe–Ti oxide thermo- June 1991 eruption of Mount Pinatubo and the ensuing
barometer are not appropriate for oxidizing conditions, and over- climatic effects (Bluth et al., 1992; Hansen et al., 1992,
estimate both T and fO2 when fO2 is greater than NNO + 1·5. 1996) have re-emphasized the importance of S-bearing
Compositional zoning of plagioclase reflects crystallization over phase relations in arc magmas. The Pinatubo volcano
150°C (900–750°C), and implies conditions close to, or at, H2O ejected between 6000 and 10 000 Mt of dacite magma
saturation throughout crystallization in the upper-crustal magma in a Plinian eruption of 9 h duration (Pallister et al.,
chamber. Although continuous magma replenishment probably oc- 1996). The presence in the ejecta of magmatic anhydrite
curred, the injected magma must have had the same bulk composition (Bernard et al., 1991), together with hornblende, cum-
(including the same melt H2O content) as the erupted dacite to mingtonite and biotite, indicates that both sulfur and

H2O were important volatiles in the magma chamber.preserve the linear relationship observed between the An and Or
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The rock record of the role of sulfur in past eruptions is 1995) is lower by ~1·2 log units relative to that obtained
from the oxides (Hattori, 1993, 1996; Pallister et al., 1996;poor, however, because anhydrite does not survive more

than a few years when exposed to surface waters (Arculus Rutherford & Devine, 1996). This disagreement was
initially taken to be indicative of disequilibrium amonget al., 1983; Luhr et al., 1984; Luhr, 1991). Measuring

the sulfur content of magmas via matrix and trapped the phenocryst minerals, but our study shows that there
is no fundamental disagreement and that it is the cal-inclusions of glass has been shown in some cases to

greatly underestimate the true SO2 output of volcanic ibration of the thermobarometer at high f O2 that needs
further work (Evans & Scaillet, 1997). A correct assess-eruptions (Devine et al., 1984; Luhr, 1990; Westrich &

Gerlach, 1992; Gerlach et al., 1994, 1996). In most recent ment of the redox state of the Pinatubo dacite magma
SO2-producing eruptions, it has been argued that the is an important issue for two main reasons. First, f O2

amount of SO2 injected into the stratosphere was not strongly influences both fluid speciation (Holloway, 1987)
due solely to sulfur exsolution during magma ascent and sulfur solubilities in silicate melts (Carroll & Ruth-
(Westrich & Gerlach, 1992). This is particularly true for erford, 1987, 1988; Luhr, 1990), which means that un-
the Pinatubo dacite magma in which the sulfur contents certainty in both T and f O2 can seriously limit our
of undegassed melt (trapped melt inclusions) and of understanding of the origin of sulfur in such magmas.
degassed melt (matrix glass) are virtually identical (Wes- Second, the unusually oxidized character of the Pinatubo
trich & Gerlach, 1992; Gerlach et al., 1996). To account dacite, if really the case, emphasizes the problem of the
for this excess sulfur, several explanations have been origin of highly oxidized arc-magmas. Does it reflect an
proposed: the coexistence of a sulfur and H2O-bearing oxidized source (Carmichael, 1991) or, alternatively, is
vapor phase in the magma chamber (Gerlach et al., it acquired late in the evolution of the magma, for
1996), the breakdown of anhydrite following magma instance, by interaction with basalt-derived fluids as pro-
decompression (Baker & Rutherford, 1992), and the posed by Hattori (1993)?
mixing of basalt and dacite magmas (Kress, 1997). Our study was designed to find additional experimental

constraints on the pre-eruption conditions of the dacite
erupted at Mount Pinatubo; it emphasizes the role of
sulfur in subduction zone magmas, and builds upon

CURRENT CONSTRAINTS ON PRE- previous petrographical and experimental work on Pi-
ERUPTION CONDITIONS natubo and other S-bearing arc magmas. Our ex-

perimental approach benefits from several factors. First,Critical in an evaluation of these hypotheses is knowledge
the multiply saturated nature of the Pinatubo daciteof pre-eruption conditions, as volatile solubilities in silicate
(coexistence of 11 phases: plagioclase–quartz–horn-melts depend strongly, among other variables, on P, T
blende – biotite – apatite – magnetite – ilmenite – anhydrite –and f O2. Geophysical, petrological and experimental
melt–fluid–pyrrhotite), makes this natural rock a par-studies have defined a magma chamber at 200–300 MPa
ticularly suitable subject for a phase-equilibrium ap-or 6–11 km depth (Pallister et al., 1996; Rutherford &
proach. The stability field of this assemblage is fairlyDevine, 1996), 780–900°C and an oxygen fugacity
limited, and its experimental determination should pro-~2·5–3 log units above the Ni–NiO (NNO) solid buffer
vide robust constraints on the pre-eruption conditions of(Hattori, 1993, 1996; Imai et al., 1993; Matthews et
P, T, f O2, f H2O and f S2. Second, the two main phe-al., 1994; Luhr & Melson, 1996; Pallister et al., 1996;
nocryst phases in the Pinatubo dacite, plagioclase andRutherford & Devine, 1996). These estimates vary con-
hornblende, display significant compositional zoning,siderably in their reliability, however. As stressed by
which provides additional petrogenetic information.Rutherford & Devine (1996), the full assemblage required
Third, the eruptive products at Pinatubo have beenfor the Al-in-hornblende barometer is not present in the
studied in great detail in the last 6 years using a varietyPinatubo dacite (no alkali feldspar). Similarly, pressures
of techniques and approaches, so we already possess aobtained from the content of volatiles dissolved in trapped
highly constrained geologic framework. The proceduremelt inclusions cannot stand alone for barometric pur-
followed here differs from the experimental work alreadyposes because they are known to be particularly prone
carried out on the Pinatubo dacite by Rutherford &to late-stage re-equilibration processes [see Pasteris et al.
Devine (1996) by providing more information on the(1996)]. This means that the petrologic constraints on
variation of mineral compositions with intensive factors,pressure need confirmation. For T and f O2, the most
which assists in the tightening of estimates of pre-eruptionserious limitation is that, as pointed out by Rutherford
conditions. In addition, the larger T–aH2O range ex-& Devine (1996), the Fe–Ti oxide thermobarometer is
plored here gives us an opportunity to trace back tobeing used outside its calibration range, notwithstanding
earlier stages in the magmatic evolution of the dacitethe empirical correction for temperature suggested by
magma. In Part I, we present a general phase-equilibriumthose workers. The f O2 obtained from the composition

of cummingtonite (mg-number= 0·71, Evans & Ghiorso, study of a representative 15 June dacite sample in which
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the effects caused by variations in P, T and f O2, as well temperatures below 800°C with results indicative of
as some of those related to sulfur, are used to constrain chemical and textural bulk equilibrium (Pichavant, 1987;
the immediate pre-eruption conditions and part of the Holtz et al., 1992; Scaillet et al., 1995). Our less silicic
early magmatic history. In Part II, these refined estimates bulk composition and the overall higher temperatures
of pre-eruption conditions will be used as the basis for suggested that such a procedure should work equally well
experiments in which the sulfur content of the system is for the Pinatubo dacite (see also Conrad et al., 1988;
the sole experimental variable, in an effort to understand Martel et al., 1998).
both the effect and role of sulfur in subduction-related
calc-alkaline magmas of intermediate to silicic com-
position.

Starting products, preparation of charges
Most of the experiments were performed on a natural
dacite sample kindly supplied by R. S. Punongbayan of
the PHIVOLCS institute. This sample is a crystal-richEXPERIMENTAL AND ANALYTICAL
white pumice representative of the volumetrically dom-TECHNIQUES
inant (~85%) type of ejecta produced during the climactic
eruption in June 1991. It contained plagioclase (with
inclusions of anhydrite, biotite and quartz), hornblende
with cummingtonite overgrowth, ilmenite, magnetite,Choice of experimental conditions and
biotite, quartz, and anhydrite, in a matrix of glass.general experimental strategy
The dry glass used for crystallization experiments wasThe choice of experimental conditions was guided by
prepared by twice fusing (grinding in between) ~1 g ofthe results of previous investigations which indicated that
crushed natural dacite in Pt capsules at 1400°C, 0·1 MPathe most likely pressure and temperature conditions for
for 3–4 h. During the first melting the capsule was onlythe top of the magma chamber were 200–300 MPa and
partially welded so as to evacuate any volatiles present,780–850°C. Accordingly, experiments were performed
whereas for the second step of melting the capsule wason the dacite between 200 and 400 MPa and between
welded shut. The resulting glass was finely ground under760 and 900°C. The choice of f O2 was more problematic.
acetone to 20 lm in an agate mortar. Electron micro-Although it is clear that relatively high f O2 conditions
probe analyses showed this glass to be homogeneousaccompanied the latest stage of crystallization of the
within analytical uncertainty, with a bulk compositionphenocrysts, there have been suggestions of an early
similar to those reported in the literature for the crystal-reduced stage in the magmatic history of the dacite
rich variety of the Pinatubo pumice (Table 1). The(Hattori, 1993). Therefore, f O2 was varied from NNO
analytical total close to 100% suggests that this glassup to NNO+ 2·7, with most of the experiments being
contains less than ~0·5 wt % H2O. In addition, the sulfurcarried out between NNO+ 1 and NNO+ 2.
content is below the detection limit of the electronIn contrast to the experimental study of Rutherford
microprobe (50 ppm), which indicates that most of the& Devine (1996), the runs reported here are mostly
sulfur in the sample was lost during the melting. Somecrystallization experiments. Owing to the very slow cat-
experiments were performed using the unfused daciteionic intracrystalline diffusion in most rock-forming min-
(melting experiments) crushed to a grain size of 100–erals at temperatures below 900°C, particularly
200 lm. To characterize the low temperature rangeplagioclase, attainment of full chemical equilibrium when
explored in this study, a few experiments were performedpartly crystallized starting material is used requires ex-
with a synthetic dry glass with a composition matchingcessively long run durations, ideally several years; in runs
the average matrix (rhyolite) glass composition as givenof a few weeks, only local equilibrium is attained, such
in published analyses (Table 1). This composition wasas between the rims of the pre-existing crystals and the
prepared using a classical gel method (e.g. Pichavant,adjacent residual glass. This largely exludes the use of
1987), taking into account all major elements exceptmineral compositions to retrieve petrogenetic in-
P2O5 and MnO. The gel was then melted twice as forformation, especially when the original mineral is chem-
the dacite, to obtain a dry glass whose composition isically zoned, as was the case for hornblende and
listed in Table 1.plagioclase in the study of Rutherford & Devine (1996).

Charges were loaded into Au capsules of 15 mm length,To overcome this limitation, we performed crystallization
2·5 mm internal diameter and 0·2 mm wall thickness.experiments using dry powdered glasses of fused Pinatubo
Deionized H2O, CO2 (as silver oxalate) and the silicatedacite together with water (± CO2), taken directly to
were added as described by Scaillet et al. (1995), exceptthe final experimental conditions (i.e. without high-tem-
that fluid/silicate weight ratios were maintained in theperature annealing). This procedure has recently been

used in both synthetic and natural granitic systems at range 1/9 to 1·5/8·5. Elemental sulfur was added to
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Table 1: Starting compositions (wt %)

Dacite1 Matrix glass1

Pallister Bernard Luhr & Fournelle This study Literature Synthetic

et al. et al. Melson et al. (dry glass) (dry glass)

n:2 7 15 1 3 5 13 18

SiO2 64·76 65·06 64·65 65·53 65·50(52)4 77·75(105) 78·29(49)

Al2O3 16·54 16·14 16·81 16·25 16·35(33) 13·11(54) 12·85(28)

FeO3 4·38 4·25 4·39 4·13 4·50(16) 0·95(27) 1·06(25)

MgO 2·40 2·47 2·41 2·35 2·11(9) 0·21(4) 0·20(6)

MnO 0·10 0·10 0·10 0·10 0·14(12) — —

CaO 5·24 5·22 5·17 4·97 4·82(27) 1·26(19) 1·31(12)

Na2O 4·50 4·72 4·45 4·56 4·45(5) 3·65(49) 3·29(15)

K2O 1·54 1·54 1·52 1·58 1·67(10) 2·95(15) 2·85(10)

TiO2 0·53 0·49 0·50 0·53 0·45(3) 0·13(7) 0·15(7)

Total5 99·90 99·75 99·14 99·29 98·54 100·10 100·00

1Bulk rock and matrix glass analyses from Bernard et al. (1996), Fournelle et al. (1996), Luhr & Melson (1996) and Pallister
et al. (1996). All analyses are normalized to 100% anhydrous.
2Number of analyses.
3Total iron as FeO.
4Numbers in parentheses indicate one standard deviation of replicate analyses in terms of smallest units cited.
5Original totals.

some charges with the aid of a high-precision Sartorius with an uncertainty of ~2 MPa. In the IHPV, tem-
balance that allowed us to weigh amounts to±0·001 mg. peratures were recorded by two or three sheathed, type

K thermocouples. In the CSPV, temperatures were re-
corded by an external unsheathed type-K thermocouple.
All thermocouples were calibrated against NaCl at 0·1
MPa. Temperature gradients in the hot-spot zones wereExperimental equipment
always <3°C. The overall temperature uncertainty isExperiments were performed mostly in two internally
±5°C [see Scaillet et al. (1992) and Schmidt et al. (1995)].heated pressure vessels (IHPV). One, working ho-

Experiments consisted of running simultaneously eitherrizontally and not equipped with an H2 membrane, was
8–11 (IHPV) or two (CSPV) capsules. All but one ex-used for temperatures below 830°C and very oxidizing
periment (899°C) in the IHPV were terminated by switch-conditions (>NNO+ 2). The other, working vertically,
ing off the power supply, resulting in temperatureand fitted with a Shaw-type membrane for the control
decreases of about 400°C during the first 4 min. Toof H2 fugacity ( f H2), was used for higher temperatures
prevent quench crystallization, the 899°C experimentand moderately oxidizing conditions (<NNO+ 2). This
was ended with a fast quench device (Roux & Lefèvre,vessel was also used with a fast quench device, in which
1992). Upon quenching the sample holder fell in-case the membrane was removed because of the limited
stantaneously into the coldest part of the vessel (~50°C),room available. Cold-seal pressure vessels (CSPV)
producing a total pressure increase of ~40 bars. Runs inequipped with Shaw membranes were also used at tem-
the CSPV were ended by removing the vessel from theperaturesΖ780°C. The pressure medium was either Ar
furnace with cooling rates similar to those of the IHPV(IHPV without membrane) or a mixture of Ar+H2

without the fast quench device. No isobaric quench wasobtained by sequential loading at room temperature
carried out (except for the 899°C run), and total pressure[IHPV with membrane; see Scaillet et al. (1992, 1995)]
dropped by about half of its initial value during coolingor by direct H2 diffusion across the membrane (CSPV)
in the IHPV and by about 1/3 in the CSPV. A total ofunder the experimental conditions (Schmidt et al., 1995).
six temperatures was explored (747, 759, 776–785, 834,Total pressure was continuously monitored by trans-

ducers calibrated against a Heise Bourdon tube gauge 866 and 899°C) at pressures of 220 and 390 MPa
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(Table 2). Run durations varied between 162 and 470 h log f O2 = log f O2 (at aH2O = 1) – 2 log XH2Oin

depending on temperature.
where XH2Oin is the mole fraction of H2O in the starting
fluid. This f O2 estimate is a maximum because of the
systematic decrease of the XH2O in the fluid phase
relative to that of the starting fluid phase (see Table 2).
For H2O-saturated charges, the overall uncertainty onControl of f H2, f H2O, and f O2
f O2 is ±0·2 log units.The redox state of the experimental charges was con-

trolled by the f H2 of the fluid pressure medium and,
depending on the desired final f O2, two different methods
were used. For f O2 < NNO+ 2, except for the run at Analytical techniques
899°C, f H2 was continuously read with Shaw membranes Run products were characterized by reflected light, pow-
connected to transducers, with an uncertainty on f H2 of der X-ray diffraction (XRD), scanning electron micro-
±0·02 MPa at a level of 0·3–0·4 MPa for run durations scopy (SEM) and electron microprobe methods.
of 10 days. In the CSPV, variations in H2 pressures were Analytical conditions for the electron microprobe were
always <0·03 MPa [see Schmidt et al. (1995)]. The f H2 accelerating voltage 15 kV, sample current 6 nA, counting
read by Shaw membranes was checked against NiPd- time of 10 s on peak for all elements, and a focused
based solid sensors (see below for details of preparation). beam for minerals and defocused beam for glasses (5 lm).
In the IHPV the calculated f H2 from the sensor agreed Na and K were always analyzed first and a ZAF correction
to within 0·001 MPa with the value measured by the procedure was used. Alkali element migration in glass
membrane, whereas in the CSPV the calculated value under the probe beam was assessed using established
differed by 0·02 MPa. For f O2 > NNO+ 2, we used correction procedures, which involved the use of sec-
the IHPV loaded with Ar only with an intrinsic f H2 that ondary hydrous glasses of known alkali contents to evalu-
generates f O2 in the range NNO+ 2 to NNO+ 3 ate empirical correction factors for Na and K (Pichavant,
(Scaillet et al., 1992). The f H2 of these runs was measured 1987; Scaillet et al., 1995). Water contents of quenched
by using the solid sensor method of Taylor et al. (1992), glasses were estimated with a modification of the by-
except for two runs in which the hornblende composition difference method (e.g. Devine et al., 1995), that used
was used to infer the f O2 (Table 2). The sensor consisted eight standard synthetic rhyolitic glasses (75–77 wt %
of hand-pressed Ni–Pd–NiO pellets loaded with distilled SiO2) containing between 1·9 and 8·7 wt % H2O as
and deionized water into Pt capsules lined with ZrO2 determined by Karl Fischer titration or ion microprobe
powder to prevent contamination with Pt. Sensor com- analyses on separate glass chips (Scaillet et al., 1995;
positions were found to be homogeneous within analytical Martel, 1996).
uncertainties (standard deviation ± 0·003 XNi for 10–20 Apart from the 899°C run (charges 42–50) and those
analyses on a single sensor). After calculating the f O2 carried out with the synthetic rhyolitic composition
using the formulation of Pownceby & O’Neill (1994), (charges 72–75), the glass analyzed in all charges at
the f H2 was calculated using the Lewis and Randall water-saturated conditions had H2O contents in the range
approximation and fugacity coefficients of Shaw & Wones of 7–8 wt %, which is up to 1 wt % higher than previously
(1963) for pure H2 and Burnham et al. (1969) for pure obtained for melts of rhyolitic composition at the same
H2O, in addition to the dissociation constant of H2O experimental conditions (e.g. Silver et al., 1990; Holtz et
from Robie et al. (1979). The sensor technique was also al., 1995). We interpret this excess H2O as resulting from
used for the determination of the f H2 of the run at incipient exsolution of vapour taking place during the
899°C. quench, which produces micrometer-sized H2O bubbles

All experiments were fluid saturated and water activity that decrease the probe total. This exsolution is probably
(aH2O) was varied by the addition of CO2 to the charges. enhanced in crystal-rich charges, as bubble nucleation
Owing to the small fluid/silicate ratios used in this study, has been shown to be facilitated by the presence of
the final fluid compositions were significantly different microlites in natural obsidians (Hurwitz & Navon, 1994).
from the starting ones because of water uptake by the This explains why the near-liquidus synthetic rhyolitic
silicate melt. The final equilibrium fluid composition was glass has H2O contents of ~7 wt % at 780°C, whereas
calculated neglecting the melt CO2 content, knowing matrix rhyolitic glass in the crystal-rich dacite under the
melt abundances from mass-balance constraints and melt same conditions is apparently richer in H2O, in spite of
H2O content from the electron microprobe analysis (see comparable quenching rates. Accordingly, our estimates
below). For runs with added CO2 (aH2O < 1), the of melt H2O were corrected by subtracting from all
maximum possible f O2 was calculated, assuming ideal analyses the H2O that in fact was void space. To do
mixing in the fluid phase and constant f H2 (Whitney, this the melt water contents for water-saturated charges

obtained with the dacite bulk composition in the range1972; Webster et al., 1987), from the relation
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Table 2: Experimental conditions, run products and phase proportions

Run no. Starting DNNO1 XH2Oin
2 XH2Ofin

2 H2O melt3 Total S Run products and phase proportions4 (wt %) Rr2

material (wt %) (wt %)

Pt 2212 bar, PH2 0·4 bar,5 T 785°C, run duration 470 h, IHPV
4 crushed rock 2·70 1·00 1·00 7·00 — Gl, Pl, Hbl, Ilm, Mag —

5 crushed rock 2·61 0·90 — 6·28 — Gl, Pl, Hbl, Ilm, Mag —

6 crushed rock 2·51 0·80 — 6·36 — Gl, Pl, Hbl, Ilm, Mag —

7 crushed rock 2·39 0·70 — 5·20 — Gl, Pl, Hbl, Ilm, Mag, Bt —

8 dry glass 2·70 1·00 1·00 7·00 — Gl(57·2), Pl(28·1), Hbl(11·7), Ilm(1·0), Mag(2·0) 0·26

9 dry glass 2·61 0·90 0·86 6·69 — Gl(47·4), Pl(37·6), Hbl(12·0), Ilm(0·9), Mag(2·0) 0·14

10 dry glass 2·51 0·80 — 5·74 — Gl, Pl, Hbl, Ilm, Mag, Qtz —

11 dry glass 2·39 0·70 — 5·20 — Gl, Pl, Hbl, Ilm, Mag, Qtz —

Pt 2238 bar, PH2 8·5 bar,6 T 776°C, run duration 310 h, CSPV

16 dry glass −0·01 1·00 1·00 7·00 — Gl(52·3), Pl(32·5), Hbl(14·7), Ilm(0·5) 0·62

17 dry glass −0·01 1·00 1·00 7·00 1·20 Gl(55·0), Pl(29·6), Hbl(11·9), Ilm(0·3), Po(3·3) 0·64

Pt 2238 bar, PH2 2·6 bar,6 T 776°C, run duration 310 h, CSPV

18 dry glass 1·04 1·00 1·00 7·00 — Gl(50·8), Pl(31·5), Hbl(17·0), Ilm(0·7) 0·73

19 dry glass 1·04 1·00 1·00 7·00 1·10 Gl(52·8), Pl(31·5), Hbl(12·1), Ilm(0·3), Po(3·4) 0·77

Pt 2245 bar, PH2 1·2 bar,6 T 776°C, run duration 310 h, CSPV

20 dry glass 1·71 1·00 1·00 7·00 — Gl(49·8), Pl(34·3), Hbl(13·5), Ilm(0·2), Mag(2·2) 0·05

21 dry glass 1·71 1·00 1·00 7·00 1·04 Gl(53·0), Pl(31·8), Hbl(8·0), Ilm(0·2), Mag(2·9), 0·22

Anh(0·7), Bt(3·5)

Pt 2300 bar, PH2 1·0 bar,5 T 834°C, run duration 328 h, IHPV

22 dry glass 2·01 1·00 1·00 7·00 — Gl(67·4), Pl(17·7), Hbl(12·9), Mag(2·1) 0·57

23 dry glass 1·93 0·91 0·88 6·96 — Gl(64·2), Pl(20·3), Hbl(12·9), Mag(2·6) 0·28

24 dry glass 1·82 0·80 0·74 5·76 — Gl(56·3), Pl(29·0), Hbl(11·5), Mag(2·7), Opx(0·8), 0·14

Ilm(<0·1)

25 dry glass 1·71 0·71 0·64 6·19 — Gl(41·7), Pl(45·8), Hbl(6·0), Mag(2·2), Opx(3·9), 0·29

Ilm(0·4)

26 dry glass 1·56 0·60 — 5·00 — Gl, Pl, Mag, Ilm, Opx, Qtz —

27 dry glass 1·37 0·48 — 4·26 — Gl, Pl, Mag, Ilm, Opx, Qtz —

28 dry glass 1·21 0·40 — 3·76 — Gl, Pl, Mag, Ilm, Opx, Qtz —

29 dry glass 0·96 0·30 — 3·10 — Gl, Pl, Mag, Ilm, Opx, Qtz —

30 crushed rock 2·01 1·00 1·00 7·00 — Gl, Pl, Hbl, Mag —

Pt 2247 bar, PH2 1·1 bar,6 T 759°C, run duration 448 h, CSPV

31 dry glass 1·70 1·00 1·00 7·00 — Gl, Pl, Hbl, Mag, Ilm —

32 dry glass 1·61 0·90 — 6·02 — Gl, Pl, Hbl, Mag, Ilm, Qtz —

Pt 2088 bar, PH2 3·1 bar,6 T 866°C, run duration 162 h, IHPV

33 dry glass 1·00 1·00 1·00 7·00 — Gl(68·5), Pl(16·1), Hbl(13·9), Mag(1·5) 0·56

34 dry glass 0·91 0·90 0·87 6·21 — Gl(62·3), Pl(22·7), Hbl(13·8), Mag(1·3), Opx(0·5) 0·39

35 dry glass 0·81 0·80 0·76 5·04 — Gl(56·0), Pl(29·6), Hbl(10·0), Mag(1·4), Opx(3·2), 0·14

Ilm(<0·1)

36 dry glass 0·69 0·70 0·59 6·07 — Gl(52·6), Pl(35·9), Opx(10·4), Mag(0·6), Ilm(0·6) 0·50

37 dry glass 0·56 0·60 — 4·74 — Gl, Pl, Opx, Mag, Ilm, Qtz, Cpx —

38 dry glass 0·38 0·49 — 4·11 — Gl, Pl, Opx, Mag, Ilm, Qtz, Kfs —

39 dry glass 0·20 0·40 — 3·57 — Gl, Pl, Opx, Mag, Ilm, Qtz, Cpx —

40 dry glass −0·05 0·30 — 2·94 — Gl, Pl, Opx, Mag, Ilm, Qtz, Kfs —

41 crushed rock 1·00 1·00 1·00 7·00 — Gl, Pl, Hbl, Mag, Anhy —
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Table 2: continued

Run no. Starting DNNO1 XH2Oin
2 XH2Ofin

2 H2O melt3 Total S Run products and phase proportions4 (wt %) Rr2

material (wt %) (wt %)

Pt 2250 bar, PH2 2·8 bar,7 T 899°C, run duration 191 h, IHPV

42 dry glass 1·20 1·00 1·00 6·96 — Gl(87·9), Pl(3·3), Hbl(8·3), Mag(0·5) 0·03

42b dry glass 1·20 1·00 1·00 6·24 1·0 Gl(88·5), Pl(2·9), Hbl(6·0), Anhy(0·6), Po(2·0) 0·05

43 dry glass 1·11 0·90 0·86 6·04 — Gl(77·7), Pl(11·6), Hbl(10·1), Mag(0·6) 0·05

44 dry glass 1·01 0·80 0·73 5·66 — Gl(71·0), Pl(18·0), Hbl(8·8), Opx(1·4), Mag(1·3), 0·04

Ilm(<0·1)

45 dry glass 0·89 0·70 0·65 3·78 — Gl(54·0), Pl(33·8), Opx(10·2), Ilm(0·7), Qtz(1·2) 0·35

46 dry glass 0·80 0·63 0·56 3·09 — Gl(52·0), Pl(36·2), Opx(11·7), Ilm(0·6), Qtz(<0·1), 0·16

Cpx(<0·1)

47 dry glass 0·56 0·48 — 4·33 — Gl, Pl, Opx, Ilm, Qtz, Kfs —

48 dry glass 0·38 0·39 — 3·76 — Gl, Pl, Opx, Qtz, Ilm —

49 dry glass 0·26 0·34 — 3·43 — Gl, Pl, Opx, Qtz, Ilm —

50 crushed rock 1·20 1·00 1·00 6·98 — Gl, Pl, Hbl, Mag —

Pt 2237 bar, PH2 0·60 bar,7 T 781°C, run duration 330 h, IHPV

51 dry glass 2·27 1·00 1·00 7·00 — Gl(55·3), Pl(29·0), Hbl(13·0), Mag(2·2), Ilm(0·4) 0·27

52 dry glass 2·27 1·00 1·00 7·00 0·95 Gl(58·5), Pl(27·2), Ged(10·1), Bt(0·5), Mag(2·5), 0·23

Ilm(0·3), Anhy(0·9)

53 dry glass 2·17 0·89 0·85 6·50 1·02 Gl(46·2), Pl(36·8), Ged(13·1), Opx(<0·1), 0·39

Mag(1·7), Ilm(1·0), Anhy(1·2)

58 dry glass 2·27 1·00 — 5·83 0·32 Gl(52·5), Pl(32·7), Hbl(10·6), Opx(<0·1), Mag(2·3), 0·09

Ilm(0·5), Anhy(0·4)

Pt 3890 bar, PH2 0·71 bar,7 T 780°C, run duration 354 h, IHPV

65 dry glass 2·63 1·00 1·00 8·50 — Gl(62·0), Pl(21), Hbl(14·6), Mag(1·2), Ilm(1·1) 0·53

66 dry glass 2·54 0·90 0·86 8·08 — Gl(51·1), Pl(31·9), Hbl(14·5), Mag(1·4), Ilm(1·1) 0·23

67 dry glass 2·44 0·80 0·74 7·27 — Gl(46·9), Pl(36·7), Hbl(14·3), Mag(1·2), Ilm(0·9) 0·11

68 dry glass 2·33 0·71 — – — Gl, Pl, Hbl, Mag, Ilm

69 dry glass 2·63 1·00 — 8·15 1·35 Gl(73·7), Pl(11·3), Ged(1·6), Bt(7·5), Mag(2·8), 0·68

Ilm(0·7), Anhy(2·4)

Pt 2174 bar, PH2 1·7 bar,6 T 747°C, run duration 502 h, CSPV

72 dry glass8 1·30 0·89 0·80 6·38 — Gl(95·4), Pl(4·1), Mag(0·5), Bt(<0·1) 2·67

73 dry glass 1·30 0·90 0·81 6·35 1·11 Gl(92·0), Pl(6·8), Po(1·2) 6·94

Pt 2174 bar, PH2 1·7 bar,6 T 778°C, run duration 502 h, CSPV

74 dry glass8 1·40 1·00 1·00 7·01 — Gl(99·6), Mag(0·4) 0·17

75 dry glass 1·40 1·00 1·00 6·90 1·12 Gl(99·1), Po(0·7), Anhy(0·2) 0·18

1DNNO = log f O2 (experiment) – log f O2 (NNO; Chou, 1987). For H2O-undersaturated runs, the maximum possible f O2 is
calculated as log f O2 = log f O2(aH2O=1) –2log XH2Oin.
2XH2Oin = H2O/(H2O + CO2) loaded in the capsule (in moles). XH2Ofin is the equilibrium fluid phase composition, obtained
from mass balance constraints.
3Numbers in italics indicate wt % H2O in melt calculated after Silver et al. (1990) with f H2O = XH2Oin × f H2Opure at the
experimental P and T and regular solution parameters for a rhyolitic composition.
4Phase proportions calculated using a constrained least-squares mass balance with propagation of analytical errors of the
experimental phases (Albarède, 1995). Standard deviations for phase abundances are <3% for a wt % phase >50, <5% for
wt % phase 20–50, <10% for wt % phase 2–20, and >10% for wt % phase <2.
5f H2 obtained with f O2 calculated from the mg-number of hornblende crystallized at aH2O = 1 (see Table 4) and the
polynomial fit of Fig. 5, after correction for the temperature effect on mg-number.
6f H2 from membrane reading in internally heated pressure vessel (IHPV) or in cold-seal pressure vessel (CSPV).
7f H2 from NiPd sensor measurement.
8Synthetic rhyolitic glass of Table 1 used as starting material.
Phase abbreviations: Gl, glass; Pl, plagioclase; Hbl, hornblende; Opx, orthopyroxene; Cpx, clinopyroxene; Ged, gedrite; Mag,
magnetite; Ilm, ilmenite; Bt, biotite; Qz, quartz; Kfs, alkali feldspar; Anhy, anhydrite; Po, pyrrhotite.
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780–866°C at 220 MPa were all set to a constant value
of 7 wt % H2O, and the excess ‘H2O’ was subtracted
from the measured values in the runs at the same tem-
perature but lower aH2O. The two most crystallized
samples analyzed at 834°C (charge 25, Table 2) and
866°C (charge 36, Table 2) gave H2O contents that are
too high relative to neighboring charges. These two
charges were not used to draw the T°C–melt H2O content
diagram shown in Fig. 2a (below). Apart from these two
charges, we believe that water contents obtained with this
method are accurate to 1 wt % absolute, and differences in
H2O content of more than 0·4 wt % between samples
analyzed during the same analytical session are con-
sidered to be real.

RESULTS
General observations
Our crystallization experiments produced textural fea-
tures similar to those observed in crystallization ex-
periments carried out in natural granitic systems (e.g.
Scaillet et al., 1995). These features include: (1) homo-
geneous distribution of all phases present
(glass+ crystals+ bubbles); (2) homogeneity of crystal
sizes and euhedral shapes; (3) bubble sizes that were
homogeneous in CO2-free experiments but more variable
in CO2-bearing ones. Below 830°C crystal sizes rarely
exceeded 10 lm (Fig. 1), whereas above this temperature
lengths of 20 lm are more common. Crystalline phases
identified in run products were plagioclase, hornblende,
orthopyroxene, clinopyroxene, quartz, magnetite, and
ilmenite. In sulfur-bearing experiments additional phases
present were biotite, anthophyllite, gedrite, pyrrhotite,
and anhydrite, the appearance of the last two phases
depending on the prevailing f O2. Therefore, apart from
cummingtonite, crystallization experiments were suc-
cessful in reproducing the natural phase assemblage.

Textures observed in the few melting experiments
contrast sharply with those of their crystallizing counter-
parts, yet, with the exception of biotite (see Table 2), the
phase assemblages obtained were similar. The major
difference is the apparently larger amount of residual
liquid obtained in melting experiments, probably an
artifact of the larger crystal sizes, which increase the size

Fig. 1. Scanning electron microscope images of selected run productsof residual liquid pools. The larger crystals (>50 lm) are
obtained in crystallization experiments at (a) 899°C and H2O-saturatedmostly angular fragments, whereas the small ones are
conditions (charge 42), and (b) and (c), 780°C and H2O-saturated

euhedral, suggesting that they grew during the ex- conditions (charges 8 and 21). In (a) plagioclase is gray and lath-like,
periment. At 866°C, needle-like phases were observed hornblende is pale gray and subequant, magnetite is small, bright and

squarish, and glass is dark gray. In (b) abundant plagioclase (rectangularto grow on the edges of the relict crystals present in the
gray crystals) coexists with small prisms of hornblende (bright elongatedmelting experiment, most of them in a star-like display. crystals) and Fe–Ti oxides (magnetite and ilmenite, equant bright

Although we could not identify these phases, we interpret phases, especially in the middle of the upper border). In (c) plagioclase,
hornblende and Fe–Ti oxides (upper right corner) coexist with athese textures as resulting from quench crystallization.
euhedral crystal of anhydrite (lower left) and glass. [Note the differentThis was the main reason for using the fast quench device
scales between (b) and (c).]

at 899°C.
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From the viewpoint of phase petrology, crystallization the high K2O content of feldspar analyses (>3–4 wt %).
Despite extensive search, cummingtonite was not detectedexperiments gave results consistent with an overall close
in any of the crystallization experiments. Scanning elec-approach to bulk equilibrium. The compositions of prod-
tron microscope images of run products obtained inuct phases are homogeneous in a given charge, except
melting experiments at 780°C failed to show any cum-for plagioclase in some charges (see below). Solid-solution
mingtonite rims left over on relict hornblende crystals.phases display continuous and smooth compositional
Clearly, cummingtonite in trace amounts may have beenchanges with variations in the main intensive variables
overlooked. However, identification of biotite (in sulfur-T, aH2O and f O2. Similarly, the product liquid com-
bearing runs) was not a problem at levels of 1–2%.position is homogeneous throughout a given experimental
Anthophyllite and gedrite were readily detected in sulfur-charge. In contrast, crystal compositions in melting ex-
bearing runs. For these reasons, we believe that cum-periments show significant chemical heterogeneity that
mingtonite was not a run product in any of our sulfur-freein most cases could not be simply related to the position
runs. Experimental data reported here, and in expandedof the analysis relative to the outer boundaries of the
form in Part II, suggest that the crystallization of fer-analyzed mineral (plagioclase, hornblende). Much of this
romagnesian amphibole is related to the sulfur contentchemical variability matches that in the natural rock,
of the sample and the resulting uptake of Ca by anhydrite.showing that in large measure heterogeneity is inherited
Finally, anhydrite and pyrrhotite were confirmed byfrom the original zoning. Nevertheless, several features
electron microprobe only. Anhydrite displays rectangularsuggest that local crystal–melt equilibrium was attained
shapes with sizes slightly larger than the other crystalsin many cases. First, neocrystallization on the edges
(Fig. 1), whereas pyrrhotite displays mostly roundedof the relict plagioclase is common, although unevenly
shapes.distributed. Second, Fe–Ti oxides display an outer

~20 lm (or more) re-equilibrated rim, suggesting fast
cationic diffusion in the crystals, with convergence of rim
compositions to those in the crystallization experiments. Phase relationsThird, glasses are homogeneous within analytical un-

Details of experimental run conditions and product as-certainty and their compositional variations are closely
semblages are listed in Table 2. Phase boundaries (Fig. 2)correlated with changes in the experimental variables.
are drawn based on crystallization experiments only, inIn addition, the chemical trends observed are comparable
which f O2 ranged from NNO to NNO+ 2·7; a con-with those obtained in crystallization experiments, espe-
sistent picture emerges despite this range in f O2. Somecially when the experimental conditions were close to
results from sulfur-bearing experiments (up to 1 wt % S)those under which the magma last equilibrated (i.e. pre-
were used as well because the addition of elemental sulfureruption conditions). The only major exception to this
influences the stability of some phases (biotite, Fe–Mggeneral approach to local equilibrium is the hornblende.
amphibole, orthopyroxene) even at low concentrationScanning electron microscope images reveal that the
levels (see Part II). Two graphical representations oflargest crystals display complex zoning patterns with no
direct petrologic use are presented in Fig. 2: T–wt %evidence of incipient re-equilibration even at their outer
H2O–melt, and T–XH2Ofluid. Because these phase dia-rims; hornblende is clearly poorly to non-reactive in
grams critically depend on our capacity to analyze themelting experiments under the experimental conditions
run products, especially the melt phase, the number ofused. Overall, it appears that the closer the experimental
data used in their construction is smaller than the fullconditions are to the pre-eruptive conditions in melting
experimental data set. For the H2O-poor region of theexperiments, the better is the agreement between melting
T–wt % H2O–melt diagram (Fig. 2a), an approximateand crystallization experiments. The crystallization ex-
H2O–melt value for the charges in which the melt couldperiments have contributed to a clearer understanding
not be analyzed was obtained by using the water solubilityof the results of the melting experiments.
model of Silver et al. (1990). The f H2O of those runs
was calculated assuming ideal mixing in the fluid phase
and using the initial fluid phase composition:

Phase identification
f H2O = XH2Oin.f °H2OA combination of reflected light microscopy, XRD, SEM

and electron microprobe analysis was used for phase where f °H2O is the fugacity of pure H2O at the ex-
identification. The presence of clinopyroxene was inferred perimental P and T (Burnham et al., 1969). Given that
from the high CaO content (>15 wt %) of some micro- XH2Oin is a maximum for XH2O in the coexisting fluid,
probe analyses of Fe–Mg silicates obtained in certain melt H2O contents derived in this way are also maximum
high-temperature and low-H2O charges (Table 2). Sim- values (Table 2, Fig. 2a). They are nevertheless useful

for constraining the water-poor region of the phaseilarly, the presence of alkali feldspar was inferred from
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866°C, this change occurs at slightly higher water con-
tents, around 5·0 wt % H2O. At 899°C, orthopyroxene
was not identified in run 43 (6·04 wt % H2O in melt,
Table 2), nor in any H2O-saturated run at any tem-
perature, or any run at 776–785°C. These observations
imply a strong back bending of the orthopyroxene stability
curve (Fig. 2). Although hornblende and orthopyroxene
coexist in some runs, their relationship is basically that
of a peritectic reaction. We do not have good constraints
on their respective limits where they strike the solidus
curve. Some sulfur-bearing charges (53 and 58, Table 2)
crystallized orthopyroxene at 780°C under H2O-rich
conditions, which shows that addition of elemental sulfur
produces a major expansion of its stability field. Given
the scarce occurrence of clinopyroxene no attempt was
made to draw its stability field, but it is certainly restricted
to very dry conditions. Magnetite is the first Fe–Ti oxide
to appear and its liquidus under water saturation probably
occurs around 905°C. Ilmenite has a liquidus curve
roughly parallel to that of quartz and crystallizes no
higher than ~800°C at aH2O = 1. Neither biotite nor

Fig. 2. Isobaric phase relations of the crystal-rich Pinatubo dacite at ferromagnesian amphibole were produced in sulfur-free
220 MPa as a function of (a) melt H2O content and (b) XH2O of the

experiments performed with the dacite glass. In sulfur-coexisting fluid phase. Curves are labelled with mineral names lying
inside their stability fields.Β, charges for which the melt H2O content bearing ones, Al-anthophyllite or gedrite, but not cum-
was determined using the by-difference method; Χ, those where the mingtonite, crystallized at 780°C. This temperature is
melt H2O content was calculated as explained in the text. Charges 25 probably too high for cummingtonite in the dacite (Ge-and 36 are not plotted in (a). The arrow attached to the filled symbol

schwind & Rutherford, 1992; Evans & Ghiorso, 1995).is for charge 26, which should be outside the hornblende stability field.
Dotted lines are the inferred positions for the stability curves of alkali Only in sulfur-bearing runs does ferromagnesian am-
feldspar, cummingtonite and biotite. It should be noted that the diagram phibole (orthorhombic) give way to orthopyroxene withis drawn for sulfur-free conditions. Addition of 0·2–0·3 wt % S would

increasing temperature. Biotite appears only under sulfur-raise the thermal stability of both biotite and cummingtonite by ~10°C.
The heavy vertical line represents the H2O saturation curve. The bearing and H2O-rich conditions at 780°C. It was not
solidus is taken from Ebadi & Johannes (1991) at 200 MPa. found in sulfur- and CO2-bearing runs (charge 53). There-

fore, both the ferromagnesian amphibole and biotite
occupy a restricted field in the low-temperature and high-diagram. Whatever the uncertainties of point locations
water-content part of the diagram (Fig. 2). The presence(<0·4 wt % H2O), the two projections can be considered
of biotite at 747°C in the synthetic rhyolitic glass suggestsas well constrained as far as pre-eruption conditions are
that in the absence of sulfur it crystallizes at ~750°Cconcerned. Because the residual liquids are rhyolitic, an
(Table 2). In the dacitic bulk composition at ~780°C,approximate location for the solidus of dacite in both
anhydrite crystallized in charges at f O2 [ NNO+ 1·7,diagrams is given by that of the haplogranite system at
whereas pyrrhotite formed at NNO and NNO+ 1. The200 MPa (Ebadi & Johannes, 1991).
sulfur-bearing runs on synthetic rhyolitic glass producedEssential features of the phase relations are as follows.
both anhydrite and pyrrhotite at 778°C at f O2 =Plagioclase is the liquidus phase, crystallizing above
NNO+ 1·4 and only pyrrhotite at 747°C at f O2 =899°C for aH2O = 1 (Fig. 2). The first appearance of
NNO+ 1·3 (Table 2). Taken in combination, thesequartz under H2O-saturated conditions is around 750°C.
results suggest a restricted co-stability field for anhydriteAlkali feldspar is confirmed only in H2O-poor runs, and
and pyrrhotite in the Pinatubo dacite magma, betweenits approximate boundary is drawn subparallel to the
NNO+ 1·4 and NNO+ 1·6 in the temperature rangesolidus curve. Hornblende is also stable above 899°C but
780–750°C at 220 MPa. The presence of both anhydriteit is restricted to the water-rich portion of the phase
and pyrrhotite at 899°C and NNO+ 1·2 (charge 42b)diagram. At 899°C, the abundance of hornblende is
suggests that the co-stability field shifts toward lower f O2greatest at 6 wt % H2O in melt (Table 2), which implies
with increase in temperature. Finally, we note that thethat its maximum thermal stability is not at H2O sat-
run at 778°C with the synthetic rhyolitic glass is almosturation (Eggler, 1972; Holloway, 1973; Ghiorso, 1999).
at its liquidus for H2O-saturated conditions, as onlyAt 800°C, its place is taken by orthopyroxene when H2O

in melt falls to ~4·0 wt % (or XH2Ofluid ~ 0·55) and, at minute crystals of magnetite are present (Table 2).
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Phase proportions
Mass-balance calculations show that plagioclase is the
most abundant mineral (Table 2). At a given temperature,
its abundance increases smoothly as the H2O content
of the melt decreases. Under water saturation, modal
plagioclase is ~3 wt % at 899°C, rising to >30 wt %
below 780°C. At melt H2O contents >5 wt %, hornblende
is second in abundance to plagioclase, except at 899°C
under H2O saturation. In contrast to plagioclase, modal
hornblende is constant at 11–13 wt % over most of its
stability field. Close to its stability limit, modal hornblende
decreases swiftly, in concert with a complementary in-
crease in orthopyroxene (Table 2). At 780°C, 220 MPa
and aH2O ~ 1, the addition of 1 wt % S to the system
lowers modal hornblende by 4–5 wt % under all f O2

conditions investigated (Table 2). Runs at 390 MPa show
that the extra 170 MPa increases modal hornblende by
3–4 wt % (compare charges 65 and 8, Table 2), consistent
with its expanded stability field at high pressure (e.g.
Eggler, 1972), whereas modal plagioclase falls from ~30
to ~20 wt %. Orthopyroxene abundances are 10–11 wt

Fig. 3. (a) Variation of melt fraction (wt %) with temperature and%, similar to those of hornblende. At 220 MPa, biotite
melt H2O contents. Dotted lines are the phase boundaries shown inis <4 wt % whereas at 390 MPa it reaches nearly 8 wt
Fig. 2a. (b) Variation of the melt fraction as a function of temperature

% (Table 2). Modal magnetite averages 2 wt % and is under H2O-saturated conditions at 220 MPa. The melt fraction of the
crystal-rich Pinatubo dacite is from Luhr & Melson (1996). The liquidusnever more than 3 wt %, whereas ilmenite seldom exceeds
is derived by extrapolation as shown.1 wt %.

The fraction of melt declines smoothly with decreasing
aH2O at all temperatures (Table 2), allowing us to contour
the phase diagram for wt % of melt fraction (Fig. 3a). similar to the acceptable ones; although not included in
The variation with temperature for H2O-saturated con- Table 3, these analyses served to assess the compositional
ditions is non-linear (Fig. 3b). High temperature extra- homogeneity of plagioclase in charges where more than
polation places the liquidus about 910°C at aH2O = 1 one good analysis could not be obtained. In charges
and 220 MPa, in agreement with Rutherford & Devine where multiple good analyses were possible, plagioclases
(1996). Below 780°C, H2O-saturated, the melt fraction in all but three runs displayed compositional variations
is calculated to beΖ55 wt %. At the same temperature, of 1–3 mol % An, which is considered to be within
decreasing the melt H2O content from 7 to 6 wt % reduces analytical uncertainty given the problems mentioned
the melt fraction by ~10 wt % (Fig. 3a). Agreement with above. In three charges (9, 20, and 51), compositional
the natural Pinatubo white dacite is obtained at 770 ± variation of plagioclase was greater, in two cases as much
10°C for melt H2O contents between 7 and 6 wt % as 10% An. Not uncommonly, among several grains
(Fig. 3b). having compositions consistent with nearby runs in the

T–aH2O plane, there were a few albitic outliers, but not
amounting to more than 10% of the total plagioclase

Phase compositions population. Such compositions were typically restricted
to coarse-grained individuals with no clear euhedralPlagioclase
shape. Mass-balance calculations of modal plagioclaseMicroprobe analysis of plagioclase in run products was
(Table 2) performed with the dominant plagioclase com-difficult on account of its size (3–4 lm wide below 830°C
position always yielded low residuals. A possible originand glass-cored at higher temperatures) and its poor
for this more albitic plagioclase is that it grew early incontrast with residual glass in back-scattered electron
the run before the equilibrium water content of the(BSE) images. Consequently, contamination by matrix
residual liquid was attained, i.e. during hydration of theglass was not easily avoided. Compositions in Table 3
initially dry glass–liquid. Low water activities could haveare single-spot or, where possible, average analyses, se-
existed locally, enabling disequilibrium growth of albite-lected on the basis of a total close to 100% and
rich plagioclase, in keeping with their anhedral shape.Na+K+Ca > 1·9 per 16 oxygens. Many analyses

with low totals and low alkalis displayed An/Ab ratios The small amount of this plagioclase indicates that this
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Table 3: Compositions of experimental plagioclases

Run: 8 9 16 17 18 19 20 21

n:1 6 4 3 2 3 5 3 1

SiO2 58·05(16)2 59·44(1·5) 58·72(1·9) 57·66(24) 59·49(76) 58·28(35) 61·05(1·3) 60·04

Al2O3 25·40(45) 23·80(1·1) 23·83(94) 25·76(66) 24·24(41) 24·81(51) 23·66(1·0) 24·72

FeO 0·65(20) 0·72(29) 1·47(75) 0·44(18) 0·57(14) 0·73(25) 0·42(4) 0·32

CaO 8·00(22) 7·15(1·1) 7·94(36) 8·42(43) 7·61(41) 8·17(30) 6·83(1·1) 8·13

Na2O 6·29(13) 6·66(68) 6·35(35) 6·01(10) 6·52(36) 6·17(16) 7·14(81) 6·48

K2O 0·32(5) 0·42(7) 0·41(6) 0·36(4) 0·47(8) 0·41(6) 0·45(5) 0·32

Total 98·72 98·19 98·72 98·64 98·89 98·57 99·54 100·01

Ab 57·6(8) 61·2(5·6) 57·7(2·3) 55·2(1·1) 59·1(2·5) 56·3(1·2) 63·7(6·1) 57·9

An 40·5(9) 36·3(6·0) 39·8(2·4) 42·7(1·3) 38·1(2·3) 41·2(1·5) 33·7(6·0) 40·2

Or 1·9(3) 2·5(4) 2·5(3) 2·1(2) 2·8(5) 2·5(4) 2·7(2) 1·9

Run: 22 23 24 25 27 31 32 33

n: 5 5 5 1 1 2 2 2

SiO2 56·54(82) 56·60(66) 58·33(69) 61·49 59·93 59·70(77) 60·90 56·72(26)

Al2O3 26·48(52) 26·22(63) 25·30(57) 21·71 23·59 23·46(31) 24·82 27·53(20)

FeO 0·43(8) 0·54(6) 0·53(12) 0·85 0·92 1·07(27) 0·78 0·41(10)

CaO 10·13(46) 10·00(37) 8·88(50) 7·06 7·70 7·36(44) 7·55 9·96(25)

Na2O 5·41(27) 5·39(16) 5·97(26) 6·80 6·40 6·59(14) 6·71 5·58(17)

K2O 0·23(8) 0·27(9) 0·36(7) 0·45 0·57 0·63(10) 0·48 0·24(1)

Total 99·22 99·02 99·36 98·37 99·11 98·80 101·24 100·81

Ab 48·5(2·2) 48·6(9) 53·7(2·5) 61·8 58·0 59·5(1·5) 59·9 49·7(1·4)

An 50·1(2·1) 49·8(1·1) 44·2(2·3) 35·5 38·6 36·7(2·1) 37·3 49·0(1·3)

Or 1·4(5) 1·6(5) 2·1(4) 2·7 3·4 3·8(6) 2·8 1·4(1)

Run: 34 35 36 42b 43 45 46 51

n: 2 1 1 3 3 3 3 2

SiO2 58·12(30) 59·77 58·61 54·14(89) 57·74(94) 58·30(42) 59·91(89) 59·43(39)

Al2O3 26·77(12) 25·44 25·85 29·08(18) 25·67(87) 25·03(45) 24·61(58) 24·94(10)

FeO 0·74(12) 0·87 0·70 0·54(14) 0·78(29) 0·83(37) 0·55(10) 0·44(13)

CaO 9·67(35) 8·42 8·44 12·19(38) 9·11(68) 8·79(31) 8·00(39) 8·16(73)

Na2O 5·63(12) 6·11 6·36 4·73(43) 5·71(10) 6·10(36) 6·35(11) 6·36(35)

K2O 0·21(3) 0·39 0·30 0·14(2) 0·41(11) 0·41(7) 0·57(8) 0·44(5)

Total 101·14 100·99 100·26 100·83 99·42 99·46 99·99 99·76

Ab 50·6(1·3) 55·4 56·7 40·9(2·8) 51·8(1·9) 54·3(1·9) 57·0(1·3) 57·0(3·2)

An 48·1(1·5) 42·3 41·5 58·3(2·9) 45·7(2·6) 43·3(2·2) 39·7(1·6) 40·4(3·5)

Or 1·3(2) 2·3 1·8 0·8(1) 2·4(7) 2·4(4) 3·3(5) 2·6(3)

Run: 65 66 67 68 72 73

n: 5 4 3 1 2 3

SiO2 58·38(10) 60·75(1·03) 59·38(41) 61·48 62·03(38) 62·13(82)

Al2O3 25·56(71) 24·31(94) 24·25(93) 22·48 24·44(3) 23·97(62)

FeO 0·85(51) 0·49(13) 0·67(27) 0·50 0·12(7) 0·06(6)

CaO 8·21(40) 6·86(38) 7·52(52) 6·39 6·19(29) 6·09(48)

Na2O 6·46(22) 7·18(24) 6·64(6) 6·38 7·76(22) 7·55(38)

K2O 0·38(12) 0·45(14) 0·78(26) 1·27 0·53(9) 0·57(5)

Total 99·84 100·04 99·24 98·50 101·07 100·37

Ab 57·4(1·6) 63·8(1·2) 58·7(1·0) 59·4 67·3(0) 66·9(2·5)

An 40·3(1·8) 33·6(1·7) 36·7(2·1) 32·9 29·7(6) 29·8(2·7)

Or 2·2(7) 2·6(9) 4·6(1·5) 7·8 3·0(6) 3·3(2)

1Number of analyses.
2Numbers in parentheses indicate one standard deviation of replicate analyses in terms of smallest units cited.
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% in the hornblende, using the glass analysis obtained
with a focused beam during the same analytical session.
Apart from the 759°C runs, where apparently multiple
sources of contamination rendered satisfactory analyses
impossible, recalculated hornblendes gave good results
as measured by restored anhydrous totals in the range
96–98%.

The composition of hornblende is sensitive to all the
experimental variables investigated, including the amount
of sulfur added. At fixed P–T–f O2, a decrease in aH2O
produces a small but significant decrease in Al2O3, which
reflects the increasing SiO2 content of the coexisting melt.Fig. 4. Variation of the anorthite content of the plagioclase obtained

in crystallization experiments (Table 3) with temperature and melt For example, at 899°C and 220 MPa, the Altot (p.f.u.,
H2O content. Dotted lines are the phase boundaries shown in Fig. 2a. 23 oxygens) decreases from 1·81 at H2O saturation down
Lines are fitted by hand.

to 1·64 for a melt H2O content of 5·66 wt % (Fig. 5).
Temperature variations also affect the Al2O3 content and,
to a lesser extent, the mg-number [Mg/(Mg+ Fe)]. Fromexperimental artifact should not significantly affect con-
780 to 899°C at 220 MPa and aH2O= 1, Altot increasesclusions based on consideration of plagioclase com-
from 1·4–1·5 to 1·81 p.f.u., and the mg-number increasespositions.
by 0·04 (Table 4). Higher temperature also increases theThe anorthite content of plagioclase increases sys-
Na2O content (from 1·6 wt % at 780°C to 2·2 at 899°C)tematically with temperature and decreases with falling
and the TiO2 content (from 1 to 2 wt %). The mg-numberaH2O, but no dependence on redox state was detected
is primarily affected by changes in f O2 and by thein the range of f O2 investigated. Isopleths for An %
presence or absence of sulfur. In sulfur-free runs, andrawn on the T–melt H2O diagram are subparallel to
increase in f O2 from NNO to NNO+ 2·5 producesthe solidus and liquidus curves (Fig. 4). Under water-
a increase in mg-number from 0·56 to 0·73 (Fig. 6).saturated conditions, plagioclase varies from ~60% An
Introduction of sulfur into the system dramatically affectsat 900°C close to the liquidus to ~37% at 760°C. Whereas
the mg-number of hornblende. In the field of sulfidea plagioclase with 40% An could crystallize at either
crystallization, the mg-number is 0·1 larger for a given900°C with melt H2O content ~3 wt % or at 780°C
f O2 in sulfur-bearing charges as compared with sulfur-with 7 wt % H2O in the melt, a plagioclase with 60%
free charges (Fig. 6). However, as sulphide gives way toAn requires both high temperature and melt water con-
anhydrite ( f O2 > NNO+ 1·3), there is convergence oftents close to saturation (Fig. 4). The Or component of
the mg-number of the hornblende (Fig. 6). Extrapolationplagioclase increases with decreasing aH2O and with
of this trend beyond this f O2 is not possible becausedecreasing temperature (Table 3), in other words cor-
adding sulfur under more oxidizing conditions de-relates inversely with percent An, similarly reflecting
stabilizes hornblende and gives rise instead to the fer-distance from the solidus (or amount of sample crys-
romagnesian ortho-amphiboles anthophyllite and gedrite.tallized). The series of runs at 899°C shows a threefold
Experiment 65 performed at 390 MPa, 780°C, andincrease in Or content going from H2O saturation down
aH2O = 1 may be compared with several runs at 220to a melt with 3 wt % H2O (Table 3). Plagioclase
MPa, ~780°C, and aH2O = 1 to show that pressurecrystallized at aH2O = 1 at 390 MPa is similar in
increases the Al2O3 content from 8–9 to 10–11 wt %.composition to that obtained at 220 MPa at the same
This is comparable with the pressure effect obtained bytemperature (Table 3; Or percent in samples 67 and 68
Johnson & Rutherford (1989) for the Fish Canyon Tuffmay partly reflect contamination by glass).
dacite. In other words, a pressure increase of ~200 MPa
has an effect similar to that of a temperature increase of

Amphibole ~100°C.
Amphibole crystallized in all sulfur-free runs is exclusively
magnesiohornblende (Table 4). Analysis proved difficult

Orthopyroxeneonly below 800°C. At higher temperatures, hornblende
compositions were found to be homogeneous among As for hornblende, the mg-number of orthopyroxene in

run products reflects the f O2 of the charge, temperatureseveral grains in each charge. At 759°C, and in several
runs at ~780°C at 220 MPa, the hornblendes were so effects being minor (Fig. 7a, Table 5). For example, at

NNO =+ 0·56 (charge 37), the ferrosilite content ofsmall that no single uncontaminated analysis was ob-
tained. In these cases we removed the contribution from orthopyroxene is 40%. In a relatively oxidizing run

(charge 24, NNO+ 1·82), it is 29%. These compositionsglass by assuming an original CaO content of 9–11 wt
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Table 4: Compositions of experimental amphiboles

Run: 8 161 171 181 191 20 21 22 23 24 33

n:2 5 5 9 7 6 5 1 8 5 3 8

SiO2 48·35(90)3 47·04(1·90) 48·97(1·14) 49·01(53) 49·45(1·94) 48·01(1·63) 52·57 46·68(1·41) 47·08(1·03) 48·77(1·92) 45·58(23)

Al2O3 9·10(30) 7·64(98) 7·12(86) 8·85(1·14) 7·56(85) 8·58(78) 6·89 9·95(34) 9·79(27) 8·91(73) 9·89(23)

FeO4 10·69(56) 17·63(1·82) 13·05(1·87) 13·88(76) 11·31(1·19) 12·45(49) 12·39 11·13(73) 10·44(47) 10·24(10) 13·48(36)

MgO 16·28(52) 12·77(1·47) 14·15(81) 12·06(83) 15·16(1·44) 13·85(89) 15·86 14·17(46) 14·52(76) 14·34(1·50) 14·23(26)

MnO 0·39(5) 0·31(12) 0·56(19) 0·31(12) 0·48(12) 0·38(16) 0·68 0·27(6) 0·30(10) 0·33(7) 0·29(6)

CaO 9·80(31) 9·00(—) 10·50(—) 9·00(—) 10·50(—) 9·61(31) 8·87 10·44(51) 10·46(41) 10·09(77) 10·40(9)

Na2O 1·62(8) 1·65(54) 1·24(16) 1·64(35) 1·46(11) 1·38(15) 1·15 2·09(11) 2·07(6) 1·97(13) 1·99(13)

K2O 0·33(8) 0·15(14) 0·23(10) 0·39(9) 0·22(14) 0·31(6) 0·21 0·40(10) 0·40(6) 0·44(17) 0·24(5)

TiO2 1·08(6) 1·56(25) 1·49(29) 1·23(13) 1·57(23) 1·19(15) 1·47 1·67(18) 1·82(8) 1·77(21) 1·97(7)

Total 97·64 97·74 97·30 96·38 97·72 95·76 100·09 96·80 96·89 96·85 98·08

mg-no.5 0·73 0·56 0·66 0·61 0·70 0·66 0·69 0·69 0·71 0·71 0·65

Run: 34 35 42 42b 43 44 51 58 65 66 67

n: 3 1 6 6 6 1 7 1 9 5 7

SiO2 46·48(18) 45·28 45·64(1·22) 47·67(1·25) 45·74(1·61) 45·12 49·38(1·36) 49·46 47·25(99) 49·07(1·03) 48·86(1·52)

Al2O3 9·25(28) 9·06 10·56(30) 10·15(1·11) 10·06(61) 9·55 8·37(1·10) 7·92 10·49(66) 9·57(56) 8·71(48)

FeO 14·11(24) 13·99 12·44(57) 8·17(62) 13·48(61) 14·21 11·43(51) 12·56 12·35(44) 12·13(75) 13·96(1·80)

MgO 13·79(31) 13·50 13·86(35) 17·32(96) 13·83(62) 14·16 14·58(39) 16·36 13·26(41) 13·87(95) 13·76(44)

MnO 0·36(4) 0·20 0·22(7) 0·30(10) 0·21(7) 0·22 0·43(12) 0·59 0·40(14) 0·41(8) 0·52(14)

CaO 10·19(12) 10·91 10·75(31) 10·27(61) 10·40(61) 10·92 9·83(55) 8·01 10·15(37) 9·65(50) 8·79(51)

Na2O 2·12(9) 2·17 2·20(10) 2·08(16) 2·22(14) 2·16 1·64(25) 1·43 1·82(13) 1·66(10) 1·67(18)

K2O 0·31(4) 0·38 0·37(7) 0·20(7) 0·33(10) 0·33 0·37(9) 0·23 0·40(8) 0·46(17) 0·31(7)

TiO2 2·15(5) 2·03 1·96(17) 1·69(5) 2·26(26) 2·58 1·15(14) 1·22 1·02(10) 0·85(15) 1·06(25)

Total 98·77 97·52 97·99 97·86 98·52 99·26 97·18 97·18 97·14 97·67 97·63

mg-no. 0·63 0·63 0·66 0·79 0·65 0·64 0·69 0·70 0·66 0·67 0·64

1Recalculated hornblende.
2Number of analyses.
3Numbers in parentheses indicate one standard deviation of replicate analyses in terms of smallest units cited.
4Total Fe given as FeO.
5mg-number = Mg/(Mg + Fe).
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< 1·6 on a basis of 22 O) and possess significant amounts
of octahedral Al. Recalculating the experimental com-
positions assuming 1·4 K p.f.u. (biotite in the Pinatubo
rock displays K contents of 1·4–1·7 p.f.u.), gives structural
formulae with little or no octahedral Al and an Na+K
site occupancy between 1·7 and 2 p.f.u.

Biotite composition is primarily affected by f O2, al-
though its restricted occurrence makes it difficult to assess
the effect of other intensive variables. At 780°C and
220 MPa, a decrease in f O2 from NNO+ 2·26 to
NNO+ 1·71 decreases the mg-number from 0·76 to

Fig. 5. Variations in total Al (p.f.u.) of hornblende obtained in crys- 0·72 (Fig. 7b). Experiments carried out at approximately
tallization experiments at 220 MPa with melt H2O content and tem- NNO+ 2·5 suggest that a 170 MPa pressure increase
perature.Ε, 785°C;Φ, 834°C;Χ, 866°C;Β, 899°C. The cross gives

may increase the Al2O3 content by ~2 wt % (Table 6).the average standard deviation.
Biotite was also obtained in a run performed with the

synthetic rhyolitic glass at 750°C, 220 MPa, NNO+ 1·3,
and XH2O = 0·9, with no sulfur added (Table 2). Our
analysis was highly glass contaminated, but adequate to
show it is poorer in Mg (mg-number = 0·56) than
biotite obtained with the dacite composition under similar
P–T–f O2–XH2O conditions.

Fe–Ti oxides

Owing to their fine grain size and elongate habit, micro-
probe analyses of the rhombohedral phase (ilmenite and
ferri-ilmenite) free from contamination by groundmass
glass or other phases were difficult to obtain, except inFig. 6. Effect of f O2 on the mg-number of experimental hornblende

in S-free and S-bearing dacite at 780°C and 220 MPa. Also shown is runs above 800°C at aH2O conditions distant from the
the approximate boundary between pyrrhotite- and anhydrite-bearing solidus; the larger and more equant magnetite was easier
charges. The curve for hornblende in the S-free system is a second-order

to analyze. After calculating out glass contaminationpolynomial fit: DNNO = –20·206+ 51·56(mg-number) – 27·605(mg-
number)2 with a correlation coefficient r2 = 0·995. It has been used based on the SiO2 value, and computing Fe3+ from
to estimate the f O2 in the H2O-saturated charges run at 785°C (open formula constraints, the average total for all ilmenite or
rectangle on the curve) and 834°C, listed in Table 2. The vertical bar ferri-ilmenite analyses was 100·23%, and consistentis the average standard deviation; the horizontal bar is the maximum

results in terms of ilm/hem ratios were obtained byuncertainty on f O2.
excluding all spot analyses with totals outside the range
97–103%. For magnetite, the average total was 98·56%,

are broadly consistent with calculations of redox equi- and so most analyses outside the range 97–101% were
librium between orthopyroxene and the Fe–Ti oxides excluded. Average compositions of Fe–Ti oxides in our
(Evans & Ghiorso, 1995). Wo contents are mostly between run products are listed in Table 7. In runs at high f O2,
3 and 4%, and wt % Al2O3 <2. The higher Wo contents standard deviations among spot analyses were 2% ilm
of orthopyroxene crystallized at 899°C (Table 5) are and 1% usp, whereas at lower f O2 they tended to be
probably the result of contamination by either coexisting higher. In general, the scatter in compositions of Fe–Ti
hornblende (charge 44) or undetected clinopyroxene oxides reflects analytical and instrumental problems
(charge 45). More aluminous orthopyroxenes that crys- rather than any fundamental kinetic difficulty in growing
tallized in sulfur-bearing charges at 780°C follow the the appropriate composition in crystallization runs.
same trend as those crystallizing at higher temperatures For runs in the range 760–785°C the projected percent
in sulfur-free ones (Fig. 7a). ilmenite in the rhombohedral phase coexisting with mag-

netite, normalized after Stormer (1983), shows a sub-
Biotite stantial decline between NNO+ 1·0 and NNO+ 1·7

(Fig. 8a). At NNO+ 1·04, there is excellent agreementOnly in three runs performed with the dacite glass was
with redox conditions for coexisting oxides according tobiotite identified, all with added sulfur and at ~780°C,
the formulations of both Andersen & Lindsley (1988) andH2O saturated. Analyses (Table 6) show SiO2 contents
Ghiorso & Sack (1991), whereas above NNO+ 1·5in excess of 40 wt %, and are probably contaminated by

glass. Structural formulae are deficient in alkalis (Na+K our measured compositions are substantially smaller in
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Table 5: Compositions of experimental orthopyroxenes

Run: 24 25 26 27 34 35 36

n:1 2 3 1 2 8 8 3

SiO2 53·99(148)2 53·66(80) 54·62 53·14(47) 53·59(41) 53·05(74) 52·91(9)

Al2O3 2·73(5) 1·74(32) 1·86 1·52(46) 1·71(33) 1·81(38) 1·51(36)

FeO3 17·56(105) 18·65(70) 20·49 20·55(105) 21·56(52) 22·63(51) 24·02(46)

MgO 23·49(40) 22·37(137) 20·62 22·41(50) 21·24(35) 20·21(106) 19·60(85)

MnO 0·76(7) 0·80(16) 0·79 0·65(21) 0·85(22) 0·67(13) 0·73(16)

CaO 1·72(22) 2·22(75) 1·32 1·54(29) 1·73(28) 1·64(16) 1·96(27)

Na2O 0·21(1) 0·17(7) 0·24 0·10(8) 0·04(3) 0·09(12) 0·05(5)

TiO2 0·23(1) 0·18(10) 0·20 0·20(13) 0·22(6) 0·19(8) 0·22(10)

Total 100·67 99·79 100·14 100·09 100·94 100·30 100·99

Wo 0·04 0·05 0·03 0·03 0·04 0·03 0·04

Fs 0·29 0·31 0·36 0·34 0·36 0·38 0·40

En 0·67 0·64 0·62 0·63 0·61 0·59 0·56

Run: 37 44 45 46 53 58

n: 5 2 2 1 5 5

SiO2 52·93(96) 51·83(62) 53·73(22) 54·47 53·75(120) 52·82(94)

Al2O3 1·11(10) 2·17(43) 2·33(13) 2·16 3·51(99) 3·10(92)

FeO 24·52(49) 19·35(75) 21·71(14) 22·09 19·65(122) 17·84(174)

MgO 19·71(33) 21·32(57) 19·59(4) 17·31 21·89(166) 23·88(80)

MnO 0·51(9) 0·62(4) 0·63(9) 0·69 0·92(20) 0·99(11)

CaO 1·81(28) 3·59(54) 3·38(60) 4·36 0·73(16) 0·81(37)

Na2O 0·02(1) 0·10(10) 0·18(1) 0·35 0·20(16) 0·16(33)

TiO2 0·24(5) 0·26(1) 0·31(9) 0·35 0·13(5) 0·37(33)

Total 100·84 99·22 101·83 101·99 100·78 99·98

Wo 0·04 0·07 0·07 0·09 0·02 0·02

Fs 0·40 0·32 0·36 0·38 0·34 0·30

En 0·56 0·61 0·57 0·52 0·64 0·68

1Number of analyses.
2Numbers in parentheses indicate one standard deviation of replicate analyses in terms of least units cited.
3Total Fe given as FeO.

ilmenite content for a given f O2 [for more details, see largely re-equilibrated to the compositions produced in
crystallization runs (6–7% usp)—in this case, a half-Evans & Scaillet (1997)]. Ilmenite in runs at NNO+ 2·7

and NNO+ 2·61 (charges 4 and 5) conducted with bracket on %usp. Contents of Al2O3 and MnO are
comparable with those reported in the Fe–Ti oxidepowdered natural dacite as starting material tended to

retain its original composition except at the margins of minerals of the natural dacite, whereas MgO is slightly
larger (Table 7). The MgO content of ilmenite grown atgrains where %ilm values approached and locally reached

those (33% ilm for charge 4) produced in the crys- low f O2 is higher than in that grown at high f O2,
presumably a reflection of its TiO2 content. Ilmenite intallization runs under the same redox conditions (charges

8 and 9). This can be viewed as a half-bracket on the the Pinatubo dacite and in all our runs above NNO+ 1·5
lies on the hematite side of the Fe–Ti order–disorder%ilm isopleth. Magnetite was not produced at log f O2

below NNO+ 1·04. As in the case of ilmenite, the Ti transition at 750–780°C, and the temperature is slightly
above the top of the solvus in the pure system. Wecontent of magnetite at f O2 above NNO+ 1·04 (Fig. 8b)

tends to smaller values than indicated by Andersen & attribute the very large compositional shift in both Fe–Ti
oxides over a small increment in DNNO to the rapidlyLindsley (1988) and Ghiorso & Sack (1991). Unlike

ilmenite, the magnetite in charges 4 and 5 (natural dacite) changing thermodynamic properties of the geikielite-

396



SCAILLET AND EVANS ERUPTION OF MOUNT PINATUBO. I

bearing rhombohedral phase in the region close to the
solvus (Evans & Scaillet, 1997).

Glass

Because of the high content of crystals, the residual
glass could not be analyzed by microprobe in most
experimental charges at low melt H2O content. At 750°C,
we could analyze the glass in the runs on synthetic
rhyolite glass but not in those with the dacite bulk
composition. In all cases, liquid compositions (Table 8)
proved to be homogeneous within analytical uncertainty,
displaying the smallest standard deviation of all analyzed
phases. As expected, liquid composition is less evolved
at higher T and aH2O. Compositional changes with
respect to T and melt H2O content (Fig. 9) are due to
the crystallization of the main crystalline phases (increase
in SiO2), plagioclase (decrease in CaO), and amphibole
and Fe–Ti oxides (decrease in CaO, FeO, and MgO).
Under water-saturated conditions at 780°C (Fig. 10), the
melt has a slightly lower SiO2 and higher Al2O3 content
at 390 MPa (8·5 wt % H2O) than at 220 MPa (7 wt %
H2O). At 780°C and 220 MPa, liquid compositions in

Fig. 7. (a) Variation of orthopyroxene composition with changes in melting experiments show good agreement with those
f O2 at several temperatures. Ε, 781°C; Φ, 834°C; Χ, 866°C; Β, obtained in crystallization runs, extending the trend
899°C. (Note that the 781°C trend corresponds to sulfur-bearing displayed by the latter to low melt H2O contents (Fig. 9).charges and that pyroxene is aluminous.) (b) Variation in biotite mg-

However, at higher temperatures differences can be seennumber with f O2 at the two investigated pressures and at 780°C. The
vertical bar is the average standard deviation; the horizontal bar is the between the compositions of melts produced in melting
maximum uncertainty on f O2. and crystallization experiments (see charges 33 and 41,

Table 8). Variations of f O2 in the range investigated
here in sulfur-free runs do not seem to affect melt
composition except for total FeO and MgO. In S-free
charges the Fe/Mg ratio falls from 4·5 at NNO to two

Table 6: Compositions of experimental at NNO+ 2·5, whereas in S-bearing charges the Fe/
Mg ratio displays a constant value close to two. Finally,biotites
in S-bearing runs the CaO content of oxidizing runs is
lower than that of reduced ones (0·5 wt % lower in CaORun: 21 52 69
for a bulk S content of 1 wt %) because of anhydriten:1 1 5 5
precipitation.

SiO2 40·63 44·66(112)2 42·07(141)

Al2O3 14·29 14·73(34) 16·38(21)

FeO3 11·37 9·34(43) 9·60(46)
DISCUSSIONMgO 16·29 16·46(45) 16·80(70)
Comparison with previous workMnO 0·01 0·15(9) 0·09(13)

Using a combination of melting and crystallization ex-CaO 0·23 0·34(8) 0·18(13)

periments, Rutherford & Devine (1996) presented a T–Na2O 1·08 1·43(17) 1·64(10)

XH2O phase diagram at 220 MPa for the Pinatubo whiteK2O 6·97 6·55(19) 6·21(18)
dacite. Our more extensive grid of experiments showsTiO2 2·51 2·31(12) 2·11(19)
overall good agreement with their results for the majorTotal 93·37 95·97 95·07
phases, plagioclase and hornblende, but, especially at

mg-no.4 0·72 0·76 0·76 high temperature and reduced aH2O, we are able to
define more precisely the phase relations of the dacite

1Number of analyses. magma, and develop an understanding of the controls
2Numbers in parentheses indicate one standard deviation of exerted on them by the variables f O2 and aH2O as well
replicate analyses in terms of smallest units cited.

as T. For example, whereas the liquidi of the Fe–Ti3Total Fe given as FeO.
4mg-number = Mg/(Mg + Fe). oxides are not distinguished in the phase diagram of
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Table 7: Compositions of experimental Fe–Ti oxides

Run: 8 9 16 17 18

n:1 10 7 5 5 9 3 8 8

TiO2 1·95(7)2 18·16(70 2·08(12) 19·21(20) 46·95(1·6) 50·70(37) 6·66(15) 44·35(1·9)

Al2O3 2·15(8) 0·69(12) 1·98(16) 0·54(19) 0·72(60) 0·29(27) 2·44(12) 0·36(21)

Fe2O3
3 62·66(58) 63·98(2·1) 63·00(1·3) 61·35(1·7) 12·06(2·1) 6·96(2·9) 50·84(1·2) 16·20(2·9)

FeO3 29·12(47) 14·13(82) 29·84(30) 15·29(34) 38·03(1·8) 35·38(2·3) 33·67(66) 35·06(2·1)

MgO 2·00(8) 1·13(26) 1·80(33 1·01(7) 1·98(27) 4·83(1·3) 1·42(51) 2·30(30)

MnO 0·53(10) 0·19(4) 0·44(8) 0·19(14) 0·65(16) 1·58(37) 0·38(11) 0·70(13)

Total 98·41 98·28 99·15 97·58 100·39 99·75 95·40 98·98

% U/I4 5·44(21) 34·54(1·1) 5·82(33) 37·05(73) 88·07(2·1) 92·76(3·1) 20·57(1·1) 83·68(3·0)

Run: 19 20 21 22 23 24

n: 4 17 5 8 13 9 5 7

TiO2 47·36(75) 3·91(14) 26·15(1·5) 3·92(24) 28·09(2·4) 3·88(10) 4·22(12) 4·66(20)

Al2O3 0·15(7) 2·05(63) 1·02(63) 2·50(38) 0·55(60) 2·63(12) 2·68(17) 2·30(15)

Fe2O3 10·94(79) 57·79(1·6) 51·34(1·8) 57·70(82) 45·82(4·2) 57·66(1·2) 57·71(43) 57·26(89)

FeO 34·62(91) 31·23(68) 20·93(1·3) 31·59(36) 22·56(1·7) 30·37(70) 30·51(29) 31·08(56)

MgO 3·71(10) 1·55(28) 1·36(28) 1·56(32) 1·42(22) 2·15(14) 2·40(10) 2·31(13)

MnO 1·34(12) 0·48(9) 0·16(17) 0·40(6) 0·16(13) 0·56(10) 0·65(6) 0·55(16)

Total 98·11 97·01 100·96 97·68 98·60 97·24 98·17 98·17

% U/I 88·64(66) 11·44(55) 48·98(1·8) 11·64(64) 53·65(4·1) 11·17(33) 11·88(40) 13·06(60)

Run: 24 25 26 27 31

n: 6 3 6 8 3 8 2 12

TiO2 25·18(70) 4·82(20) 27·09(70) 5·07(18) 26·08(99) 5·74(20) 25·81(34) 4·07(18)

Al2O3 2·37(1·9) 1·23(38) 0·47(55) 0·92(58) 0·00 1·87(32) 0·33(10) 1·76(16)

Fe2O3 55·29(4·0) 58·27(1·7) 52·24(2·8) 58·41(1·8) 50·23(4·3) 55·73(2·2) 44·97(2·9) 58·28(1·1)

FeO 18·99(1·1) 31·86(8) 21·66(50) 32·48(69) 19·08(2·0) 32·63(1·1) 20·55(2) 32·09(50)

MgO 1·92(47) 2·00(43) 1·39(14) 1·81(49) 2·34(1·4) 2·06(69) 1·43(9) 1·28(34)

MnO 0·22(14) 0·34(14) 0·23(10) 0·34(17) 0·21(11) 0·41(10) 0·10(13) 0·40(9)

Total 103·98 98·51 103·07 99·02 97·64 98·43 93·19 97·89

%U/I 45·46(2·2) 13·22(63) 49·42(86) 13·8(83) 48·34(3·3) 16·14(1·0) 51·90(1·4) 11·87(59)

Run: 32 33 34 35 36 37 38

n: 11 6 5 1 5 6 1 1

TiO2 4·18(19) 8·53(37) 10·75(13) 10·74 44·41(36) 46·43(84) 47·65 43·70

Al2O3 1·44(86) 3·21(19) 2·45(6) 2·45 0·41(19) 0·17(25) 0·37 0·12

Fe2O3 58·37(1·7) 48·72(78) 45·43(81) 45·94 17·40(44) 14·10(56) 7·93 10·64

FeO 32·39(61) 35·80(73) 37·99(25) 38·78 34·98(38) 36·91(66) 38·41 34·12

MgO 1·04(16) 1·86(10) 1·70(8) 1·52 2·45(8) 2·34(8) 2·34 2·60

MnO 0·56(12) 0·40(9) 0·49(6) 0·23 0·58(8) 0·66(20) 0·26 0·53

Total 97·97 98·53 98·80 99·65 100·22 100·61 96·96 91·70

%U/I 12·15(35) 25·90(67) 31·95(63) 32·00 82·68(30) 86·09(44) 91·91 88·44
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Table 7: continued

Run: 41 42 44 45 46 51 52

n: 3 1 3 2 2 5 1 4

TiO2 28·58(74) 6·45 10·71(33) 44·19(33) 44·89(86) 3·53(3) 23·06 3·51(3)

Al2O3 0·62(2) 3·70 2·58(8) 0·22(3) 0·33(12) 2·35(13) 0·57 3·13(8)

Fe2O3 46·93(1·9) 53·52 46·16(58) 19·84(1·2) 17·21(2·0) 60·62(85) 54·73 59·79(84)

FeO 23·12(51) 34·10 37·52(34) 34·03(7) 35·01(70) 31·52(58) 17·96 31·31(55)

MgO 1·34(8) 2·23 2·20(28) 2·98(15) 2·76(11) 1·79(13) 1·38 2·04(16)

MnO 0·19(5) 0·22 0·41(3) 0·39(10) 0·43(12) 0·56(1) 0·32 0·47(7)

Total 100·78 100·23 99·57 101·66 100·63 100·37 98·02 100·25

%U/I 53·58(1·5) 19·22 31·13(35) 80·46(96) 82·92(1·9) 9·93(1) 43·93 10·09(18)

Run: 52 53 58 65 66

n: 1 3 3 3 1 3 7 6

TiO2 23·90 3·65(24) 25·11(30) 3·80(23) 25·81 1·85(11) 18·53(29) 2·07(8)

Al2O3 0·64 3·46(23) 0·62(5) 2·53(20) 0·63 2·32(7) 0·61(6) 2·38(10)

Fe2O3 54·28 59·08(1·2) 51·12(1·5) 58·76(60) 53·29 62·56(27) 64·21(1·8) 63·34(1·0)

FeO 18·66 32·14(22) 20·17(43) 31·53(44) 20·60 30·10(42) 15·11(33) 30·93(55)

MgO 1·42 1·70(4) 1·25(7) 1·77(8) 1·36 1·33(10) 0·77(4) 1·37(13)

MnO 0·31 0·42(8) 0·17(20) 0·37(5) 0·18 0·63(2) 0·18(10) 0·52(3)

Total 99·20 100·45 98·46 98·77 101·88 98·79 99·41 100·62

%U/I 45·05 10·86(76) 48·13(95) 11·04(80) 47·69(5·4) 5·37(36) 35·44(86) 5·94(17)

Run: 66 67 68 69 72 74

n: 1 4 4 7 2 3 3 1

TiO2 19·37 2·45(7) 20·70(45) 2·53(15) 2·32(1) 21·11(20) 4·03(12) 2·89

Al2O3 0·73 2·20(9) 0·56(5) 1·86(7) 5·37(23) 1·04(1) 3·50(2) 2·74

Fe2O3 65·03 62·62(1·2) 60·29(1·0) 62·79(1·0) 60·37(29) 58·16(2·3) 57·00(19) 58·36

FeO 15·73 31·29(25) 17·05(28) 30·98(45) 31·02(17) 16·82(41) 33·86(24) 32·24

MgO 0·87 1·35(10) 0·78(4) 1·37(24) 2·06(10) 1·14(8) 0·84(1) 0·61

MnO 0·14 0·43(43) 0·18(12) 0·69(10) 0·43(1) 0·13(12) 0·01(2) 0·05

Total 101·87 100·36 99·56 100·22 101·58 98·41 99·24 96·90

%U/I 36·13 7·04(26) 39·63(56) 7·11(40) 7·18(7) 40·57(1·2) 12·91(34) 8·44

1Number of analyses.
2Numbers in parentheses indicate one standard deviation of replicate analyses in terms of smallest units cited.
3Fe3+ and Fe2+ calculated from formula constraints.
4U, mol % of ulvöspinel in the spinel oxide; I, mol % of ilmenite in the rhombohedral oxide. Both calculated using the
normalization procedure of Stormer (1983).

Rutherford & Devine (1996), our data show that ilmenite Our results on S-free dacite show that orthopyroxene
and hornblende, except at high aH2O, are related tofirst appears 50°C or more below magnetite, the latter

belonging to the liquidus phase assemblage under water- each other by a peritectic reaction. At values of f O2

sufficiently high to stabilize anhydrite, we find that thesaturated conditions. Hornblende appears on the liquidus
at slightly over 900°C, as in the study by Rutherford addition of small amounts of S has a noticeable effect

on the occurrence of orthopyroxene, ferromagnesian& Devine (1996), but its modal variations suggest a
temperature maximum at aH2O ~0·9 rather than 1·0, amphibole, and biotite. For example, the addition of

0·32 wt % S (charge 58) is sufficient to extend theand an absence of hornblende at melt H2O contents
lower than 4–5 wt %. field of orthopyroxene down to 780°C at aH2O = 1·0,
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(M. Rutherford, personal communication, 1996). In our
study, experiments performed with addition of sulfur at
780°C, aH2O= 1 and NNO+ 1·7 to NNO+ 2·3 show
that Al-anthophyllite or gedrite crystallizes in place of
calcic amphibole as soon as the amount of S in the
system exceeds 0·3–0·4 wt % (compare charges 52 and
58). These observations show that there is no kinetic
problem in experimentally crystallizing ferromagnesian
amphibole, but that its occurrence (whether cum-
mingtonite, Al-anthophyllite, or gedrite) is critically de-
pendent on the normative ratio Mg/Ca silicate in
anhydrite-producing runs at high f O2. Thus, in S-free
Pinatubo dacite, there is no reaction relation between
orthopyroxene and ferromagnesian amphibole, and in
fact no evidence for the presence of the latter mineral at
all. We conclude that the appearance of cummingtonite
(mg-number = 0·71) in the Pinatubo dacite magma
demands very specific conditions, namely f O2 <
NNO+ 2, high aH2O (but not necessarily equal to 1·0),
S present but not more than ~0·4 wt % and TΖ 780°C.
Rutherford & Devine (1996) observed cummingtonite in
their experiments because they used unfused natural rockFig. 8. (a) Variation of the ilmenite content of experimental rhom-
as starting material, which, in contrast to our dry-glassbohedral oxide with f O2 for H2O-saturated runs at 780 ± 5°C. It

should be noted that at NNO (S-free and S-bearing) and at NNO+ 1 starting material, contained enough sulfur to stabilize
(S-bearing) there is no coexisting Fe–Ti spinel. (b) Variation of the cummingtonite.ulvöspinel content of experimental Fe–Ti spinel with f O2 for H2O-

The most serious discrepancy between the two phasesaturated runs at 780 ± 5°C. Β, S-free runs; Χ, S-bearing runs.
Φ, the charge whose f O2 has been estimated using the hornblende diagrams concerns the quartz boundary. The quartz
composition and the empirical relation of Fig. 6; Ε, S-free runs. The liquidus temperature at aH2O= 1 is ~70°C higher and
thick bold lines represent the average compositions of Pinatubo oxides

the dT/daH2O slope much flatter in the Rutherford &(Imai et al., 1993; Hattori, 1996; Pallister et al., 1996; Rutherford &
Devine (1996) phase diagram than in ours. A correctDevine, 1996). The vertical bar is the average standard deviation

of experimental oxide analyses; the horizontal bar is the maximum assessment of the quartz stability field is important be-
uncertainty on f O2. cause, although present in very low modal amounts,

quartz is ubiquitous in the products of the climactic
eruption (Bernard et al., 1991, 1996; Fournelle et al.,basically in agreement with Rutherford & Devine (1996).
1996; Hattori, 1996; Luhr & Melson, 1996; Pallister etIn runs at 780°C with more added S, we find or-
al., 1996; Rutherford & Devine, 1996), and is one of thethorhombic ferromagnesian amphibole (Al-anthophyllite
most important containers of glass inclusions used toand gedrite), but not cummingtonite. These results make
assess pre-eruption conditions (Westrich & Gerlach, 1992;sense because simple mass-balance calculations show that
Wallace & Gerlach, 1994; Gerlach et al., 1996; Rutherford1 wt % S, for example, is capable of forming 4·2%
& Devine, 1996). Although in our experiments the firstanhydrite, taking at the same time all the CaO (~1·5 wt
appearance of quartz is readily detected, bracketing re-%) needed to form the typical 15% modal amounts of
versals were not performed. Therefore, two alternativehornblende. A comparable sensitivity to S content also
explanations for the discrepancy are possible: sluggishaffects the presence of biotite. Rutherford & Devine
nucleation of quartz (in the crystallization experiments)(1996) reported a biotite liquidus temperature of ~ 850°C
or low quartz dissolution rates (in the melting ex-for aH2O = 1, whereas in S-free runs we produced
periments). We believe that the first possibility is unlikely,biotite only in rhyolite liquid at 747°C (charge 72). With
however, because reversed crystallization experimentsadded S, however, we find biotite in dacite at 780°C,
performed in more silicic systems under similar P and Tand cannot rule out stable biotite at higher temperatures
conditions using the same procedure as here have clearly(e.g. 800–860°C).
shown that the use of dry glass as starting materialWhereas cummingtonite was not detected in any of
enhances the nucleation of tectosilicates (e.g. Pichavant,our sulfur-free experiments, Rutherford & Devine (1996)
1987; Holtz et al., 1992). In these more silicic systems,were able to define a small stability field for this phase
phase boundaries located using forward experiments are(although no composition was provided), with a maximum
within 15°C of those constrained by reversal experiments.thermal stability of ~790°C at 220 MPa. Both relict and

newly grown cummingtonite were identified optically In contrast, quartz is known to be one of the slowest
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Table 8: Compositions of experimental glasses (normalized to 100 wt % anhydrous)

Run: 4 5 6 8 9 16 17 18

n:1 7 6 6 7 4 6 9 6

SiO2 75·96(54)2 76·61(41) 78·38(38) 75·54(40) 77·83(59) 75·46(31) 75·93(99) 75·61(97)

Al2O3 14·05(10) 13·57(24) 12·50(13) 14·38(13) 13·18(8) 13·96(27) 14·04(28) 14·20(37)

FeO3 0·90(4) 1·00(10) 0·69(15) 1·04(15) 0·98(11) 1·01(14) 0·87(37) 1·15(14)

MgO 0·41(5) 0·36(4) 0·16(3) 0·38(13) 0·32(8) 0·70(24) 0·54(26) 0·40(27)

MnO 0·09(5) 0·06(5) 0·06(7) 0·07(6) 0·03(6) 0·12(6) 0·08(7) 0·06(5)

CaO 1·78(5) 1·47(10) 0·93(11) 1·95(18) 1·40(23) 2·09(26) 2·00(30) 1·94(13)

Na2O 3·97(13) 3·83(10) 3·55(11) 3·69(42) 3·09(34) 3·64(16) 3·60(17) 3·49(35)

K2O 2·71(6) 2·93(12) 3·62(16) 2·78(18) 3·07(6) 2·76(13) 2·73(10) 2·94(12)

TiO2 0·15(4) 0·17(6) 0·12(6) 0·17(5) 0·10(6) 0·26(8) 0·23(9) 0·22(5)

H2O4 7·43 6·48 6·56 7·88 7·57 7·42 7·76 7·94

Total5 90·40 91·79 91·68 89·64 90·17 90·40 89·85 89·55

Run: 19 20 21 22 23 24 25 33

n: 10 5 9 6 4 5 1 4

SiO2 76·16(62) 75·69(75) 77·08(23) 73·59(54) 74·46(28) 75·09(90) 75·94 73·25(23)

Al2O3 14·27(37) 14·04(34) 14·04(16) 15·61(13) 15·28(14) 14·07(17) 12·85 15·72(62)

FeO 0·95(32) 1·27(33) 0·95(18) 1·60(16) 1·01(22) 1·68(7) 1·26 1·81(13)

MgO 0·39(33) 0·39(18) 0·34(7) 0·41(10) 0·27(8) 0·31(4) 0·54 0·27(11)

MnO 0·05(5) 0·10(6) 0·09(6) 0·06(5) 0·09(9) 0·08(6) 0·16 0·06(4)

CaO 1·74(15) 1·92(13) 1·53(10) 2·15(13) 1·93(18) 1·78(13) 2·03 2·26(5)

Na2O 3·36(20) 3·53(19) 3·41(13) 3·84(18) 4·10(8) 3·80(50) 3·82 3·88(15)

K2O 2·87(20) 2·80(11) 2·40(9) 2·41(8) 2·52(7) 2·86(6) 3·17 2·49(5)

TiO2 0·23(8) 0·26(14) 0·16(5) 0·33(8) 0·35(2) 0·32(8) 0·22 0·26(3)

H2O 8·11 8·22 8·09 7·80 7·76 6·56 6·99 7·78

Total 89·24 89·03 89·28 89·79 89·85 91·69 91·07 89·04

Run: 34 35 36 41 42 42b 43 44

n: 7 4 4 8 8 7 10 9

SiO2 74·15(67) 74·17(82) 74·29(76) 71·16(41) 68·05(60) 68·84(64) 69·65(99) 70·77(88)

Al2O3 14·67(23) 14·30(23) 13·98(17) 15·92(20) 16·69(23) 16·85(13) 15·92(23) 15·25(30)

FeO 1·95(43) 1·86(19) 1·98(10) 2·48(18) 3·34(22) 2·26(22) 3·15(21) 2·91(20)

MgO 0·28(9) 0·26(10) 0·29(7) 0·70(7) 1·08(8) 1·18(5) 0·90(4) 0·76(11)

MnO 0·10(6) 0·09(6) 0·06(7) 0·08(8) 0·08(8) 0·10(6) 0·08(7) 0·03(5)

CaO 2·03(11) 1·92(4) 2·08(41) 2·90(11) 3·96(13) 4·03(10) 3·34(11) 2·95(21)

Na2O 3·78(13) 4·03(18) 3·84(11) 4·20(15) 4·61(23) 4·58(24) 4·59(11) 4·52(16)

K2O 2·66(8) 3·07(9) 3·15(13) 2·23(8) 1·82(10) 1·82(11) 1·99(9) 2·33(8)

TiO2 0·38(7) 0·31(5) 0·32(8) 0·32(8) 0·37(7) 0·33(4) 0·38(8) 0·47(7)

H2O 6·99 5·82 6·85 7·97 6·96 6·24 6·04 5·66

Total 90·43 92·15 90·64 88·69 90·47 91·56 91·85 92·36

dissolving minerals in silicate melts. In some experiments of quartz outside its stability field owing to its slow melting
kinetics, especially at temperatures below 800°C. ForRutherford & Devine (1996) used a starting material

previously annealed at 860°C, but this annealing was these reasons we believe that our quartz liquidus curve
more accurately expresses the equilibrium position thanperformed at 100–130 MPa, presumably in the quartz

stability field or close to it. The high-temperature position that of Rutherford & Devine (1996).
Conrad et al. (1988) determined the phase relations ofof the quartz liquidus curve in the Rutherford & Devine

(1996) phase diagram may thus result from the persistence a natural dacite whose bulk composition is very similar
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Table 8: continued

Run: 45 46 50 51 52 53 58 65

n: 4 4 6 7 5 4 4 7

SiO2 72·90(34) 73·52(84) 69·93(29) 75·60(79) 75·43(62) 77·55(48) 76·56(1·45) 74·94(48)

Al2O3 14·38(47) 14·04(58) 16·06(15) 14·64(21) 14·79(11) 13·77(38) 13·52(34) 15·44(10)

FeO 2·47(14) 2·32(24) 2·33(17) 1·18(9) 1·13(36) 1·19(20) 1·20(12) 0·88(16)

MgO 0·57(10) 0·53(22) 1·07(6) 0·31(10) 0·53(26) 0·39(3) 0·34(11) 0·25(6)

MnO 0·07(6) 0·04(5) 0·03(5) 0·03(3) 0·05(4) 0·08(7) 0·03(4) 0·06(5)

CaO 2·28(9) 2·33(22) 3·40(12) 1·84(10) 1·60(12) 1·08(8) 1·63(3) 2·33(28)

Na2O 4·33(14) 4·19(13) 4·77(20) 3·49(30) 3·63(8) 2·86(31) 3·76(15) 3·53(18)

K2O 2·63(14) 2·66(11) 2·12(7) 2·69(12) 2·57(3) 2·91(19) 2·75(8) 2·47(8)

TiO2 0·37(7) 0·38(6) 0·29(5) 0·23(4) 0·27(8) 0·16(5) 0·21(12) 0·09(6)

H2O 3·78 3·09 6·98 7·66 7·69 7·19 6·52 8·50

Total 94·62 95·37 90·44 89·28 89·22 90·10 91·16 87·55

Run: 66 67 69 72 73 74 75

n: 6 7 7 6 7 6 6

SiO2 76·18(28) 77·31(84) 74·61(48) 78·10(56) 78·10(70) 78·56(44) 79·18(87)

Al2O3 14·46(4) 13·20(19) 16·38(18) 13·05(7) 13·10(20) 12·44(13) 12·62(17)

FeO 0·96(15) 0·99(12) 0·98(11) 0·78(11) 0·09(7) 0·93(8) 0·28(13)

MgO 0·31(7) 0·25(2) 0·59(5) 0·22(2) 0·29(2) 0·20(2) 0·20(2)

MnO 0·02(3) 0·07(5) 0·07(6) 0·04(4) 0·02(3) 0·07(5) 0·04(5)

CaO 1·74(5) 1·57(17) 1·97(17) 0·86(5) 0·70(9) 1·25(8) 1·09(10)

Na2O 3·28(14) 3·35(11) 3·75(18) 3·10(11) 3·40(7) 3·42(15) 3·47(19)

K2O 2·88(15) 3·10(20) 1·52(7) 3·78(16) 4·21(15) 3·03(13) 3·01(7)

TiO2 0·16(3) 0·15(5) 0·13(4) 0·07(8) 0·10(5) 0·11(4) 0·11(2)

H2O 8·08 7·27 8·15 6·38 6·35 7·01 6·90

Total 88·47 89·96 88·32 91·35 91·38 90·40 90·57

1Number of analyses.
2Numbers in parentheses indicate one standard deviation of replicate analyses in terms of smallest units cited.
3Total Fe given as FeO.
4H2O determined by using the by-difference method before correction for quench effects. Corrected water contents are listed
in Table 2 (see text).
5Original probe total, after correction for alkali loss.

to that of Pinatubo. Their experiments were performed found, consistent with its diminished stability at pressures
>300–400 MPa (Geschwind & Rutherford, 1992; Ni-at 1000 MPa and f O2 close to that defined by the

fayalite–magnetite–quartz solid buffer. They also used cholls et al., 1992; Evans & Ghiorso, 1995; Rutherford
& Devine, 1996). Overall, the results of Conrad et al.dry glasses as starting material. Comparison of their

phase diagram with ours shows that hornblende and (1988) show that, as pressure increases, hornblende be-
comes the major silicate mineral on the liquidus underorthopyroxene display the same peritectic relationships

as in the S-free Pinatubo dacite, orthopyroxene replacing H2O-rich conditions and that, apart from the effect of
H2O on temperature of crystallization of tectosilicates,hornblende at high temperature and low aH2O. Clino-

pyroxene also assumes the same position as in our phase the pressure increase does not significantly affect the
phase diagram topology.diagram, and the tectosilicates display the same crys-

tallization order, plagioclase liquidus temperatures being Comparison of our data with phase diagrams for
other natural dacite–latite magmas at around 200 MPadepressed by more than 200°C at high aH2O. Biotite

has a more prominent stability field, presumably as a (Merzbacher & Eggler, 1984; Rutherford et al., 1985;
Rutherford & Devine, 1988; Johnson & Rutherford,result of the higher pressure. Cummingtonite was not
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Fig. 10. Variations in melt composition (recalculated to 100 wt %
anhydrous) with pressure and melt H2O content at 780°C for (a) SiO2

and (b) Al2O3. The bold horizontal lines show the oxide contents of
the matrix glass of the Pinatubo crystal-rich dacite (Rutherford &
Devine, 1996). The cross gives the average standard deviation of
experimental glass analyses.

alkali element contents seem primarily to affect the
position of hydrous mineral boundaries. For example,
biotite in the Fish Canyon Tuff displays a very large
stability field with a maximum thermal stability close to
900°C. Although both rocks have the same SiO2 content,
K2O is more than twice as high in the Fish Canyon Tuff
as in the Pinatubo dacite. Similarly, the Mount St Helens
dacite has a slightly enhanced hornblende stability field
compared with that of Pinatubo, owing to its Na2O-rich
character. A high Na2O content has been shown to
increase the stability of hornblende in basaltic com-
positions (Sisson & Grove, 1993).

Pre-eruption P–T–f O2–f H2O conditions
Fig. 9. Variations in melt composition (recalculated to 100 wt % First-order constraints on pre-eruption conditions areanhydrous) with changes of temperature and melt H2O content at 220

provided by the natural phenocryst assemblage, assumingMPa. The bold horizontal lines show the oxide contents of the matrix
glass of the Pinatubo crystal-rich dacite (Rutherford & Devine, 1996). that it was at equilibrium (Rutherford & Devine, 1996)
It should be noted that at 785°C melt compositions obtained in melting and the pre-eruption pressure was ~220 MPa (see below).
experiments are also plotted (charges 4–6, Table 8). Ε, 785°C; Φ,

Our phase diagram (Fig. 2) shows that the natural phase834°C; Χ, 866°C; Β, 899°C. The cross gives the average standard
assemblage corresponds to a very restricted field of T–deviation of experimental glass analyses.
XH2O conditions. The coexistence of plagioclase, horn-
blende, and Fe–Ti oxides requires temperatures lower
than 830°C assuming aH2O = 1 or 850°C assuming1989) shows that in all cases (Mount St Helens, Fish
aH2O = 0·5. The lack of orthopyroxene phenocrystsCanyon Tuff and Pinatubo) plagioclase saturation occurs

between 880 and 910°C for aH2O = 1. Variations in restricts conditions to the water-rich portion of the phase
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diagram, with melt H2O content >5 wt %. Biotite crys- The main hornblende phenocryst population therefore
has a composition consistent with a magma cooling overtallization requires conditions close to H2O saturation.

Although cummingtonite occurs predominantly as an the range 780–740°C, or one at an average temperature
of 760°C, conditions similar to those inferred from theovergrowth on hornblende phenocrysts, rare individuals

in the matrix glass have been found (Fournelle et al., phase assemblage constraints detailed above. The few
hornblendes that indicate temperatures in the range1996). In addition, cummingtonite contains glass in-

clusions similar in composition to those present in other 840–900°C are slightly outside our high-temperature
experimental field, a shift that can be explained by aphenocrysts, as shown by Rutherford & Devine (1996).

Both facts suggest that cummingtonite and hornblende high-pressure fractionation event. To examine the role
of pressure ( Johnson & Rutherford, 1989; Schmidt,coexisted before eruption, which points to a pre-eruption

temperature <800°C (Rutherford & Devine, 1996). The 1992), we plot Altot vs Na+K (Fig. 11b). Natural Pi-
natubo hornblende plots again in two distinct fields: theamount of quartz in the natural dacite is very small

(<1%, Luhr & Melson, 1996; Pallister et al., 1996) and main population is characterized by Altot between 1 and
1·5 and Na+K <0·5, and the other group of analysesits common rounded shape suggests some resorption

before eruption (e.g. Pasteris et al., 1996), possibly as a defines a high Altot and Na+K domain (see next section).
Overall, the natural hornblendes define a trend thatresult of heating because of basalt underplating and

injection (Pallister et al., 1992). However, the close sim- intersects the experimental one. Both temperature and
pressure increase Altot. Our experimental data define theilarity between the compositions of glass inclusions and

matrix glass in a given sample and from sample to 220 MPa trend in the temperature range 780–900°C.
Hornblende crystallizing at higher pressure would definesample (Westrich & Gerlach, 1992; Gerlach et al., 1996;

Rutherford & Devine, 1996) suggests that any remelting a trend at higher Altot, as suggested by our 390 MPa
experiments and other experimental studies ( Johnson &of the main body of the dacite magma was very limited.

A significant remelting event would have destroyed the Rutherford, 1989; Schmidt, 1992). Most of the natural
population lies at the low-temperature end of the 220cummingtonite and forced the dacite magma back up its

liquid line of descent, in which case the quenched residual MPa trend, showing that the crystallization pressure
of this hornblende was no more than 220 MPa. Themelt would be less fractionated than the glass inclusions

hosted by the quartz, a feature not observed in the hornblende of this main group that falls below the ex-
perimental trend (Fig. 11b) can be explained by crys-crystal-rich dacite. For this reason, we believe that the

Pinatubo dacite magma was minimally saturated with tallization at both low pressure, roughly 180 MPa, and
low temperature, 740–780°C. The hornblende com-quartz just before eruption. The coexistence of quartz

and hornblende implies temperatures no less than 850°C positions thus provide evidence of having resided in the
cooler and shallower part of the erupted magma body,if water undersaturated, or less than 760°C at water

saturation. Therefore, as shown by Rutherford & Devine probably the upper semi-solidified shell of the dacite that
was intruded by the basalt. The comparison of natural(1996), from mineralogical considerations alone, it can

be concluded that the Pinatubo dacite magma was at a and experimental hornblende compositions therefore
points to cooling and concomitant decompression of themaximum temperature of 780°C and that H2O-rich

conditions prevailed before eruption began. This con- dacite magma, down to conditions as low as 180 MPa
and 740°C. Earlier conditions in the magma chamber areclusion is also indicated by the results obtained with the

synthetic rhyolitic melt. This composition is very close discussed later. The new refined and tightened pressure
estimates are consistent with previous suggestions, basedto its liquidus at 778°C and H2O-saturated conditions,

which indicates that the pre-eruption temperature must on seismic, petrological and experimental data, that the
depth of the storage region before the 15 June eruptionhave been lower that the experimental one, if aH2O

~ 1. The fact that the low-temperature run performed was about 6–10 km (Gerlach et al., 1996; Mori et al.,
1996; Rutherford & Devine, 1996).with this synthetic composition lacks hornblende is in-

terpreted to result from our synthetic composition being Rim compositions of plagioclase in the Pinatubo dacite
range from An36 to An40, but values as low as An27 haveslightly Na2O poorer than the natural residual glass [see

matrix glass analyses of Rutherford & Devine (1996)]. been reported. For conditions close to water saturation,
this range also corresponds to temperatures between 780Additional constraints on pre-eruption conditions are

provided by a comparison of experimental and natural and 740°C (Fig. 4a). There is no fundamental conflict
between our experimental plagioclase compositions andmineral compositions. Figure 11a plots Ti vs Na+K in

hornblende, two components known to be sensitive to those of the natural plagioclase. Both appear to have
grown under conditions close to local equilibrium withtemperature. The natural hornblende compositions de-

fine a linear trend nearly parallel to the experimental the liquid. Thus, there seems no need to invoke a kinetic
model of plagioclase rim growth for the Pinatubo daciteone, and the vast majority of them correspond to an

extrapolation of our experimental trend below 780°C. (Luhr & Melson, 1996).
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have recognized, these conditions are beyond the cal-
ibrated reach of the barometer. Corresponding tem-
peratures based on oxide thermometry (before any
empirical corrections) have been in the range 810–890°C.
Depending on the experimental f O2 we can in fact
recover temperatures as high as 1000°C from our 780°C
run products, and correspondingly excessively high f O2

values, by using the Fe–Ti oxide thermobarometer un-
critically beyond calibrated range. Thus, we believe that
all the temperature estimates based on the Fe–Ti oxides
in the Pinatubo dacites have been excessive. Our revised
estimate of f O2 (NNO+ 1·5 to NNO+ 1·7) is in much
better agreement with f O2 inferred from the composition
of the cummingtonite rims on hornblende: Fe/
(Fe+Mg+Mn+Ca)= 0·29 (Evans & Ghiorso, 1995;
figs 9 and 10).

The last variable of interest is the pre-eruption water
content of the melt. Comparison between the composition
of the natural residual liquid and the experimental liquid
as a function of its H2O content provides an opportunity
to constrain this factor. Figure 9 shows that, if the pre-
eruption temperature was ~780°C (and P= 220 MPa),

Fig. 11. Comparison of natural (Α) and experimental (220 MPa: Ε, major element trends (SiO2, Al2O3, CaO, K2O) constrain785°C; Φ, 834°C; Χ, 866°C; Β, 899°C; 390 MPa: Μ) hornblende
the melt H2O content to be 6–6·7 wt %. Higher pressuresin terms of Ti vs Na+K (a) and Altot vs Na+K (b). For the

experimental hornblende at 780°C, only non-corrected analyses were (Fig. 10) would require higher melt H2O contents for the
used, as the Na+K value is very sensitive to the recalculation same temperature. A temperature of 750°C at 220 MPa
procedure. It should be noted that the high-Al2O3 natural hornblende

would imply aH2O = 1·0, or slightly less than this ifplots close to the hornblende crystallized at 780°C, 390 MPa and H2O
saturation. The higher Na+K of the natural hornblende can be P = 180 MPa. These estimates can be compared with
attributed to their higher crystallization temperature. Natural horn- those obtained from the analysis of H2O by ion micro-
blende analyses were obtained from our sample and from Bernard et probe and IR spectroscopy in trapped glass inclusionsal. (1996), Fournelle et al. (1996), Pallister et al. (1996) and Rutherford

(Westrich & Gerlach, 1992; Wallace & Gerlach, 1994;& Devine (1996). The cross gives the average standard deviation of
experimental hornblende analyses. Rutherford & Devine, 1996). Only inclusions in quartz,

and some in plagioclase, give H2O contents in the range
6–7 wt %, close to our estimates. Glass inclusions hosted

Oxygen fugacity is best constrained by the experimental in other phenocrysts have much lower H2O contents
Fe–Ti oxide compositions. Most of our data under various (3–4 wt %; see Westrich & Gerlach, 1992). These lower
f O2 conditions were gathered at 780°C, whereas our values would be inconsistent with the stability of horn-
estimated pre-eruption temperatures are slightly lower. blende (Fig. 2a) and with the An and Or contents of
This is a problem of marginal concern, however, as we the plagioclase (Fig. 4). Furthermore, the variable H2O
are able to reproduce fairly closely the compositions of contents of glass inclusions in the different phenocrysts
the natural coexisting ilmenite and magnetite in runs of the Pinatubo dacite do not correspond to melts sampled
conducted at certain specific redox conditions (Evans & along the liquid line of descent followed by the magma
Scaillet, 1997, Fig. 3). Using our 780°C isotherm, the because their anhydrous compositions are remarkably
projected %ilm of ilmenite in the natural Pinatubo dacite similar to each other (Westrich & Gerlach, 1992; Ruth-
(53–55%: Imai et al., 1993; Hattori, 1996; Pallister et erford & Devine, 1996). Instead, they merely reflect the
al., 1996; Rutherford & Devine, 1996) corresponds to greater or lesser efficiency of the different host minerals
NNO+ 1·5 to NNO+ 1·7 according to Fig. 8a. Simi- to minimize syn- or post-eruption loss of H2O; hornblende
larly, the usp content of magnetite in the natural Pinatubo being the most leaky, followed by magnetite and pla-
dacite (12·5 ± 1·0%) corresponds to NNO+ 1·5 to gioclase, a conclusion also reached by Gerlach et al.
NNO+ 1·7 (Fig. 8b). These estimates of f O2 contrast (1996).
with previous estimates of f O2 based on the Fe–Ti oxides Thus, our data confirm the high H2O content of the
in Pinatubo white dacite pumice, which have fallen in melt, with values close to saturation, as already concluded
the range NNO+ 2·3 to NNO+ 3·2 (Hattori, 1993, by others (Westrich & Gerlach, 1992; Gerlach et al.,
1996; Imai et al., 1993; Luhr & Melson, 1996; Pallister 1996; Rutherford & Devine, 1996). This has led to the

suggestion that, before eruption, the magma was fluidet al., 1996; Rutherford & Devine, 1996). As these workers
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saturated (Gerlach et al., 1996), a situation that helps to
explain the excess S observed during the eruption. In
support of this conclusion, Wallace & Gerlach (1994)
reported IR spectroscopic measurements of CO2 in glass
inclusions in quartz phenocrysts. The analyzed CO2

contents (278–416 ppm) and melt water contents (>6 wt
%) are large enough to saturate the magma at 220 MPa
with a fluid phase. In Fig. 12, superimposed on the main
phase boundaries from Fig. 2a, are isopleths of melt CO2

content obtained from thermodynamic calculations of
the fluid phase speciation using the solubility model of

Fig. 12. Melt CO2 contents calculated through homogeneous equilibriaSilver et al. (1990) for H2O and the solubility model of
in the fluid phase in the C–O–H system with the modified Redlich–Blank et al. (1993) for CO2. Fugacities of fluid species Kwong equation of state of Holloway (1977) and Flowers (1979) together

were modeled in the C–O–H system using the MRK with the solubility models of Silver et al. (1990) and Blank et al. (1993)
for H2O and CO2, respectively. All calculations are for an f O2 ofequation of state of Holloway (1977) as modified by
NNO+ 1·7. Also shown as dotted lines are the phase boundaries ofFlowers (1979). The calculation was carried out by fixing
Fig. 2a.

f H2 and f H2O (thus also f O2, at ~NNO+ 1·7, and the
melt H2O content), taking into account H2O, H2, CH4,
CO, and CO2 as main species. By the Phase Rule, fixing melt fraction is 47 wt %, as calculated for charge 9, or
the fugacities of two fluid species, in addition to T and nearly identical to the natural one (~45–50 wt %; Luhr
P, fixes the fugacities of all remaining species (i.e. the & Melson, 1996). In fact, charge 9 has almost all the
C–O–H system is invariant). Knowing f CO2, melt CO2 attributes of the erupted magma with respect to the
contents were calculated after Blank et al. (1993). This compositions of melt (including its water content), co-
method of calculation insures thermodynamic consistency existing fluid phase, plagioclase, and hornblende, and
between the fugacities of fluid species. The results show major phase abundances, except that it lacks quartz (and
that, at the pre-eruption magma conditions, especially cummingtonite, but this is due to the absence of S in the
the H2O content, inferred in this and other studies (see system). Either a lower temperature or a vapor phase
above), the melt CO2 content must have been lower than poorer in H2O would have allowed quartz crystallization
100 ppm, as found by Rutherford & Devine (1996). At (Fig. 2b). Considering the temperature range given by
760°C, the CO2 contents measured by Wallace & Gerlach both plagioclase and hornblende compositions, the low
(1994) would imply a much lower melt fraction (<30 wt Or content of the plagioclase, and the presence of biotite
%; compare Figs 12 and 3a) than that preserved by the in the dacite (Fig. 2), the first possibility appears more
natural dacite (45–50 wt %). They would also imply a likely. A temperature of ~760°C at an XH2Ofluid =
coexisting fluid phase with much more CO2 (XH2Ofluid < 0·88 (~6·4 wt % H2O in melt) would fulfill all the
0·6) than found in study of the volcanic cloud (XH2Ofluid= mineralogical, compositional and textural requirements
0·82–0·86; Gerlach et al., 1996). Therefore, unless the inherent in the Pinatubo dacite. Slightly more H2O-rich
model of Blank et al. (1993) does not apply to the Pinatubo and slightly cooler conditions would also reproduce the
conditions (i.e. non-ideal mixing in the melt of CO2 and natural phase assemblage.
H2O, effects of additional components such as S), we
conclude that the CO2 contents determined by Wallace
& Gerlach (1994) do not represent the average magmatic

Early magmatic historyvalue for this species. One possibility is that their sample
Geochemical data show that the Pinatubo dacite hascomes from the deepest part of the tapped magma body.
slab-melt characteristics, although other origins (e.g. frac-For instance, using the above method of calculation we
tionation of a more mafic parent magma such as a basalt)find that, at 300 MPa and 780°C, a rhyolitic melt
cannot at present be dismissed (Bernard et al., 1996).saturated with a fluid phase with an XH2O = 0·8
Assuming that the magma was emplaced at ~220 MPawould contain 342 ppm of CO2. An increase in pressure
at a temperature higher than the pre-eruptive one, theaccompanied by an appropriate decrease in the XH2O
principal mineral zonation (excluding that attributablecan keep the phase proportions constant (compare
to kinetic factors) should be explainable by variations incharges 9 and 67, Table 2). This does not preclude the
T, aH2O, f O2 and f S2. We first consider plagioclase, asmagma from being volatile saturated, however. The
this mineral is primarily sensitive to changes in T andXH2Ofluid restored by Gerlach et al. (1996) ranges from
aH2O. Hattori & Sato (1996) and Luhr & Melson (1996)0·82 up to 0·86. At 780°C this range crosses the quartz-
have shown that plagioclase phenocrysts in the whitein boundary, which is in agreement with minor quartz

in the dacite. At 785°C for XH2Ofluid= 0·86 the residual dacite display complex patterns of compositional zoning,
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including reversed zoning, abrupt changes in An content,
and textural evidence of dissolution of earlier precipitated
minerals. Despite these complexities, Hattori & Sato
(1996) showed that the An and Or contents of the
plagioclase display an inverse linear relationship [see also
Bernard et al. (1996)], whose slope is clearly different
from that of plagioclase found in the basaltic products
ejected during the earlier stages of the eruption (Fig. 13).
This plot shows that plagioclase composition, especially
its Or content, is also controlled by bulk composition
and it demonstrates unambiguously that the basalt ejected

Fig. 13. Comparison of natural (open symbols) and experimental (filledduring the 1991 eruption cannot be the parent magma
symbols) plagioclase in terms of Or vs An. The natural plagioclase isof the dacite magma, as already shown on geochemical
taken from Hattori & Sato (1996) for both the dacite (Φ) and basalt

grounds by Bernard et al. (1996) and Pallister et al. (1996). (Α). The arrows show the trends obtained by decreasing the melt H2O
Our experimental plagioclase reproduces almost perfectly content at the four main experimental temperatures investigated. Ε,

780°C; Χ, 834–866°C; Μ, 899°C. Only the plagioclase crystallizedthe natural trend, provided only H2O-saturated con-
under H2O-saturated conditions approaches the natural compositions.ditions are considered (Fig. 13). At a given temperature, The slight departure from the dacite trend at 780°C probably results

a decrease in aH2O moves the plagioclase composition from glass contamination of the experimental plagioclase during micro-
probe analysis. The cross gives the average standard deviation oftoward higher Or content (Fig. 13). Maxima in anorthite
experimental plagioclase analyses.contents reported for plagioclase in the natural dacite

seldom exceed An55 (Bernard et al., 1996; Fournelle et
al., 1996; Luhr & Melson, 1996; Pallister et al., 1996;

Hornblende phenocrysts are generally more homo-
Rutherford & Devine, 1996), which points to tem- geneous than plagioclase but some phenocrysts with cores
peratures of ~900°C for aH2O= 1 (Fig. 13). Therefore, rich in Al2O3, Na2O and TiO2 have been found. Indeed,
whatever factors affected the plagioclase composition analyses carried out on a hornblende separate from our
(crystal settling, magmatic convection, injection of fresh sample of white pumice show that they locally have Al2O3magma), Or and An in our experimental plagioclase contents in excess of 12 wt % (e.g. Bernard et al., 1996;
suggest that the Pinatubo dacite magma continuously Fournelle et al., 1996; Imai et al., 1996). Two possible
evolved under conditions close to H2O saturation, with origins can be proposed for this hornblende: the first is
a maximum temperature close to the liquidus tem- that it is a remnant of an earlier mixing event between
perature at 220 MPa. Hattori & Sato (1996) also reported basalt and dacite. In support of this is the compositionally
a few plagioclase compositions as calcic as An80. Such similar hornblende found in the 12 June dome andesite,
calcic plagioclase is not reproduced under any set of thought to be a mixing product of basalt and dacite
reasonable T–XH2O conditions explored in this study. (Pallister et al., 1996). The An80 plagioclase reported by
As shown by Sisson & Grove (1993), calcic plagioclase Hattori & Sato (1996) could also correspond to such an
requires a subtle combination of high-temperature and event. The second possibility is that this high-Al2O3
water-rich conditions. Extrapolation of our experimental hornblende records a higher-pressure stage of crys-
trend of plagioclase compositions for aH2O= 1 and 220 tallization ( Johnson & Rutherford, 1989; Schmidt, 1992).
MPa would imply that the crystallization of An80 would The hornblende that crystallized in our 390 MPa ex-
require a temperature in excess of 950°C, which is higher periments indeed has a higher Al2O3 content than at 220
than the liquidus in our experiments. An increase in MPa, but only under H2O-saturated conditions (run
pressure would further depress plagioclase liquidus tem- 65, Table 4). If the temperature effect on hornblende
peratures, as shown by Conrad et al. (1988). For example, composition at 390 MPa is similar to that obtained at
the plagioclase liquidus at 1000 MPa and aH2O = 1 is 220 MPa (Fig. 11b), then this hornblende implies con-
690°C and the plagioclase is An40. Furthermore, the most ditions for this early crystallization stage at about 400
calcic plagioclase produced in the latter study was An52, MPa, 840–900°C (Fig. 11b), and high aH2O. The lack of
for a maximum temperature of 950°C. Thus, the An80 intermediate compositions of hornblende suggests rapid
plagioclase in the Pinatubo dacite is either a xenocryst transport of the magma between the two levels of crys-
or a phenocryst that crystallized in a more mafic bulk tallization. Additional experiments are clearly required,
composition. In either case, the scarce occurrence of this however, to see if this high Al2O3-hornblende can crys-
calcic plagioclase suggests that it played a restricted role tallize in the Pinatubo dacite at pressures higher than
in the petrogenesis of the dacite magma, at least in the 200 MPa.
upper chamber where the magma was stored before Although our revised estimate of f O2 is lower by almost

1 log unit relative to previous estimates, the Pinatuboeruption.
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dacite magma still falls at the high end of redox states triggered the eruption (Pallister et al., 1996), then its
displayed by silicic and intermediate arc magmas (Car- thermal and chemical effects must have been minimal
michael, 1991). Accordingly, the Pinatubo cum- to preserve this equilibrium state. One way to account
mingtonite is more Mg-rich than cummingtonite in other for this, as already suggested by Pallister et al. (1996), is
siliceous volcanics (Evans & Ghiorso, 1995). The presence to have a very short lag time between magma injection
of sulfides has been taken as evidence for an earlier and eruption, which is in agreement with the proposed
reduced stage in the magmatic evolution of the Pinatubo genetic link between the two phenomena (Pallister et al.,
dacite (Hattori, 1993, 1996). However, our data show 1992). Phase proportions are reproduced as well, which
that, before eruption, the Pinatubo dacite had an ox- shows that mechanical sorting did not occur upon erup-
idation state very close to, or perhaps slightly within, the tion, a feature indicative of extremely fast cooling rates,
co-stability field of anhydrite and pyrrhotite. Therefore, sufficient to quench magmatic textures at the hand-
the dacite magma could well have been in equilibrium specimen scale. As regards the early period recorded by
with both S-bearing minerals, although very close to the main minerals plagioclase and hornblende, both point
the upper stability limit of pyrrhotite. At an f O2 of to water-rich conditions during most of the crystallization
NNO+ 1·6, variations in f O2 of <0·2 log unit may period in the upper-crustal magma chamber. Plagioclase
either stabilize or decompose any sulfide present in the in particular indicates that the magma may have been
magma. In addition, pyrrhotite in the dacite contains near H2O saturation very early in its history. This places
substantial amounts of Cu (Hattori, 1993, 1996), which constraints on the minimum amount of fluid phase that
could stabilize the sulfide to higher f O2. The presence can be expected to coexist with the magma under pre-
of sulfides in the dacite cannot thus be used as evidence eruption conditions. If the magma had been H2O sat-
for an earlier reduced stage. The S abundance of the urated at 900°C, the melt would have contained nearly
Pinatubo magma has also been related to fluids dis- 7 wt % H2O (Fig. 2a). At a pre-eruption temperature of
charging from underlying crystallizing basalts (e.g. Pallis- 760°C, the magma is 40–50% crystallized, so the fluid
ter et al., 1996). According to Hattori (1993, 1996), such phase coexisting with the magma may amount to ~3 wta process could explain the oxidized character of the

%, which falls within the range calculated for other silicicPinatubo dacite [see also Matthews et al. (1994)]. How-
eruptions (Wallace et al., 1995). Obviously, this calculationever, introduction of sulfur under any set of conditions
neglects possible fluid loss by upward percolation drivenrelevant to the dacite petrogenesis increases the mg-
by buoyancy. Its shows, however, that there is no neednumber of Ca-amphibole except if f O2 is above
to call upon external fluids to explain some of theNNO+ 2 (Fig. 6). Although no systematic study of
geochemical features of the dacite. Fluid migration andhornblende compositional zonation has been made, a
accumulation at the top of the magma chamber can beprominent Mg-rich overgrowth on Pinatubo hornblende
produced by the dacite magma on its own. In such ais lacking. This suggests that, if S has an external origin,
system, the deepest parts of the plumbing system maythen it must have been supplied to the dacite magma
release and supply the excess volatiles to the upperunder redox conditions similar to those prevailing before
reaches of the magma chamber. These fluids couldthe eruption (~NNO+ 1·7). In other words, an in-
scavenge the percolated magma of elements with elevatedtroduction of S is unlikely to have been responsible for
partition coefficients and concentrate them in apicalthe high oxidation state of the dacite magma. Finally,
portions of the system. Sulfur may have been one ofwe note that plagioclase preserves evidence of conditions
them. The Pinatubo dacite thus provides one moreclose to water saturation at all temperatures, a trend
example of the important role of H2O in the petrogenesisdifficult to reconcile with an infiltration of the dacite
of arc-magmas (e.g. Gaetani et al., 1993). A related topicmagma by fluids emanating from underlying basalt.
is the oxidized character of these water-rich magmas (e.g.Long-term percolations of basaltic fluids will instead
Carmichael, 1991; Sisson & Grove, 1993). Although itdecrease the aH2O in the overlying dacite, unless the
is beyond the scope of this paper to discuss in detail thecrystallization of these basalts produces H2O-rich fluids.
origin of the oxidized character, we note that there is no
evidence to suggest that the redox state changed by several
orders of magnitude during upper-crustal residence. On

CONCLUDING STATEMENTS the other hand, excluding kinetic factors, the complex
zoning pattern preserved by the plagioclase suggests thatThis work shows that nearly all the major features of the
some sort of magma mixing occurred in the past historycrystal-rich variety of dacite erupted at Mt Pinatubo can
of the magmatic reservoir [see Hattori & Sato (1996)].be reproduced by phase-equilibrium experiments. The
However, plagioclase displays a unique An vs Or trendimmediate implication is that equilibrium conditions most
(Fig. 13), which implies that during the entire period ofprobably prevailed during the crystallization of the dacite

magma in the upper storage chamber. If basalt injection crystal growth, the bulk composition of the host magma
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Bernard, A., Demaiffe, D., Mattielli, N. & Punongbayan, R. S. (1991).did not change significantly. The control that bulk com-
Anhydrite-bearing pumices from Mount Pinatubo: further evidenceposition exerts on this compositional variable has been
for the existence of sulfur-rich silicic magmas. Nature 354, 139–140.shown by Sato (1984). The only way to maintain the An

Bernard, A., Knittel, U., Weber, B., Weis, D., Albrecht, A., Hattori,vs Or relationship in a continuously replenished magma K. & Oles, D. (1996). Petrology and geochemistry of the 1991
chamber is through injection of fresh magma with a bulk eruption products of Mount Pinatubo (Luzon, Philippines). In:
composition (including melt H2O content) similar to the Newhall, C. G. & Punongbayan, R. S. (eds) Fire and Mud. Eruptions and

Lahars of Mount Pinatubo, Philippines. Seattle: University of Washingtonintruded one. The fact that basalt was injected into the
Press, pp. 767–798.cooling dacite pluton thus appears to have been probably

Blank, J. G., Stolper, E. M. & Carroll, M. R. (1993). Solubilities offortuitous. As Pallister et al. (1996) have suggested, its
carbon dioxide and water in rhyolitic melts. Earth and Planetary Sciencemain role was to overpressurize the volatile-rich cap
Letters 119, 27–36.

of the crystallizing dacite pluton, which subsequently Bluth, G. J. S., Doiron, S. D., Schnetzler, C. C., Krueger, A. J. &
underwent explosion. If the dacite had been less crys- Walter, L. S. (1992). Global tracking of the SO2 clouds from the
tallized, then probably mixing following basalt intrusion June, 1991 Mount Pinatubo eruptions. Geophysical Research Letters 19,

151–154.would have been much more effective. Within this con-
Burnham, C. W., Holloway, J. R. & Davis, N. F. (1969). Thermo-text, the pre-eruption conditions of the volcanic event

dynamic properties of water to 1000°C and 10 000 bar. Geologicalare pre-intrusion conditions as well. Finally, the Pinatubo
Society of America Special Paper 132, 1–96.event illustrates a situation where the eruption is not

Carmichael, I. S. E. (1991). The redox states of basic and silicic
triggered by the continuous increase of pressure in the magmas: a reflection of their source regions. Contributions to Mineralogy
magma chamber through volatile exsolution as crys- and Petrology 106, 36–64.
tallization proceeds, as modeled by Tait et al. (1989) for Carroll, M. C. & Rutherford, M. J. (1987). The stability of igneous

anhydrite: experimental results and implications for sulfur behaviorsilicic arc-volcanoes. In the latter model the pressure in
in the 1982 El Chichòn trachyandesite and other evolved magmas.the magma chamber increases upon volatile exsolution
Journal of Petrology 28, 781–801.until the tensile stress of the host rock is exceeded.

Carroll, M. C. & Rutherford, M. J. (1988). Sulfur speciation inAlthough the Pinatubo volcano fulfills all the conditions
hydrous experimental glasses of varying oxidation states: results from

to follow this pattern, it apparently did not occur. measured wavelength shifts of sulfur X-rays. American Mineralogist 73,
845–849.
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& Punongbayan, R. S. (eds) Fire and Mud. Eruptions and Lahars of Journal of Petrology 31, 1071–1114.
Mount Pinatubo, Philippines. Seattle: University of Washington Press, Luhr, J. F. (1991). Volcanic shade causes cooling. Nature 354, 104–103.
pp. 415–434. Luhr, J. F. & Melson, W. G. (1996). Mineral and glass compositions

Geschwind, C. H. G. & Rutherford, M. J. (1992). Cummingtonite and in June 15, 1991, pumices: evidence for dynamic disequilibrium in
the evolution of the Mount St Helens magma system. Geology 20, the Pinatubo dacite. In: Newhall, C. G. & Punongbayan, R. S. (eds)
1011–1014. Fire and Mud. Eruptions and Lahars of Mount Pinatubo, Philippines. Seattle:

Ghiorso, M. S. (1999). On the stability relations of hydrous minerals University of Washington Press, pp. 733–750.
in water-undersaturated magmas. American Mineralogist (submitted). Luhr, J. F., Carmichael, I. S. E. & Varekamp, J. C. (1984). The 1982

Ghiorso, M. S. & Sack, R. O. (1991). Fe–Ti oxide geothermometry: eruptions of El Chichòn Volcano, Chiapas, Mexico: mineralogy and
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