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ABSTRACT

Detailed petrological, mineralogical and melt-inclusion studies of an unusual plagioclase-phyric high-Ca boninite from the
North Tongan forearc demonstrate that phenocrysts of high-An plagioclase (Ansg0) crystallized at the latest stages of melt
evolution from H2O-saturated dacitic melts (6467 wt.% SiO2, ~2 wt.% MgO) at ~1050°C and low pressure (< 1 kbar). These
melts contained ~1.5 wt.% H2O and had low CaO/NaxO (~3, in wt.%). Our results suggest that the presence of high-Ca (An.90)
plagioclase phenocrysts in arc lavas does not necessarily imply either high H>O-contents of the melt (>6 wt.%), or involvement
of refractory melts (CaO/Na2O > 8) in magma genesis, as was previously suggested. Established conditions of crystallization [P,
T, X, X(H20)] during evolution of the Tongan boninite contradict those predicted by available models of plagioclase-melt
equilibria. The effect of H2O on the activities of plagioclase components in hydrous melts is strongly nonlinear. Extrapolation of
experimental results on the effect of H2O on plagioclase—melt equilibria from melt H2O contents of >4 wt% to the low H20
contents (<2 wt%) of the evolved Tongan boninite predicts a less calcic plagioclase than observed, or higher H20 contents than
measured in plagioclase-hosted melt inclusions. These observations are in accord with the well-known large effect of small
amounts of H20O on mineral melting temperatures, and also with recent results on the effect of H2O on melt viscosities at low
H20 contents. Better predictions require new experimental data at low P(H20) (<1 kbar).

Keywords: high-An plagioclase, boninite, H,O content, melt inclusions, plagioclase—melt equilibria, model, Tonga forearc.
SOMMAIRE

Une étude détaillée fondée sur la pétrologie, la minéralogie et la composition des inclusions vitreuses de phénocristaux de
plagioclase trs calcique d’une boninite anomale de I’avant-arc du secteur nord de Tonga démontre que le plagioclase s’est formé
aux stades ultimes de cristallisation, & partir d’un magma dacitique saturé en HyO (64—67% de SiO,, ~2% de MgO, en poids) &
environ 1050°C et a faible pression (<1 kbar). De tels magmas contenaient ~1.5% en HyO et avaient un faible rapport CaO/NayO
(~3, en termes pondéraux). D’aprés nos résultats, la présence de phénocristaux de plagioclase trés calcique (An,gp) ne requiert
pas nécessairement des teneurs en HyO du magma trés élevées (>6%, par poids) ou 'implication d’un magma réfractaire
(CaO/NayO > 8), comme il est généralement supposé. Les conditions de cristallisation préconisées [P, T, X, X(H,0)] au cours de
I’évolution de la boninite de Tonga contredisent celles qui sont prédites A partir des modgles disponibles de 1'équilibre entre
plagioclase et magma. L’influence de HpO sur Iacivité des composantes du plagioclase dans les magmas est fortement non
linéaire. Une extrapolation des résultats expérimentaux sur I'effet de HyO sur 1'équilibre plagioclase-liquide, établi pour des
teneurs de HyO supérieures & 4% (poids), aux faibles teneurs (<2%) observées dans le cas de la boninite évoluée, predit un
plagioclase moins fortement calcique que ce qui est observé, ou bien une teneur en HyO plus élevée que celle qui est mesurée
dans les inclusions vitreuses piégées par le plagioclase. Nos observations concordent bien avec I’influence trés marquée de faibles
quantités de HO sur le point de fusion des minéraux, et avec les résultats récents de "effet de HyO sur la viscosité des magmas
2 faibles teneurs en HyO. De meilleures prédictions imposent de nouvelles données expérimentales obtenues 2 faible P(H,0)
(<1 kbar).

(Traduit par la Rédaction)

Mots-clés: plagioclase calcique, boninite, teneur en H,0, reliquats magmatiques, équilibre plagioclase-liquide, modele,
avant-arc de Tonga.
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INTRODUCTION

The origin of calcic plagioclase (An,g) in arc-related
and mid-ocean ridge basalts has received considerable
attention (Falloon & Green 1986, Housh & Luhr 1991,
Fram & Longhi 1992, Sisson & Grove 1993, Sinton
et al. 1993, Panjasawatwong et al, 1995, Kimata et al.
1995). Experimental studies of plagioclase~melt equili-
bria have demonstrated that melt Al/Si and Ca/Na
values and H,O contents are the most important param-
eters affecting the composition of plagioclase on the
liquidus. An increase in any of these compositional
parameters results in crystallization of more calcic pla-
gioclase. For anhydrous tholeiitic systems, high-An plagio-
clase (An,g) can crystallize from high-Al (>16-17 wt.%
AL03, Al O4/Si0,> 0.32, in wt.%) and high CaO/Na,O
(>8, in wt.%) melts. H,O-rich andesitic and dacitic
melts at pressures of 2-5 kilobars (>6 wt.% H,0) can
crystallize An-rich plagioclase at CaO/Na,O = 4-5 and
relatively low Al,O3/Si0, values (<0.25). The effects of
H;O-undersaturated conditions, and total H,O pres-
sures less than 2 kilobars on plagioclase—melt equilibria
remain poorly constrained. There exist some experi-
mental data (Baker & Eggler 1987, Panjasawatwong
et al. 1995) to suggest that HyO-undersaturated condi-
tions have less effect on compositions of liquidus plagio-
clase than H,O-saturated conditions (given similar
amounts of H,O in the melt), but there are very few data
on plagioclase~melt equilibria at total HyO pressures
less than 2 kilobars.

Our new observations concerning high-An plagioclase
phenocrysts in the North Tongan high-Ca boninitic
suite (Falloon & Green 1986, Falloon & Crawford
1991) are of particular interest because current models
of plagioclase—melt equilibria do not predict the crys-
tallization of such An-rich plagioclase from these
high-Ca boninitic melts. As can be inferred from the
presence of HyO-rich primary fluid inclusions in all
phenocryst phases (olivine, pyroxenes and plagioclase),
these magmas crystallized at conditions close to H,O-
saturation (Danyushevsky efal. 1995, Sobolev &
Danyushevsky 1994), and differentiation was accom-
panied by continuous degassing. The H,O content of
primitive high-Mg melts from this suite, trapped as
melt inclusions in olivine, is 2.5-3 wt.%, and decreases
to ~1.5 wt.% in evolved dacitic melts, implying low-
pressure (<1 kilobar) conditions over the entire recorded
history of crystallization. Primitive melts from this suite
have sufficiently high CaO/Na,O values (>10) to allow
crystallization of high-An plagioclase, but the low
Al,O3 (8-10 wt.%) and significant H,O (2-3 wt.%) in
such melts result in a lack of saturation of plagioclase
until much lower temperatures. The evolved, plagioclase-
saturated melts of this suite have low CaO/Na,O values
(~3) owing to extensive prior crystallization of clino-
pyroxene, and relatively low H,O contents (~1.5 wt.%) due
to degassing during ascent and eruption on the seafloor.

THE CANADIAN MINERALOGIST

In this paper, we present a mineralogical and experi-
mental study of melt inclusions, and infer the condi-
tions of crystallization of high-An plagioclase from
Tongan boninitic melts. Our results on these unique
samples raise significant questions concerning the
applicability of current models of plagioclase—melt
equilibrium to boninite petrogenesis, and in general
to plagioclase crystallization at low P(H,0) conditions
(<1 kbar).

ANALYTICAL AND EXPERIMENTAL TECHNIQUES

Compositions of minerals and glasses were analyzed
using a Cameca SX50 electron microprobe at the
University of Tasmania, Hobart, at 15 kV and 20 nA,
using interpational standards USNM 11124072 (basaltic
glass), USNM 122142 (augite), USNM 111312/444
(olivine), and USNM 115900 (plagioclase) (Jarosewich
et al. 1980). Counting times for all elements were 10 s,
and the beam size was ~1 pm for minerals, ~5 pm for
glass. A comparison of Na,O values obtained from
analyses with beam currents of 20 and 10 nA demon-
strates Na loss of ~0.1 wt.% Na,O due to sample insta-
bility under the beam, which is approximately the same
for glass analyzed in this study and anhydrous basaltic
glass; all analyses have been corrected for this effect.
The small magnitude of this correction is in accord with
the findings of Nielsen & Sigurdsson (1981) that Na
mobility is less of a problem in hydrous basaltic glass
than in hydrous rhyolitic glass. Host-mineral compositions
reported here were analyzed at ~20 um distance from
glass inclusions, normally on several different sides of the
inclusions.

H,0 concentrations in glass inclusions were analyzed
by FTIR spectroscopy, using an IR microscope with
all-reflecting optics; the calibration and procedures of
Danyushevsky ez al. (1993) were followed, including
use of a standard (A—46) with a major-element composi-
tion similar to that of glasses analyzed in this study.
Doubly-polished sections of phenocrysts (30-50 pm
thick) were prepared with areas of glass inclusions
>40 um in diameter opened to the surface on each side.
The diameter of the analyzed areas was restricted to
30 um to ensure that no host plagioclase was present in
the analyzed volume. Inclusions for FTIR analysis were
selected using the following criteria: 1) entrapment during
crystal growth (primary inclusions); this was deter-
mined by the position of the inclusion within the crystal,
and by its negative crystal or oval shape [see Roedder
(1984) for a detailed discussion]; 2) efficient quenching;
only inclusions without a shrinkage bubble were selected
(note that in hydrous systems, the shrinkage bubble
is filled with fluid originally dissolved in the trapped
melt); 3) “unopened” inclusions; the absence of a
bubble in a hydrous melt inclusion is in itself a good
indication that this inclusion has not experienced “leakage”
after trapping, as the pressure drop associated with such
an event would lead to vesiculation. In addition, inclusions
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Fic. 1. Comparison of the compositions of melt inclusions in plagioclase phenocrysts from sample 3-24 with the compositions
of rocks and matrix glass of the North Tongan suite of high-Ca boninite dredged from station 21, dredge haul 3. Dots:
compositions of rocks and glasses from station 21 (Falloon & Crawford 1991). Star: sample 3—24. Open circles: matrix glass
from sample 3-24. Squares: naturally quenched glass inclusions in plagioclase phenocrysts. Triangles: homogenized and
quenched glass inclusions in plagioclase phenocrysts. Cross: groundmass composition of sample 3—24 estimated as an average
result of 12 randomly positioned broad-beam (30 X 50 pm) electron-microprobe analyses; highlighted area around the
groundmass composition represents variations of individual groundmass compositions caused by varying proportions between
pyroxene microlites and the matrix glass.
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TABLE 1. COMPOSITIONS OF GROUNDMASS, MATRIX GLASS, AND GLASS INCLUSIONS IN PLAGIOCLASE PHENOCRYSTS FROM

SAMPLE 3-24%

1 2 3 4 5 6 7 8 9 10 11 12 i3 14 15 16 17 18 19

GM 21 14 20 43 PL1 PLIO PLI2 PL21 PL28 PL30 PL34 PL35 PL64 P2 P6 P7 P8 P-10
Si0g 65.14 65.65 66.67 66.05 67.09 71.19 68.72 66.96 65.25 64.08 64.13 63.30 67.55 63.01 68.95 64.72 69.61 65.65 63.10
TiOy, 039 048 045 048 040 038 040 037 038 045 046 041 032 050 042 040 045 041 043
AlZ03 1306 13.08 14.79 1324 1404 13.16 13.37 12.96 13.58 14.38 13.95 14.00 1376 14.21 1344 14.10 13.85 14.04 14.02
FeO 759 805 579 132 668 473 597 734 7.0 773 714 806 629 849 6.16 732 583 721 8.66
MnO 013 008 004 007 006 008 006 004 011 010 010 0.14 007 018 012 007 006 007 0.19
MgO 315 221 145 173 129 111 129 169 166 171 201 230 140 195 136 1.87 133 174 216
Ca0 697 663 693 675 672 505 576 601 620 683 661 706 592 7.13 571 668 58 6.65 7.39
NagO 222 236 247 219 210 241 240 218 218 218 224 211 238 208 222 224 223 220 212
K20 092 100 100 089 096 111 107 111 107 095 103 098 104 092 102 090 101 091 0.84
P205 nd. 011 011 011 008 008 011 006 013 009 010 004 010 011 012 007 009 011 0.11
H20 nd nd nd nd nd nd nd nd 150 nd 140 160 nd nd nd nd nd nd nd
Total 99.59 99.65 99.70 98.83 99.42 9931 99.20 98.71 99.16 98.50 99.17 100.0 98.83 98.58 99.52 98.37 100.34 98.99 99.02
Mg# 44.87 3523 33.16 31.89 27.67 3147 29.71 31.16 31.65 30.47 35.80 36.11 30.60 31.10 3043 33.60 31.13 3234 33.07
CaO/Na20 31 28 28 31 32 21 24 28 28 31 30 33 25 34 26 30 26 30 35
Host An 837 857 890 893 941 920 919 887 916 892 91.0 868 895 906
Thom (°C) 1045 1080 1040 1065 1040

* Mg# calculawd usmg Fe*, T/{(e) =0.1, Columns 1 groundmzss 2-5 mamxglass, 6-14 namrally quenched glass inclusions, 15-19 experimentally

homogenized and
result of 12 randomlyposntwned broad-beam (50 x 30 pum)

HE

ele?gn—m:cropmbe analyses (Fig. 1). The composmon of the host plagloclase was detexmmed within 20 pm of the inclusions. Compositions are reported in wt.%

were checked using an optical microscope with high RESULTS
magnification (320X) for the absence of any visible
cracks or other irregularities on their surfaces. Mineralogy and petrology

Plagioclase grains containing several primary glass
inclusions >20 um in dijameter, completely enclosed
within the host crystal, were studied experimentally
using a low-thermal-inertia heating stage that allows
visual control of experiments under the microscope
(Sobolev & Danyushevsky 1994). Grains with inclu-
sions consisting of glass only, or of glass and a fluid
(shrinkage) bubble, were chosen for the experiments.
Inclusions recrystallized at 600-700°C during heating,
forming a non-transparent aggregate of microlites. At
850-900°C, the microlites began to melt, and at ~1000°C,
all microlites had melted completely, yielding transparent
inclusions consisting of melt and a bubble of fluid.
Inclusions were heated over a period of ~1 minute
above ~950°C until the moment of complete homogeni-
zation (disappearance of the bubble of fluid). Longer
experimental times (lower heating rates at high temper-
atures) resulted in progressively higher temperatures of
homogenization, a common feature of hydrous melts,
probably caused by H,O dissociation (Sobolev &
Danyushevsky 1994). Visual control allows confident
identification of “opened” inclusions, as such inclu-
sions would leak during experiments (inclusions either
decrepitate, or fluid bubble increases or shows no
change in size with increasing temperature). Inclusions
were quenched immediately after homogenization,
and the sample was polished to expose the inclusion on
the crystal surface for electron-microprobe analysis. The
correctly established temperature of homogenization
is believed to be the trapping (i.e., crystallization)
temperature for fluid-saturated melts (Sobolev &
Danyushevsky 1994).

High-Ca boninite suites recovered from the northern
part of the Tonga Trench are characterized by a broad
compositional spectrum (Falloon etal. 1987,
Danyushevsky et al. 1995). Compositions of whole-
rock and matrix glass in a suite recovered in dredge
haul 3, station 21 (1500-2000 m water depth, Falloon
& Crawford 1991) define coherent trends when plotted
against MgO (Fig. 1). These trends are consistent with
initial crystallization of olivine, followed by ortho-
pyroxene and clinopyroxene (at 10-8 wt.% MgO), plagio-
clase (at 4-3 wt.% MgO) and magnetite (at 3-2 wt.%
MgO). All these minerals occur as phenocrysts in the
dredged samples. However, on the basis of variations in
the number of distinct phenocryst phases (from 2 to 5),
their proportions, and their total abundance (from <1 to
~40 vol.%), Falloon & Crawford (1991) distinguished
six distinct rock types in this suite. Vesicularity of the
samples varies widely with rock type, from near zero to
~30 vol.%, with no correlation with sample compositions.
Large phenocrysts (up to 4 mm) of high-An plagioclase
are present only in sample 3-24, although smaller and
less abundant plagioclase phenocrysts and micropheno-
crysts of similar compositions were found in other samples
(Falloon & Crawford 1991).

Sample 3-24 contains ~40 vol.% phenocrysts (olivine,
orthopyroxene, clinopyroxene, plagioclase) set in
fresh matrix glass with pyroxene microlites [zoned
from orthopyroxene to subcalcic augite, Mg# 83-76;
Mg# = 100*Mg/(Mg + Fe?*)] and ~10 vol.% vesicles
(Falloon & Crawford 1991). Compositions of matrix
glass and an estimate of the groundmass composition
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(liquid = matrix glass + pyroxene microlites) are shown
in Table 1 and Figure 1; the latter is an average result
of 12 randomly positioned broad-beam (50 X 30 [m)
electron-microprobe analyses; the range of individual
compositions (Fig. 1) reflects different proportions of
matrix glass and microlites in the analyzed areas. As
expected, the compositions of matrix glass form the
low-Mg continuation of the compositional trend
defined by individual compositions of the groundmass;
this trend, characterized by constant Ca and increasing
Si, Al, K, Na and Ti with decreasing Mg, is consistent
with subtraction of low-Ca pyroxene from (or with its
addition to) the groundmass composition.

Mineralogical features of sample 324 are summa-
rized in Table 2 and Figure 2. Olivine phenocrysts are
unzoned and have high forsterite contents (Fogs_go).
Compositions of orthopyroxene phenocrysts have a clear
bimodal distribution. Magnesian crystals, with a Mg#
of 86-89, are unzoned, whereas more evolved pheno-
crysts (core compositions with Mg# in the range 65-70)
show normal zoning of up to 4 Mg# units. Clino-
pyroxene phenocrysts (core compositions with Mg# in
the range 68-81) are normally zoned by 3—4 Mg# units.
Most plagioclase phenocrysts are unzoned within
analytical uncertainty, although occasional crystals
show narrow oscillatory zones of up to 5 mol.% An.

Compositions of pyroxene inclusions in plagioclase
phenocrysts and plagioclase inclusions in pyroxene
phenocrysts (Table 2) indicate that plagioclase crystal-
lized together with the most evolved pyroxene pheno-
crysts. We have also found magnetite inclusions in
plagioclase phenocrysts, further supporting plagioclase
crystallization from the evolved melts. Magnetite crys-
tallization from these melts is also suggested by a sharp
decrease in Ti and Fe concentration in most evolved
melts (Fig. 1).

Low-density (with no identifiable liquid phase) H,O-
rich primary fluid inclusions in phenocrysts are a typical
feature of boninites from the Tonga arc (Sobolev &
Danyushevsky 1994). Such inclusions are interpreted to

TABLE 2, MINERALOGY OF SAMPLE 3-24*
Ave Mg#  Rangeof Mg#  No. of grains
or An or An

Phenocrysts:
Olivine (7%) 88.9 88.4-89.5 27
Orthopyroxene (17%)
High-magnesium 88.3 85.6-89.2 11
Low-magnesi 68,7 65.7-70.6 16
Clinopyroxene (5%) 73.7 68.8-81.4 33
Plagioclase (10%) 89.3 82.2-94.2 108
Inclusions in Plagioclase:
Orthopyroxene 66.9 65.9-70.0 14
Clinopyroxene 68.1 68.1-71.4 7
Plagioclase inclusions in:
Orthopyroxene Mg# 66.2 89.1 - 1
Clinopyroxene Mg# 69.1 89.2 - 1

* Numbers in are modal percentages of phenocrysts (based on the
counting of over 1000 points), from Falloon & Crawford (1991). Mg# =
100*Mg/(Mg + Fe*).
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FiG. 2. Histograms of core compositions of plagioclase and
pyroxene phenocrysts from sample 3-24.
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reflect crystallization under low-pressure, H,O-saturated
conditions, as also suggested by the observation of high
vesicularity in many samples. We have found primary
fluid inclusions in all phenocryst phases of sample
3-24 [see previous section and Roedder (1984) for the
criteria used to identify inclusions).
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Glass inclusions in plagioclase phenocrysts

Compositions of naturally quenched glass inclusions
in plagioclase phenocrysts (Table 1) are dacitic and
form the low-Mg continuation of the compositional
trend defined by this suite; the most Mg-rich compositions
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Fic. 3. Compositions of homogenized and quenched, and naturally quenched, glass inclusions in plagioclase phenocrysts from

sample 3-24. Symbols as on Fig. 1.
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found in inclusions are close to the whole-rock compo-
sitions of the most evolved members of the suite
(Fig. 1). Fe, Ti, K, and Na are similar in inclusions and
matrix glass, but the inclusions show a sharper increase
in Si and a decrease in Ca and Al contents with decreasing
Mg. Crystallization of plagioclase on the walls of these
inclusions could only increase Mg contents of the residual
melt within inclusions, and thus such inclusions provide
an upper limit in Mg of the melts that crystallized plagio-
clase phenocrysts. An important implication of this
observation is that high-An plagioclase crystallized
from melts with the lowest Ca/Na values for this suite.
The H,O contents of these inclusions (1.4-1.6 wt.%,
Table 2), established by FTIR, do not show significant
variations and match those in the evolved melts of the
Tongan suite of high-Ca boninite (Sobolev &
Danyushevsky 1994, Danyushevsky et al. 1995).

Compositions of plagioclase-hosted melt inclusions
that were homogenized during heating experiments are
listed in Table 1. Homogenization of the inclusions was
observed at temperatures between 1040-1080°C. This
temperature range is within the accuracy of the experi-
mental technique (#20°C), and no correlation has been
established between homogenization temperature and
plagioclase composition. Compositions of homogenized
inclusions are indistinguishable from the compositions
of unheated inclusions, implying that no significant
crystallization of plagioclase occurred on the walls of
naturally quenched glass inclusions. A good correlation
exists between the compositions of melt inclusions
and of host plagioclase (Fig. 3). This applies for both
unheated and homogenized melt inclusions, and is
consistent with the liquid line of descent during crystal-
lization of pyroxene + plagioclase + magnetite (Fig. 3).
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DISCUSSION
Pre-eruption history of sample 3-24

The bulk composition of sample 3—24 (Table 3) is
anomalous when compared with compositional trends
defined by the suite of samples recovered from station
23 (Fig. 1). Most notably, this sample has high Si and
low Ca, Fe, and Al compared with other samples of
similar Mg content (Fig. 1). This does not necessarily
imply that this sample is unrelated to the rest of the
suite. Instead, its anmomalous composition can be
explained by the phenocryst-rich nature of this sample,
which implies that the bulk composition is not represen-
tative of a liquid composition, and is better explained
by the accumulation of crystals prior to eruption. Indeed,
a mass-balance calculation (Table 3) demonstrates that
the whole-rock composition of sample 3-24 can be
produced by a combination of phenocrysts and the ground-
mass, in proportions that closely match those obtained
during point counting (Table 2).

The composition of the erupted melt (now groundmass,
i.e., glass + microphenocrysts) that transported pheno-
crysts during eruption also is anomalous when compared
with the rest of the samples recovered from station 23.
It has a higher Mg content than melts (represented by melt
inclusions) that crystallized plagioclase and low-Mg
(Mg# < 72) pyroxene phenocrysts; and has high Si and
low Ca, Fe, and Al compared with the samples of similar
Mg content from this suite. Pyroxene microlites from
sample 3-24, which crystallized from the transporting
melt, are more magnesian than pyroxene phenocrysts that
crystallized together with high-An plagioclase (which is
consistent with higher Mg content of the transporting melt

TABLE 3. MAJOR ELEMENT MODELING OF PHENOCRYST ACCUMULATION IN SAMPLE 3-24*

Average Average Average Average Average Groundmass Sample 3-24 Sample 3-24
plagioclase high-Mg# low-Mg# clinopyroxene  olivine (Table 1) calculated observed
orthopyroxene orthopyroxene
SiO, 45.68 57.22 53.02 52.50 40.74 65.50 59.35 59.35
TiO, - .02 0.11 0.17 - 0.39 0.25 0.25
Al,O5 33.93 52 1.06 2.05 - 13.14 10.99 10.99
FeO* 1.06 796 19.56 10.15 10.77 7.63 8.85 8.85
MgO 0.08 33.86 24.11 15.76 48.34 3.16 10.83 10.83
CaO 18.04 1.38 1.84 19.13 0.14 7.01 7.80 7.80
Na,O 1.20 .02 0.02 0.13 - 2.23 1.39 1.37
K,0 0.00 - - - - 0.93 0.53 0.56
Mg# or An 89.2 88.3 68.7 735 88.9
Amount 94 9.5 12.5 9.3 2.9 56.4 100 -
(wt.%)
Amount 9.1 15 9.9 74 2.3 63.9 100 -
(vol.%)

* Calculations were performed using a least-squares linear-approximation model (Wright & Doherty 1970). The sum of the squares of the residuals

is equal to 0.002. Compositions of average plagioclase, clinopyroxene, orthopyroxene and olivine

, which match the

pertain to real ph
compositions reported in Table 2. The whole-rock composition of sample 3-24 is taken from Falloon & Crawford (1991). Volume % values were

calculated using

a density of 3.30 g-em™ for olivine and the pyroxenes, 2.70 g-om™ for plagioclase, and 2.30 grom™ for the groundmass (Deer ef al.

1966, Newman ef al. 1936). Mg# = 100*Mg/(Mg + Fe**). Compositions are expressed in wt.% oxides.
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compared to those melts in equilibrium with plagio-
clase). The pyroxene microphenocrysts are also signifi-
cantly less magnesian than olivine and high-Mg#
orthopyroxene phenocrysts. All of these observations
imply disequilibrium between phenocrysts and the
transporting melt. The composition of the transporting
melt is best explained as the product of mixing, in a
shallow, open-system magma chamber, of an evolved
melt, represented by melt inclusions in plagioclase, and
a less evolved, more magnesian melt. The Mg content of
the melt in equilibrium with olivine Fogalong the
liquid line of descent for the suite from station 23 is
~11.7 wt.% MgO (assuming olivine— melt K, = 0.3,
FeO* = 9.5 wt.%, Fe**/Fe? = 0.1) As can be estimated
from Figure 1, the groundmass composition can be pro-
duced by mixing of ~85% of an evolved melt having
~L.7 wt.% MgO with 15% of a more primitive melt
containing ~11.7 wt.% MgO. Following this scenario,
magnesian olivine and orthopyroxene phenocrysts
crystallized from the high-Mg melt prior to mixing,
whereas plagioclase and low-magnesium (Mg# < 72)
pyroxene phenocrysts crystallized from the evolved
melts. Phenocrysts of more magnesian clinopyroxene
from sample 3-24 ejther crystallized from the trans-
porting melt after mixing and prior to eruption, or were
trapped by the transporting melt from a crystal mush in
the magma chamber.

Plagioclase—-melt equilibrium

The results of our study indicate that phenocrysts of
calcic plagioclase crystallized at the latest stages of melt
evolution from HyO-saturated dacitic melts (SiO,
64-67 wt.%, MgO ~2 wt.%) at ~1050°C and low pressure
[~0.25 kilobar, on the basis of the H,O solubility model
of Moore etal. (1995)]. These melts contained
~1.5 wt.% H,0 and had low CaO/Na,O values (~3).

It seems clear that the presence of high-An plagio-
clase in subduction-related magmas does not neces-
sarily imply either high melt H,O contents (>6 wt.%),
or high CaO/Na,O values (>8) of the melt, as was
previously suggested (Falloon & Green 1986, Falloon
& Crawford 1991, Panjasawatwong et al. 1995).

Our results also raise significant questions concerning
current models of plagioclase—melt equilibrium, The
compositions of coexisting plagioclase and dacitic
melt from the Tongan suite, and comparable data from
HO-saturated experiments (Housh & Luhr 1991, Sisson
& Grove 1993) are shown in Figure 4. The H,O-saturated
experiments were performed at pressures of 2-4 kilo-
bars on broadly dacitic to basaltic melt compositions
containing 6-10 wt.% H,0. These experiments form a
coherent trend in terms of An versus Ca/Na values of
the melt, regardless of pressure and H,O contents.
Plagioclase phenocrysts from the Tongan suite corre-
spond to the experimental trend of the H,O-saturated
runs, overlapping with the 2 kbar H,O-saturated exper-
iments of Sisson & Grove (1993), although H,O contents
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of Tongan melts were significantly lower during crys-
tallization, reflecting the lower pressure of crystal-
lization. A comparison of glass-inclusion compositions
in Tongan plagioclase phenocrysts with the glass com-
positions in the experiments of Sisson & Grove (1993)
(Fig. 5) shows that for similar plagioclase compositions
in the experiments, calcic plagioclase phenocrysts from
sample 3—24 crystallized at slightly higher temperature
(~50°C), from melts with significantly higher Si and
lower H,O, Al, Mg, Ca, and Na contents, but identical
Ca/Na values. This observation is somewhat surprising,
as current understanding of hydrous melt — plagioclase
equilibrium (e.g., Housh & Luhr 1991) indicates that
lower H,O contents of the melt at a given Ca/Na value
should produce lower An in the equilibrium plagio-
clase. Moreover, on the basis of models of anhydrous
melt-plagioclase equilibrium (e.g., Grove e al. 1992,
Panjasawatwong et al. 1995), the observed lower Al/Si
values at a given Ca/Na value in melt inclusions in
plagioclase from sample 3-24, compared to the experi-
ments of Sisson & Grove (1993), should also lead to a
significant decrease of the An content of the equilibrium
plagioclase. At the same time, a small increase in tem-
perature of crystallization and decrease in pressure of
crystallization produce only a slight increase in the An
content of equilibrium plagioclase (Grove ef al. 1992,
Panjasawatwong et al. 1995).

P 75 Sample 324
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FiG. 4. Anorthite contents of liquidus plagioclase versus melt
CaO/Na,0 value for H,O-saturated experiments and
plagioclase phenocrysts from sample 3-24. S&G93: Sisson
& Grove (1993); H&L91: Housh & Lubr (1991). See text
for discussion.
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Housh & Luhr (1991) presented a thermodynamic
model of plagioclase—melt equilibria in which albite
and anorthite components are described through the use
of separate equilibrium constants (K, and Ky, Fig. 6).
These calculated equilibrium constants account for the
effects of pressure and H,O content of the melt on the
component activities in the melt and plagioclase, and
are linearly dependent on inverse temperature. The
Housh & Luhr (1991) model is based on a combination
of the regular solution model for activities of compo-
nents in the hydrous melt, as formulated by Ghiorso
et al. (1983), and the plagioclase model of Fuhrman &
Lindsley (1988). The “hydrous” part of the Ghiorso
et al. (1983) model is based largely on the intermediate
to felsic compositions investigated experimentally
under HyO-saturated conditions, generally at pressures
above 1 kbar; Housh & Luhr (1991) calibrated their
model on the basis of experiments performed under
H,0-saturated conditions at 2 to 4 kilobar on rhyolitic
to dacitic melt compositions [Kya, = —4.365 + 18571.1/
T(K), Kan = —4.627 + 25689.8 / T(K), Fig. 6]. Housh &
Luhbr (1991) claimed that their formulation of plagio-
clase-melt equilibrium can be applied to a broader
range of compositions, including basalts and andesites,
at anhydrous and H,O-undersaturated conditions (see
their Fig. 7). However, as can be seen in Figure 6A,
there is no unique correlation between temperature and
Kaq [in the form defined by the experimental results of

In(K 5,)

10

10000/T(K)
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Housh & Luhr (1991), their Figure 6]. All anhydrous
experiments in the pressure range from 1 atmosphere to
20 kilobars over a broad compositional spectrum (see
caption of Figure 6 for details) form a tight trend parallel
to that formed by the H,O-saturated experiments, but
corresponds to lower K, values. The HyO-undersaturated
experiments display Ky, values intermediate between
the anhydrous and H,O-saturated experiments for a
given temperature (note that because the value of Ky, is
sensitive to H,O content of the melt, the position of the
undersaturated experiments on Figure 6 is not so well
constrained owing to uncertainties in HyO contents of
HyO-undersaturated experiments). The albite model
does not display a systematic shift in Ky, between
anhydrous and HyO-saturatated experiments, but instead
shows significant scatter at higher temperatures compared
with the relatively good linear correlation defined by
the experiments run at the lowest temperatures (Fig. 6B).

The reasons for the deviations of anhydrous and
H,0-undersaturated experiments from the Ky, trend as
defined by the H,O-saturated experiments, and for the
failure of the albite model to produce a good linear
relation between In (Kj,) and 1/T for anhydrous and
H,O-undersaturated experiments, can either lie in a
dependence of the activities of albite and anorthite in
plagioclase on H,O pressure, or in the formulation of
melt-component activities for hydrous melts in the
model of Ghiorso ez al. (1983). We do not expect that
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FiG. 6. Application of the anorthite-melt (A) and albite-melt (B) models of Housh & Luhr (1991) to anhydrous and H,O-bearing
experiments and plagioclase phenocrysts from sample 3-24. A. Plot of In (K,) versus 10000/T (X). B. Plot of In (Kp) versus
16000/T (). Stars: sample 3-24; solid lines represent the formulation of the model (Housh & Luhr 1991), which is based on
H,O-saturated experiments; small circles: anhydrous experiments from Bender ez al. (1978), Walker et al. (1979), Stolper
(1980), Grove ez al. (1982), Grove & Bryan (1983), Baker & Eggler (1987), Duncan & Green (1987), Sack et al. (1987),
Tormey ef al. (1987), Grove & Juster (1989), Juster ez al. (1989), Thy (1991), Thy et al. (1991), Fram & Longhi (1992),
Grove et al. (1992); large circles: H,O-undersaturated experiments from Panjasawatwong e al. (1995) and Baker & Eggler
(1987); HyO-saturated experiments: diamonds: Sisson & Grove (1993); squares: Housh & Luhr (1991). The relationship
between K, and T for the anhydrous conditions is Ky, = —5.724 + 25044.3 / TX) (R?= 0.942). See text for discussion.
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activities of components in the plagioclase crystals will
be significantly affected by the presence of H,O in the
melt from which they grow, and therefore suggest that
the major source of uncertainty is in the regular solution
model for hydrous melts, especially those with low H,O
contents. This is likely not due to any fundamental fault
in the Ghiorso ef al. (1983) melt model, but simply a
reflection of a limited number of experiments on hydrous
compositions (all of which are HyO-saturated) in the
database on which the Ghiorso ef al. (1983) model
relies. Also, the observed systematic shift between
anhydrous and H,O-saturated anorthite—melt equilibria
(Fig. 6A) likely reflects the non-consistency of models
proposed by Ghiorso ez al. (1983) for anhydrous and
hydrous melts.

Despite the problems discussed above, the model of
Housh & Lubr (1991) successfully reproduces the 2 kbar
H,0-saturated experiments of Sisson & Grove (1993)
(Fig. 6), which have similar H,O contents, but signifi-
cantly different liquid compositions and temperatures
from those used to derive the model (Fig. 7).

However, when applied to H,O-saturated evolved
Tongan boninites, the model predictions are not consis-
tent. The anorthite-based model agrees quite well
with our observations on the Tongan boninite, but the
albite-melt model predicts ~6 wt.% H,0 in the evolved
Tongan boninitic melt, if it is to crystallize high-An
plagioclase (Fig. 6). As follows from our analysis,
anorthite activity in equilibrium melt and plagioclase is
correctly described by the combination of Ghiorso ef al.
(1983) and Fuhrman & Lindsley (1988) for all H,O-
saturated compositions shown on Figure 7, whereas
these models cannot describe albite activity during the
crystallization of Tongan boninites, which should be
lower in the melt compared to that predicted by Ghiorso
et al. (1983). It is generally known that melt properties
such as viscosity and solidus temperature (freezing-
point depression) are strongly nonlinear functions of
H,0 content of the melt (e.g., Burnham 1979, Schulze
et al. 1996). Therefore, it may not be too surprising that
a model calibrated at relatively high H,O contents does
not do very well in predicting plagioclase-melt equilibria
at low pressures and low H,O contents of the melt.

To emphasize compositional differences between
evolved Tongan boninitic melts in equilibrium with
high-An plagioclase and experimental liquids of Housh
& Luhr (1991) and Sisson & Grove (1993), we compared
them on Figure 7. Most significantly, the Tongan boninitic
melts differ from experimental liquids by lower Al, Na,
and H,O contents and higher temperature at a given
Mg. Additional experimental data at low H,O contents
are required to address this problem quantitatively.

CONCLUSIONS
New mineralogical and melt-inclusion data on a

unique sample from a suite of high-Ca boninites suggests
a complex petrological history that has involved mixing
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of evolved magma with a small amount (~15 wt%) of
much more mafic material consisting of ~50% primi-
tive (>11% MgO) melt and magnesian olivine and
orthopyroxene. Melt inclusions in An,gy plagioclase
present in this mixed magma show a good correlation
with the An content of the enclosing plagioclase, sup-
porting the view that these inclusions provide good
samples of the melt from which such unusually calcic
plagioclase crystallized. We conclude that plagioclase
crystaflized at the latest stages of melt evolution from
H,O-saturated dacitic melts (SiO, 6467 wt.%, MgO
~2 wt.%) at temperatures ~1050°C and low pressure
(<1 kbar). These melts contained ~1.5 wt.% H,O and
had low CaO/NayO (~3).

An important conclusion of this study is that the
presence of phenocrysts of high-Ca plagioclase in arc
lavas does not necessarily imply high H,O contents in the
melt or involvement of refractory, high-(Ca/Na) melts
in magma genesis.

‘When the Housh & Luhr (1991) model of plagioclase~
melt equilibria is applied to these samples, the An-based
model yields relatively good agreement with our mea-
surements on H,O contents of the inclusions, whereas
the Ab-based model predicts H,O contents of ~6 wt%
in the melt. This discrepancy suggests that currently
available models of the effect of H,O on the activities
of plagioclase components in evolved melts may be in
error when extrapolated to low activities of H,0 and
low P(H,0); this likely reflects the strongly nonlinear
correlations between H,O content of the melt and com-
ponent activities, as suggested by available data on phase
equilibria (e.g., freezing-point depression) and physical
properties (e.g., viscosity, electrical conductivity).
There clearly is a need for more experimental data at
low pressures and low H,O contents of relevant melts
for use in developing more robust models, needed to
make predictions of H,O activities in the magma from
measurements of mineral-melt equilibria.
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