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Occurrence and Origin of Sulfide and Sulfate
in the 1991 Mount Pinatubo Eruption Products

By Keiko Hattori!

ABSTRACT

Sulfide phases are found in a wide variety of the 1991
eruption products from Mount Pinatubo. Sulfides in early-
formed phenocrysts (olivine and augite) in basalt fragments
and dome-forming andesite are globular nickel-bearing pyr-
rhotite, whereas some sulfides in the glass are irregularly
shaped and copper rich. Sulfides in dacitic pumice are
mostly copper-rich sulfides (chalcopyrite, CuFeS,, with or
without an exsolution product of bornite, CusFeSy). These
sulfides in dacitic pumice contain significant Zn (up to 1.3
weight percent), Se, Ag, As, and Cd. Sulfides in the glass of
dacitic pumice exhibit desulfidation reaction rims.

Anhydrite is commonly surrounded by the matrix glass
in gray, white, and banded pumice. Smooth contact between
the anhydrite and glass confirms that the dacitic melt was in
equilibrium with anhydrite immediately before eruption.

The occurrence of sulfide globules in the eruption
products indicates that an immiscible sulfide liquid formed
in silicate melts and that the melts were once reduced, with
an oxygen fugacity below the redox boundary of dissolved
sulfur. Later formation of anhydrite in dacitic melt requires
an addition of sulfur and oxidation of the magma. It is pro-
posed that supercritical fluid released from ascending mafic
melt beneath Mount Pinatubo provided volatile elements
and sulfur. Sulfur that discharged from the hot dry melt was
mostly SO. The reduction of sulfur to H,S in the cool
(~800°C), wet dacite caused oxidation of this dacitic
magma. H,S formed in this way was initially precipitated in
the dacite as sulfide minerals together with other volatile
elements. Continued influx of SO, led oxidation of the dac-
ite and an increase in the sulfur solubility of the melt, which
caused partial resorption of sulfide minerals and led to
excess sulfur, which was precipitated as anhydrite. The pro-
posed model is consistent with compositions of iron-
titanium oxides, abundant fluid inclusions in phenocrysts,
high contents of volatile elements and hydrophyllic metals
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in sulfides, strontium isotopic compositions of anhydrite,
and sulfur isotopic values of the bulk rocks.

INTRODUCTION

The eruption of Mount Pinatubo in June, 1991, intro-
duced ~20 Mt SO, into the stratosphere and had a signifi-
cant effect on the global climate (Bluth and others, 1992;
Grant and others, 1992; Gleason and others, 1993). The sul-
fur-rich nature of the magma is reflected in the occurrence
of anhydrite phenocrysts in dacitic pumices (Bernard and
others, 1991). Several models have been proposed for the
origin of this sulfur, including incorporation of subducted
sulfide-sulfate deposits on the East China plate (Whitney,
1992), assimilation of sulfide deposits from the underlying
Zambales Ophiolite Complex (Fournelle, 1991), assimila-
tion of hydrothermal sulfate in preexisting volcanic rocks
(McKibben and others, 1992; this volume), and the intro-
duction of sulfur gases from underlying mafic magma (Pal-
lister and others, 1992; Matthews and others, 1992).
Discussions on the origin of sulfur are so far based mostly
on chemical and isotopic data for bulk rocks. This paper
describes the occurrence and composition of sulfur-bearing
phases in various types of eruption products with an empha-
sis on sulfide minerals and proposes a model for the forma-
tion of high-sulfur dacitic magma at Pinatubo.

SAMPLE DESCRIPTION

The 1991 eruption products are dacitic pumice,
dome-forming andesite, and basalt. The latter two are volu-
metrically insignificant, but they are important because they
provide evidence supporting an injection of mafic melt as a
trigger of the eruption of a semi-solidified dacitic magma
(Pallister and others, 1992; Matthews and others, 1992).
Basalt commonly occurs as angular to rounded inclusions in
andesite that range in diameter from several centimeters to
meters. Small inclusions of basalt (<5 ¢cm) are rarely found
In gray pumice.
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Samples used for this study include six of white pum-
icer six of gray pumice, three of banded pumice, nine of
dome andesite. and four of basalt enclosed in andesites.
Three to 10 thin and thick polished sections were made
from each sample. The usage of gray and white pumice fol-
lows the description by Pallister and others (1992): “aray™
pumice actually varies trom gray to tan. White pumice is
well vesiculated, porphyritic, and contains coarse plagio-
clase and hornblende phenocrysts. Inclusions are rare, but
angular fragments of gray pumice are observed. Gray pum-
ice 1s poorty vesiculated and has phenocrysts that are much
smaller than those of the white pumice (<3 mm). Gray pum-
ices are typically heterogeneous in texture, containing dif-
ferent types of fragments including white pumice. andesite.
hasalt. and hydrothermally altered volcamic rocks. The
altered volcanic fragments do not contain glass, show
extensive biotitization and silicitication. and appear to have
been derived from old volcanic rocks. The banded pumice
contains alternating layers of various thickness (I ¢m to
several centimeters wide) of white pumice and gray pum-
ice: boundaries between bands may be sharp or diffused,
and some show intricate mingling textures. Gray layers con-
tain both olivine and hornblende, and they are interpreted to
be vray pumice because of the presence of plagioclase
phenocrysts and fine grain size of phenocrysts, similar to
that of gray pumice. The lack of caleic rims and dusty zones
in the plagioclase phenocrysts and the absence of plagio-
clase microlites argue against an alternative possibility—
that the gray layers are andesite—because calcic rims, dusty
sones, and microlites are common in the plagioclase popu-
lation of the dome-forming andesite. Volcanic bombs are
usually eray pumice, and one such bomb (~25 c¢m long) of
gray pumice was also examined in this study.

Our samples include two white pumice and one gray
pumice specimens collected shortly after the eruption in
June 1991 and one specimen of 1991 andesite dome col-
lected along the Maraunot River in the spring of 1992, The
rest of the samples were collected in August 1992, Most
andesites and basalts were collected along the Maraunot
River, ~4 km west of the caldera wall, and one of the basalt
samples was from a fragment more than 2 m in diameter,
which contains angular andesite fragments. Most pumice
samples were collected along the Sacobia River near the
upper end of Clark Air Base. There are no apparent differ-
ences in mineralogy and textures of samples collected in
1991 and 1992. Anhydrite is well preserved in pumice and
andesite samples collected in August 1992, Good preserva-
tion of anhydrite in samples collected in 1992 was unex-
pected, because heavy rainfall in the area could have
leached anhydrite from the volcanic rocks, as observed at El
Chichon (Luhr and others, 1984). Its preservation at
Pinatubo may be attributed to short exposure time of sam-
ples at the surface as a result of the daily occurrences of
lahars, which continuously brought buried eruption prod-
ucts to the surface.

The 1991 cruption also ejected older voleanic rocks.
All samples. however, have been identified with contidence
as products of the 1991 eruption because of thewr highly
angular shape and large sizes and the lack of evidence of
weathering and devitrification in the glass, Older cruption
products are commonly semirounded. and they show vari-
ous degrees of cloudiness of matrix glass due to devitrifica-
tion and nucleation of fine dusts of hematite, and Fe-Ti
oxide microphenocrysts usually show well-developed exso-
lution lamellae.

ANALYTICAL PROCEDURES

Major chemical compositions ot sulfides were deter-
mined by use of a JEOL 6400 digital scanning electron
microprobe (SEM), which has a 407 take-off angle tor X-
rays and is interfaced to a Link X-ray analyzer system {eXL
1.75). Analytical conditions were 20 kV accelerating poten-
tial, 39 mm distance between the specimen and the ana-
lyzer, 0.8 nA absorbed current on a Faraday cup, and a
counting time of 140 to 200 s. Raw X-ray spectra were
reduced to elemental concentrations by use of Link
ZAF4-FLS analytical software. Analytical standards were
natural pyrite for Fe and S, chalcopyrite for Cu. Ni metal for
Ni, Co metal for Co, and synthetic ZnS for Zn. Analyses arc
believed to be accurate to +2 percent of the amount present;
detection limits are ~0.1 percent.

More than 200 grains of sulfides were subjected to
probe analysis, but it was difficult to obtain satistactory
analytical results for all grains because of their small size
{less than several micrometers in diameter) and interference
from the host phases. The compositions of representative
sulfides that arc large enough to provide quantitative data
are given in table 2.

Trace elements of sulfides in thick sections (~ 100 um)
were determined by a proton-induced X-ray emission
microprobe (PIXE). The analytical technique for trace ¢le-
ments in sulfide minerals has been well established (Cabri
and others, 1984; Campbell and others, 1989; Czamanske
and others, 1992). Operating conditions are similar to those
of earlier workers; 3 meV of proton energy. 457 take-off
angle, ~8 nA of specimen current, 600 to 900 s counting
time, and 4x5 um beam size. Aluminum absorbers 249 and
352 pm thick were used for pyrrhotite and copper-rich sul-
fides, respectively. A synthetic pyrrhotite standard (in wi%:
Fe=60.93, S=38.87, Se=0.09, and Pd=(111) was used for
calibration. X-rays were detected by a Kevex silicon detec-
tor fitted with a beryllium proton shield of 50 ym thick. and
data reduction of the raw X-ray spectra were pertormed by
the GUPIX program of Maxwell and others (1989). Detec-
tion limits are three times the errors obtained from the
background.
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Figure 1.

Back-scattered electron images of anhydrite in pumice. A, Anhydrite enclosing low-titanium magnetite (Mag) in banded pum-

ice. B, Contact between anhydrite (Anh) and glass in white pumice. Note smooth boundary between the two phases. White specks in glass

are microphenocrysts.

Figure 2. Back-scattered electron images of anhydrite (Anh) in
dome andesite. A, The reaction rim, only 10 pym wide, is well
exposed in the lower right because anhydrite was plucked out dur-
ing the section preparation (sample CNIB-C). B, Boundary

OCCURRENCE OF SULFUR PHASES
ANHYDRITE

The occurrence of anhydrite in dacitic pumice has
been reported by Knittel and others (1991), Bernard and
others (1991), Pallister and others (1991, 1992), and others.
This study confirmed its common occurrence in gray and
white pumice from Pinatubo. Banded pumice also contains
anhydrite in both gray and white pumice layers. Anhydrite
crystals are commonly coarse, <0.6 mm, and some grains
enclose microphenocrysts of apatite and low-Ti (<1 wit%
TiO,) magnetite (fig. 1A). In all pumice samples, the

between anhydrite (Anh) and glass (Gl) in sample 92814-01B.
Minute minerals between glass and anhydrite are apatite, calcite,
calcic plagioclase and other calc-silicate minerals. Most of them
are plucked out during the section preparation.

contact between the grains and glass is smooth and there is
no evidence of reactions between the two phases (fig.
1A,B), confirming that anhydrite was a stable liquidus phase
in the dacitic melt immediately before eruption. An anhy-
drite inclusion in hornblende was reported by Fournelle
(1991), but none were observed during this study, so it is
suggested that such occurrences are extremely rare.
Anhydrite grains up to 0.4 mm in length also occur in
the dome andesite. These grains display reaction rims, sev-
eral micrometers wide along the contact with glass, of cal-
cite, apatite, calcic plagioclase, and other calc-silicates (fig.
2A.B). Quantitative determination of these phases was
impossible because of their small sizes, <0.5 pm.
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SULFIDES

All sulfide grains are fine graimned and are found in all
sections examined in this study, from a variety of eruption
products. Occurrences are sunmmarized in table 1. Grains
enclosed in phenocrysts are usually small, rarcly exceeding
40 pm. but one globular sulfide of cubanite composition
(=120 pm) was found in unexsolved rhombohedral
ilmentte-hematite solid solution (ilmeniteg: fig. 3). Sulfides
in the cruption products display four different shapes:
spherical or globular sulfide enclosed in phenocrysts and
glass (figs. 3.4, symplectic minute droplets in phenocrysts
(fig. 5). and irregular-shaped sulfides in glass (fig. 6). Glob-
ular sulfides and symplectic droplets in basalt and andesite
are mostly Ni-pyrrhotite, whereas irregularly shaped sul-
fides in glass contain high copper and commonly show
exsotution of bornite, CuslieS;. Most sulfides in dacitic
pumice, independent of shapes and host phases, are Cu-rich
sulfides.  Several
together with glass inclusions (fig. 7).

sulfide grains  In phenocrysts  occur

Basalt—Sulfide  grains are relatively common in
basalt fragments in the dome andesite. Phenocrysts of oliv-
ine, clinopyroxene, hornblende, ilmenitey,, and ulvispinel-
magnetite solid solution {magnetitey} contain  sulfides:
inclusions in olivine are extremely rare, but a few inclusions
were observed. Most sulfides in phenocrysts are small (<10
pm), globular, Ni-bearing pyrrhotite with low copper (<0.1
wtt:) (fig. 5). Spherical nickel-bearing pyrrhotite also
occurs in the glass (fig. 8). These occurrences suggest that a
sulfide liquid had the composition of Ni-Fe monosulfide
solid solution. Copper-bearing pyrrhotite and an exsolution
product of cubanite (CuFe,S1) oceur in apparently late phe-
nocryst phases, such as magnetite, and hornblende, which
rims olivine. Copper-rich sulfides (atomtic ratio of Cu/Fe
>1) are not common in basalts and are only found in glass.
Chalcopyrite is also found with a complex mixture of iron-
rich orthopyroxenc and magnetite that appears to replace
Ni-pyrrhotite and olivine (tig. 9).

Andesite —The dome andesite contains sulfides and
anhydrnite. Sulfides are similar to those of basalt; these sul-
fides are usually small (<20 um), but some are ~0.1 mm
{fig. 3). Sulfides occur in olivine, augite, hornblende. and
oxides (ilmenite,, magnetite,, ), K-feldspar (confirmed with
clectron microprobe), and glass. Sulfides in augite, horn-
blende. oxides are mostly globular Ni-bearing pyrrhotite.
Some in hornblende rimming olivine and oxides are copper
bearing. One grain of Ni-pyrrhotite in magnetitey, is sur-
rounded by perovskite, possibly a reaction product (fig. 10).

Several Ni-pyrrhotite gratns in phenocrysts  are
replaced by copper-rich sulfide along cleavages and cracks
(fig. 11). Sulfides in glass have angular to irregular shapes
and they are all copper rich (chalcopyrite with or without
exsolution of bornite) (fig. 12). It is commeon to find pyreho-
tite only in phenocrysts and chalcopyrite only in glass
(fig. 13). The occurrences and phases of sulfides demon-

Table 1.
cruption products.

Summary of the oceurrence of sullides i the Pinatabo

|Chr, chromite, Cpx, augite; Hbl, hornblende; 110 ilmenite-hematite solid
solution; K-fs, K feldspar; Mag, titanomagnetite {ulvospine! magnetile
sohid solution); O, olivine; Qtz, guartz. Most sulfides 1a the gray punnce
were sinall and analyses were qualitative— adequate o identify the species
(hetow) but not good enough for inclusion in table 2

Cu/le
Abundance of atamic

Host sulfides in the Shape of sulfides ratio ot bulk
host composition

of § ph;x\c‘

Gray puimice

Glass Very Tare angular -1
Hbl minor alobular. <5 pm -1
Mag less conmumon globular, <4 pm ~1
Pl rare tahular, 3 % 8 pym ~1
White pumice
Glass minor irregular, <30 pm >1
with reaction rim.
Hbl, Mag. minor globular, <14 pm ~1.0
Qtz. rare angular, <20 pm >
Pl minor angular, <10 pm >~
Banded pumice
Glass minor irregular, <30 pm 0. ~1
with reaction rim.
Hbl minor globulur. <15 um 0
Mag minor globular. angular 0,1
K-fs minor irregular ~1
Andesite
Glass minor angular ~1.>1
K-fs minor angular ~1
Hbl common alobular (-1
1 minor globular 0-1
Mag common globular 0-1
Cpx not common  globular O
Ol rare globular 0
Chr none
Basalt
Glass common globular 0
irrcgular, <40 um >1
Hbl common globular 0-1
[1 rare globular 0-1
Mag rare globular ~1
Cpx rare globular (O
Ol rarc globular 0

VGrains containing bornite cxsolution obviously hive Cu/l'e wtonue ratios higher
than 1. Grains contwmng cubanite exsolution have the ratio close to 1 The ratios ot
Fe-sulfides with no exsolution phases are shewn as O, although some contuin several
Wit Cu

strate that early sulfides are Ni-pyrrhotite and late sulfides
are Cu-sulfides.

Dacitic Pumices.—Most sulfide grains in white pum-
ice are nich in copper (Cu/Fe atomic ratio >1) and a high
copper phase is formed as an cxsolution product (figs, 14,
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Figure 3. Photomicrograph of a rounded cubanite grain (S; 120
pm long) enclosed in ilmeniteg in dome andesite (sample 9208 14—

10).

Figure 4. Back-scattered electron image of spherical grain of
pyrrhotite (Po) in magnetitey, (Mag) in dome andesite (sample
CNIB-C-X).

15). The sulfides were originally formed as a high-
temperature Cu-Fe-S intermediate solid solution. Due to
their small sizes and fine lamellae width (figs. 14, 15, 16), it
was impossible to determine the precise compositions of the
Cu-rich phase, but it is likely bornite (CusFeS4), on the

811

Figure 5. Photomicrograph showing symplectic chains of Ni-
bearing pyrrhotite (Po) droplets in hornblende in basalt. Olivine
and hornblende commonly enclose chromite (Chr) (sample
920814—11A). Scale bar corresponds to 100 pm.

Figure 6. Back-scattered clectron image of irregularly shaped
sulfide grain containing exsolution product of bornite {(bright part)
in chalcopyrite (darker matrix) in the glass of dome andesite
(sample CN1B-D-C).

basis of the Cu-Fe-S phase relations and the degree of elec-
tron back-scattering from the phase. Pyrrhotite is very rare
in pumice samples, but rounded grains of pyrrhotite were
found within hornblende and magnetite; phenocrysts in
gray pumice.

Sulfides in phenocrysts are usually globular to spheri-
cal (fig. 14) and many in plagioclase are angular (fig. 15).
Sulfides in matrix glass generally have an angular shape
(figs. 16, 17). Some are exceptionally high in copper, form-
ing a bornite matrix with exsolved chalcopyrite inclusions.
Several Cu-Fe sulfides in glass are high in zinc, up to 1.3
wt% (table 3). Ni-pyrrhotite grains are extremely rare but
are found in gray pumice and in bands of gray pumice
within banded pumice. Most sulfide grains enclosed in glass
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Figure 7. Back-scattered electron image of sulfide inclusions
(Sul) in hornblende (Hbl) in white pumice (sample PP1-92526—
C). Dark area (Gl) surrounding sulfide contains K, CI, Al, Si, and
Fe, and it is interpreted to be a glass inclusion.

100pm

Figure 8. Reflected light photomicrograph of spherical grain of
pyrrhotite (Po) in basalt glass (Gl) adjacent to hornblende (Hbl).

show reaction rims that are composed of a fine mixture of
oxides and sulfides. The presence of reaction rims reflects
desulfidation (figs. 16, 17), which indicates that sulfide was
not stable in the dacitic magma immediately before erup-
tion. The narrow width of rims and dispersed occurrences of
remnant sulfides prevented their quantitative compositional
analysis, but they appear to be fine iron oxides.

Selenium contents of sulfides are high with Se/S ratios
in a range of 20x1073 to 100x107> (table 3). The ratios are
slighter higher than the values of meteorites (~33x1073;
Wedephol, 1972), sulfides in mantle xenoliths (~30x1073;
Hattori and others, 1992), and sulfides in midocean ridge

Figure 9. Reflected light photomicrograph of a symplectic mix-
ture of very fine grained magnetite, orthopyroxene (opx) and chal-
copyrite (Cp) replacing Ni-bearing pyrrhotite (Po). Quantitative
determination of silicate phase (dark part in Po) was difficult
because of the small sample size, but the X-ray spectrum suggests
it is olivine. Sample (920814—11) is from a large basalt fragment in
andesite.

Figure 10. Back-scattered electron image of Ni-bearing pyrrho-
tite (Po) in magneiteg, (Mag). Dark phase between sulfide
and oxides is perovskite (Per). Sample (CHIBE-W) is a dome
andesite.
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Figure 13. Back-scattered electron image of Ni-bearing pyrrho-
tite (Po) in olivine (Ol) rimmed by hornblende (Hbl) and Cu-rich
sulfides (Cp, Bo) in glass. Minute chromite grains (Chr) are visible
in olivines. A closeup view of the Po-Cp grain is shown in figure
11. Scale bar is 200 pym.

Figure 11. Back-scattered electron image of globular Ni-bearing
pyrrhotite (Po), partially replaced by Cu-rich sulfides (Cp) along
the cracks of olivine rimmed by hornblende. Chromite (Chr) grains
at the right. Note that the rim of pyrrhotite is partially corroded.

Figure 14. Back-scattered electron image showing typical
occurrence of Cu-rich sulfides in white pumice. Sulfides in 2-mm-
long plagioclase (Pl) phenocryst. The bright portion is the exsolu-
Figure 12. Back-scattered electron image of two kinds of sul- tion product of bornite; the dark portion is chalcopyrite (sample
fides. Sulfides enclosed in hornblende (Hbl) are rounded Ni-rich PKN 29-2).

pyrrhotite (Po), and sulfides in glass (Gl) are irregularly shaped,

Cu-rich sulfide (Cp). Fine grains of chromite (Chr) are common.

Sample (CHIBB-A) is dome andesite.
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Figure 15. Back-scattered electron image of sulfide in 3-mm-
long plagioclase (P1) phenocryst (sample PP1-C-A).

Figure 16. Back-scattered electron image of sulfides showing
desulfidization rim around the grain in the glass of white pumice.
The sulfide on the contact with magnetite (mag) and glass (Gl) dis-
plays exsolution lamellae of bornite (bright) from chalcopyrite
(dark) (sample PKN29-2-A).

Figure 17. Back-scattered electron image of sulfide in white
pumice with oxidized rim (sample PP1-A-A). Gl, glass; Hbl,
hornblende.
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Figure 18. Sulfur solubility in dacitic melt at 900°C (modified

after Carroll and Rutherford, 1988). Dotted line is the redox
boundary of predominant sulfur species in the melt. Thick arrow
shows the change of the Pinatubo dacitic melt. At stage I, an
immiscible sulfide liquid forms and scavenges nickel and copper
from the silicate melt. At stage II, SO, that has been released from
mafic melt is reduced to H,S as it oxidizes the dacitic melt. The
added H,S forms sulfides in the dacitic melt that are high in Cu,
Cd, Zn, and Se. At stage III, continuing addition of SO; from
mafic melt increases f., and results in partial desulfidation of pre-
viously formed sulfides and precipitation of anhydrite in the dac-
itic melt. ppm, parts per million; ppt, precipitate.
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basalts (~20x1075; Hamlyn and Kcays, 1986; and 30x10°°
to GOx10 °; Hattori and others, 1992).

Sulfides in gray phenocryst-poor pumices are rare, but
small grains (<] pum} are found in phenocrysts of mag-
netilegg, hornblende, and plagioclase. Sulfides are
extremely rare in the glass of these pumices. Gray pumices
with higher phenocryst contents (>10 voi%) contain more
sulfide grains than do pumices of the phenocryst-poor
variety.

DISCUSSION
SULFUR IN SILICATE MELTS

The solubility of sulfur in silicate melts 1s controlled
by temperature, pressure, oxygen fugacity, and melt compo-
sition. The solubility of sulfur at constant temperature is
higher in melts with higher iron; mafic melts have a higher
solubility of sulfur than less mafic melts (Buchanan and
Nolan, 1979). Sulfur in reduced melt is predominantly $2-
with minor HS™, whereas sulfur in oxidized melt is SO4>~
(fig. |8; Katsura and Nagashima, 1974; Carroll and Ruther-
ford, 1988%). The redox boundary of dissolved sulfur spe-
cies, $2 and SO4%, is one log fo, unit above the Ni-NiQ
(NNO) butfer (Carroll and Rutherford, 1988). At constant
temperature and pressure, the solubility of sulfur decreases
steadily as f, increases up to the redox boundary, and then
solubility increases sharply with a further increase in fo,
(tig. 18).

Sulfide liquid formed in mafic silicate melts is
enriched in Ni, Co, and Cu because the partition coefficients
for these elements between sulfide liquid and silicate melt
are high (>250 for Ni and Cu and 50 for Co at 1200°C;
Rajamani and Naldrett, 1978). Sulfide liquid that formed in
evolved silicate melts tends to be low in nickel and cobait
and high in copper because of preferential incorporation of
nickel and cobalt into early silicate minerals.

The evolution of sulfur in the magma may be evalu-
ated from the occurrences of sulfides and anhydrite, assum-
ing that the basalt samples represent mafic melt. Mafic
magma was present beneath the dacitic magma chamber
shortly before the 1991 eruption (Pallister and others, 1992;
Matthews and others, 1992).

SULFUR IN MAFIC MELT AT PINATUBO

Occurrences of globular sulfide grains in phenocrysts
and in the glass of basalt fragments suggest that they
formed from sulfide liquid and that the mafic melt was satu-
rated with sulfur. Commeon occurrence of sulfides in oxides
is consistent with the experimental results of the solubility
of sulfur. Formation of oxides, loss of iron from the melt,
probably prompted the separation of sulfide liquid in the sil-
icate metlt.

The formation of liquid sulfide in silicate melt indi-
cates that the predominant dissolved sulfur species in the
melt was $* and that the fo, of the melt was lower than the
redox boundary of sulfur species in the melt (fo, = NNO +1;
fig, 18; Nagashima and Katsura, 1973; Carroll and Ruther-
ford, 1988). The matic magma was not sufficiently oxidized
to contain significant SO4%7, so it could not form anhydrite.
The lack of anhydrite in basalt is consistent with this inter-
pretation.

The composition of globular sulfides, Ni-pyrrhotite,
indicates that the sulfide liquid was Ni-Fe monosulfide
solid solution, similar to most sulfides in many igneous
rocks, including midoceanic ridge basalts (Mathez, 1976).
oceanic island basalts (Desborough and others, 1968), back-
arc basin basalts (Francis, 1990), island arc basalts and
andesites (Heming and Carmichael, 1973; Ueda and Itaya,
1981), and continental arc rocks (Anderson, 1974; Whitney
and Stormer, 1983).

The contents of copper in the Pinatubo monosulfide
solid solution are low, <1 wt%. The low concentration of
copper in iron sulfides in the Pinatubo cruption products
suggests that the mafic melt was not originally high in cop-
per, as the Cu/Fe ratios of sulfides reflect the ratios of sili-
cate melt. This implies that high copper in later formed
sulfides requires a mechanism for the enrichment of copper
other than igneous processes.

The Cu/Ni ratio in melts increases during fractional
crystallization. Formation of sulfide liquid containing 30
wt% Cu requires a melt with 0.15 wt% Cu, using the paru-
tion coefficient for copper between sulfide liquid and sili-
cate melt (Rajamani and Naldrett, 1978). The concentration
of copper would not increase to this high level in silicate
melts by fractional crystallization alone. 1f fractional crys-
tallization was the cause, the primary mafic melt should
have had exceptionally high copper. As discussed, the pos-
sibility is rejected because early-formed sulfides are low in
copper. Copper, therefore, must have been added to the
mafic melt from an external source after crystallization of
these phenocrysts.

The occurrence of highly irregular shaped Cu-rich sul-
fides in the glass (fig. 6) ts very unusual for sulfides in vol-
canic rocks. The shape suggests that they were not formed
as sulfide liquid in a silicate melt. Instead, they formed after
the glass was already semisolidified. This interpretation
implies that the formation of Cu-rich sulfides may have
taken place after the entrapment of mafic melt into the
andesitic or dacitic melts.

Fe-Ti oxide assemblages, however, failed to demon-
strate reduced fp, of the mafic melt. The estimated tempera-
tures and fq,, using the solution model by Frost and Lindsley
(1992) are similar to those of dacitic melt, ~800°C and two
log units above NNO (table 4). The temperatures recorded
in oxides are very low for temperatures ot mafic magma.
Obviously, oxides in basalt have undergone subsolidus
equilibration after the entrapment of the magma in cooler
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Table 4. Temperature and fiy, estimates from Fe-Ti oxides.
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[And. andesite, Bas, basalt, BE bunded pumice: GP, gray pumice: W white pumice; Agpy. difference between the fo, and QFM buffer in log units (QIM
= quartz-favalite-magaetite ). Contents of FeyO3 and components of ulvéspinel (Usp) and ilmenite (N caleulated using QUILF program by Andersen and

others (1993)]

Sample Ruck Si0); Al2Os TiOs Valk Fe() Fea()y MnO MgO Usp llm Temp. °CY - Agrm
UKZ9AX WP (.00 L.73 4.38 048 3259 5280 0.43 0.91 0.127 825 +3.1
A5 A5 28.60 A4 24320 4351 .00 79 (.557
LIK2Y9AY WP 09 1.8 4.68 48 3283 5005 43 1.04 136 845 +3.0
38 A0 28K2 23 2344 45018 37 117 538
UKIUAZ WP 22 1.X0} 4.58 44 3306 5664 41 .84 133 826 +3.1
A3 29 28.00 149 2382 4382 A9 NG 544
92812-3A GP 00 1.92 4.02 560 3281 58.16 .00 .08 A21 817 +3.2
GO 0660 2841 000 2399 4508 00 88 547
92613 011 GP L0 295 7.24 250 3360 5097 Al 225 215 031 +2.6
(in plagioclase) ) 75 29.08 250 2292 43382 28 1.63 543
9281317k BP L0 2.09 4.67 35 3342 5991 38 .71 129 821 +3.1
00 38 2935 42 2443 4632 .00 1.10 542
92814-3C And .00 2.10 541 260 33000 5632 55 1.63 153 830 +2.9
.00 51 2943 000 2401 44.57 00 1.32 550
Q28T4-11AF Bas 22 1.71 4.00 360 32700 5894 44 1.00 113 796 +3.2
19 32 3136 00 2582 4022 49 1.06 590
G2814-11BY Bas 00 3.30 11.95 33 3763 42107 45 2.04 357 973 +2.0
(in hornblende) 00 59 35.75 00 27011 33.19 35 2.62 648

andesitic and dacitic magmas, Subsolidus equilibration of
oxide composition is known in many slowly cooled 1gneous
rocks {Morse, 1980: Frost and Lindsley, 1991) and experi-
ments have documented tast subsolidus equilibration (Ham-
mond and Taylor, 1982). The once-reduced nature of the
mafic melt is, however. evident from low abundances of

oxides in basalt. Formation of oxides requires high Fe™/

Fe?*. It is also supported by higher Ti and lower Fe?* of
oxides enclosed in phenocrysts (table 4). Phenocryst phases
surrounding the oxides prevented them from equilibrating
with the matrix glass. Reduced nature of the melt at an car-
lier time 1s also supported by the occurrence of a symplectic
mixture of magnetite and Fe-rich orthopyroxene, which
appear to have replaced pyrrhotite and olivine (fig. 9). The
assemblage is indicative of progressive subsolidus oxida-
tion of olivine (Johnston und Stout, 1984).

SULFUR IN DACITIC MELT

Like the mafic melr, the dacitic melt also once had a
low foy, promoting the formation of sulfide liquid during
phenocryst crystallization, as documented by globular sul-
fide inclusions (fig. 18). During that time, sulfur in the melt
was predominantly $27. Fe-Ti oxides again fail to reflect the
reduced condition because of later reeguilibration of their
compositions. They only record the condition just prior to
eruption, ~800°C and 3 log units above NNO (table 4).

Under this condition, the predominant dissolved sulfur in
the melt was SO42_ (fig. 18) and anhydrile could have
formed as a stable phase, as supported by the stable occur-
rence of anhydrite in the glass (fig. 1AB).

ORIGIN OF SULFUR AND ANHYDRITE

The solubility of SO4~ sharply increases with the
increase in fgy, (fig. 18). Formaton of anhydrite in dacitic
melt requires higher concentration of sulfur in the melt than
does the formation of sulfide. The relatively reduced nature
of the original dacitic melt, indicated by the occurrence of
globular sulfides, suggests that the formation of anhydrite
the Pinatubo dacite melt requires two conditions: the oxida-
tion of the residual melt and an addition of sultur. The addi-
tion of sulfur is essential because the silicate melt should
have lost much of its sulfur during the transition {rom the
reduced to oxidized state. as the solubility of sulfur in the
silicate melt is minimal at the redox boundary (Nagashima
and Katsura, 1973). The additien of external suffur tock
place during and after crystallization of hornblende. plagio-
clase, and magnetite, but before the cruption. Most apatite
apparently crystallized after oxidation of the residual dacitic
melt because apatite in the dacite 1s high in SO3, up to 0.8
wt% (Imai and others, 1992; this volume).

Proposed sources of sulfur in high-sulfur magma
include (1) subducted seatloor sullide deposits (Whitney,
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1984; 1992), (2) evaporite beds (Rye and others, 1984), (3)
sulfide deposits in underlying ophtolite complexes (Four-
nelle, 1991), (4) sulfate minerals from preexisting volcanic
rocks and hydrothermal deposits (McKibben and others,
1992y, and (5) SO; released from underlying matic magma
(Pallister and others, 1992; Hattori, 1993). High sulfur in
the dacitic melt at source (model 1) is not applicable
because this study shows that the dacitic magma acquired
sulfur from an external source during and after crystalliza-
tion of phenocrysts. In addition, solubility of sulfur as $2~ is
lower than the solubility of sulfur as S04 (fig. 18). The
content of sulfur in the melt remained low until the melt
was oxidized.

Model 2, incorporation of evaporite, proposed for the
El Chichdn eruption product, is rejected because of the lack
of cvaporites in the Pinatubo area. There is a thin sequence
of Eocene to Pliocene shallow marine sedimentary rocks
between the volcamic rocks and Zambales Ophiolite Com-
plex, and the Complex occurs below the sea level beneath
the volcano (Delfin, 1984; Delfin and others, this volume).
The shallow marine rocks may contain evaporite minerals,
but this possibility is discounted for three reasons, First, the
asstmilation of an evaporite would lower Se/S because of its
low SefS ratios (<0.1x1073; Measures and others, 1980).
Second, evaporites generally contain low amounts of cop-
per. Third, incorporation of young evaporites would raise
B7Sr/%08r ratios, given their high 37Sr/8%8r (~0.709). The
ratios of anhydrite in pumices (0.70421%0.00001; this
study) and bulk pumice values {0.70422 to 0.70426; this
study) are similar to other volcanic rocks in the Bataan arc
(Knittel and others, 1992).

Model] 3, incorporation of ophiolite-derived sulfide, is
also discounted because it would not provide sulfur with
high Se/S and an oxidizing agent for the magma. The two
possible sources for additional sulfur that would accompany
oxidation of dacitic magma are sulfate minerals from the
old volcanic rocks (model 4) and sulfur released from
underlying mafic magma {model 5). In either model, sulfur
ultimately originated from underlying mafic magma. In the
former model {model 4), sulfur was indirectly supplied
from the mafic magma to the dacitic melt. This model is
appealing, as intense hydrothermal activity had been noted
at Pinatubo for a long time. Isotope studies and gas analyses
have indicated that the hydrothermal activity was linked to
the discharge of volatiles from magma at depth (Ruaya and
others, 1992). The preexisting volcanic rocks were exten-
sively altered to form secondary minerals, including anhy-
drite and sulfides {(Delfin, 1984, Delfin and others, this
volume; author’s examination of Philippine National Oil
Company drill chips in 1992). In addition, two porphyry
copper deposits that are the product of magmatic-
hydrothermal activity (the Dizon mine and Pisumpan
deposit; Sillitoe and Gappe, 1984) are located within Mount
Pinatubo, and they contain abundant high-temperature
hydrothermal anhydrite. Minor porphyry copper deposits

L

“wet’, 2 kbar

“dry", 2kbar,_ -~

“dry", 0.2kbar

800 1000 1200
TEMP {°C)

Figure 19. Equal concentrations of 3O, and H>S at 200 atm
(dashed curve) and 2 kbar (dashed-dotted curve). “Dry” and “wet”
fluids have Xp,0 .01 and I, respectively, where X is volume ratio.
Thick curves are guartz-fayalite-magnetite (QFM) and hematite-
magnetite (HM) buffers. Oxidation conditions of mafic melts are
shown by the screened arca (from Wallace and Carmichacl, 1992).
Note that fluids released from progressively “drier” and hotter
melts have progressively higher $0./H,5 ratios.

might have been present directly beneath the caldera.
Assimilation of such rocks into the dacitic magma chamber
could have enriched sulfur and oxidized the magma.

In the latter model {model 5), sulfur was directly added
to the dacitic magma from the underlying mafic melt. The
mafic melt at Pinatubo was saturated with sulfur, as evi-
denced by the occurrences of sulfide globules in phenoc-
rysts. When mafic melt ascends, the vapor phase separates
because the solubilities of CO; and H;O decrease with pres-
sure decrease (Holloway, 1976; Burnham and Ohmoto,
1980). Separation of any volatile gases from a melt will
cause degassing of other gases, such as H;S and SO,
because they have mutual solubilities. For example, degas-
sing of CO; or H,0 is accompanied by release of SO, from
magmas before the saturation of SO, itself in the magma
because SO, will be partitioned to the CO; phase from the
silicate melt as CO5 exsolves. Sulfur released from magmas
is mostly 50, and H,S. The ratio of SO4/H»S of the fluids
depends on temperature, fo.,, and fi,o (fig. 19), That ratio in
high-temperature fluids dis&harged from mafic melts is gen-
erally high, as is well documented from volcanic gas data
(Gerlach, 1986). H»S may be predominant in cooler and
more hydrated magmas, where SO, will be converied tw
H,S (fig. 19).
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Figure 20.

Transmitted light photomicrograph of fluid inclu-
sions in plagioclases (P1) in dacitic pumice. The inclusions usually
occur near the rims of phenocrysts, but some occur in the center of

phenocrysts, as shown here.

Underlying mafic magmas at Pinatubo likely released
SO;-rich supercritical fluids during their ascent. The fluids
were likely absorbed by the overlying semisolidified dacitic
magma. As dacitic magma is cooler and more hydrated than
mafic magma, SO; would be converted to H,S (fig. 19).
The net effect is oxidation of the dacitic magma. The H,S
produced in the dacitic magma would form sulfides in the
dacite melt (stage II of fig. 18) together with elements trans-
ported by the fluids, such as Zn, Cd, Cu, and Se. Continual
addition of SO; would cause further oxidation of the dacitic
magma, desulfidation of sulfides, and crystallization of
anhydrite.

Sulfur isotopic data of the eruption products support
both models. A variation in 8%*S values for individual
grains of anhydrite (+3 to +16 %e; McKibben and others,
1992; this volume) appears to support the incorporation of
various types of sulfur from host rocks. Most %S values
are in a range between +6 and +8 (Knittel and others, 1992;
McKibben and others, 1992; this volume; Bernard and oth-
ers, this volume). Sulfates formed by hydrolysis of SO,
have similar 8*S values (Hattor1 and Cameron, 1986). The
isotopic compositions outside this range could be attributed
to a fluctuation in &S of gases discharged from mafic
magma, because 8*S values of sulfur gases released from
melt vary, depending upon temperature, fo,, and fy,o of the
melts (Ueda and Sakai, 1984). Apparent isotopic equilib-
rium between sulfide and anhydrite in the dacitic magma
(McKibben and others, this volume) may be attributed to
the isotopic equilibration of sulfur between H;S and SO; in
the gas.

At present, there is no evidence to reject the former
model, but the latter model is favored because of abundant
occurrences of fluid inclusions in the phenocryst rims of
hornblende, plagioclase, and quartz in the dacitic pumice
(fig. 20), and because of ®’Sr/*Sr ratios of anhydrite.
Phenocrysts contain numerous fluid inclusions, some of
which are high in CO;. They most commonly align with
growth bands of phenocrysts near rims. The occurrence
supports that fluid percolation from mafic melt into dacitic
melt started while phenocrysts were still being formed in
the dacitic magma chamber.

As mentioned, ¥7Sr/%Sr ratios of anhydrite are identi-
cal to the bulk rocks (this study), whereas alteration prod-
ucts (epidote and anhydrite) have various®7Sr/%6Sr ratios, up
to 0.708 (Hattori and others, 1992).

The percolation of supercritical fluid is also in accord
with the occurrence of copper-rich sulfides and their trace
elements in the glass. When fluid separation takes place in
silicate melts, volatiles such as Se and Cl are enriched in the
fluid phase (Greenland and Aruscavage, 1986; Candela and
Holland, 1984). Metals that have affinity with these vola-
tiles are also enriched in the fluid. Experimental studies
document preferential incorporation of copper into a fluid
(Candela and Holland, 1984; Urabe, 1985). Significant cop-
per and zinc are also recorded in volcanic gases emanating
from silicate magma (Mizutani, 1970). The enrichment of
copper in the upper part of a magma chamber is attributed
to vapor transport (Lowenstern and others, 1991). Other
elements that have affinity with Cl, such as Cd, Zn, and Ag,
are known to be incorporated into a fluid phase (Symonds
and others, 1990).

ORIGIN OF SULFUR DISCHARGED TO THE
STRATOSPHERE

Various models have been proposed for the origin of
sulfur discharged to the stratosphere: (1) breakdown of
anhydrite in the magma (Rutherford and Devine, 1991;
Baker and Rutherford, 1992), (2) breakdown/absorption of
sulfides in melts (Whitney, 1992), and (3) release of gas
present in a separate vapor phase (Westrich and Gerlach,
1992). The lack of reaction rims around anhydrite in dacitic
pumices argues against the first model. It is also difficult to
envisage a conversion of sulfur from a solid phase to SO,
even at magmatic temperatures in the short period during
the height of eruption. In addition, thin reaction rims of sul-
fides and preservation of most sulfides in the glass phase
are not in accord with the second hypothesis. The occur-
rence of sulfur-bearing phases documented in this paper
support the proposal by Westrich and Gerlach (1992) that
the SO; was most likely derived by release of sulfur present
in a vapor phase in the melt.
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SUMMARY

The presence of globular and iregularly shaped sul-
tides in all types of cruption products indicates that an
inniscible sulfide liguid tormed in the silicate melts during
phenocryst erystaltization, that sullur in the melt at that time
was predominantly 82, and that iy, was below the sulfide/
sullate redox houndary. Later formation of anhydrite in the
dacitic melt requited vxidation of the melt, as well as addi-
tion of sulfur from an external source. High concentrations
ol Cu. Zn, and Se in late-formed sulfides suggest addition
ol these elements together with sulfur, Tt is proposed that the
ducitic melt incorporated a supercritical fluid from the
underlving mafic magma. The tlud had high SO»/H2S and
was enriched in volatile and chalcophile metals. Conversion
of $05 to H3S in cool. hydrated dacitic magma caused oxi-
dation of the dacitic magma chamber. While f,, was still
helow the redox boundary, Cu-rich sulfides formed in the
melt. Once fiy, became higher than the redox boundary,
incorpuration of sultur into the dacitic magma caused crys-
talhzation of anhydrite.
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