American Mineralogist, Volume 81, pages 982-994, 1996

Magma evolution recorded in plagioclase zoning in 1991 Pinatubo eruption products
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ABSTRACT

Plagioclase, the most abundant phenocryst at Mount Pinatubo, displays varying textures
and compositions within the 1991 eruption products. In June 7-14 dome-forming ande-
site, plagioclase phenocrysts show prominent rims with higher MgO (0.04-0.06 wt%),
Fe,OT (0.6-0.8 wt%), and K,O at given An than the interiors. The compositions of the
rims are identical to those of microlites, which are abundant in the groundmass glass.
White dacitic pumice, the most voluminous product of the June 15 eruption, contains
partly corroded plagioclase phenocrysts but no prominent rims and no microlites. The
interiors of phenocrysts from the dacitic pumice and the dome-forming andesite are re-
markably similar in terms of textures and compositions. They show oscillatory zoning
(mostly An,s_g,), low MgO (<0.02 wt%) and Fe,OT (0.10-0.30 wt%), and similar K,O at
given An. This similarity indicates that the two types of plagioclase phenocrysts formed
in the same rhyolitic melt. The oscillatory zoning likely formed by temperature fluctuations
in the convecting magma and incorporation and degassing of external fluids.

A portion of the felsic magma (~800 °C) mixed with a mafic melt (~1000-1100 °C) to
become an andesitic magma that extruded to form the June 7-14 dome. All plagioclase
phenocrysts in the andesite were derived from the felsic magma. The mixing caused de-
stabilization of phenocrysts, forming sieve textures, dusty zones, and partial resorption.
Extrusion of the mixed magma resulted in overgrowths on once-resorbed phenocrysts and
the nucleation of plagioclase microlites in the groundmass glass. In the unmixed, remaining
portion of the felsic magma, some plagioclase underwent partial resorption but did not
develop overgrowths. This lack of overgrowths and the absence of microlites in the ground-
mass glass of the June 15 dacitic pumice indicate rapid magma ascent during the eruption
and a short time span between the injection of a mafic melt and the cataclysmic eruption,

supporting the linkage between the two.

INTRODUCTION

The Plinian eruption on June 15, 1991, from Mount
Pinatubo, Philippines, released ~20 Mt (1 Mt = 102 g)
of SO, into the stratosphere, the largest release since sat-
ellite-based measurements started in 1978 (Bluth et al.
1992). The eruption ejected ~10000 Mt of pyroclastic
material within 12 h (Scott et al. 1996), and this marks
the eruption as the third largest in the twentieth century.
Yet, the discharged magma is equivalent to <5% of a
magma thought to be remaining beneath Mount Pinatu-
bo after the eruption (Mori et al. 1993, 1996). The erup-
tion products are predominantly (>99%) porphyritic,
dacitic pumice (white pumice) with minor tan-gray phe-
nocryst-poor pumice (gray pumice) and banded pumice,
and minor fragments of dense andesite from the summit
dome. The dome was first sighted in the crater on June
7, 1991 (Hoblitt et al. 1991; Bernard et al. 1996). It was
a hybrid andesite formed from felsic and mafic magmas
(Rutherford et al. 1993; Sato et al. 1993; Pallister et al.
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1996), and it contained abundant rounded inclusions of
basalt (~51 wt% SiO,). The basalt fragments represent a
mafic melt quenched during its injection into an overly-
ing cool (~800 °C; Rutherford 1993; Hattori 1993) felsic
magma reservoir, and the injection likely triggered the
eruption of June 15 (Pallister et al. 1992).

Plagioclase is the dominant mineral in all eruption
products, displaying various morphologies, complex fine-
zoning patterns, textures, and compositions. Such zoning
reflects the history of the parent magma. In this paper,
we describe characteristic structures and zoning of the
plagioclase, discuss evolution of the magma chamber, and
evaluate the mode of mafic and felsic magma interaction
at Pinatubo, which led to the cataclysmic eruption on
June 15, 1991.

SAMPLES

Samples used for this study are representative speci-
mens of white pumice, dome-forming andesite, and a ba-
salt fragment in the andesite (Table 1). White pumice
contains large phenocrysts and corresponds to the “crys-
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tal-rich pumice” (e.g., Westrich and Gerlach 1992) and
“phenocryst-rich pumice” (e.g., Pallister et al. 1996) of
other workers. The dacitic pumice sample was collected
along the Sacobia River near the upper end of Clark Air
Base. Large (<3 m) angular fragments of andesite, from
the June 7-14 dome are abundant in the upper Maraunot
Valley, and the andesite sample and the basalt inclusion
were collected in the Valley, about 4 km west of the cal-
dera wall, in August 1992. The eruption products were
described by Bernard et al. (1996), Hattori (1993, 1996),
Luhr and Melson (1996), Pallister et al. (1992, 1996), and
Westrich and Gerlach (1992).

White pumice

The white pumice contains phenocrysts of plagioclase,
hornblende rimmed by cummingtonite, biotite [Xy, =
molar ratios of Mg2+/(Mg2+ + Fe2+) = 0.67-0.70], quartz,
unexsolved solid solutions of ulvéspinel-magnetite (mag-
netite) and ilmenite-hematite (ilmenite), anhydrite, and
apatite. Microphenocrysts of olivine (Fogy_g;) rimmed by
hornblende are common in some gray pumice but are not
abundant in the white pumice. Chromite inclusions,
common in the olivine, imply derivation from a mafic
magma (Knittel et al. 1992).

Plagioclase phenocrysts, >40 vol% of the bulk rocks,
are generally euhedral and 0.1-3 mm in length. Some
phenocrysts are embayed and corroded owing to partial
resorption (Fig. 1a). Angular fragments of plagioclase are
common, and abrupt truncation of growth zoning indi-
cates that much larger original crystals (Fig. la) were
shattered during the ascent or eruption of the magma.
Glass inclusions (<50 um) are abundant, and fluid bub-
bles are common within the inclusions.

Plagioclase shows various degrees of interior corrosion
within the phenocrysts (Figs. 1b and Ic), and arrays of
minute fluid inclusions (<10 um) are common along the
boundaries between the corroded interiors and the outer
calcic zones.

Dome-forming andesite

The andesite contains phenocrysts of plagioclase, horn-
blende, olivine (Fogs_g,) rimmed by hornblende, augite
(Xy; = 0.75-0.85), apatite, and oxides (magnetite and
ilmenite). The olivine contains chromite inclusions, sim-
ilar to olivine in dacitic pumice, and some hornblende
grains are rimmed by cummingtonite. The dome-forming
andesite contains anhydrite microphenocrysts, but they
all have thin (~10 um) reaction rims consisting of fine-
grained calcsilicates (Hattori 1996).

Plagioclase phenocrysts (0.1-2 mm in length) are most-
ly euhedral (Figs. 2a and 2b), but there are angular frag-
ments of once-larger euhedral crystals. Phenocrysts show
dusty, patchy, and skeletal textures (Figs. 2b and 2¢) with
tubular to irregular glass inclusions (<100 um) common-
ly containing fluid bubbles. In contrast to the white dac-
itic pumice, randomly oriented, euhedral microlites of
plagioclase (10-50 um wide and 50-150 um long) are
abundant in the groundmass glass.
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TaBLE 1. Bulk-rock compositions of samples
Dome-
White pumice forming Basalt
andesite
Bulk Matrix* Bulk Bulk Matrix
wt%

Sio,** 64.16 78.32 59.09 50.76 69.80
TiO,** 0.49 0.14 0.64 0.89 0.30
AlLO;** 16.11 12.87 15.89 14.35 16.03
Fe, O] 4.39 1.06 6.27 8.25 2.39
MnO** 0.10 0.04 0.12 0.16 0.13
Mgo** 2.38 0.22 4.81 8.96 0.38
Ca0O** 4.84 1.21 7.11 10.08 2.26
Na,O** 4.35 2.99 3.91 2.96 5.23
K,O** 1.63 3.36 1.63 1.56 2.97
P,O;** 0.18 0.03 0.25 0.32
LOIt 1.42 0.10 0.40
H,O* 0.31

Sum 100.05 100.63 99.82 98.69

ppm

Rb§ 48 70 56 50
Cs§ 26 33 3.4
Sr** 613 195 742 627
Ba§ 460 880 480 390
Nb** <5 <5 <5
zr 113 85 104 94
Y 7 14 19
Cr* 48 206 544
Nij| 8 27 62
Zn| 18 26 26
Cul| 16 26 65
Co| 31 26 25
La§ 16 20 24
Sm§ 25 3.9 5.4
Th§ 38 5.6 6.4
U§ 1.7 2 1.8

* For major elements; weighted average of 21 spots of Westrich and
Gerlach (1992) and 11 spots of Luhr and Melson (1996). For minor elements
and H,0 determined by SIMS; Westrich and Gerlach (1992).

** Determined by XRF.

+ Total Fe expressed as Fe,0;.

} Determined by heating 1 g at 1050 °C for 1 h.

§ Determined by INAA for bulk rock.

|| Determined by ICP-AES.

Basalt

The basalt contains phenocrysts of olivine (Fog_g;)
rimmed by hornblende, augite (X, = 0.78-0.85), and
hornblende, and microphenocrysts of apatite and oxides.
Plagioclase phenocrysts were not observed, but randomly
oriented microlites of plagioclase (<100 um wide and
<500 um long) constitute 30-40 vol% of the rocks. They
show diktitaxitic and skeletal (fork-shaped) textures.

ANALYTICAL PROCEDURES

Plagioclase compositions were determined using a JEOL
733 Superprobe at Hiroshima University. The analytical
conditions were as follows: 15 kV accelerating potential,
~20 nA current, with counting times of 40 s for major
elements (Si, Al, Ti, Ca, Na, Mn) and 180 s for minor
elements (Fe, Mg, K), and 5 um beam diameter. Stan-
dards were synthetic wollastonite (Ca, Si), periclase (Mg),
rutile (Ti), MnO (Mn), corundum (Al), adularia (K), al-
bite (Na), and natural hematite (Fe). The absolute abun-
dance of elements was obtained after correction of the
X-ray intensities. Counting errors (one standard devia-
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Ficure 1. Photomicrographs of plagioclase phenocrysts in
white dacitic pumice. (a) Corroded, broken fragment of plagio-
clase phenocryst. Melting started to occur in the phenocryst (ar-
row). Field of view = 1.0 mm. (b and c) Reflected-light Nomar-
ski differential-interference—contrast photomicrograph after
etching with HBF,. Zones with higher Ca content are etched
more deeply than those containing less Ca. Note rounded shapes,
which are defined by outer Ca-rich zones. Field of view = 2.7
mm.

tion) of typical plagioclase analyses are as follows: 0.2
wt% SiO,, 0.02 wt% TiO,, 0.078 wt% Al,O,, 0.10 wt%
Ca0, 0.025 wt% MnO, 0.10 wt% Na,O, 0.03 wt%
Fe, 07, 0.008 wt% MgO, and 0.014 wt% K,O. Detection
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limits, defined as 3¢ of background values on both sides
of X-ray peaks, are normally 0.025 wt% for Fe, O, 0.008
wt% for MgO, and 0.01 wt% for K,O.

The compositions of silicate minerals other than pla-
gioclase were determined using a JEOL 6400 digital scan-
ning electron microprobe at Ottawa-Carleton Geoscience
Centre, equipped with a 40° take-off angle, 39 mm dis-
tance between the specimen and the counter, and a Link
X-ray analyzer (EXL, LZ5). The analytical conditions were
as follows: 20 kV accelerating potential, ~0.8 nA current
on a Faraday cup, and 140-200 s counting time. Raw
X-ray spectra were reduced to elemental concentrations
using Link ZAF4-FLS. Standards were quartz (Si), phlog-
opite (K), wollastonite (Ca), MnTiO, (Mn and Ti), Fe,O,
(Fe), NiO (Ni), Cr,0, (Cr), synthetic Al,O, (Al), and MgO
(Mg). Analyses are estimated to be accurate to 2% of the
amount present, and detection limits are 0.1 wt%.

PLAGIOCLASE COMPOSITIONS
White dacitic pumice

Plagioclase phenocrysts show oscillatory zoning (Figs.
3a and 3c) with gradual outward changes from calcic to
sodic compositions and sharp changes from sodic to cal-
cic (Figs. 3b and 3c). The outer calcic zones commonly
truncate inner growth zoning (Figs. 1b, 3a, and 3b), in-
dicating partial resorption prior to growth of calcic zones.

The An contents vary widely from 30 to 80, mostly
between 35 and 50, with consistently low MgO (<0.02
wt%) and Fe,O7 (0.012-0.22 wt%; Table 2; Figs. 3 and
4). The concentrations of MgO and Fe,OT show no sig-
nificant change from the interiors to the rims of the phe-
nocrysts (Fig. 3), but a slight increase in Fe,OT (<0.43
wt%) is observed in the margin of several crystals (Figs.
3b and 4). The K,O concentrations, varying from 0.04 to
0.4 wt%, are inversely correlated with the content of An
(Fig. 5).

Dome-forming andesite

Plagioclase phenocrysts show prominent calcic rims 10—
30 um wide (Figs. 2a and 2b). Along the boundary be-
tween the interior and the rim, dusty zones (up to 250
um wide) containing numerous minute tubular glass in-
clusions are common, and the zones truncate inner growth
zoning (Figs. 2b and 2c¢). The boundaries between rim
and interior are sharp where no dusty zones are present
(Fig. 2a).

The interiors of the phenocrysts have textures and
compositions similar to those of the white dacitic pum-
ice. They show oscillatory zoning with An,, ¢, (Fig. 6;
Table 3), and calcic zones commonly truncate inner
growth zones. The K,O concentrations at a given An are
identical to those from the white dacitic pumice (Figs. 5
and 7). The interiors are low in Fe,OT (0.12-0.27 wt%,
Figs. 2 and 6) and MgO (<0.007 wt%), but some grains
contain up to 0.02 wt% MgO.

The rims contain high Ans, ,;, high Fe,OF (0.60-0.80
wt%), and high MgO (0.05-0.07 wt%) (Fig. 6). Within
the rims, An content decreases toward the outermost
margins of the phenocrysts (Figs. 2a and 2b). The com-
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FiGUre 2. X-ray intensity variations of CaKa, MgKa, and
FeKa across three plagioclase phenocrysts from the dome-form-
ing andesite with their photomicrographs under crossed polar-
izers. Numbers on y axes are counts per second recorded for
CaKa, FeKa, and MgKa. The lines with arrows in the photo-
micrographs correspond to the line scans. The areas with highly
variable concentrations of Ca, Fe, and Mg are dusty zones where
minute tubal melt inclusions and remaining fine-grained, irreg-
ularly shaped plagioclase are intricately mixed. Analytical con-
ditions: ~5 um beam diameter, 15 kV accelerating potential,
~20 nA specimen current, and 5 s counting time. (a) Oscillatory
zoning in the inner part with a calcic rim. (b) Dusty zone along
the boundary between the inner part and rim. (c¢) Calcic zone in
the interior (light) and reverse zoning at the rim.

_)

positions of the rims are identical to those of the microl-
ites in groundmass glass (Fig. 6), including the K,O con-
centrations (Fig. 7). Their K,O values at a given An are
higher than those for the interiors of phenocrysts (Fig. 7).

Basalt

There are no plagioclase phenocrysts, probably reflect-
ing high H,O contents in the melt, but there are abundant
microlites in the groundmass glass. The An contents of
the microlites range from 46 to 65 (Fig. 8), and individual
grains show Ca depletion toward their rims (Table 4). The
concentrations of Fe,OT range from 0.7 to 1.0 wt%, and
those of MgO from 0.04 to 0.08 wt% (Fig. 8). The con-
tents of K,O in plagioclase are inversely correlated with
An and plot along a steep trend on the K,O vs. An dia-
gram (Fig. 7); K,O content at a given An is the highest
in basalt microlites.

DiscussioN
Crystallographic sites of Mg and Fe in plagioclase

The general formula of plagioclase is expressed as
MT,Qq, in which cations in T sites form tetrahedral nodes
in the crystal. Cations in T sites are generally small and
highly charged, whereas those in M sites are large. Pla-
gioclase shows two maxima, corresponding to the M and
T sites, on the “Onuma curve” (Onuma et al. 1968), which
is defined by the ionic radii of cations and their respective
crystal-melt partition coefficients [D(i), defined as i ../
Ine; Beattie et al. 1993]. Mg2+ is small and, together with
Al+, is plotted on the curve for the T site. Similar D
values for Mg2+, Co?*, and Zn2+ (Moller 1988), which
have similar ionic radii and volumes, further confirm the
crystallographic control of their siting in plagioclase.

In plagioclase, Fe may be present as Fe>* and Fe3+.
The ionic radius of Fe3+ is similar to that of A3+, indi-
cating its residence in the T sites (e.g., Smith and Brown
1988) and high D(Fe?*+). This is supported by the exten-
sive substitution of Al*+ by Fe3+ in SiOj- tetrahedra in
melts (Dingwell et al. 1988; Mysen 1988). Fez+ is much
larger than Fe3+ but smaller than Ca2+ and Sr?+, which
makes entry into either the T or M sites difficult, but Fe2*
can occupy M sites because of its divalent charge. D(Fe?+)
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is probably similar to D(Mn?+) (0.05; Matsui et al. 1977)
because the radii of the two cations are similar. D(Mn?+)
plots near the minimum of the Onuma curve (Jensen
1973).

Reflecting the change in Fe2+/Fe?+ ratios in the melt,
D(ZFe), which is the sum of D(Fe?*) and D(Fe3+), varies
as a function of f;, in the melt. High D(Fe*+) in com-
parison with low D(Fe2+) indicates that Fe in terrestrial
plagioclase is predominantly Fe3+ (Smith and Brown 1988;
Phinney 1992), and that Fe?* may be significant only in
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plagioclase formed from highly reduced Fe-rich magmas,
such as lunar basalts (Longhi et al. 1976; McGee 1993).
Accordingly, the concentrations of Fe in plagioclase in
Pinatubo samples are reported as Fe,OT.

Diffusion of Mg and Fe in plagioclase

Cation charges are normally balanced in the crystal
structure, which leads to the coupled substitution of
Al+Ca?* by Na+Si** or vice versa. This explains their
extremely slow diffusion rates in plagioclase (Grove et al.
1984; Baschek and Johannes 1995) and the well-pre-
served, fine zoning of Ca/(Ca + Na) in volcanic plagio-
clase. Diffusion of Mg?+ and Fe3+ also requires a coupled
cation substitution, such as Mg2*Si*+ by AB+AIR+ and
Ca?+*Mg?*+ by Na+Al*+. This implies very slow diffusion
of Mg?*+ and Fe?+. Furthermore, Mg?+ and Fe**+ would
not occupy adjacent T sites to maintain charge balance,
which suggests high activation energy for their movement
from one T site to a nonadjoining T site. We therefore
consider the diffusion rates of Mg+ and Fe3+ to be sim-
ilar or even slower than those of Ca2* and Al**, and
volcanic plagioclase crystals probably retain their original
compositional gradients and patterns for Mg2+ and Fe?+.

Cation distribution coefficients between
plagioclase and melts

The Ca/(Ca + Na) ratio of plagioclase is controlled by
temperature, total pressure, melt-H,O content, and Ca/
(Ca + Na) ratio of the parent magma (Yoder et al. 1957,
Kudo and Weill 1970; Drake 1976; Loomis 1979; Marsh
et al. 1990; Housh and Luhr 1991). In particular, the H,O
content of a magma significantly affects the content of
Ca?* and Na+ in plagioclase (Johannes 1978; Housh and
Luhr 1991; Sisson and Grove 1993); plagioclase with
higher An content crystallizes from a magma with higher
H,O content at a given temperature.

The experimental determinations of D(Mg) show a
small decrease with decreasing temperature: ~0.068 +
0.008 at 1250-1300 °C (Weill et al. 1980), 0.06 at 1250
°C (Blundy and Wood 1994), 0.065 at 1200+18 °C (Longhi
etal. 1976), ~0.05 at 1100-1200 °C (Sato 1989; Phinney
1992), and 0.021 + 0.008 at 950-1050 °C (Sisson and
Grove 1993). The value of 0.021 by Sisson and Grove
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FiGURE 3 (above and right). X-ray intensity variations of
CaKa, FeKa, and MgKa across three plagioclase phenocrysts in
the white dacitic pumice. Positions and directions of the line
scans are shown in the photomicrographs. Numbers on y axes
are counts per second recorded for CaKa, FeKa, and MgKa.

(1993) is used in this study because their experimental
conditions for an andesite system were similar to those
for the studied samples.

The value of D(ZFe) varies from 0.03 near the iron +
wiistite buffer to 0.32-0.36 at 1200 °C under atmospheric

TaBLE 2. Representative compositions of plagioclase in dacitic white pumice

Grain* 1-4C 1-2R 1-2C 1-2C 1-3R 2-3R 2-3R 2-3C 3-3C
Spot 14 22 23 24 37 45 46 47 92
SiO, 50.87 58.48 58.83 54.83 57.20 58.84 54.21 58.87 46.79
TiO, 0.026 <0.006 0.009 <0.006 <0.006 0.027 0.018 0.009 0.02
Al,O, 29.9 25.83 25.05 27.05 26.04 25.36 28.1 26.37 329
Fe,Of 0.14 0.26 0.21 0.17 0.24 0.18 0.32 0.21 0.22
MnO <0.006 <0.006 0.011 0.028 <0.006 <0.006 0.012 <0.006 <0.006
MgO <0.006 <0.006 <0.006 0.010 0.009 <0.006 0.021 <0.006 <0.006
Ca0 13.56 8.16 7.14 9.93 8.78 7.19 1.2 7.54 16.38
Na,O 3.52 6.53 7.36 5.76 6.25 7.10 4.96 6.91 233
KO 0.09 0.27 0.31 0.19 0.25 0.28 0.14 0.27 0.038
Sum 98.14 99.52 98.93 97.89 98.77 98.98 98.95 99.18 98.69
Ca/(Ca + Na)** 68.10 40.85 34.90 48.79 43.70 35.88 55.51 37.62 80.49

* C and R stand for interior and rim, respectively.

** Molar ratios.
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conditions (Sato 1989; Phinney 1992). The former value,
0.03, corresponds to D(Fe?*) because Fe is predomi-
nantly Fe?+ under the iron + wiistite buffer. D(Fe3*) is
calculated to be 0.35-0.4 using D(ZFe) of 0.32-0.36 and
the ratio of Fe?+/ZFe under atmospheric conditions. This
is in good agreement with the value calculated from the
experimental results of Sisson and Grove (1993) for an
andesite system. Those authors obtained D(ZFe) of 0.082
+ 0.017 at 950-1050 °C with the NNO buffer, where
~15% of the Fe in the melt is Fe3+. This value of D(ZFe)
is translated into D(Fe?+) of 0.43-0.66. We used D(ZFe)
of 0.25, which takes into account the high f, of the Pin-
atubo magma, 3 log units above FMQ (Hattori 1993;
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Ficure 6. Fe,OT and MgO vs. Ca/(Ca + Na) molar ratio of
plagioclase in the dome-forming andesite. CORE-MgO, CORE-
Fe,0, = MgO and Fe,OF concentrations in the interiors of pla-
gioclase phenocrysts; RIM-MgO, RIM-Fe,0, = MgO and
Fe,OT concentrations in the rims of plagioclase phenocrysts; GM-
MgO, GM-Fe,0; = MgO and Fe,OT concentrations in plagio-
clase microlites in the groundmass glass.

Luhr and Melson 1996). The ratio of Fe?**+/Fe?* in such
a highly oxidizing melt is close to 1, following the method
of Sack et al. (1980).

K,O geothermometry

K+ replaces Na+ in the M site, which produces a re-
verse correlation between K,O and Ca/(Ca + Na), as
shown in Figures 5 and 7. The ratio of K/Na in the site
is controlled not only by melt composition but also tem-
perature. Plagioclase formed from a melt with higher
K/Na shows higher K/Na at a given temperature. Within
a given melt, plagioclase formed at higher temperatures
incorporates more K+, and it plots a steeper slope on a
K,O vs. An diagram (Sato 1984). The exchange reaction
is expressed by Sato (1984); In[(X,,/ X, in magma)/(Xo,/
X, 1n plag)] = (8630 — 0.77 + 0.0053P — 4130X,, in
plag)/RT, where R, P, and T are gas constant, pressure
in bars, and temperature in kelvins, respectively, and X,
and X,, are mole fractions of orthoclase and albite, re-
spectively.

The bulk weight ratios of K/Na are comparable among
basalt (~0.6), andesite (~0.5), and dacite (~0.4), and the
ratio of the matrix glass in basalt (~0.6) is much lower
than in the glass of dacite (~1; Table 1). High K,O at a
given An in basalt microlites cannot be attributed to high
K/Na ratios of its melt. Instead, the variation in K,O
among samples reflects their temperatures of crystalliza-
tion. The calculation using the groundmass composition
(Table 1) yields the crystallization temperatures of 960-
1140 °C for basalt microlites. The pressure correction is
safely ignored for shallow magma reservoirs like that in
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TasLE 3. Representative compositions of plagioclase in dome-forming andesite
Grain* 1-38 1-3C 1-3C 1-3C 1-3R 1-5C 1-5R 1-15C  1-15C  1-15R  gm-7 gm-7
Spot 60 61 62 63 64 73 75 124 125 127 141 142
Sio, 55.27 59.40 54.17 58.37 55.49 59.83 52.60 52.40 61.39 5037 53.53 55.78
TiO, 0.02 0.01 0.015 0.01 0.019 0.017 0.025 0.009 0.016  0.014 0.019 0.020
Al,O, 28.21 25.48 28.88 26.47 27.54 25.21 29.16 29.90 2424  31.36 28.79 26.98
Fe,0F 0.18 0.20 0.22 0.26 0.59 0.18 0.65 0.18 0.17 0.63 0.56 0.76
MnO 0.014 0.022 0.031 0.014 0.019 <0.008 <0.008 <0.008 <0.008 0.028 <0.008 <0.008
Mgo <0.006 <0.006 <0.006 <0.007 0.055 <0.006 0.068 <0.006 <0.006 0.058 0.065 0.068
CaO 10.71 7.60 11.50 8.76 10.57 7.57 12.98 13.17 6.60 15.05 12.01 10.23
Na,0 5.61 7.29 512 6.50 5.36 7.23 418 4.20 7.82 3.15 4.72 5.72
K0 0.18 0.29 0.15 0.24 0.24 0.29 0.16 0.10 0.34 0.11 0.19 0.28

Sum 100.19 100.28  100.07 100.60 99.88 100.31 99.82 99.96 100.56 100.76 99.87 99.82
Ca/(Ca + Na)** 51.34 36.55 55.38 42,66 52.15 36.65 63.18 63.41 31.81 72.53 58.44 49.72

* C and R stand for interior and rim, respectively. Grain numbers with *

** Molar ratios.

‘gm”’ refer to microlite grains in groundmass glass.

the present case. The high end of the calculated temper-
atures is similar to the estimate, ~1200 °C, based on
olivine-melt equilibria in basalt (Rutherford et al. 1993).
The calculation for plagioclase phenocrysts from dacitic
pumice yields 550-620 °C, using the average composition
of the matrix glass (Table 1). The temperatures are much
lower than the estimates (~780-800 °C) from the stabil-
ity of cummingtonite (Rutherford 1993) and two-oxide
thermometry (Hattori 1993). This discrepancy may be
due to an overestimation of K,O or an underestimation
of Na,O in the matrix glass used for the calculation be-
cause their concentrations show a wide variation. Pallis-
ter et al. (1996) noted much lower K,O (average = 2.36
wt%; n = 23) and higher Na,O (average = 3.47 wt%; n =
23) near plagioclase phenocrysts, and the calculation us-
ing their compositional data yields the temperature of
680-740 °C.

The rims of phenocrysts and microlites from the an-
desite plot between basalt microlites and plagioclase phe-
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Ficure 7. K,O vs. An content of plagioclase phenocrysts
and microlites in the dome-forming andesite and basalt. AN-
DESITE-GM = microlites in groundmass glass of andesite. Note
that the compositions of the phenocryst rims are similar to those
of microlites in the groundmass glass in andesite.

nocrysts from dacitic pumice (Fig. 7), indicating their
crystallization at a temperature cooler than that of the
basalt microlites but hotter than that of the phenocrysts
from dacite. Again this is consistent with the proposal
that the dome-forming andesite was a mixed magma of
cooler felsic and hotter mafic magmas.

Mixing of magmas recorded in plagioclase

The interiors of plagioclase phenocrysts in the dome-
forming andesite are very similar to those of the dacitic
pumice in terms of texture, An content, the concentration
of K,O at given An, and the concentrations of MgO and
Fe,OF. The resemblance of the two is remarkable consid-
ering the relationship between K,O contents and An con-
tents is different even among different eruption products
from a single volcano (Sato 1984). In addition, MgO and
Fe,0; concentrations are much lower in the Pinatubo pla-
gioclase than in plagioclase from many other volcanic
rocks (Sato et al. 1993, and in preparation; Singer et al.
1995). For example, they are distinctly lower than those
for the interiors of plagioclase phenocrysts from the dome-
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Ficure 8. Fe,O07 and MgO vs. Ca/(Ca + Na) molar ratio of
plagioclase in basalt.
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TasLE 4. Representative compositions and mineral formula of plagioclase microlite in basalt
Grain* 1C 1R 5C 5R 11C 11R 2C
Spot 1 2 1 12 31 32 6004
SiO, 51.35 52.69 51.90 54,22 54.62 55.24 54.48
TiO, <0.007 0.033 0.026 <0.007 0.033 0.036 0.028
AlL,O, 29.95 28.93 29.49 27.93 27.19 27.01 27.81
Fe, O] 0.690 0.776 0.810 0.717 0.821 0.887 0.868
MnO 0.025 0.025 <0.008 <0.008 0.015 0.008 <0.006
MgO 0.082 0.087 0.089 0.058 0.062 0.070 0.066
Ca0 13.36 12.39 1297 11.38 10.90 10.60 10.95
Na,0 3.98 4.62 3.97 4.82 5.01 5.08 5.36
KO 0.17 0.20 0.21 0.30 0.34 0.37 0.31
Sum 99.61 99.77 99.47 99.42 98.99 99.30 99.86
Ca/(Ca + Na)** 64.97 59.71 64.35 56.61 54.59 53.55 53.03

* C and R stand for interior and rim, respectively.
** Molar ratios.

forming andesite of Mount Unzen (Sato et al. 1993, and
in preparation), although the bulk compositions of the
andesites from Unzen and Pinatubo are very similar and
both are hybrids of mafic and felsic magmas. This strik-
ing similarity between the two types of phenocrysts in
Pinatubo indicates that the phenocrysts in the andesite
and dacitic pumice were formed in a single magma res-
ervoir.

To confirm the derivation of all plagioclase pheno-
crysts from a felsic magma, the compositions of relatively
small phenocrysts were determined (Fig. 9). K,O contents
at a given An are identical to those of large phenocrysts,
and the interiors have low MgO and Fe,Of. We could
not detect any compositional signatures of a mafic melt
in these small phenocrysts and conclude that all plagio-
clase phenocrysts in the andesite originated from the fel-
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Ficure9. Ca/(Ca + Na) molar ratio vs. apparent size of each
plagioclase phenocryst in the dome-forming andesite. The ap-
parent size of each plagioclase phenocryst as observed in this
section is expressed as the radius of a circle of equal area.

sic magma. The MgO content of the parent melt for the
plagioclase phenocrysts is calculated to be <0.5 wt%, and
that of Fe,OT ranges from 0.5 to 1.1 wt%, assuming f;,
to be 3 log units above FMQ. The f;, represents the value
shortly before eruption, and therefore the calculated val-
ue of Fe,OT is the maximum estimate. Both concentra-
tions correspond to a rhyolitic melt. The estimated MgO
concentrations in melt are similar to those for ground-
mass glass in the dacitic pumice (Table 1) and for melt
inclusions in phenocrysts (0.17-0.19 wt%; Westrich and
Gerlach 1992). The concentrations of Fe,OFf are similar
to those in groundmass glass (Table 1).

The Pinatubo magma in the preeruptive chamber has
been referred to as a dacitic magma on the basis of bulk
chemical compositions; however, the melt was rhyolitic
throughout the crystallization of plagioclase phenocrysts.
This does not necessarily imply that the dacitic magma
is a rhyolitic melt containing xenocrystic ferromagnesian
minerals. It is likely that the parent melt evolved from a
mafic melt, but that the nucleation of plagioclase was
retarded because of high melt-H,O contents. Plagioclase
crystallization started only after the melt became rhyoli-
tic.

Inner growth zones are commonly truncated by dusty
zones. Tsuchiyama (1985) demonstrated in heating ex-
periments that such dusty zones formed by melting of
sodic portions of plagioclase, and that the formation re-
flects a compositional adjustment of plagioclase at higher
temperatures. The remaining plagioclase is more calcic,
thus closer to equilibrium with the host melt at higher
temperatures. This interpretation fits well for the dusty
zones in Pinatubo samples, as tubal glass inclusions in
the dusty zones are sodic compositions.

Thin calcic overgrowths surround the dusty zones and
partially resorbed interiors of plagioclase phenocrysts,
which indicates a period of cooling followed the heating
event. Identical compositions of microlites in the ground-
mass and the rims of plagioclase phenocrysts indicate
crystallization of microlites during the cooling. The rim
compositions suggest an increase in MgO (2.5-3.5 wt%)
and Fe,O7 (2.0-2.7 wt%) in the melt. Simultaneous in-
creases in Ca, Fe, and Mg in the rims require incorpo-
ration of a mafic melt into the felsic magma chamber.
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The dome extrusion started on June 7, 1991, and was
followed by a discharge of vesiculated andesitic scoria on
June 11-12 (Hoblitt et al. 1991). Subsequently, the dome
was ejected together with dacitic pumice during the cat-
aclysmic eruption on June 15, 1991. The June 11-12
scoria and June 7-15 dome-forming andesite have iden-
tical bulk compositions and mineral assemblages, and both
contain rounded basalt inclusions, although the scoria does
not contain plagioclase microlites or prominent over-
growths (Rutherford et al. 1993; Pallister et al. 1996). The
similar compositions of the two have been taken to in-
dicate the same mixed magma source (Rutherford et al.
1993; Pallister et al. 1996), which implies that the nucle-
ation of microlites and overgrowth of phenocrysts in the
dome-forming andesite took place during the short peri-
od of its extrusion, approximately several days. This con-
clusion is in accord with inhomogeneous compositions of
oxides in the andesite (Pallister et al. 1996) because ox-
ides could be equilibrated within several days at mag-
matic temperatures (Hammond and Taylor 1982).

Hot mafic melt that injected into a cool felsic magma
likely released volatiles, producing a gas-charged mixed
magma. This buoyant, mixed magma erupted as highly
vesiculated andesite scoria. A portion of the mixed mag-
ma, which slowly lost volatiles, formed the viscous, dense,
dome-forming andesite. Degassing of the mixed magma
cooled the magma and lowered the melt H,O, which raised
the liquidus temperature of plagioclase and promoted the
nucleation of microlites in the groundmass and the de-
velopment of overgrowths on partially resorbed pheno-
crysts. This is supported by K,O geothermometry of the
rims and microlites (Fig. 7), which indicates their crys-
tallization at a hotter temperature than the dacitic melt
but a much cooler temperature than the mafic magma.
K,O contents of the outermost rims are similar to those
of the interiors of plagioclase phenocrysts, suggesting the
final temperature of the dome was similar to that of the
dacitic magma, ~800 °C.

Magmas for dacitic pumice

Unlike the dome-forming andesite, plagioclase phe-
nocrysts in white pumice do show neither prominent
overgrowth of calcic rims nor plagioclase microlites. Par-
tial resorption of the outermost edge of plagioclase is
present but not observed in all grains. The lack of exten-
sive resorption of plagioclase may be attributed to the
large magma chamber. A seismic survey by Mori et al.
(1993, 1996) indicated an irregularly shaped, laterally ex-
tensive magma body of 40-90 km? beneath Mount Pin-
atubo. Heating of such a large magma chamber would
have been uneven, and the magma close to the mafic melt
would have been subjected to more resorption than that
in distal parts. Resorption textures are common in some
gray pumice samples and especially in the gray bands of
banded pumice, which show alternating layers of several
millimeters to centimeter wide white and gray pumice.
The pumice probably represents a portion of felsic mag-
ma closer to the mafic melt.
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If the incursion of a mafic melt into upper crustal level
took place long before the eruption, the surface of re-
sorbed plagioclase should have been healed by accretion
of plagioclase. The lack of overgrowths on these plagio-
clase phenocrysts indicates the short time span between
the heating by a mafic melt and the eruption.

The outer margins of some phenocrysts show a slight
increase in Fe,OT without increase in MgO. Incorpora-
tion of a mafic melt is not a possible cause because of low
MgO and CaO in the phenocrysts. We conclude that ox-
idation of the magma increased the ratio of Fe*+/ZFe and
consequently the content of Fe,OF in plagioclase. This
interpretation is consistent with progressive oxidation of
the felsic magma as proposed in a study of sulfur-bearing
phases in the dacitic pumice (Hattori 1993, 1996).

Oscillatory zoning in the interior of
plagioclase phenocrysts

Variation in An contents of plagioclase phenocrysts may
be caused by repeated injections of mafic melts, a fluc-
tuation of total pressure, diffusion-crystallization kinet-
ics, a fluctuation of temperature, or a variation in H,O
of the magma.

Recurrent injections of mafic magma. Recurrent injec-
tions of mafic magma have been suggested as a possible
cause of Ca spikes in plagioclase phenocrysts (e.g., Luhr
and Melson 1996), but this would produce high Mg+ and
Fe*+ in the calcic zones of plagioclase. This possibility is
rejected because of low and consistent Fe,OT and MgO
in the interiors of plagioclase.

A change in total pressure. A change in total pressure
has a minor effect on Ca2* and Na+ contents of plagio-
clase, and this factor is discounted as the major cause of
the fluctuations in An. For example, the loop shape of
liquidus and solidus curves in the binary system of an-
orthite-albite at 1 atm is not much different from that at
5 kbar, indicating the trivial effect of pressure on plagio-
clase compositions (Yoder et al. 1957). Furthermore, this
is not supported by consistent AI** contents of horn-
blende indicating a depth of ~10 km (Rutherford et al.
1993).

Diffusion-crystallization kinetics. Slower diffusion of
Ca?* and AI** than of Na+* and Si**+ in melts may yield
compositional gradients in the melt near plagioclase sur-
faces, producing oscillatory zoning (e.g., L’Heureux and
Fowler 1994). This is, however, discounted as a signifi-
cant cause of zoning in the Pinatubo samples because the
observed zoning is commonly accompanied by resorp-
tion of inner Na-rich portions, which cannot be explained
by the model. In addition, the observed pattern, gradual
decrease in An toward the rims, contrasts with the pattern
expected from the model because a greater diffusion rate
for Na+ than for Ca2* in a melt would produce a pattern
with a gradual increase in Ca?* toward the rim followed
by a sharp drop of Ca?* (L’Heureux 1993; L’Heureux and
Fowler 1994).

Fluctuation of temperatures. Fluctuations in tempera-
tures may be produced by magma convection. High crys-
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tallinity (~55 vol%), cool temperatures (~800 °C), and
high SiO, of the Pinatubo magma do not appear favorable
for its thermal convection, but these adverse factors could
be outweighed by its high H,O contents (<4.4 wt%, Wes-
trich and Gerlach 1992; 6.1-6.6 wt%, Wallace 1993).
Granitic magma at 800 °C and saturated with H,O at a
depth of 10 km, has a viscosity of 1045-5 poise, which is
similar to the viscosity of dry basaltic melt at 1000 °C at
a similar depth (Persikov 1991). Other volatiles, such as
CO, and F, further lowered the melt viscosity. In addi-
tion, a thick (>100 m) magma chamber, like the Pina-
tubo magma chamber, is expected to have convection
(Marsh 1988) because Rayleigh number (Ra) is a function
of the cube of layer thickness (L); Ra = (agATL?)/vx, where
« is the coefficient of thermal expansion (5 x 10-% K-1),
g is the gravitational constant (980.7 cm/s?), AT is the
temperature difference (100 K), v is kinematic viscosity
(10° poise), and « is thermal diffusivity (10-2 cm?/s). The
Ra value for the preeruptive magma chamber of 1 km
thickness is calculated to be ~7 x 103, which warrants
vigorous convection. The thickness of 1 km is reasonable,
considering the large amount (~2.5-4 km? as a dense
mass) of magma discharged during a 12 h period, the lack
of nonjuvenile materials in the eruption products, and
the huge volume of magma remaining beneath Mount
Pinatubo after the eruption (Mori et al. 1993, 1996).

In a viscous magma, a crystal with density similar to
the melt would flow with a melt without sinking (Marsh
1988). Settling speed (V) in a crystal-free melt may be
expressed by Stokes’ law: V = 2/9gApr2/n, where Ap is
density contrast, r is radius of crystals, and » is melt vis-
cosity. For the Pinatubo magma at 800 °C, a depth of 10
km, and a density of 2.09-2.15 g/cm? [calculated using
the matrix glass compositions in Table 1, and partial mo-
lar volumes, thermal expansions, compressibility of ox-
ides, and zero partial molar volume of H,O given by
Lange and Carmichael (1987) and Lange (1994)], the set-
tling velocity of 1 mm spherical plagioclase (An,_g) With
a density of 2.61-2.67 g/cm? (calculated using the density
and thermal expansion rates by Smith and Brown 1988)
is very small, ~1.1 x 10— cm/s (~14 m/yr). Plagioclase
likely traveled together with a melt in a convective cell.
Plagioclase would accrete more sodic compositions dur-
ing its upward flow and undergo partial resorption during
its downward flow. The variation of An,s_s, could be
formed from a convection magma with 4 wt% H,O at
temperatures ranging from 800 to 860 °C (calculated us-
ing equations by Housh and Luhr 1991).

Thermal convection of a magma may be enhanced by
degassing as it amplifies the density difference of the melt,
although the difference in H,O in the melt at the depth
of 10 km is very small. A water-saturated, 1 km thick
magma would lose <0.1 wt% H,O during upward flow
(using the solubility of H,0O by Burnham 1979, 1994).
Nevertheless, the degassing would amplify the variation
in An because plagioclase formed from a melt with lower
H,O would contain lower An.

The convection of the parent magma is supported by
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the huge volume of magma with relatively homogeneous
compositions (~64 wt% Si0,), similar textures, and even
distribution of crystals throughout the eruption products.
The magma, however, likely became stagnant before
eruption owing to high crystallinity (>55 vol%) judging
from angular, delicately shaped sulfides in groundmass
glass (Hattori 1993, 1996), different compositions of the
outermost rims of plagioclase phenocrysts (Luhr and
Melson 1996; this study), heterogeneous glass composi-
tions (Westrich and Gerlach 1992; Pallister et al. 1996),
and different degrees of resorption of plagioclase pheno-
crysts in the eruption products.

Fluctuation of H,O. Plagioclase with An,;_s, can be
formed at a constant temperature from a melt containing
3.1 to 5.4 wt% H,O (calculated using the matrix-glass
composition of Ca/Na molar ratio = 0.214, Table 1, and
the Ca-Na exchange-reaction constant given by Sisson
and Grove 1993). The H,O contents are within the range
observed in melt inclusions [1.3-4.4 wt%, Westrich and
Gerlach (1992); 6.1-6.6 wt%, Wallace (1993); 6.4 wt%,
Rutherford et al. (1993)]. As described above, such a
change in H,O cannot be generated in a 1 km thick con-
vective cell, but introduction of external fluids, such as
meteoric waters and fluids originating from underlying
mafic magmas, may yield a variation in melt H,O. Me-
teoric waters may be incorporated into shallow crustal
magma chambers either directly or through assimilation
of altered rocks (e.g., Hattori and Muehlenbachs 1982;
Hildreth et al. 1984; Larson and Geist 1995). This is
supported by 3He/*He ratios lower than atmospheric He
for inclusions in a plagioclase phenocryst (B. Marty and
K. Hattori, unpublished data). Mafic magmas intruding
beneath Mount Pinatubo would also contribute to a fluc-
tuation in the H,O in the overlying felsic magma. Mafic
magmas discharge varying compositions of volatiles dur-
ing their ascent and solidification. For example, CO, orig-
inating from a mafic magma would pass through the
overlying felsic magma because of its low solubility in a
melt. The CO, would drain H,O from the felsic magma
because of mutual solubility of the two gases (e.g., Hol-
loway 1976). Volatiles and bubbles move very slowly in
a viscous silicate melt, but they can be effectively trans-
ported in a convecting magma chamber (e.g., Shinohara
et al. 1995).

The proposed interpretation is supported by deep (~30
km) seismic activity caused by sudden fluid movement
beneath Mount Pinatubo (Harlow et al. 1996). Second,
fluctuation in melt H,O is postulated from variable H,O
contents in melt inclusions (Westrich and Gerlach 1992;
Rutherford et al. 1993) and variable CO,/H,O in melt
inclusions (Wallace 1993) and fluid inclusions in pheno-
crysts (Harris et al. 1993). Third, this interpretation is
consistent with the presence of high spikes of Ca (An =
~80) in the interiors of plagioclase phenocrysts. The Ca
spikes are not accompanied by high Mg and Fe but are
commonly accompanied by prominent corrosion of inner
growth zoning. They could not have formed by temper-
ature fluctuations in a convection cell. Such spikes prob-
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ably formed by periodic incorporation of large quantities
of hot fluids, which likely originated from underlying maf-
ic magmas.
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