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Abstract

The melting relationships of a gabbro (olivine tholeiite, quartz eclogite composition) and
tonalite (andesite composition) with varying amounts of H,O added were determined at 30
kbar pressure using piston-cylinder apparatus. With 5 percent H,O, clinopyroxene and garnet
are the liquidus minerals for the basalt, and they occur together throughout the crystallization
interval from 1260° to 760°C. With 5 percent H;O, garnet is the liquidus phase for andesite at
1200°C and it crystallizes alone through 100°C; garnet and clinopyroxene occur together
through the rest of the crystallization interval from 1100° to 740°C. Compositions of garnets,
clinopyroxenes, and glasses were measured with electron microprobe at the following temper-
atures: tonalite, 1175° (Ga,Gl), 1100° (Ga,Cpx,Gl), 1000° (Ga,Cpx,Gl), 900° (Cpx,Gl);
gabbro, 1200° (Ga,Cpx), 1100°C (Ga,Cpx). Published data by T. H. Green and Ringwood on
hydrous and anhydrous calc-alkaline rock compositions, combined with these new data,
define compositional trends for minerals through the upper parts of crystallization intervals.
From these trends and thermodynamic constraints for mineral pairs, the compositions of
minerals through the complete crystallization intervals were calculated. Using calculated
mineral compositions and estimated mineral proportions, the compositions of equilibrium
liquid paths were calculated through the crystallization intervals of hydrous and anhydrous
basalts, basaltic andesite, and andesite. Compositions of quenched liquids in the crystalliza-
tion interval of andesite with 5 percent H,O measured with the electron microprobe agree well
with calculated compositions, supporting the validity of the calculated liquid paths. Equilib-
rium liquid paths for basalts and andesites at 30 kbar diverge from the average chemical
variation trend of typical calc-alkaline rocks (basalt-andesite~dacite-rhyolite). With decreas-
ing temperature and increasing SiO, content, the liquid paths increase in Ca/(Mg+Fe)
compared with the average trend, more so for hydrous compositions than for anhydrous.
With equilibrium partial fusion of quartz eclogite, the first liquids are richer in SiO, than
average andesites, significantly so if H,O is present. Liquids with SiO, content corresponding
to andesites occupy no distinctive position such as a thermal valley; they are situated within a
continuous sequence of liquid compositions. Partial melting of subducted ocean crust at 100
km depth produces liquids with a range of intermediate SiO, contents, but these must be
modified by fractionation at shallower depths if they are to reach the surface with chemistry
corresponding to average calc-alkaline lavas.

Introduction cal variations of igneous rocks transverse to volcanic

arcs have suggested to many geologists that there is a

Recent andesites and associated calc-alkaline correlation between the chemistry of erupted rocks
rocks occur above Benioff zones of seismic activity, and the depth to the seismic zone (Kuno, 1966, 1968;
which mark the position at depth of subducted oce- Dickinson, 1968, 1973; Dickinson and Hatherton,
anic crust and lithosphere. The reported petrochemi-  1967; Sugimura, 1968; Jake§ and White, 1970; Lopez-
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Escobar et al., 1977). If there is such a correlation,
the chemical variations reported should be explicable
in terms of the phase relationships of the materials
involved, provided that the processes are known. Un-
fortunately, the processes have not been adequately
defined, nor have the phase relationships of possible
materials yet been determined in sufficient detail for
critical tests to be made of competing hypotheses.

The simplest proposal is that primary intermediate
and acid calc-alkaline magmas form by different de-
grees of partial melting of oceanic crust, consisting
mostly of abyssal olivine tholeiite (partly metasoma-
tized and metamorphosed) and siliceous sediments,
which descended into the mantle in a subduction
zone (Stille, 1955; Coats, 1962; Green and Ringwood,
1968; Ringwood, 1969; Armstrong, 1968; Hamilton,
1969a, 1969b; Dickinson, 1970; Oxburgh and Tur-
cotte, 1970; Marsh and Carmichael, 1974). The fu-
sion is presumed to occur at depths between 75 and
350 km, the depth to active Benioff zones beneath
calc-alkaline volcanoes (Dickinson, 1971, 1973), in
the presence of small proportions of water carried in
hydrous minerals (Raleigh and Lee, 1969; Jake§ and
White, 1970). Melting may occur in amphibole ec-
logite or quartz eclogite, with or without free H,O
(Green and Ringwood, 1968; Boettcher, 1973; Wyllie,
1973; Ringwood, 1975, chapter 7; Allen et al., 1975).
More complex proposals involve magmas generated
within the overlying mantle peridotite, associated
with influx of H,O or siliceous melts from the sub-
ducted ocean crust (Kushiro, 1973; Boettcher, 1973;
Nicholls and Ringwood, 1973).

Whatever the source and conditions of generation
of magmas, they may be subjected to fractionation at
various levels. The minerals involved in fractional
crystallization include combinations of garnet, clino-
pyroxene, amphibole, and plagioclase, with each
combination producing different effects in terms of
major and trace elements. The chemistry of volcanic
rocks suggests that the processes involved are com-
plex rather than simple (Ringwood, 1975, chapter 7;
Kay, 1977).

For evaluation of the proposed processes, we must
know the phase relationships of the observed mag-
matic products, the calc-alkaline plutonic and vol-
canic rock series, and of the inferred source materials,
mantle peridotite and oceanic crust, including sedi-
ments, through the pressure range extending from the
surface to the deep sources. Knowledge of the com-
positions of phases through the melting intervals is
essential.

Experimental approach

In a pioneering study, Green and Ringwood (1968)
determined the phase relationships of anhydrous oli-
vine tholeiite, quartz tholeiite, basaltic andesite, and
andesite compositions at 18, 27, and 36 kbar. They
measured the compositions of garnets and clinopy-
roxenes in near-liquidus runs, and estimated their
proportions. From these data they calculated equilib-
rium paths of liquids for up to 35 percent crystalliza-
tion. They concluded that, in the range 27-36 kbar,
fractional crystallization of basalt, as well as ‘‘liquid
fractionates” from quartz eclogite bulk composition,
broadly follow the calc-alkaline trend, and that the
low-melting composition is andesitic. Experiments
with uncontrolled H,O contents indicated that the
low-melting fraction under hydrous conditions is
more siliceous. This was confirmed by experiments
on andesite and rhyodacite compositions with 2 per-
cent, 5 percent, and 10 percent H,O (Green and Ring-
wood, 1972; Green, 1972).

We are concerned here with processes at 30 kbar,
involving garnet and clinopyroxene. Amphiboles of
subducted oceanic crust are already dehydrated at
this pressure (Lambert and Wyllie, 1968, 1972,
Whyllie, 1973), so we offer no additional review of
experiments related to amphibole, nor of the con-
troversies concerning the effect of H,O on peridotite.

In 1971, when Stern began to study the melting
relationships of oceanic sediments for evaluation of
their role in subduction zones, it became evident that
the results should be considered with respect to phase
relationships of basalt-andesite-rhyolite-H,O (Stern,
1973). This led to extension of a general research
program on the effect of H,O on the rock series
gabbro-tonalite-granodiorite-granite as a function
of P-T-Xsi0,~Xu, (Wyllie, 1977). Stern et al. (1975)
summarized the phase relationships to 35 kbar of
gabbro, tonalite, and granite with excess H,O, and
the H,O-undersaturated liquidus surfaces. Stern and
Wyllie (1973) outlined phase relationships at 30 kbar
for gabbro-tonalite-granite with variable H,O con-
tents, and compared the results with those for a pe-
lagic red clay. Experimental details concerning iron
loss to capsules and the problem of attaining revers-
ible equilibrium have been published (Stern and
Wyllie, 1975).

In this paper, we present Stern’s (1973, 1974) ex-
perimental results on two rocks with varying
amounts of H,O at 30 kbar. The rocks are a gabbro
(quartz eclogite, olivine tholeiite composition) mod-
eling subducted ocean crust and erupted basalt, and a
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tonalite modeling erupted andesite. Phases in selected
runs with 5 percent H,O were analyzed with the
electron microprobe.

We have combined the new data for garnet and
clinopyroxene with the published data, and extended
the results of Green and Ringwood (1968) and Green
(1972) through the crystallization intervals. For
lower temperatures, where small crystals and close
intergrowths prevent satisfactory microprobe mea-
surements, mineral compositions were calculated by
extrapolating the compositional trends and imposing
thermodynamic conditions for mineral pairs. Liquid
compositions through the crystallization intervals for
basalt, basaltic andesite, and andesite, dry and with
H,O, were calculated from mineral compositions and
modes (measured or estimated). Glass compositions
for andesite with 5 percent H,O measured by electron
microprobe agree closely with the calculated liquid

Table 1. Chemical analyses, CIPw norms, and approximate modes
of rocks studied

Gabbro DW-1 Tonalite 101
Chemical
Analyses
8i0, 45.91 59.14
Ti0s 0.94 0.79
21,04 17.19 18.23
Fey0,4 2.33 2.32
Fe0 7.67 3.62
MnO 0.22 0.11
Mgo 7.48 2.50
Ca0 13.54 5.92
Na,0 1.63 3.81
K20 0.14 2.19
H,0% 1.78 0.82
Hy0~ 1.26 0.04
P20s 0.04 0.30
CO» = 0.01
Total 100.13 99.80
CIPW Norms
oz - 11.7
Or 0.83 12.9
Ab 13.78 32.2
An 39.14 26.2
Di 22.59 0.9
Hy 6.95 9.4
0ol 8.55 -
Mt 3.39 3.4
Il 0.78 1.5
Ap 0.10 0.7
Modes
Quartz - LK
Alkali feldspar - 4.5
Plagioclase 47 59
Augite 47 -
Biotite - 12.5
Hornblende - 9
Olivine 3(serp.) =
Opaque minerals 3 2

FeO

Naz0, MgO
K30 Mg0 Ca0 Fe0

Fig. 1. Chemical compositions of calc-alkaline rocks (total Fe
calculated as FeO). Compositions plotted are: this study, large
solid circles (1, gabbro DW-1; 2, tonalite 101; 3, granite 104; see
Table 1, and Stern and Wyllie, 1973); other experimental starting
compositions (small solid circles from Green and Ringwood, 1968;
solid triangles from Green, 1972); typical compositions of the
Taupo volcanic zone, New Zealand (empty circles, Carmichael er
al., 1974); representative and average compositions (square,
average high-alumina basalt from Kuno, 1960, Table 6; upright
triangle, average central type basalt from Nockolds, 1954, p. 1021;
upside-down triangle, average calc-alkaline andesite from Taylor
and White, 1966; diamond, average Cenozoic andesite, from
Chayes, 1969). The line through these points is taken as the
average chemical variation trend of calc-alkaline rocks.

compositions, indicating that the calculation proce-
dure provides good values for successive liquid com-
positions, with some reservations discussed below.
We conclude that the equilibrium liquid paths di-
verge somewhat further from the average andesite-
rhyodacite compositions than suggested by Green
and Ringwood (1968) and Green (1972).

Rock starting materials

The compositions, Cipw norms, and modes of the
rocks used are given in Table 1. The gabbro is a fine-
grained, high-alumina olivine tholeiite from a sill in
Soay, Scotland (Wyllie and Drever, 1963; Table 5,
analysis 5). It has low SiO, and high CaO compared
to an average oceanic tholeiite (Engel et al., 1965);
and low SiO,;, Na,O and K,O, and high CaO and
MgO compared to typical high-alumina basalts.

The tonalite, from the Central Sierra Nevada Bath-
olith of California, is specimen 101 of Piwinskii
(1968a). Piwinskii (1968b) compiled details of its
mineralogy, petrology, and field accounts. The tona-
lite has composition similar to andesites from Mount
Hood (Wise, 1969) and Fiji (Green, 1972), as well as
average andesites (Taylor and White, 1966) and other
andesite compositions used in experimental stud-
ies (Green and Ringwood, 1968), as shown in
Figure 1.
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Fig. 2. Isobaric melting relations of tonalite (andesite
composition, Table 1) with varying H,O contents. The position of
the vapor-out curve is uncertain. Abbreviations: Ga-garnet, Cpx-
clinopyroxene, Qz-quartz, Ct-coesite, Ky~kyanite, L-liquid, V-
vapor.

The chemistry of andesites and other calc-alkaline
and associated rocks has been the subject of many
reviews (see Carmichael er al, 1974, chapter 11;
Wyllie, 1971, chapter 7). Although the precise chem-
ical relationships among the volcanic and plutonic
rocks of volcanic island arcs and continental margins
remain uncertain, the line in Figure 1A defines what
is conventionally accepted as the average chemical
variation of calc-alkaline rocks (Carmichael et al.,
1974, Figure 12-2). The points plotted include typical
volcanic rocks, and compositions that have been used
in previous experimental studies (Green and Ring-
wood, 1968). The familiar AFM plot is supplemented
by Figure 1B, which shows in addition the variation
in 8i0; and CaO/(MgO+FeO).

Our experiments have been conducted with three
rocks which plot as the large circles 1, 2, and 3 in
Figure 1. These rocks, a gabbro, a tonalite, and a
granite, represent one composition join through the
rock system. Here we are concerned initially with
rocks 1 and 2, but the near-coincidence of the compo-
sition join (Fig. 4) with the average chemical varia-
tion (Fig. 1) is used later (see Figs. 14 and 15).

Experimental methods

The powdered rock samples (passed through 200-
mesh) were sealed, with measured amounts of dis-
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tilled and deionized water, within platinum and sil-
ver-palladium (AgsPds, Ag.Pd,s) alloy capsules,
and reacted in single-stage piston~cylinder apparatus
(Boyd and England, 1960), using a half-inch diameter
tungsten carbide pressure chamber with hardened
steel liner. All runs were brought to final pressure by
the hot piston-out procedure (Boyd et al., 1967);
pressure was raised 5 to 7 kbar above run pressure,
the sample was heated to run temperature, and the
pressure was released to the run value. No friction
correction was applied to the nominal pressure,
which is considered accurate to +5 percent.

Temperature was measured with chromel-alumel
(T < 850°C) or Pt/Pt 10Rh (T > 850°C) thermo-
couples, with no correction applied for pressure ef-
fects on output emf. Temperatures are precise to
+5°C and probably accurate to within +13°C at
1000°C, 30 kbar pressure, considering pressure ef-
fects on thermocouple emf (Getting and Kennedy,
1971).

Electron microprobe analysis of selected runs was
performed on a 4-spectrometer ARL-EMX micro-
probe. Standards and samples were carbon-coated
together to avoid discrepancies in coat thickness.
Samples were analyzed for eight elements: Si, Ti, Al,
Fe, Mg, Ca, Na, and K. The standards used were a
diopside with 2 percent Ti for Mg and Ti; an anor-
thite, An,q, for Si and Ca; an augite pyroxene for Fe;
an albite for Na; and a sanidine for K. An accelera-
tion voltage of 15 kV, a sample current of 0.2 micro-
amps, and counting times of 10 seconds were used for
all analyses. Between 5 and 10 point analyses were
made on both standards and sample phases. For runs
with more than 70 percent glass, an automatic scan-
ning beam was used for analyzing glass in order to
minimize volatilization of alkalis. For other runs, the
areas of glass were too small for the scanning beam.
Some samples were etched for ten seconds with con-
centrated fluoroboric acid. This created a slight relief
between glass and crystalline phases without chang-
ing the relative major-element concentrations by
more than 2 percent (2 to 10 percent for Na) (Ander-
son, 1974). Raw data were examined for inconsisten-
cies, corrected for instrumental factors (background,
detector dead-time, beam-current drift) using a pro-
gram written by I. Steele, and for matrix effects (ab-
sorption, fluorescence, and atomic number effect) us-
ing a program written at the Geophysical Laboratory
(Boyd et al., 1968; Hadidiacos et al., 1970). The accu-
racy of the microprobe analysis is +2 percent relative
for each element of greater than 5 percent concentra-
tion, and *5 percent for elements of less than 5
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percent concentration. The detectability level is 0.5
percent.

Platinum and silver-palladium alloys absorb iron
from silicate samples at high temperature (Yoder and
Tilley, 1962; Muan, 1963). Merrill and Wyllie (1973)
and Stern and Wyllie (1975) reviewed the problem for
experiments similar to those conducted in this study.
Green (1976) discussed ways to minimize or sur-
mount this and other problems in rock-H,O experi-
ments. For our run times and temperatures, iron loss
affects liquid compositions but not mineral composi-
tions. Liquid compositions have been corrected for
iron loss using time- and temperature-dependent cor-
rection factors determined by Stern and Wyllie
(1975). According to Merrill and Wyllie (1975), the
oxygen fugacity imposed on the reactants by the fur-
nace assembly was slightly below the Ni/NiO buffer.

Phase relationships

Stern (1973) determined rock-H,O diagrams at 30
kbar for the gabbro, tonalite, and granite plotted in
Figure 1 as points 1, 2, and 3. Preliminary results
were combined and discussed by Stern and Wyllie
(1973). Details of the problem of iron loss to cap-
sules, of run durations, and of establishing revers-
ibility of phase boundaries within narrow temper-
ature intervals were reviewed by Stern and Wyllie
(1975). We present here results for the gabbro and
tonalite, and the liquidus relationships for the series
basalt-andesite-rhyolite-H,O at 30 kbar. These pro-
vide the framework for location and discussion of the
analyzed phases.

Andesite-H,0

Figure 2 shows phase relationships for the tonalite
composition with varying H,O contents at 30 kbar.
Details for selected runs are listed in Table 2. Experi-
ments by Green (1972) and Green and Ringwood
(1968) gave garnet as the liquidus phase for one an-
hydrous andesite, and clinopyroxene for another.
The phase boundaries are extrapolated to the an-
hydrous rock composition from results of these two
studies. The main difference between this diagram
and an earlier version (Stern and Wyllie, 1973, Fig. 1)
is delineation of the field for kyanite along the bound-
aries marked.

With increasing H,O content, the phase boundary
for clinopyroxene-out is depressed to progressively
lower temperatures than that for garnet-out. The sol-
ubility of H,O in tonalite (andesite) liquid at 30 kbar
is 22.5 £ 2.5 weight percent, as given by intersection

Table 2. Experimental runs analyzed with the electron microprobe

Run Pres. Temp. Water Time

No. Kb °¢ Added hr. Capsule Phases Present*
We. %
Tonalite 101
361 30 1000 25 1 AgsePdyy Ga, L, V
419 30 1100 18 1 AgzsPdzs L
420 30 1100 18 3 Ag7sPdss L
363 30 1100 15 1, Ag3oPdyo L
358 30 1100 15 1 Pt L
357 30 1100 15 B] Pt L
351 30 1100 15 3 ag3oPdsg L
354 30 1100 15 10 Ag3oePdzro L
355 30 1100 ii5) 10 Pt L
308 30 900 10 2 AggoPdso Ga, Cpx, Ky, L
307 30 950 10 1 AgsoPdye Ga, L
343 30 1000 10 2 BAg3ePdsp Ca, L
306 30 1125 10 1 AgioPdyy Ga, L
329 30 900 5 [ AgjoPdyop Ga, Cpx, Ky, L
314 30 1000 5 ] AgjoPd7o Ga, Cpz, Kv, L
316 30 1000 5 10 RAg3pPdss  Ga, Cpx, Ky, L
318 30 1100 5 1 AgagPdyo Ga, L
346 30 1100 5 1 Pt Ga, L
344 30 1100 5 3 AgsoPd7y Ga, Cpx, L
353 30 1100 & 10 Ag3pPd7o Ga, Cpx, L
310 30 1175 5 1 AgsoPdyp Ga, L
416 30 1175 5 1 Ag7sPdys  Ga, L
405 30 1200 5 1 AgysPdszs L
356 30 1200 5 1 Pt L
362 30 1200 5 3 Pt L
406 30 1200 5 5 AgssPdys L
408 30 1100 4 1 Ag7sPdas Ga, Cpx, Ky, L
409 30 1100 4 5 Ag7sPdys Ga, Cpx, Ky, L
Gabbro DW-1
414 30 1100 10 1 AgysPdas Ga, Cpx, L
412 30 1100 5 1 Ag7sPdas Ga, Cpxs L
411 30 1200 5 1 Ag7sPdas Ga, Cpz, L

'L = Liquid; V = Vapor; Ga = Garnet; Cpx = Clinopyroxene;
Ky = Kyanite; X = Phase X analyzed.

of the vapor-saturation boundary (dashed) with the
liquidus.

Basalt-H,0

Figure 3 shows phase relationships for the gabbro
composition with varying H;O contents at 30 kbar.
Details for three runs are listed in Table 2; other
details were reviewed by Stern and Wyllie (1975). The
garnet-out and clinopyroxene-out boundaries could
not be distinguished from each other for any H,O
content, and they are drawn coincident. Green and
Ringwood (1968) gave clinopyroxene as the primary
phase for anhydrous olivine basalt at 27 kbar, with
garnet appearing 10°C below the liquidus. At 36 kbar
garnet and clinopyroxene occurred together on the
liquidus. Considering the results for basalt and ande-
site, we consider it likely that clinopyroxene is the
liquidus phase, joined by garnet within a few degrees.
The field for kyanite does not extend to the liquidus
as it does in Figure 2. The runs are consistent with a
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Fig. 3. Isobaric melting relations of gabbro (quartz eclogite,
olivine tholeiite composition, Table 1) with varying H,O contents.
Note the uncertainty of the dashed phase boundaries for low H,O
contents; the vapor-out boundary may be steeper at low
temperatures (compare Wyllie, 1971, p. 202), which would have
the effect of increasing the temperature dependence of the vapor-
absent phase boundaries. Abbreviations, see Fig. 2.

vapor-saturation boundary corresponding to H,O
solubility about the same as for the andesite.

Basalt-andesite-rhyolite-H,0

Figure 4 shows selected phase relationships for the
composition join basalt-andesite-rhyolite with vary-
ing amounts of H,O at 30 kbar, constructed as de-
scribed by Stern and Wyllie (1973). The liquidus for
the dry series is based on the results of Green and
Ringwood (1968) and Green (1972). They reported
the thermal valley on the liquidus profile for andesitic
compositions. We interpret this valley in terms of
piercing points separating the fields for primary crys-
tallization of quartz, garnet, and clinopyroxene. The
clinopyroxene field is labeled “Cpx + Ga’ because
garnet appears so close to the liquidus temperature
that the distinction is not readily made experimen-
tally. The liquidus surface, contoured by lines of con-
stant H,O content from dry to H,O excess, is based
on Figures 2 and 3 and a similar diagram for granite-
H.O (Stern, 1973). Stern and Wyllie (1973, Fig. 2)
illustrated the phase fields intersected by this compo-
sition join with 5 percent H,;O. The liquidus profile
corresponds to the 5 percent H,O contour in Figure
4, and the phase assemblages for the basalt and ande-
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site compositions can be read from Figures 3 and 2,
respectively.

The boundaries mm' and cc¢’ divide the liquidus
surface into three fields for the primary crystalliza-
tion of quartz, of garnet, and of clinopyroxene (and
garnet). With increasing H,O content, the liquidus
field for primary garnet, narrow near the dry lig-
uidus, expands considerably at the expense of both
quartz and clinopyroxene.

Measured phase compositions

Table 2 lists the runs that were analyzed. The com-
positions of garnets, clinopyroxenes, and quenched
liquids (glasses) are listed in Tables 3, 4, and 5, re-
spectively. Tonalite runs at some temperatures were
repeated for comparison of the effects of different
capsule materials, and of different run durations (see
also Stern and Wyllie, 1975).

Garnets

For each run, at least ten individual garnet grains
were analyzed. Reconnaissance indicated that garnets

T | T | T | T
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Fig. 4. Phase diagram for the composition join basalt-andesite-
rhyolite, which corresponds closely with the average chemical
variation line for calc-alkaline igneous rocks (Fig. 1). The isobaric
liquidus surface for water contents varying from 0 percent to
excess, and the crystallization interval with excess H,O. Dry data
from Green and Ringwood (1968), with H,O from Stern and
Wyllie (1973). For cross sections see Figs. 2 and 3 (59.14 percent
SiO, and 45.91 percent SiO,, respectively, Table 1). The solidus is
independent of H,O content. Abbreviations, see Fig. 2.
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Table 3. Compositions, determined by microprobe analysis, of garnets in the melting intervals of tonalite and gabbro at 30 kbar

Composition Tonalite 101 Gabbro DW-1
Run # 310 416 408 409 318 344 353 314 316 343 361 411 412 414
Temp. °C 1175 1175 1100 1100 1100 1100 1100 1000 1000 1000 1000 1200 1100 1100
$H0 5 5 4 4 5 5 5 5 5 10 25 5 5 10
Capsule* 1 2 2 2 1 1 1 1 1 1 1 2 2 2
Time hr. 1 1 il 5 1 3 10 3 10 2 I 1 1 1
Co-existing Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx
Phases** Ky Ky Ky Ky
SiO2 40.2 40.2 39.5 39.1 40.3 40.3 40.2 38.6 39.0 39.2 39.7 40.4 40.2 40.4
TiO2 0.7 0.8 1.4 1.2 1.0 1.0 1.0 2.4 1.4 1.5 1.5 0.3 0.6 0.3
A1203 22.5 22.4 2283 22.4 21.4 22). 5 21.7 21.6 21.5 231 21.6 22.9 22.6 23.0
Fe0 16.3 15.6 18.9 18.7 17.6 18.2 19.1 21.6 2217 19.6 17.7 12.3 15.6 13.9
Mg0 11.6 10.8 8.6 8.6 9.7 8.7 .7 8.3 7.0 7.9 9.8 13.0 11.1 12.0
Ca0 10.9 8.8 949 10.2 11.6 11.3 .8 9.6 11.6 11.1 12.8 10.4 11.2 11.0
NaZO 0.1 0.1 0.2 0.2 0.1 0.1 0.2 o121 0.2 0.2 0.1 0.0 0.0 0.0
Total 102.4 98.9 101.1 100.7 102.1 102.5 102.0 102:5 103.6 100.9 103.4 99.6 101.6 100.9
Structural Formulae on the Basis of 12 Oxygens***

Si 2.94 3.01 2.96 2.94 2.90 2.97 2.98 2.89 2.91 2.96 2.91 2.97 2.95 2.96
AlIV }21523 .05 .00 .04 .05 .01 .02 .01 .10 .08 .03 0ng .02 .04 .03
V! 1.88 1.98 1.93 1.93 1.84 1.93 1.88 1.80 1.82  1.85  1.79 | 1.96  1.92  1.95
Ti Y22 .03 .04 .07 .07 .06 .06 .06 .13 .08 .09 na .02 .03 .01
Fe3+ .07 .00 .00 .00 .09 .00 .05 .05 .09 .05 12 .01 .04 .02
Fe2+ .92 a97 1.18 1.17 .99 1.12 1.13 1.29 1.32 1.18 96 .74 .91 .83
Mg ; I X=3 1.26 1.20 .96 .96 1.07 .95 1.07 .92 .77 -89 187 1.43 1.22 1.31
Ca .85 .71 .80 .82 .92 .89 .78 .77 .92 .90 1.01 .82 .88 .86

X = 3.03 2.89 2.94 2.96 2.99 2.97 2.99 2.99 3.02 2.98 3.05 3.00 3.02 3.01
Mol. Prop.+
Grossular 27.5 24.6 27.1 27.7 29.8 30.0 2557 25.4 30.6 29.8 31.8 27.4 28.8 28.5
Pyrooe 40.5 41.6 32.7 32.6 34.9 32.2 35}, 3 30.3 24.9 29.4 33.8 47.5 39.9 43.4
Almandine 32.0 33.8 40.2 39.7 35.3 37.8 39.0 44.3 44.5 40.8 34.4 25.1 31.3 28.1

*
(L) AgaOPd70, (2) Aq75Pd25.
**Liquid co-exists with all garnets. Compositions of phases in italics have been determined.
a2 oesi; aYT = a-m ™ re® = 2-a1"lmi); re?t = re-re.

h 2+
‘Calculated with Fe = L Fe.

are homogeneous, within experimental limits im-
posed by the small size of the grains. Little change
was noted from grain to grain in a single run. All
garnet showed a small Na,O content which is not due
to contamination from surrounding or included
glass, since such contamination would be accom-
panied by a detectable K,O content. Garnet analyses
with K,O greater than 0.1 percent were considered
contaminated and discarded. Total Fe in the garnets
is calculated as FeO. In the structural formula of the
analyzed garnets (Table 3) enough Fe** was assigned
to the Y position to make Y = 2, but no consistent
ratio of Fe®**/Fe?** was apparent. No correction was
applied for iron loss, because tests confirmed that
garnet compositions remain constant with changes in

run duration (Stern and Wyllie, 1975). The trends of
garnet compositions are considered in terms of the
components almandine-pyrope-grossular, ignoring
the TiQ,, Na,O, and possible Fe,O, contents of the
garnets.

Figure 5 shows the trends of near-liquidus garnets
(within 25°C of the liquidus) in andesite, as deter-
mined by Green (1972). Figure 5A shows the effect of
pressure. With increasing pressure and constant H,O
content, the near-liquidus garnets show slight in-
crease in Ca/(Ca 4+ Mg) and decrease in Fe/Mg. Our
new results at 30 kbar (Table 3) and Huang’s unpub-
lished result at 15 kbar are consistent. Results for dry
andesite are parallel to those for andesite with 5
percent H,O. The effect of increasing H,O content at
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LIQUIDUS GARNETS IN ANDESITES

L VA Y VNV S VN V B VN V IR Y

ALM 15-PY 2'5/ ALMI5-GROSS 5
GROSSULAR PYROPE

A Effect of P for 0% H,0 ond 5% H,0

ALMANDINE

ALM 45-PY 25, ALM 45-GROSS 5

ALM 15-PY 2’5/ ALMI5-GROSS 5
GROSSULAR PYROPE

B. Effect of H,O Content for Specific P

Fig. 5. The compositions of near-liquidus garnets in andesite.
Circles at 30 kbar are listed in Table 3; the triangle at 15 kbar is
from Huang (unpublished); squares at 18, 27, and 36 kbar are
from Green (1972). (A) Trends with increasing pressure at con-
stant H,O contents; (B) trends with increasing H,O contents at
constant pressures. The point x is for garnet in anhydrous liquid at
30 kbar, as estimated by the intersection of the 0% H,O trend in
(A) with the 30 kb trend in (B).

a given pressure is shown in Figure 5B. Our new
results at 30 kbar are consistent with those of Green
(1972) at 27 and 36 kbar. With increasing H,O con-
tent at constant pressure, Ca/(Mg + Fe) increases
significantly. The concomitant slight increase in Fe/
Mg is due to the decreasing liquidus temperature
caused by increasing H,O content, as shown in Fig-
ures 2 and 4.

Figure 6A shows the compositions of garnets
through the crystallization intervals of andesite with
5 percent and 10 percent H,0. The phase fields inter-
sected as a function of temperature at 30 kbar are
shown in Figure 2. Results of Green (1972) for 27
kbar show parallel trends for andesites with 5 percent
and 10 percent H,;O, with slight separation for the
effect of H,O as indicated by Figure 5B. Our new
data at 30 kbar with 5 percent H,O show the same
trend, with slight separation from the 27 kbar-5 per-
cent H,O trend for the effect of pressure as indicated
by Figure SA. With decreasing temperature, Fe/Mg
increases significantly, and Ca/(Mg + Fe) increases
very slightly.

Figure 6B shows that the garnet composition

trends through the crystallization intervals of basaltic
compositions with H,O are similar to those for ande-
site-H,O (Fig. 6A). The results of Green and Ring-
wood (1968) show little difference between the trends
for garnets crystallizing from olivine tholeiite or
quartz tholeiite at 27 kbar, although, for similar tem-
peratures, Fe/Mg in garnet from quartz tholeiite is
greater than that in olivine tholeiite. Our new data at
30 kbar with 5 percent and 10 percent H,O for olivine
tholeiite demonstrate the large increase in Ca/(Mg +
Fe) caused by addition of H,O to dry liquids (com-
pare Fig. 5), and the much smaller change produced
by increasing H,O content from 5 percent to 10 per-
cent (see Figs. 5B and 6A). The phase fields inter-
sected at 30 kbar are shown in Figure 3.

Clinopyroxenes

At least ten separate clinopyroxene grains were
analyzed for each experimental run. Some large

GARNETS THROUGH
CRYSTALLIZATION INTERVAL
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Fig. 6. Garnet compositions through the crystallization intervals
of andesite and basalt at 27 and 30 kbar. (A) Trends for andesite
with 5 percent and 10 percent H,O at 27 kbar (Green, 1972), and
with 5 percent H,O at 30 kbar (Table 3); solid circles represent
averages for open-circle runs made at the same temperature
conditions. (B) Trends for anhydrous olivine basalt (squares) and
quartz tholeiite (triangles) at 27 kbar (Green and Ringwood,
1968). Circles are for garnets from olivine tholeiite with 5 percent
and 10 percent H,O. Points x for olivine tholeiite at 30 kbar are
plotted at the intersection of the garnet trends with the estimated
trend of liquidus garnets with increasing H,O content, based on the
andesite lines in Fig. 5B.
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grains varied in composition internally, but smaller
grains appeared to be homogeneous, and these were
used for analyses. Variation in Na,O content between
grains was minor compared with the variations be-
tween runs made at different conditions. Clinopyrox-
ene analyses with more than 0.1 percent K,O were
discarded. No correction was made for the effects of
iron loss. The analyzed clinopyroxenes in the melting
interval of tonalite used to establish compositional
trends occurred at 1000°C or lower, where the effects
of iron loss are not great (Stern and Wyllie, 1975).
Correcting the clinopyroxene composition for iron
loss in the melting interval of the gabbro would not
alter the conclusions reached in this study, as dis-
cussed below.

Extensive development of quench clinopyroxene
near the liquidus of the gabbro made microprobe
analysis of near-liquidus clinopyroxene uncertain.
Clinopyroxene in run 411 at 1200°C (Table 4) is
considered to be a quench pyroxene, or a mixture of
quench and primary crystals. It has high FeO com-
pared to the clinopyroxene in run 412 at 1100°C. At
1100°C, quench clinopyroxene was less of a problem.

Structural formulae of pyroxenes have been con-
verted to molecular proportions by calculating all Na
as jadeite, total Al minus the amount used in jadeite
(equal to Na) as ;Al,0,, and total Ca, Mg, and Fe as
iwollastonite, jenstatite, and 3iferrosilite. The TiO,
content was neglected, in order to simplify calcu-
lations.

The trends of clinopyroxene compositions are illus-
trated in terms of components enstatite-wollaston-
ite-ferrosilite, with supplementary diagrams for ja-
deite and Al,O, proportions (Figs. 7 and 9). Some
jadeite and Al,O, data were omitted for clarity.

Figure 7 illustrates the trends reported by Green
and Ringwood (1968) for clinopyroxenes through the
crystallization interval of anhydrous quartz tholeiite
at pressures of 18 kbar, 27 kbar, and 36 kbar. Fe/Mg,
Ca/(Mg + Fe), jadeite, and Al,O, all increase with
decreasing temperature for all pressures. Trends are
similar for the less complete data for other anhydrous
compositions (except for the jadeite content for ba-
saltic andesite, Fig. 7B). Figure 7A shows that with
increasing pressure for anhydrous liquids, the clino-
pyroxene trend line is shifted towards higher Mg/Fe.
The same shift is evident for trends at constant pres-
sure for anhydrous liquids with lower SiO, contents.

New data for andesite with 5 percent H,O at 30
kbar (Table 4) show a parallel trend in Figure 7A, but
with considerable enrichment of the clinopyroxenes
in Fe/Mg, which ceuld be due in part to the lower
temperatures of crystallization (see Figs. 2 and 4).

CLINOPYROXENES THROUGH
CRYSTALLIZATION INTERVALS
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Fig. 7. Clinopyroxene compositions through the crystallization
intervals of calc-alkaline liquids. Heavy arrows indicate decreasing
temperature. Squares are for anhydrous liquids at 18 kbar (a), 27
kbar (b), and 36 kbar (c) from Green and Ringwood (1968).
Circles are for andesite with 5 percent H,O at 30 kbar (Table 4).
The point x is the average composition of clinopyroxenes from
different runs made at the same conditions.

The total Al,Q, in the clinopyroxenes increases with
decreasing temperature (Table 4), despite the fact
that the calculated Al,O, proportion decreases in Fig-
ure 7C; the jadeite content increases to much higher
levels than in the anhydrous, less siliceous liquids
(Fig. 7B).
Liquids

Liquid compositions through the crystallization in-
terval for andesite~-H,O were determined by analyses
of quenched glasses with the electron microprobe.
For those runs with only small amounts of interstitial
liquid, satisfactory analyses were not possible. Lig-
uids from the basaltic composition developed exten-
sive quench clinopyroxene, which precluded useful
analyses. H,O-undersaturated liquids commonly
quench to clear glasses at pressures below about 15
kbar (pressure varying with liquid composition and
H.O content). For runs at higher pressures, however,
H,O exsolves during the quench, expanding and
cracking the glass and increasing the density differ-
ences between the experimental glasses and the stan-
dards used in analysis. In addition, the exsolved va-
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Table 4. Compositions, determined by microprobe analysis, of cli

: PHASE COMPOSITIONS

nopyroxenes in the melting interval of tonalite and gabbro at 30 kbar;

with ZFe = FeO

Composition Tonalite 101 Gabbro DW-1
Run # 408 409 314 316 329 308 411 412
Temp. °C 1100 1100 1000 1000 200 200 1204 1100
% H,0 4 4 5 5 5 10 5 5
Capsule* 2 2 1 1 1 1 2 2
Time hr. 1 5 3 10 6 2 1 1
Co-existing Ga Ca Ga Ga Ga Ga el Ga
Phases** Ky Ky Ky Ky Ky Ky

SiO2 51.2 50.1 5n0.4 50.8 52.1 50.5 46.9 5051,
TiO2 0.7 0.7 0.9 0.7 0.7 0.9 Al o3 0.6
1"&120,3 15.5 l16.1 14.0 13.7 14.5 12.5 12.7 7.9
FeO 7.3 3.9 2.1 L 7.7 10.1 8.4 7.5
Mg0 7.3 9.6 10.1 10.1 6.6 8.1 10.2 12.7
Ca0 12.8 13.9 12.8 13.8 12.2 12.5 17.9 1wt
Na20 4.1 4.2 4.3 3.9 SN 2 3.8 1.5 1.7
Total 98.9 98.5 101.6 100.6 99.0 98.4 98.9 99.2

Structural Formulae on the

Basis of 6 Oxvgens

si 1.85 1.80 1.80 1.82 1.89 1.87 1.74 1.87

. N Z =92
al .14 .19 .19 .17 .10 .13 .23 .12

VI
Al .51 .49 .39 .40 .51 .41 .30 522
T .01 .01 .02 .01 .01 .02 .03 .01
et \x+ v .22 .11 .27 .23 .23 .31 .26 .23
e .39 .51 .54 .54 .35 .44 .56 .70
ca .49 .58 .49 .53 .47 .49 .71 .70
Na .28 .29 .29 .27 .36 .27 11 11
IX + Y 1.93 2.02 2.02 2.00 1.96 1.96 1.99 1.99
Mol. Prop. ***

Wollastonite 24.0 26.6 22.4 24.6 23.2 24.0 32.7 32.1
Enstatite 19.1 23.5 24.6 25.1 17.4 21.6 25.7 31.8
Ferrosilite 10.8 5.4 12.4 10.7 11.4 15.1 11.9 15.0
Jadeite 27.6 26.7 27.3 25.4 35.7 26.0 10.2 10.8
ALY, 18.3 17.7 13.3 14.2 12.3 1302 19.4 10.3
Atomic Pron.

ca 44.6 48.0 37.7 40.8 44.7 39.5 46.5 43.2
Mg 35.3 42.a 41.4 41.5 33.3 35.6 36.6 42.7
Fe 20.1 9.6 20.9 17.7 22.0 24.9 16.9 14.1

* Pa 2 Pa
= A PAa o
(1) AgypPdog- (2) Ag, Pd g

*

EhE
A1203 = (ZAl - Na)/2; J& = Na; Wo = Ca/2; En =

& .
Liguid co-exists with all clinonyroxenes. Comoositions of phases in italics have been determined.

Ma/2; Fs = Fe/2.

por may carry dissolved elements, especially alkalis,
from the glass.

Ten individual areas of glass were analyzed for
each run, using a scanning beam where possible. Re-
connaissance studies indicated that the glasses were

homogeneous. Oxide totals for analyses are 85-95
percent (Table 5). The low totals are caused by (1)
H.O dissolved in the glass, (2) the low density of the
glasses compared to the standards used, and (3) alkali
loss (especially Na,O) during microprobe analysis.
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Table 5. Compositions, determined by microprobe analysis, of glasses quenched from the melting interval of tonalite at 30 kbar, with ZFe

= FeO
Run # 310 318 346 314 316 329 306 343 307 361
Temn. °C 1-17.5 1100 1100 1000 1000 900 1125 1000 950 1000
% HZO 5 5 5 5 5 5| 10 10 10 25
Capsule* 1 1 3 1 1 1 1 1 1 1
Time hr. 1 1 1 3 10 6 1 2 1 1
Co~existing Ga Ga Ga Ga Ga Ga Ga Ga Ga Ga
Phases** Cox Cpzx Cox
Ky Ky Ky
SiO2 58.3 59.4 60.8 62.7 63.6 65.8 55.1 61.6 60.9 58.3
TiO2 0.6 0.7 0.7 0.6 0.6 0.3 0.8 0.6 0.5 0.7
A1203 16.9 16.6 17.1 l4.8 15.1 13.1 17.0 16.5 16.2 17.1
Fe0 3.1 2.5 0.9 1.2 0.9 0.6 4.1 1.5 1.5 3.1
(Fed) *** (SOl [(Fo2)fast IE3 2NFFW (e Shw]  (1.2)*Exs (07 %% (5], 2)Anna (1. 7N, a(is7) ke [(BEig)mkak
Ma0 1.8 0.9 1.3 0.3 03 0.1 1.9 0.7 0.7 1.2
Ca0 5.6 4.4 4.3 2.7 2.4 2.0 5.6 3m5 3.2 4.6
Na, 0 3.3 3.0 3.2 el 153 0.9 2.5 3.1 2.4 3.4
K20 2.1 2.1 2.3 2.9 2.8 2.7 2.2 2m5 2.6 2h 1
Total 93.0 90.6 91.3 86.7 87.6 86.0 90.4 920.5 88.5 91.7
Liquid Compositions with I Oxides = 100.0
SiO2 62.6 65.6 65.1 i) ) 72.6 76,15, 60.9 68.1 68.9 63.5
TiO2 0.9 0.8 0.8 0.7 0.7 0.3 0.9 0.7 0.6 0.8
A1203 18.2 18.3 18.3 17.0 17.2 i1°57,,3] 18.8 18.2 18.3 18.7
rel 4.2 815 3.4 1.5 1.4 0.8 5157 1.9 1749 4.2
Mq® 2.0 0} 1.4 0.4 0.4 02 2.1 0.8 017 1.4
ca0 6.0 4.8 4.7 3.1 2.7 2.4 6.2 3.8 3.6 5.1
Na20 3.6 3.3 3.4 1.3 15 1.1 2.7 8.5 2.7 3.8
K2O 2.3 2 3 2.4 3.4 B2 3.1 2.4 27 2.9 2.3
Na20+K20 48.7 55.4 54.6 70.9 52 7)) 395 77 72.8 68.0 52.0
Fel 34.6 34.4 31.9 22.7 21.4 16.4 43.7 18.9 23.0 36.0
Mg0 16.7 10.2 13.5 6.4 6.7 3.9 16.6 8.3 9.0 12.0
1/4 SiO2 56.0 63.4 62.9 78.1 82.4 84.6 52.0 72.0 73.0 60.0
Ca0 21.6 18.9 18.1 13.5 10.2 10.6 21.2 16.4 T151.15] 19.2
MaO+FeO 22.1 17.7 19.0 8.4 8.2 4.8 26.7 11.6 11.5 20.8
*
(1) Aq3OPd7O. (3) Pt.
x*
Phase 1in italics also analyzed.
***(Feo) - Percentage iron after correction for iron loss to capsules.

With decreasing temperature through the crystalliza-
tion interval of andesite with 5 percent H,O (Fig. 2),
the proportion of liquid decreases, and its H,O con-
tent therefore increases; hence the oxide totals listed
for analyses decrease.

All liquid compositions were corrected for loss of
iron from the sample to the capsule, using correction
factors determined by Stern and Wyllie (1975), then

the oxide totals were normalized to 100.00. The nor-
malized glass compositions for andesite-H,O are
listed in Table 5, and some of them are plotted in
Figure 13.

Calculated phase compositions

Garnets and clinopyroxenes could be analyzed suc-
cessfully only through limited temperature intervals
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Fig. 8. Garnet compositions measured and calculated (crosses)
through the crystallization intervals of calc-alkaline rock
compositions. Squares are for garnets measured by Green and
Ringwood (1968) in anhydrous liquids at 27 kbar (Figure 6);
circles are for garnets measured in olivine tholeiite and andesite at
30 kbar with 5 percent H,O. The values for hydrous andesite are
the solid circles (averages) plotted in Figure 6A. The temperatures
for plotted values through the crystallization intervals of
anhydrous liquids are: olivine tholeiite, 1430°-1400°-1375°~
1350°C; quartz tholeiite, 1420°-1400°-1385°-1350°; basaltic
andesite, 1390°-1360°-1325°; andesites, 1340°~1320°-1300°. See
Table 6 for calculated garnet compositions with 5 percent H,O.

STERN AND WYLLIE: PHASE COMPOSITIONS

below the liquidus. For lower temperatures, composi-
tions were calculated in two stages. First, the mea-
sured trends of mineral compositions shown in Fig-
ures 6 and 7 were extrapolated. Then, the amount of
change in mineral compositions along these trends
within a given temperature interval was calculated,
based on (1) the measured compositional differences
between minerals at known temperature intervals,
and (2) the condition that at a given temperature the
Kp = (Fe/Mg)ga/(Fe/Mg)opx of calculated garnet
and clinopyroxene pairs equals the Ky, of natural and
experimental garnet-pyroxene pairs, at similar tem-
peratures of final equilibration, as determined by
Mysen and Heier (1972).

Glass compositions were measured only for liquids
in the andesite composition. Liquid compositions
through the crystallization intervals were calculated
from the mineral compositions (measured and calcu-
lated), and the proportions of phases present at suc-
cessive temperatures (measured or estimated).

Garnets
Figure 8 shows the measured (squares and circles)
and calculated (crosses) compositions of garnets

Table 6. Calculated garnet compositions through the melting interval of tonalite and gabbro, with 5 weight percent water at 30 kbar

Composition Tonalite 101 - 5% H20 Gabbro bW-~1 - 5% H20

Temp. °C 1175 1100 1000 900 BO0 1200 1100 1000 900
Mzl. Proo.

Grossular 26 247 28 29 30 28 29 30 31
Pyrope 41 33 27 21 12 47 40 35 29
Almandine 33 40 45 50 58 25 31 35 40
Si02 40.3 39).%7 3912 3e.8 38.1 40.9 40.3 39.9 39.5
A1203 292, . 77! 22.4 22.2 21.9 21.6 23.2 22.8 22.6 22.4
FeQ = ) Fe 15.9 19.0 21.1 23.2 26.5 12.3 15.0 6.7 18.9
MqO 110 8.7 7.0 5.4 3.0 13.0 10.7 9.3 7.6
can 9.7 10.0 10.2 10.4 10.6 10.4 10.9 11.2 11.4
100 Mg/ (Mg+Fe) 55.4 45.2 37.5 29.5 17.1 65.2 56.3 50.0 42.0
Fe/Mg . 800 1.21 1.67 2.138 4.83 .53 .78 1.00 1.38
(Fe/Mq)Cpx .47 .70 .82 .30 .34 .40 .47
[Kn] 3.56 3.41 5.91 1.77 2.29 2.50 2.96
Oxide Prop.

Na?O+K20 o] 0 Q 0 0 0 0 o] 0
FeO 59 68 74 81 89 48 58 64 71
Mad 40 31, 25 18 10 51 41 35 28
1/4 Si()2 21 20 20 19 19 22 21 21 20
Ca0 20 21 Al 21 21 22 23 23 23
Mg0+Fe0 57 58 58 58 89 55 515} 55 55
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through the crystallization intervals of four rock
compositions studied dry at 27 kbar by Green and
Ringwood (1968), and of our two rocks with 5 per-
cent H,O at 30 kbar. The mineral composition trends
are selections from and extensions of the results in
Figure 6. The temperatures of measured and calcu-
lated points are shown. The effect of bulk composi-
tion in this range is slight (compare Fig. 6B), but the
effect of adding 5 percent H,O to olivine tholeiite and
andesite is larger (compare Figs. 5B and 6B). The
oxide percentages of the garnets plotted in Figure 8
were calculated from the molecular proportions, and
results for the two series with 5 percent H,O are listed
in Table 6.

Clinopyroxenes

Figure 9 shows the measured (circles and squares)
and calculated (crosses) compositions of clinopyrox-
enes through the crystallization intervals of three
rock compositions studied dry at 27 kbar by Green
and Ringwood (1968), of our two rocks with 5 per-
cent H,O at 30 kbar, and a calculated point for dry
andesite at 30 kbar. The mineral composition trends
are selections from and extensions of the results in
JFigure 7. The calculated variations in Ca-Mg-Fe
components determine the variation of jadeite and
Al O, proportions.

The only reliable clinopyroxene analysis obtained
at 30 kbar for olivine tholeiite with 5 percent H,O
plots in a reasonable position with respect to other
analyses (Fig. 9A), and the trend is drawn through
this point parallel to the others. Jadeite and Al O,
proportions for this clinopyroxene are low (Figs. 9B
and 9C), and the trends calculated for this crystalliza-
tion interval are based on assumptions given in the
legend for Figure 9. Because of the low molecular
weight of Al,O; compared with the other molecular
components, the assumptions adopted have little ef-
fect on the compositions of calculated clinopyroxenes
through this melting interval. Changing these trends
would have little effect on the main conclusions of
this work, which are illustrated in terms of ratios of
the Ca-Mg-Fe components. These ratios are not af-
fected by variation of Na and Al.

The effect of bulk composition on clinopyroxene
compositions through the crystallization intervals
(Fig. 9) is greater than that on garnet compositions
(Fig. 8). The effect of adding 5 percent H,O displaces
the trends slightly in terms of Ca-Mg-Fe. For the
andesite composition, the effect of 5 percent H;O on
jadeite and Al,O, proportions is very marked, as
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Fig. 9. Clinopyroxene compositions measured and calculated
(crosses) through the crystallization intervals of calc-alkaline rock
compositions. Squares are for clinopyroxenes measured by Green
and Ringwood (1968) in anhydrous liquids at 27 kbar (see Fig. 7);
circles are for clinopyroxenes measured in olivine tholeiite and
andesite at 30 kbar with 5 percent H,O. Jadeite and AlO,
proportions for the clinopyroxene in hydrous olivine tholeiite at 30
kbar are low (compare Figs. 7B and C with 9B and C); the trend
for jadeite is constructed parallel to those for clinopyroxene in
anhydrous liquids; the Al;O, proportion is assumed to be constant
through the crystallization interval as a compromise between the
increase for anhydrous liquids and the decrease for hydrous
andesite. See Table 7 for calculated clinopyroxene compositions
with 5 percent H,O.

previously reviewed in connection with Figures 7B
and C.

The oxide percentages of the clinopyroxenes
plotted in Figure 9 were calculated from the molecu-
lar proportions, and results for the trends with 5
percent H,O are given in Table 7. The temperatures
of points plotted in Figure 9 can be obtained from
corresponding points in Figure 8 and data listed in
Tables 6 and 7.

Proportions of phases through crystallization intervals

Figure 10 shows the variation of weight percent-
ages of phases through the crystallization interval of
andesite with 5 percent H,O at 30 kbar. The curves
pass through values measured for five samples by
point-counting polished run charges (prepared for
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Table 7. Calculated clinopyroxene compositions through the
melting interval of tonalite and gabbro, with 5 weight percent
water at 30 kbar

. Tonalite 101
Composition 5% H,0 Gabbro DW-1 - 5% H,C
Temp. °C 1000 900 800 1200 1100 1000 900
Atomic Prop.
Ca 37.7 44.7 47.0 41.5 43.0 44.0 45.0
Mg 41.4 33.3 30.0 45.0 42.5 40.0 37.5
Fe 20.9 22.0 23.0 13.5 14.5 16.0 17.5
Mol. Prop.
Wollastonite 22.4 23.2 22.7 32.6 88L5 34.2 34.4
Enstatite 24.6 17.4 14.5 35.3 33.1 31.1 28.6
Ferrosilite 12.4 11.4 11.0 10.6 11.3 12.4 13.3
Jadeite 27.3 35.7 40.0 10.6 11.3 12.0 12.8
Al,05 13.3 12.3 11.8 10.7 10.7 10.7 Qs 7
Si0, 51,3 51.7 51.9 51.7 51.5 51.3 51.1
Al,03 13.5 15.1 15.9 7.9 8.0 8.1 8.3
Fe0 8.7 8.0 7.7 7.3 7.8 8.5 9.1
Mg0 9.7 6.8 5 13.7 12.8 11.9 11.0
Ca0 12.3 12.7 12.4 17.6 18.0 18.2 18.4
Na20 4.1 5.4 6.0 1.5 1.6 1.7 1.9
100 Mg/(Mg+Fe) 66.5 60.3 56.6 76.9 74.6 71.4 68.2
Fe/Mg .47 .70 .82 .30 .34 -40 .47
{Fe/Mg) Ga 1.67 2.38 4.83 .53 .78 1.00 1.38
KD 3.56 3.41 5.91 1.77 2.29 2.50 2.96
Oxide Prop.
Nay0+K20 18 26 31 7 7 8 8
Fel 38 39 39 32 35 38 41
Mg0 43 33 29 60 57 53 49
1/4 si03 29 131! 33 25 25 24 24
Cal 28 31 32 34 35 35 35
MgO+Fe0 42 36 34 40 40 39 39

microprobe analysis) under reflected light. Approxi-
mately 1200 points were counted for each sample.
Volume percentages were then converted to weight
percentages, using densities given in the legend (Table
8). The liquid curve is further constrained by the
points at the liquidus and solidus temperatures, de-
termined independently (Fig. 2).

The proportions of mineral phases through the
crystallization interval of olivine tholeiite with 5 per-
cent H,O (Table 8) were estimated by examination of
crushed fragments mounted in immersion oils (trans-
mitted light). The phase assemblages are simple (Fig.
3), but these estimates, complicated by development
of quench clinopyroxene in near-liquidus runs, are
much less reliable than values plotted in Figure 10.

Green and Ringwood (1968) estimated propor-
tions of phases below the liquidi at 27 kbar for
anhydrous olivine basalt, quartz tholeiite, basaltic
andesite, and andesite. We have extrapolated these
values through the crystallization intervals; the tem-
perature intervals are about 100°C, contrasted with
400-500°C if 5 percent H,O is present (Figs. 2 and 3).
Despite the narrow temperature interval involved,

PHASE COMPOSITIONS

there is obviously scope for significant error in the
modes adopted for the lower temperatures.

The calculated compositions of liquids are plotted
in Figures 11 and 12, along with the compositions
and proportions of garnet and clinopyroxene through
the crystallization intervals. They are compared with
the dashed line representing the average chemical
variation trend for calc-alkaline rocks, from Figure
1. Errors in estimates of modes through the crystalli-
zation interval produce errors in the calculated liquid
paths, but it will be shown below that these errors do
not invalidate the petrological conclusions drawn
from the liquid paths.

Compositions of anhydrous liquids

Figures 11A and B show the calculated equilibrium
liquid path through the crystallization interval for
anhydrous olivine tholeiite at 27 kbar, together with
coexisting garnet and clinopyroxene. The values for
1430°C (number 1) are from Green and Ringwood
(1968, Figure 10, Table 16). Calculated values for
1400°C (number 2) differ from those of Green and
Ringwood (1968), because they used a clinopyroxene
composition from the melting interval of quartz tho-
leiite, and we used a composition calculated for oli-
vine tholeiite (see Fig. 9). Our calculations extend the
liquid path to lower temperatures than those of
Green and Ringwood.

With decreasing temperature, the composition of
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Fig. 10. The weight percentage of condensed phases through the
melting interval of andesite with 5 percent water at 30 kbar (Fig.
2). Volume percentages determined by point-counting were
converted to weight percentages using the following densities:
pkyamte i 360, Pcoesite = 3011 Pglnss — 26, pcpx = 340» Pgarnet =i
4.00. Brackets at 900°C indicate range of error for 1000 counts
(Van der Plas and Tobi, 1965). Abbreviations, see Fig. 2.
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the remaining liquid changes relative to the average
calc-alkaline trend (the dashed line, from Fig. 1): Fe/
Mg increases sharply due to the low Fe/Mg of the
clinopyroxene (Fig. 11A), and Ca/(Mg + Fe) in-
creases due to low Ca/(Mg + Fe) of garnet.

The effect of errors in modal estimates is illustrated

by points 5 and 6 for 1400°C and 1375°C, respectively.

These points are calculated for bulk mineral compo-
sitions with a higher proportion of garnet. The pro-
portion is adjusted to reduce Fe/Mg in calculated
liquids so that they coincide with the average calc-
alkaline trend. This adjustment increases the diver-
gence of the calculated liquid path from the calc-
alkaline trend in terms of Ca/(Mg + Fe), as shown in
Figure 11B.

Figure 11C and D show the calculated equilibrium
liquid paths through the crystallization intervals for
anhydrous quartz tholeiite, basaltic andesite, and an-
desite at 27 kbar, extending the near-liquidus data of
Green and Ringwood (1968) to lower temperatures.

Table 8. Calculated liquid compositions, and compositions of bulk
crystal phases, through the melting interval of tonalite and gabbro,
with 5 weight percent water at 30 kbar

Composition Tonalite 101 - 5% Hy0 Gabbro DW-1 - 5% H0
Temp °C 1175 1100 1000 900 800 | 1200 1100 1000 900
% Liquid 92 84 68 50 24 80 60 40 20
% Ga 8 16 12 12 12 10 14 21 25
% Cpx 14 26 35 10 26 39 50
% Ky 6 12 14 5
% Ct(qz) 15
Liquid Compositions

Si0a 62.4 64.6 68.4 76.2 73.4 |48.4 48.1 48.8 62.3
Al,034 18.3 17.9 15.2 9.1 7.0 |18.5 21.1 25.0 22.7
FeO = L Fe 4.9 3.3 3.0 1,9 0.5 |10.3 10.1 8.4 2.3
MgO 1.8 1.3 0.5 0.2 0.7 6.4 4.9 2[R9 0.2
Ca0 5.7 5%3 4.5 2.9 1.7 |14.1 13.1 11.7 7.
Naz0 4.2 4.6 4.8 5.0 7.0 1.9 2.2 2.5 3.6
K20 2.4 2.6 3.3 4.5 9.2 0.1 0.2 0.3 0.7
Oxide Prop.
Na0+K20 49 58 69 8l 92 11 14 20 63
FelQ 36 29 26 16 3 54 57 58 34
Mg0Q 13 12 4 2 4 34 28 20 )
1/4 $i0; 55 61 67 78 85 28 29 34 59
ca0 20 20 18 12 8 32] 32 33 30
MgO+Fe0 24 18 14 9 6 38 37 32 9

Compositions of Bulk Crystal
Si0;p 40.3 39.7 44.1 45.0 56.5 |46.3 47.6 47.1 44.5
21,0, 22.7 22.4 26.0 23.2 22.4|15.5 13.2 13.1 16.8
Fe0 15.9 19.0 11.7 2.7 7.5114.2 15.5 15.7 12.1
Mg0 11.0 8.7 6.9 4.8 3.1 ]13.4 12.1 11.0 9.6
ca0 9.7 10.0 9.2 9.1 7.4 9.8 10.3 11.3 15.6
Na,0 0.0 0.0 1.8 2.8 2.8 0.8 1.1 1.1 1.2
Oxide Prop.
Nay0+K,0 0 0 8 16 20 2 3 4 S
Fel 59 68 57 59] 55 49 54 56 52
MgO 40 31 33 27 23 47 42 39 42
1/4 5i02 21 20 28 32 43 23 23 23 22
ca0 20 21 23 26 23 20 20 23 23
MgO+Fe0 57 58 48 41 33 56 55 53 44
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Fig. 11. Calculated liquids through the crystallization intervals
of anhydrous compositions at 27 kbar. Near-liquidus data (olivine
tholeiite, 1430°C; quartz tholeiite, 1420°-1400°-1385°C; basaltic
andesite, 1390°-1360°C; and andesite, 1340°C) are from Green
and Ringwood (1968, Fig. 10, Tables 16, 17, and 18). Coexisting
minerals (Figs. 8 and 9 and Tables 6 and 7) are connected by tie-
lines. The dashed line is the average calc-alkaline trend from Fig.
1. (A) and (B) show the equilibrium liquid paths for anhydrous
olivine tholeiite. The temperatures of numbered points are: (1)
1430°, (2) 1400°, (3) 1375°, (4) 1350°C. Points 5 and 6 at 1400°
and 1375°C, respectively, are calculated liquid compositions for
modes with higher garnet/clinopyroxene. (C) and (D) show
equilibrium liquid paths for anhydrous quartz tholeiite (calculated
at 1420°-1400°-1385°-1350°C), basaltic andesite (calculated at
1390°-1360°-1325°C), and andesite (calculated at 1340°-1320°C).

The temperatures of points from Green and Ring-
wood (1968, Fig. 10, Tables 17 and 18) and of points
calculated from the mineral data in Figures 8 and 9
are listed in the figure legend. The liquid paths corre-
spond fairly closely with the average trend of calc-
alkaline rocks with respect to Fe/Mg (Fig. 11C), but
with decreasing temperature there is a progressive
increase in Ca/(Mg + Fe) relative to the rock trend
(Fig. 11D), with divergence less for andesite than for
basalt.

Compositions of hydrous liquids

Figure 12 shows the calculated equilibrium liquid
paths through the crystallization intervals for olivine
tholeiite and andesite with 5 percent H,O at 30 kb
(Figs. 2 and 3), together with the compositions of
coexisting garnet and clinopyroxene. The numerical
data listed in Table 8 incorporate the modal results
for andesite from Figure 10 and estimated modes for
basalt. Numbers identify the coexisting liquids and
crystals at temperatures from 1200° (1) to 900°C (4)
for the olivine tholeiite in Figures 12A and B, and
from 1175° (1) to 800°C (5) for the andesite in Fig-
ures 12C and D. The temperatures of other points are
given in the figure legend.
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Fig. 12. Calculated liquid compositions through the
crystallization intervals of basalt and andesite with 5 percent H,O
at 30 kbar. Liquid and bulk crystalline phase compositions for the
olivine tholeiite and andesite are given in Table 8. Coexisting
minerals (from Figs. 8 and 9 and Tables 6 and 7) are connected by
tie-lines; coexisting liquids and bulk crystal assemblages are
labeled with small integers. The dashed line is the average calc-
alkaline composition trend (Fig. 1). (A) and (B) show the
equilibrium liquid paths for an olivine tholeiite and oceanic abyssal
basalt with 5 percent H,O. Liquids were calculated at (1) 1200°, (2)
1100°, (3) 1000°, (4) 900°C. (C) and (D) show the equilibrium
liquid path for an andesite with 5 percent H,O. Liquids were
calculated at (1) 1175°, (2) 1100°, (3) 1000°, (4) 900°, (5) 800°C.

The liquid path for hydrous olivine tholeiite in
Figures 12A and B (points 1-4) follows a trend simi-
lar to that for anhydrous olivine tholeiite in Figures
11A and B (points 1-4), but the increase in Ca/(Mg
+ Fe) is much greater for the hydrous tholeiite. Con-
sidering applications of these results, we may argue
that the basaltic composition used (gabbro DW-1,
Table 1) differs from abyssal oceanic basalt, and
therefore is not a useful model for subducted oceanic
crust. A liquid path has been calculated by sub-
tracting the same mineral assemblages at 1200°,
1100°, and 1000°C (curves 1-3 in Figs. 12A and B)
from an average abyssal oceanic basalt (Engel er al.,
1965). Although it is unlikely that minerals of these
exact compositions would be in equilibrium with lig-
uids through the crystallization interval of the oce-
anic basalt, the equilibrium phase compositions
would be in the same range (Figs. 8 and 9).

STERN AND WYLLIE: PHASE COMPOSITIONS

The calculated liquid path for the hydrous oceanic
basalt is close to the average calc-alkaline rock trend
with respect to Fe/Mg, in contrast to the path for
hydrous olivine tholeiite (Fig. 12A). It is closer to the
average rock trend with respect to Ca/(Mg + Fe) than
that for the hydrous tholeiite, but still it diverges
significantly, with increasing Ca/(Mg + Fe) at lower
temperatures (Fig. 12B).

We noted above that corrections for iron loss to
the capsule were not made for clinopyroxenes (Fig.
7). If a correction had been applied, addition of iron
to the bulk mineral assemblage in Figures 12A and B
would have decreased the iron content of calculated
liquids, reducing their Fe/Mg, and bringing the lig-
uid path for hydrous olivine tholeiite closer to the
calc-alkaline rock trend in Figure 12A. However, this
correction would also lower Ca/(Mg + Fe) of the
bulk crystal assemblage, and increase the divergence
between the calculated liquid path and the average
rock trend in Figure 12B.

The crystallization path for andesite with 5 percent
H,O at 30 kbar is more complex than those reviewed
above, as shown by the successive phase fields inter-
sected in Figure 2 (see Fig. 10). Garnet is the only
mineral crystallizing for about 100°C below the lig-
uidus. For temperatures of 1175° and 1100°C (points
1 and 2, respectively), the high Fe/Mg of garnet
maintains the liquid composition close to the average
calc-alkaline rock trend in Figure 12C, but the low
Ca/(Mg + Fe) of garnet drives the liquid path away
from the average rock trend in Figure 12D. With the
appearance of clinopyroxene and kyanite just below
1100°C (Figs. 2 and 10), continued crystallization
causes an increase in Fe/Mg and constancy of Ca/
(Mg + Fe) in the liquids.

Figure 12D shows great enrichment of the remain-
ing liquid in SiO,, which may exceed 75 percent
(Table 8, 1000° and 900°C). Below 900°C quartz
crystallizes, followed by coesite (Figs. 2 and 10), but
the SiO, content of the calculated liquid remains
greater than 73 percent (Table 8, 800°C). Figure 12C
shows in addition very high (Na + K)/(Mg + Fe) in
the low-temperature liquids for hydrous andesite,
compared with liquids in hydrous basalts (Fig. 12A).
We detected no potassic minerals in the runs, despite
the high K,O content in calculated liquids (Table 8,
4.5 percent at 900°, 9.2 percent at 800°C). At temper-
atures where vapor is present (Fig. 2), K,O is strongly
partitioned into the vapor (Boettcher and Wyllie,
1968; Stern, 1973).

The H,O contents of liquids plotted in Figure 12
increase from 5 percent at the liquidus to saturation
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values near 22.5 percent a few degrees above the
solidus, that is, about 760°C for andesite (Fig. 2) and
about 780°C for tholeiite (Fig. 3). For the andesite,
Figure 10 shows that at 900°C there is 50 percent
liquid, which must contain 10 percent H;O, and at
800°C the 24 percent liquid must contain about 20
percent H,O.

Measured and calculated liguid compositions

Figure 13 compares the measured (Table 5) and
calculated (Figs. 12C and D, Table 8) liquid composi-
tions through the crystallization interval of andesite
with 5 percent H,O at 30 kbar. The measured compo-
sitions agree closely with the liquid paths defined by
the calculated liquids, although there are differences
in elemental ratios at 1100° and 1000°C in the FAM
diagram, and at 1000° and 900°C in the SiO, dia-
gram,

The differences can be examined in detail from the
normalized analyses listed in Tables 5 and 8. There is
good agreement at 1175° and 1100°C, with dis-
crepancies from some oxides becoming significant at
1000° and 900°C. At all temperatures, the Na,O
contents of measured glasses are lower than calcu-
lated values, due to volatilization of Na during probe
analysis, and perhaps enhanced by loss of Na+K
dissolved in the aqueous vapor which escapes from
the liquid and glass during quenching. The measured
K,O is lower than the calculated value at 900°C. If
correction factors could be applied for Na,O lost
during microprobe analysis, values for all other
oxides in the renormalized measured analyses would
be somewhat reduced, but not sufficiently to modify
the following comparisons.

Measured values of total iron drop to about half of
the calculated values at 1000° and 900°C. The mea-
surements were corrected for iron loss following
Stern and Wyllie (1975), but perhaps the correction
factors applied were too low for these temperatures
(see Table 5). At 1000°C the measured SiO, is some-
what higher and the measured CaO is somewhat
lower than the calculated values. Measured Al,O; is
slightly higher than the calculated value at 1000°, and
very much higher at 900°C (15.3 percent compared
with 9.1 percent). The calculated AlO, at 800° is
even lower than that at 900°C (7.0 percent). Such a
large discrepancy in Al,O; suggests that the modal
proportion of kyanite may have been overestimated
(Fig. 10). This is the only sequence of runs in which
kyanite is significant.

No quench crystals were observed in runs with the
tonalite, but growth of minerals on the surfaces of
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Fig. 13. Comparison of calculated (closed circles) and measured
(open circles) liquid compositions through the crystallization
interval of andesite with 5 percent H,O at 30 kbar. Calculated
liquids and liquid path are transferred from Figs. 12C and 12D and
Table 8; measured glasses are listed in Table 5.

primary grains during the quench, although difficult
to detect, could cause large changes in the composi-
tions of quenched glasses, as pointed out by Green
(1973) for clinopyroxene. There are no consistent
differences between measured glass and calculated
liquid compositions that could be caused by the
growth of minerals during the quench, so we con-
clude that this is not a problem for andesite with 5
percent H,O.

These results indicate that the calculated liquids for
the other compositions are reasonably reliable. Addi-
tional errors are introduced into the other calculated
liquid sequences, however, because the estimates of
phase proportions are less certain.

Petrological applications

The calc-alkaline igneous rocks lie in a complex
system, needing ten or more major components for
their definition. The lines in Figure 1 show the aver-
age chemical variation of the rocks in terms of six
components. The line in Figure 1B, reproduced as the
dashed line in Figure 14, shows the average trend in
terms of three variables, with SiO, as the main one.
The calc-alkaline rock compositions studied by
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Fig. 14. Liquidus phase relations with § percent H,O at 30 kbar,
and dry at 27 kbar. Dashed lines show the average calc-alkaline
compositional trend from Fig. 1B. (A) The calculated equilibrium
liquid paths with 5 percent H,O at 30 kbar from Figs. 12B and D.
(B) A schematic pseudoternary liquidus phase diagram with 5
percent H,O at 30 kbar. Points m and ¢ are piercing points from
Fig. 4. For details see text. (C) The calculated equilibrium liquid
paths at 27 kbar from Figs. 11B and D (anhydrous). (D) A
schematic pseudoternary liquidus phase diagram at 27 kbar.
Points m' and ¢’ are piercing points from Fig. 4. For details see text.

Green and Ringwood (1968, 1972) and Green (1972),
and the gabbro-tonalite-granite series that we have
used (Table 1; Stern and Wyllie, 1973), plot very close
to this average trend line. We will assume that the
composition join basalt-andesite-rhyolite of Figure 4
is coincident with the dashed line in Figure 14,

Green and Ringwood (1968) and Green (1972)
applied their results for this composition join in the
range 27-36 kbar to magmatic processes in and above
subducted ocean crust, concluding that liquids de-
rived from partial fusion of quartz eclogite or crystal-
lization of basaltic liquids broadly follow the calc-
alkaline trend. They discussed sequences of crystalli-
zation and fusion as if the phase fields intersected by
their bulk compositions were binary, or nearly so.
Stern and Wyllie (1973) pointed out that the basalt-
andesite-rhyolite join of Figure 4 is a section through
a complex system, and they argued that, with crystal-
lization, liquid compositions must diverge from the
join. They emphasized the need to establish the extent
of this divergence. We can now re-examine the con-
clusions with the data in hand.

Equilibrium liguidus paths and field boundaries

The calculated equilibrium liquid paths for hy-
drous compositions have been transferred to Figure
14A from Figure 12, and for anhydrous compositions
to Figure 14C from Figure 11. Each liquid path,
representing the passage of a fixed bulk composition
through phase fields such as those in Figures 2 and 3,
traces the composition of the liquid across liquidus
surfaces and along field boundaries.

The phase relationships such as those illustrated in
Figures 2, 3, and 4 can be represented as projections
into a pseudoternary system. The liquid paths in Fig-
ures 14A and C are used to distinguish liquidus areas
for the primary crystallization of clinopyroxene, gar-
net, and quartz, and the approximate positions of
field boundaries between them, as shown in Figures
14B and D. We are dealing with a hyperdimensional
system projected into a triangle, and the individual
liquid paths do not coincide precisely along ternary
field boundaries. They occupy zones that delineate
the patterns shown in Figures 14B and D.

Figure 4 shows liquidus profiles for the basalt—
andesite-rhyolite join in the presence of fixed
amounts of H,O. For the anhydrous join, there are
two piercing points on the liquidus, ¢’ and m’, which
have been transferred to Figure 14D. For the join
with 5 percent H,O the liquidus profile is situated at
lower temperatures, and the corresponding piercing
points are ¢ and m; these have been transferred to
Figure 14B.

Phase relationships with 5 percent H,O at 30 kbar.
In the presence of 5 percent H,O, Figure 14B shows a
clinopyroxene-garnet field boundary and a garnet-
quartz field boundary crossing the basalt-andesite-
rhyolite join at piercing points ¢ and m, respectively.
The approximate extent of the garnet liquidus area is
shown by the point where the andesite liquid path
changes direction (Fig. 14A), which is where garnet is
joined by clinopyroxene near 1100°C (Fig. 2). The
position of the clinopyroxene-garnet field boundary
in Figure 14B is based on the liquid path for oceanic
basalt and the portion of the andesite path below
1100°C (Fig. 14A). In the complex rock system, the
clinopyroxene-garnet field boundary would occupy a
zone in Figure 14, because there are more variables
for basalt and clinopyroxene-garnet compositions
than can be represented in this triangle. The possible
extent of the zone is indicated by the different paths
for oceanic basalt and olivine tholeiite in Figure 14A.
The arrangement in Figure 14B is probably near the
lower limit for the extent of the garnet liquidus field,
with 5 percent H,O. This brings the pseudoternary
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field boundary as close as possible to the basalt-
andesite-rhyolite join. The crystallization of access-
ory kyanite is not represented (see Figs. 2, 3, and 10).

With 5 percent H,O, clinopyroxene and garnet are
joined by quartz or coesite at 900°C for the andesite
(Figs. 2 and 10) and near 800°C for the olivine tho-
leiite (Fig. 3). The position of the garnet-quartz field
boundary, intersecting the basalt-andesite-rhyolite
join at an oblique angle, is based on the fact that
point m at 1050°C contains about 71 percent SiO,
(Fig. 4), and point j representing liquid in andesite
near 900°C contains 76 percent SiO, (Tables 5 and 8).
With continued crystallization of clinopyroxene+
garnet+quartz (j is not a ternary reaction point), the
liquid is enriched in Si/(Ca+Mg+Fe) as shown in
Figure 14B, although the precipitation of quartz (or
coesite) may halt the absolute enrichment of liquid in
SiO, (Table 8). The dominant change at the lower
temperatures is the enrichment of liquid in alkalis
(Figs. 12A and C, Table 8), which is not represented
in Figure 14.

For initial liquids with compositions in the range
andesite-basalt, the point j would actually be repre-
sented by a zone extending from j towards CaO, with
decreasing temperature corresponding to the lower
temperature of appearance of quartz or coesite (com-
pare Figs. 2 and 3). Figure 14B represents the most
favorable pseudoternary phase diagram with respect
to proximity of basalt liquid paths to the basalt-
andesite-rhyolite join.

Anhydrous phase relationships at 27 kbar. Figure
14D represents the most favorable anhydrous
pseudoternary phase diagram with respect to proxim-
ity of basalt liquid paths to the basalt-andesite-rhyo-
lite join. It is based on the calculated liquid paths
plotted in Figure 14C, which extend the results of
Green and Ringwood (1968) and Green (1972), and
following the considerations reviewed above for con-
struction of Figure 14B.

The clinopyroxene-garnet field boundary passing
through m' remains closer to the composition join,
and the garnet field is smaller than in the hydrous
system in Figure 14B (see ¢'m’ in Fig. 4). This bound-
ary represents the edge of the zone of hyper-
dimensional field boundaries in the complex system
for basic calc-alkaline rocks, nearest to the composi-
tion join,

Calculated liquids coexisting with garnet and clino-
pyroxene may contain more than 65 percent SiO,
(data not tabulated), and the point m' contains 63
percent SiO, (Fig. 4). Therefore, the garnet-quartz
field boundary intersects the join obliquely, with the
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Fig. 15. Pseudoternary phase diagram showing effect of §
percent H,O on liquidus field boundaries (from Figs. 14B and D).
Points labelled ¢, m, ¢, and m' are from Fig. 4. The dashed line
shows the average calc-alkaline composition trend from Fig. 1B,
which is almost coincident with the basalt-andesite-rhyolite join of
Fig. 4.

point of intersection of the field boundaries marking
the precipitation of quartz, j/, containing more than
65 percent SiO,. The coprecipitation of quartz at
temperatures below j' reduces the absolute enrich-
ment of remaining liquid in SiO,, although Si/(Ca+
Mg+ Fe) may still increase along with alkali enrich-
ment.

Equilibrium paths of crystallization and fusion

Figure 15 compares the pseudoternary liquidus
surfaces for calc-alkaline rock compositions from
Figures 14D (anhydrous) and 14B (with 5 percent
H.0). The 3 kbar pressure difference is not signifi-
cant compared with the effect of 5 percent H,O (Figs.
5, 6, and 7). None of the equilibrium liquid paths
correspond precisely with the average basalt-ande-
site-rhyolite join. Crystallizing liquids are progres-
sively enriched in Ca/(Mg+Fe) compared with this
join. The divergence is small for anhydrous composi-
tions, and larger with increasing H,O. The corre-
sponding changes in Fe/Mg/(Na+K) can be seen
from comparison of Figure 14 with Figures 11 and 12.

We have considered the effects of errors in modal
estimates and iron correction factors, and found that
adjustments of these to bring the liquid paths into
coincidence with the rock join in one projection (e.g.
Fig. 12A) increase the path divergence in the other
projection (e.g. Fig. 12B).

Crystallization of anhydrous basalt at 100 km
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depth. Green and Ringwood (1968) calculated lig-
uid compositions produced by equilibrium crystalli-
zation of up to 35 percent of four calc-alkaline rock
compositions, and showed that these liquids broadly
followed the chemical variation trend of the Aleutian
Island calc-alkaline province, plotted on a FAM dia-
gram. They suggested that about 50 percent crystalli-
zation of an anhydrous basaltic liquid would produce
an andesite, and concluded that the thermal valley in
the anhydrous liquidus profile, represented in Figure
4 as ¢'m’, would prevent fractionation to liquids more
SiO;-rich than andesite. This argument implies that
the thermal minimum is a terminus for crystallizing
liquids, as it would be if the composition join were a
binary system.

Extension of Green and Ringwood’s (1968) calcu-
lations beyond 35 percent crystallization shows that
although equilibrium liquid paths remain fairly close
to the average calc-alkaline trend in terms of FAM
components (Fig. 11C), the liquids are enriched in
Ca/(Mg + Fe) compared with the average rock trend
(Fig. 4C). The lowest temperature in the thermal
valley for the dry profile in Figure 4 is about 1390°C:
the solidus where equilibrium crystallization termi-
nates is lower by 60-70°C, according to Figure 3.
Liquids similar to andesites in terms of SiO, content
represent just one group in a continuous range of
compositions extending to liquids with more than 65
percent SiO,. The compositions of near-solidus lig-
uids from anhydrous basalts are still inadequately
determined, but enrichment in alkalis is anticipated
(Green and Ringwood, 1968).

Partial melting of anhydrous quartz eclogite at 100
km depth. Ringwood (1975, p. 269) reviewed the
Canberra experimental program, and concluded that
from anhydrous quartz eclogite: “With a moderate
degree of partial melting, an andesite magma could
be formed. . .. The magma will not move from the
andesite minimum until all of the quartz in the paren-
tal quartz eclogite has been incorporated into the
liquid. Then, with greater degree of melting, basaltic
andesite might be formed.” According to Green and
Ringwood (1968), 40-50 percent melting produces
andesitic liquid.

In fact, there is no andesite minimum controlling
the liquid composition, as shown by the paths for
equilibrium fusion represented schematically in Fig-
ures 14D and 15. Melting progresses through about
30°C (Fig. 3) along a field boundary for quartz,
clinopyroxene, and garnet until liquid reaches the
composition j', where the last of the quartz dis-
appears; then fusion continues along the garnet-

clinopyroxene field boundary j'¢’. Liquids similar to
andesites in terms of SiO, content represent just one
group in a continuous range of compositions.

Temperatures required to reach the liquidus of an-
hydrous andesitic compositions approach 1400°C
(Fig. 2 and 4). These temperatures are higher than
most estimates in a subduction zone at 100 km depth
(Wyllie, 1973).

Partial melting of hydrous quartz eclogite at 100 km
depth. Green and Ringwood (1972) and Green
(1972) found, consistent with our results in Figure 4,
that the thermal valley in the liquidus profile for the
basalt-andesite-rhyolite join was shifted from ande-
site (") to dacite or rhyodacite (m’'m) in the presence
of H,0. On this basis, they concluded that dacite or
rhyodacite liquids may be produced by partial melt-
ing of hydrous quartz eclogite at 100 km depth. This
conclusion would be strictly valid only if the compo-
sition join approximated a binary system. We inter-
pret this thermal valley as a piercing point for a
garnet—quartz field boundary, and Figures 14B and
15 show that average dacites and rhyolites are not
among liquids produced by partial fusion of hydrous
quartz eclogite.

Figure 4 shows that the solidus temperature for
quartz eclogite in the presence of H,O is 250°C below
the liquidus minimum with 5 percent H,O, and
400°C lower with 2 percent H,O. This is quite incon-
sistent with binary phase relationships. The path of
equilibrium fusion for quartz eclogite in the presence
of a fixed amount of H,O can be traced on Figure 3,
with the liquid compositions changing as represented
in Figures 14 and 15. For 5 percent H,O, melting
begins at a temperature near 750°C. Within a few
tens of degrees, all vapor and coesite dissolve, and the
liquid passes the point corresponding to j in Figure
14B. At 900°C the liquid contains 62.3 percent SiO,
(calculated, Table 8). Kyanite disappears near
1000°C, where the liquid contains 49 percent SiO,,
and garnet and clinopyroxene then melt together with
increasing temperature. Figure 14A shows that, for a
quartz eclogite, the point where coesite/quartz dis-
appear is more enriched in Ca/(Mg+Fe) than the
corresponding point j in Figure 14B.

For a more realistic situation, with a smaller
amount of H,O, the pseudoternary phase diagram
would be intermediate between the two shown in
Figure 15. The paths followed by liquids during equi-
librium fusion are similar during the initial stages to
those for 5 percent H,O, but they are greatly ex-
tended in terms of temperature, as shown in Figure 3
(e.g. quartz remains to a much higher temperature),
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and the later states of fusion approach those in the
anhydrous system.

For H,O contents below 1 percent, Figure 3 shows
that all HyO dissolves near the solidus, producing
H,O-saturated liquid (about 22.5 percent H,O). With
increase in temperature, H,O-undersaturated liquid
persists with coesite/quartz, kyanite, garnet, and
clinopyroxene, increasing in amount slowly (with
concomitant decrease in H,O content) through a
wide temperature interval. The temperature at which
all quartz dissolves depends critically on the H,O
content (and the phase boundaries, which are not
closely defined). Quartz could persist to 1000°,
1100°, or 1200°C, to a point on an H,O-dependent
boundary corresponding to ji’ (Figs. 14 and 15). At
higher temperatures, the liquid coexisting with garnet
and clinopyroxene (£kyanite) follows the equivalent
of a field boundary between jc and j'c’.

The compositions of hydrous liquids coexisting
with quartz eclogite along the field boundary below
Jji', before all quartz melts (Fig. 3), are certainly richer
in Si0, than andesite, and probably greatly enriched
in alkalis (Fig. 12A) and incompatible elements
(compare results for tonalite in Tables 5 and 8). Ac-
cording to Figures 14A and 15, they are also consid-
erably enriched in Ca/(Mg+Fe) compared with the
average dacites and rhyodacites.

Effect of pressure. Figures 5 and 7A show that,
with increasing pressure, Ca/(Mg+Fe) increases in
garnets and clinopyroxenes, which would reduce Ca/
(Mg+Fe) in liquid paths if the proportions of miner-
als through the crystallization interval remained the
same. At higher pressures, the liquids would then
approach more closely the average calc-alkaline join
in Figure 14. However, this effect is offset by the
increasing garnet/clinopyroxene reported with in-
creasing pressure in the crystallization intervals of
anhydrous basalt and andesite, and hydrous andesite
(Green and Ringwood, 1968; Green, 1972).

Fractional crystallization and fusion

Green and Ringwood (1968) and Green (1972)
determined equilibrium liquid paths and related them
to fractional processes. They referred to fractional
crystallization and ““liquid fractionates” from rocks,
without distinguishing between equilibrium and frac-
tionation paths. For minerals with solid solution, it is
not valid to equate fractionation with equilibrium
paths. Equilibrium fusion is the reverse of equilib-
rium crystallization, but processes of fractional fu-
sion and fractional crystallization yield products dis-
tinctly different from each other, as well as from the

products of equilibrium processes, as demonstrated
for fusion by Presnall (1969). Stern and Wyllie (1973)
outlined the effect of fractional fusion on quartz ec-
logite, dry and with H,O. The effect of fractional
crystallization of a basaltic liquid at 100 km depth
would probably tend to change liquid compositions
further away from the composition join for average
basalt-andesite-rhyolite, because the fractionation
paths should cross the equilibrium paths from con-
cave to convex sides (Figs. 11, 12, and 14).

Conclusions

We conclude that partial melting of subducted
ocean crust with small amounts of H,O at depths
where amphibolite has been converted to quartz ec-
logite produces liquids of broadly acid or intermediate
compositions, but these liquids diverge from the com-
positions of average calc-alkaline rocks. The prod-
ucts of eclogite fractionation of basaltic liquid would
be similar. Therefore, liquids generated from sub-
ducted ocean crust at this depth must undergo modi-
fications during uprise which bring them to the calc-
alkaline trend. Others have reached similar con-
clusions from consideration of major- and trace-ele-
ment contents (Gill, 1974; Lopez-Escobar et al., 1977,
Kay, 1977). Nicholls and Ringwood (1973) proposed
that siliceous liquids from quartz eclogite could react
with overlying peridotite, with subsequent melting
of modified mantle producing calc-alkaline ande-
sites. Kay (1977) presented a quantitative treatment
of a multistage model to explain the isotope and
trace-element chemistry of Aleutian volcanoes. Mul-
tistage processes from spreading ridges to subduction
zones also have appeal on the grounds of mass bal-
ance and isotope data (Armstrong, 1968).

As usual, petrogenetic hypotheses have leapt ahead
of quantitative experimental data. The results pre-
sented here are not definitive discriminants among
the various complex processes currently assumed in
subduction zones, despite the urgent need felt for the
data in 1971. Nevertheless, the results consolidate
information needed where the magmatic processes
begin. We need similar results for the total pressure
range between the surface and sites of magma genera-
tion.
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