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Effects of H,O on liquidus phase relations in the haplogranite system at 2 and 5 kbar
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ABSTRACT

Liquidus phase relations have been experimentally determined in the system Qz-Or-Ab
at 2 and 5 kbar under both H,O-saturated and H,O-undersaturated conditions. Crystal-
lization experiments were conducted with dry synthetic glasses as starting materials. Re-
versals used partially crystallized glasses. H,O-undersaturated conditions were obtained
by using H,O-CO, fluid mixtures. Six liquidus surfaces, corresponding to an initial fluid
phase composition [X}},, = H,0/(H,0 + CO,) initial] of 1, 0.7, and 0.5 at 2 kbar and 1,
0.85, and 0.7 at 5 kbar, were studied. Small ratios of fluid to silicate were used, and the
equilibruim fluid phase composition [H,O/(H,0 + CO,)] differs from X,,. For both
pressures, H,O solubilities decrease with decreasing X'1,.. H,O activities (a,,0), calculated
for compositions close to the thermal minimum of the corresponding liquidus surface are
I, 0.5, and 0.25 at 2 kbar and 1, 0.6, and 0.4 at 5 kbar. General agreement is noted
between crystallization and reversal experiments, both in terms of liquidus temperatures
and phase compositions.

Our data for H,O-saturated conditions are in good agreement with Tuttle and Bowen
(1958) at 2 kbar. At 5 kbar, our quartz-feldspar field boundary is richer in normative
quartz by 2-6 wt%, compared with Luth et al. (1964). At both pressures, decreasing the
H,O content of the melt causes a rise in liquidus temperatures for all studied compositions
and a progressive shift of minimum and eutectic compositions toward the Qz-Or join at
approximately content normative quartz content. The rise in liquidus temperatures with
decreasing H,O contrast of the melt is more marked for Ab- than for Or-rich compositions.
The observed changes in phase relations contrast with the results of calculations using the
model of Burnham and Nekvasil (1986) for hydrous aluminosilicate melts. Our results
suggest a differential reactivity of Ab- and Or-forming units in the melt with H,O, consis-
tent with higher H,O solubilities in Ab-rich than in Or-rich melts. Application of the
results to natural magmatic systems allows the effect of pressure and of the H,O content
of the melt on residual granitic liquid compositions to be specified individually.

INTRODUCTION

This paper presents new experimental data on liquidus
phase relations in both the H,O-saturated and H,O-un-
dersaturated parts of the haplogranite system SiO,-
KAIS81,0,-NaAlSi, O (Qz-Or-Ab) at 2 and 5 kbar. It com-
plements the recent study of Ebadi and Johannes (1991)
on solidus phase relations under H,O-undersaturated
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conditions. The main objective in this paper is to show
experimentally the effect of isobaric changes of H,O con-
tent of the melt on liquidus phase relations. The inves-
tigation is particularly focused on (1) the effect of H,O
on the primary quartz and feldspar liquidus fields, (2) the
composition of ternary minimum or eutectic points, and
(3) the liquidus temperatures.

Although there has been a considerable amount of work
done on solidus and liquidus phase relations in the H,O-
saturated haplogranite system (e.g., Goranson, 1938; Tut-
tle and Bowen, 1958; Luth et al., 1964; Boettcher and
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Wyllie, 1969; James and Hamilton, 1969; Merrill et al.,
1970; Steiner et al., 1975; Huang and Wyllie, 1975, 1986;
Winkler, 1979; Johannes, 1980, 1984), until recently lit-
tle direct experimental information has been available for
H,O-undersaturated conditions in this fundamental sys-
tem (Wyllie and Tuttle, 1959; Luth, 1969; Huang and
Wyllie, 1975; Steiner et al., 1975; Whitney, 1975; Kepp-
ler, 1989; Ebadi and Johannes, 1991). In the system Qz-
Or-Ab-B,O; at 1 kbar, Pichavant and Ramboz (1985)
and Pichavant (1987) first demonstrated a shift in the
minimum liquidus compositions toward the Qz-Or bi-
nary join at approximately constant normative Qz with
isobaric reduction of the H,O content of the melt. This
change in phase relations is in apparent conflict with cal-
culations performed for the system Qz-Or-Ab (Nekvasil
and Burnham, 1987), which predict a shift of the mini-
mum liquidus composition away from the Qz apex to-
ward the alkali feldspar join under the same conditions.
The experimental determination of the individual effect
of the H,O content of the melt on phase relations is of
critical importance given (1) the now-general agreement
that most granitic magmas evolve under H,O-undersat-
urated conditions (e.g., Burnham, 1967; Luth, 1969;
Maaloe and Wyllie, 1975), (2) recent progress in esti-
mating the H,O contents and volatile distribution in
magma chambers (reviewed by Clemens, 1984; see also
Pichavant et al., 1988; Anderson et al., 1989) and (3) the
current debate about H,O solubility mechanisms in alu-
minosilicate melts (e.g., Burnham, 1981; Stolper, 1982;
McMillan and Holloway, 1987, Silver and Stolper, 1989;
Kohn et al., 1989; Silver et al., 1990).

EXPERIMENTAL METHODS

The purpose of this study is to determine experimen-
tally the effects of isobaric change in the melt H,O con-
tent, 1.e., a0 (H,O activity), on liquidus phase relations
in the system SiO,-KAISi,0,-NaAlSi,0,. The effect of a0
on solidus temperatures was investigated recently by
Keppler (1989) and Ebadi and Johannes (1991) and is
not considered here.

For both pressures investigated (2 and 5 kbar), three
liquidus surfaces were determined: one for H,O-saturated
and two for H,O-undersaturated conditions. The 2- and
S-kbar H,O-saturated liquidus experiments duplicate
those of Tuttle and Bowen (1958) and Luth et al. (1964),
respectively. They were carried out as a test of the reli-
ability of our experimental methods as well as those of
the earlier studies. Furthermore, they provide a direct,
unambiguous comparison between the H,O-saturated and
H,O-undersaturated liquidus surfaces.

Starting materials

Dry synthetic glasses with various compositions in the
Qz-Or-Ab, Qz-Ab, and Qz-Or systems were made from
gels prepared using TEOS (tetracthylorthosilicate), alu-
minum nitrate, and nitrates or carbonates of potassium
and sodium. Some glasses were also synthesized from
mixtures of previously prepared gels. After drying, the
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gels were melted at temperatures between 1250 and 1400
°C in welded Pt capsules for approximately 4 h. For each
starting glass, two cycles of melting and grinding were
performed to improve its chemical homogeneity. Two
bubble-free glasses (obtained from D. B. Dingwell and R.
P. Taylor) were also used for the determination of H,O
contents by the Karl Fischer titration method. All glasses
were analyzed by electron microprobe (compositions giv-
en in Table 1). They do not deviate significantly from the
Qz-Or-Ab plane. Some are weakly peraluminous and
others weakly peralkaline. However, all ternary glass
compositions used in the experiments have more than 99
wt% normative Qz + Or + Ab.

H,O and H,0-CO, mixtures were used for H,0O-satu-
rated and H,O-undersaturated experiments, respectively.
Thus, a fluid phase was always present in our experi-
ments. Doubly distilled deionized H,O was used as a
source of H,O. The Ag,C,0, used as a source of CO, was
synthesized from silver nitrate and oxalic acid, and the
CO, yield calibrated (97%). Care was taken to keep con-
stant the proportion of fluid components (H,O + CQO,)
in the sample for each set of experiments (Wyllie and
Tuttle, 1960, 1961; Boettcher, 1984). For the H,O-satu-
rated experiments [X%,, = H,O0/(H,O + CO,) initial =
1], all samples contained 10 wt% H,O for the 2-kbar ex-
periments and 15 wt% H,O for the 5-kbar experiments
(90 and 85 wt% dry silicate glass, respectively). For the
H,O-undersaturated experiments (X13,, < 1), a constant
proportion of 10 wt% (H,O + CO,) was chosen, irre-
spective of pressure. Consequently, fluid to silicate ratios
were small throughout this study. We chose to have small
ratios to avoid large changes in the starting glass com-
position caused by incongruent dissolution in the fluid
phase. The initial fluid compositions (X'3,,) were 1, 0.7,
and 0.5 at 2 kbar and 1, 0.85, and 0.7 at 5 kbar. Because
of our small fluid to silicate ratios and our initially dry
starting glasses, the equilibrium fluid phase composition
differs from the initial fluid phase composition (Fig. 1).
The samples (typically 20 mg of glass crushed to a grain
size less than 50 um, plus the required amount of the
fluid components) were loaded in Au capsules (25-15
mm long; id 2.5 mm; thickness 0.20-0.25 mm), which
were closed by welding.

Apparatus and experimental procedure

This study was carried out simultaneously in two ex-
perimental laboratories: the 2-kbar and part of the 5-kbar
H,O-saturated experiments were performed in the CRPG
(Nancy, France); all the H,0O-undersaturated and the re-
maining part of the 5-kbar H,O-saturated experiments
were performed in the Institute of Mineralogy of the Uni-
versity of Hanover (Germany).

In Nancy, all experiments were made in René 41 cold-
seal pressure vessels (rapid quench for 2 kbar and hori-
zontal Tuttle type for 5 kbar) pressurized with Ar. Each
vessel-furnace pair was carefully calibrated for tempera-
ture under pressure, using internal dual-sheathed chro-
mel-alumel thermocouples calibrated against melting of
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TasLE 1. Composition and CIPW norm of the starting glasses
Glass no. 442 433 424 3,542,5 3,42, 3533, 324, 3.3,2, 3.3;3;  3;24,(TB) 3,33,
n (6) 3) (13) (caic) (14) ©) 8) @) ®) () (calc)
Sio, 80.68 80.28 80.22 78.93 77.56 79.23 79.43 77.78 78.11 79.45 78.11
AlLO, 11.32 11.36 11.35 12.01 12.69 12.61 12.51 12.80 12.61 12.63 12.85
K0 6.43 5.08 3.37 6.68 6.98 4.80 3.18 6.28 5.51 4.40 4.87
Na,O 2.23 3.57 4.64 2.63 3.15 3.98 5.18 3.50 3.99 4.64 4.33
Total 100.66 100.29 99.58 100.25 100.38 100.62 100.30 100.36 100.22 101.12 100.16
Qz 42.9 40.0 40.5 37.9 33.0 37.5 37.0 33.3 33.7 35.3 34.2
Or 37.7 29.9 19.9 39.4 40.6 28.2 18.7 37.0 325 25.7 28.7
Ab 18.7 30.1 39.4 22.2 26.2 33.5 43.8 295 33.7 38.8 36.6
Co 0.7 — — 0.5 — 0.8 0.5 0.2 0.1 0.2 05
KS — — 0.1 — 0.1 — — —_ —_ —_ —
NaS — — 0.1 — 0.1 — — - — - —
Glass no.  3,2,4, (LJT) 352 343 334 325 2,43 2,34, 2525, 45,0 4,50 4,5,0
n ®) (6) () (6) (11) 6) (1) 4 ) (6) “
Sio, 76.91 75.81 76.85 77.07 78.02 75.08 75.53 74.78 80.79 80.04 79.25
ALO, 13.49 13.19 13.33 13.34 13.36 14.08 14.67 14.60 10.48 10.52 10.80
KO 3.58 8.27 6.72 4.94 3.31 6.82 5.03 3.42 9.06 9.25 9.50
Na,0 5.57 237 347 474 5.66 4.15 5.15 6.67 0.03 0.00 0.00
Total 99.55 99.64 100.37 100.09 100.35 100.13 100.38 99.47 100.36 99.81 99.55
Qz 31.0 30.5 30.8 30.6 32.3 25.2 26.2 23.2 46.0 447 43.1
or 21.3 491 39.6 29.2 19.5 39.8 29.6 20.2 53.4 54.8 56.4
Ab 47.3 20.1 29.3 40.0 47.8 34.8 434 56.5 0.0 0.0 0.0
Co 0.4 0.3 0.3 0.2 0.4 = 0.8 = 0.6 0.5 0.5
KS — — — —_ —_ 0.1 == = — = ==
NaS = s = = = 0.1 = 0.1 = —= —
Glass no. 460 36,0 370 4,05, 3,06, 3450665 3,06, 307 362535" 3,3:2,"
n (6) (6) 8 () @) () “) (10) (10 (10)
Sio, 79.25 77.47 76.14 80.95 80.55 79.64 78.09 78.02 79.10 78.82
Al,O, 11.05 11.86 13.14 12.66 12.73 13.11 14.16 13.73 12.07 11.83
K,O 10.16 10.58 11.08 0.00 0.00 0.00 0.02 0.05 4.23 5.89
Na,0 0.00 0.01 0.00 6.68 6.93 7.29 8.08 8.20 4.60 3.46
Total 100.46 99.92 100.36 100.29 100.21 100.04 100.35 100.00 100.00 100.00
Qz 40.2 37.0 33.6 42.0 40.2 37.2 31.0 30.3 36.4 36.9
Or 59.7 62.6 65.3 0.0 0.0 0.0 0.0 0.0 25.0 34.8
Ab 0.0 0.0 0.0 56.3 58.5 61.7 68.1 69.5 38.5 28.0
Co 0.1 0.4 1.1 1.7 1.3 1.1 0.9 0.2 —_ -
KS —_ —_ et o — e o — - iy
NaS —_ —_ —_ —_ S — — —_ 0.1 03

Note: no = glass labeled after the normative Qz/Or/Ab proportions (composition 3.42, contains approximately 35% Qz, 40% Or, 26% Ab); n =
average of n microprobe analyses; TB = 2-kbar minimum composition (Tuttle and Bowen, 1958); LJT = 5-kbar minimum composition (Luth et al.,
1964); calc = composition calculated (glass prepared by mixing two gels of known compositions); Co = normative corundum; KS = K,SiO,; NaS =

Na,SiO,.
“ Bubble-free starting glasses, analyses from Holtz et al. (1992a).

NadCl, Zn, and Sn (Pichavant, 1987). The overall maxi-
mum error on the recorded temperatures is less than +10
°C. Pressure was measured with a 7-kbar Heise gauge
(error +£20 bars) and checked periodically. In Hanover,
horizontal cold-seal pressure vessels made of ATS 290
were employed. Temperatures were measured by external
Ni-CrNi thermocouples calibrated against certified ther-
mocouples and are known to be accurate to within 2%
(Puziewicz and Johannes, 1988). Pressure (H,O pressure
medium) was measured with a strain gauge manometer
(accuracy +350 bars, precision 20 bars). For the series of
experiments that was shared between the two laboratories
(5 kbar, Xz, = 1), no evidence was found from the re-
sults for any significant interlaboratory inconsistency in
either temperature or pressure calibration and measure-
ment. We also found no evidence for an influence of f;;,
on the results (the experiments performed in Hanover
had a higher f,, than those conducted in Nancy).

Several capsules were placed side by side in the same
vessel. Heating time ranged between 30 and 180 min,
starting from an initially applied pressure of 50-90% of
the desired pressure, depending on the equipment. Du-
ration varied between 90 and about 1200 h for the low
temperature reversal experiments. Quenching was per-
formed under pressure. A decrease of temperature down
to 300 °C was reached in 5 s to 4 min, depending on the
equipment. After a check for leaks, the capsules were
opened and the experimental products examined by pet-
rographic techniques. X-ray diffraction was used for iden-
tification and for the analysis of feldspar (Johannes, 1979;
Orville, 1963); electron microprobes were used to analyze
experimental glasses and alkali feldspars.

For a given Qz-Or-Ab composition, the liquidus tem-
perature is the temperature of the equilibriumn liquid (L)
+ crystals (Ctx) + fluid (V) = L + V. In this study the
liquidus temperature was determined from both sides of
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Fig. 1. Polythermal isobaric (2 kbar) representation of the
phase relations in the system Qz-Ab-Or-H,0-CO, showing the
evolution of the fluid phase composition in our liquidus exper-
iments with H,O-CO, fluid mixtures (see also Wyllie and Tuttle,
1960, 196 1; Boettcher, 1984). Open symbols = starting materials
(dry Qz-Ab-Or glass and H,0-CO, fluid mixture); filled symbols
= equilibrium composition of experimental products (hydrous
melt and CO,-enriched fluid mixture). Note that the final fluid
phase composition and melt H,O content (hence a,,,,) is depen-
dent on the fluid to silicate ratio in the charge. In the figure, scale
is distorted for clarity, as the solubility of CO, in the melt is
considered to be negligible (see text).

the equilibrium, i.e., by crystallization and dissolution
experiments. The presence of crystals and crystal growth
(idiomorphic crystals) was taken as evidence for partial
crystallization (L + Ctx + V ficld), whereas the absence
of crystals combined with crystal resorption (rounded
morphologies) indicated supraliquidus conditions (L + V
field). Crystallization experiments approached the liqui-
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dus temperature from the high-temperature side. They
were conducted from crystal-free glasses at intervals of
approximately 20 °C down to the appearance of crystal-
line phases in the experimental products. Reversal ex-
periments consisted of two stages. In the first stage, the
temperature was one known to produce partial crystalli-
zation, according to the forward experiments. In the sec-
ond stage, the temperature was raised isobarically to the
final value. Therefore, the reversal experiments ap-
proached the liquidus temperature from the low-temper-
ature side by using partially crystallized samples. Usual
temperature intervals between reversals were 10 °C. Re-
versal experiments were systematically carried out at 2
kbar, X%, = 1 and 0.7 and at 5 kbar, X1, = 1 and 0.85.
Given the agreement between the two types of experi-
ments under these conditions, it was not considered nec-
essary to perform systematic reversal experiments for the
two highest temperature series (2 kbar, X, = 0.5; 5
kbar, X5, = 0.7).

Analytical techniques

Two Camebax electron microprobes (University of
Nancy, University of Hanover) were used to analyze
glasses and feldspars for their major elements. These were
operated under the following conditions: acceleration
voltage, 15 kV; sample current 6—-8 nA (Nancy) and 18
nA (Hanover); counting time of 6 s on peak for all ele-
ments (Nancy), 2 s for Na and K and 5 s for Si and Al
(Hanover). Silicate standards and ZAF correction pro-
cedures were utilized. For the analysis of alkalis in glass-
es, we used a defocused beam of 10-20 um on both in-
struments. In addition, secondary standard hydrous
granitic glasses, analyzed for Na,O and K,O by wet chem-
ical techniques, were systematically probed, together with
the experimental samples, in order to determine correc-
tion factors for the alkalis (Pichavant, 1987). There was
generally no need for corrections of the electron micro-
probe data for dry and H,O-undersaturated glasses,
whereas for H,O-saturated glasses, Na,O had to be cor-

TaBLE 2. Comparison of compositions of dry and hydrous supraliquidus glasses analyzed by electron microprobe

Glass no. 424 st 424 st 424 424" 433" 3,42,

4 4 9 5 4 3 5

T(C) = = 825 845 740 740 705

P (kbar) _ _ 2 2 2 5

Xto = = 0.7 1 1 1

Sio, 80.03(0.54) 80.30(0.23) 77.59(0.30) 73.00(0.97) 74.41(0.26) 69.98(0.45)

ALO, 11.17(0.25) 11.43(0.29) 11.23(0.23) 10.60(0.11) 10.48(0.14) 11.15(0.13)

K,O 3.32(0.13) 3.39(0.13) 3.25(0.17) 3.03(0.12) 4.75(0.06) 6.02(0.21)

Na,0 4.62(0.05) 4.65(0.22) 4.52(0.13) 4.30(0.21) 3.22(0.08) 2.79(0.09)
Total 99.14(0.29) 99.77(0.45) 96.59(0.26) 90.93(0.91) 92.86(0.10) 89.94(0.35)

Qz 40.6 404 403 40.0 404 342

or 19.6 20.1 19.9 19.7 30.2 395

Ab 39.4 39.4 395 400 293 26.2

Co = 0.1 0.3 0.3 = 0.1

KS 0.2 — == — = e

NaS 0.2 — = . = -

Note: st = starting glass; n = average value of n analyses; numbers in parentheses = standard deviation (10).

* Analyzed with the Nancy electron microprobe.
“* Analyzed with the Hanover electron microprobe.
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TasLE 3. Experimental results for 2 kbar, Xji, = 1.0
T Duration Feld. comp.
Glass no. (°C) (h) Results (mol% Or) Liquidus T
433 740 213 L 720-740
720 290 L+ Qz (730)
424 740 131 L 720-740
720 290 L+ Qz (730)
3,42, 750 240 L 720-750
720 528 L + Sa Ory, (750)
720 750 288 168 L + (Sa) diss.
3,33, 700 480 L + (Qz) 700-710
680 648 L+ Qz + Sa Or,, (710}
680 700 480 528 L+ Qz + (Sa)
[ (1-2 kbar) ]
680 710 552 408 L
3:24, 700 480 L+ (Qz) 700-710
680 648 L+ Qz + Sa Ory, (710)
680 700 480 528 L+ Qz+ Sa
[ (1-2 kbar) ]
680 710 552 408 L
334 726 213 L 715-726
700 290 L + Sa Org, (720)
700 715 480 360 L + Sa diss.
700 730 456 240 L
325 727 213 L 700-715
700 290 L + Sa Or, (710)
700 715 480 360 L
3,254, 685 576 L + (Qz + Sa) Or,; >685

Note: Experiments performed in Nancy. The liquidus temperatures given in parentheses are those reported in the phase diagram (Fig. 2). Expefiments
with two temperatures and durations are two-stage reversal experiments. In two reversal experiments both pressure and temperature were varied (680
°C, 1 kbar to 700 °C, 2 kbar). L = liquid; Qz = quartz; Sa = alkali feldspar solid solution; diss. = crystals dissolving; phases in parentheses denote

very low amounts.

rected upward by variable but significant factors (Nancy,
1.03-1.05; Hanover, 1.10-1.12), because of the migra-
tion of Na.

The quality of our microprobe analyses of glasses was
carefully checked (Table 2). (1) The reproducibility of the
data was tested by periodically analyzing several of the
starting glasses. (2) Seven starting glasses were analyzed
in duplicate with the two electron microprobes. Slightly
higher normative corundum values were obtained with
the Hanover microprobe than with the Nancy micro-
probe (maximum difference 0.5%, Table 2). However, all
glasses were found to have Qz-Or-Ab compositions iden-
tical within 2% normative, and six of the seven glasses
were within 1% normative. For these glasses, the data
from both instruments have been averaged in Table 1.
(3) The normative composition of hydrous supraliquidus
glasses has been compared with that of the dry starting
glasses. Excellent agreement is noted between the two
types of glasses, irrespective of their Na,O/K,O ratios and
H,O contents (Tables 1 and 2), and this demonstrates our
ability in electron microprobe analysis of hydrous glasses.
(4) For subliquidus experiments, colinearity between ex-
perimental products and starting materials provides a
further check of electron microprobe data (see below).

The H,O contents of supraliquidus experimental glass-
es were determined by the Karl Fischer titration method
(Westrich, 1987; Holtz et al., 1992a). The Karl Fischer
method was carried out on the bubble-free glasses (un-
certainty: +0.15 wt% H,0O). The experimental and ana-
lytical procedures follow those of Holtz et al. (1992a).
Other supraliquidus glasses were analyzed for their H,O

and CO, contents by micromanometry in the stable iso-
tope laboratory of CRPG (C. France-Lanord, analyst; un-
certainty: 0.2 wt% H,0).

RESuLTS
Products

Experimental results at 2 kbar (X}5,, = 1, 0.7, and 0.5)
are given in Tables 3-5 and at 5 kbar (X7, = 1, 0.85,
and 0.7) in Tables 6-8. Silicate glass with numerous,
mostly spherical, fluid inclusions is the major solid ex-
perimental product. Quartz and feldspar are the only
crystalline phases found; their size is usually smaller in
H,O-undersaturated than in H,O-saturated experiments
(maximum feldspar size 25 and 40 upm, respectively;
quartz size always less than 5 um). Analytical data for
melts coexisting with crystals (feldspar, or feldspar +
quartz) are in Table 9, and feldspar compositions are giv-
en in Table 10.

H,0, CO,, and a,,,

Melts. The H,O contents of supraliquidus glasses (Ta-
ble 11) were determined at 2 and 5 kbar and for X, =
1, 0.7, 0.5 and 1, 0.85, 0.7, respectively. The composi-
tions of the glasses were chosen to be close to the minima
and eutectics found in this study (glass nos. 3,2,3,, 3,352,
334, see Table 1). At both pressures, the H,O contents of
the melt progressively decrease with decreasing X %, (Ta-
ble 11). At 2 kbar, for X3, = 0.7 and T between 825
and 880 °C, H,O contents obtained by the Karl Fischer
titration and manometric measurement are in good
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TaBLE 4. Experimental results for 2 kbar, X, = 0.7

HOLTZ ET AL.: H,O IN THE HAPLOGRANITE SYSTEM

T Duration Feld. comp.
Glass no. °C) th) Results (mol% Or) Liquidus T
442 850 188 L 830-840
830 141 L+ Qz (840)
820 830 96 140 L+ Qz
820 840 121 126 L
433 830 141 L 825-830
810 217 L+ Qz (825)
795 825 142 125 L+ Qz
810 840 240 139 L
424 850 122 L 840-845
840 116 L + (Qz) (840)
810 116 L+ Qz
815 835 121 126 L+ Qz
815 845 142 125 L
3.42; 815 366 L 810-815
810 159 L + Sa (815)
790 810 240 139 L + Sa Org,
790 820 243 145 L
3,33, 805 167 L + (Qz) 805-810
780 121 L+ Qz (810)
780 790 96 144 L+ Qz
780 800 121 126 L + (Qz)
780 810 118 120 L
3,24, 840 116 L 810-825
810 116 L + Sa + Qz Or,, (820)
790 810 96 144 L + (Qz)
800 825 96 144 L
352 855 108 L + Sa Ory; >855
835 304 L + Sa Ory,
343 835 304 L 820-830
820 113 L + (Sa) (825)
780 151 L+ Sa+ Qz Or,,
790 810 240 139 L + Sa Orz,
800 820 143 148 L + (Sa)
800 830 142 125 L
334 835 108 L 810-825
780 122 L+ Sa+ Qz Ory;_40 (810)
770 790 96 144 L + Sa
790 810 96 144 L + (Sa)
795 825 142 125 L
325 835 108 L 820-825
820 113 L + (Sa) (825)
795 815 140 118 L + Sa
800 820 140 118 L + (Sa)
800 825 96 144 L
2,43, 845 190 L 840-845
830 143 L + Sa (840)
815 835 140 118 L + Sa
815 840 140 118 L + Sa
815 845 118 143 L
2,34, 830 165 L 820-830
795 815 96 144 L + Sa (825)
800 820 140 118 L + (Sa)
800 830 118 145 L

Note: Experiments performed in Hanover. The liquidus temperatures given in parentheses are those reported in the phase diagram (Fig. 3). Experiments
with two temperatures and durations are two-stage reversal experiments. Same abbreviations as in Table 3.

agreement (see Table 11). For H,O-saturated conditions,
our data at 2 kbar (average: 5.9 wt% H,0) are also in
agreement with those of Tuttle and Bowen (1958), i.c.,
5.86 and 6.66 wt% H,O. Luth (1976) gives a saturation
limit of 6.5 wt% H,O at 2 kbar. At 5 kbar and under
H,O-saturated conditions, a H,O content of 9.85 is found
in this study (Table 11), lower than the 11 wt% given by
Luth (1976).

The micromanometric measurements performed for
glass no. 334 on samples analyzed for their H,O contents
(Table 11) did not reveal the presence of any CO,, im-
plying that CO, solubility in these glasses is less than the

detection limit (0.3 wt% CO, under our analytical con-
ditions). CO, can thus be considered to be nearly insol-
uble in the aluminosilicate melts studied here, in agree-
ment with conclusions from other studies (e.g., Boettcher
et al., 1987; Fogel and Rutherford, 1990).

Fluid phase. The composition of the fluid phase in
equilibrium with melt at P and T was determined by the
study of fluid inclusions trapped in glass. Glasses formed
at 2 kbar contained a single type of fluid inclusion, which
is interpreted to represent trapped fluids in equilibrium
with melt at Pand T (i.e., final entrapment probably takes
place during quench at the glass transition). On the other
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hand, the 5-kbar glasses commonly showed evidence for
reequilibration revealed by the presence of an additional
population of inclusions with sizes in the micrometer
range, spherical shape, and uniform distribution through-
out the sample. Two-phase (liquid H,O, supercritical CO,)
and three-phase (liquid H,O, liquid CO,, and vapor CO,)
inclusions were encountered. Some were studied by mi-
crothermometric methods (Pichavant and Ramboz, 1985;
Pichavant, 1987) and Raman microprobe (Instituut voor
Aardwetenschappen, Amsterdam, and CREGU, Van-
doeuvre les Nancy) in order to determine their bulk com-
position (Ramboz et al., 1985). For a given sample, phase
assemblages and volumetric proportions as well as ana-
lytical results were found to be nearly identical, thus in-
dicating a compositionally homogeneous fluid phase. Ra-
man analysis showed no evidence of H, or carbonic species
other than CO, that could be indicative of partial reduc-
tion of the H,0-CO, fluid mixture. However, the pres-
ence of N, (from the air trapped in the capsule) was dem-
onstrated from the CO, freezing-point depression and the
vibrational mode at 2335 ¢cm~! in the Raman spectrum
(compare Pichavant, 1987). Therefore, the fluid phases
in this study are dominantly composed of H,0, CO,, and
N, (between 2.5 and 7 mol% N, in 2-kbar experiments,
depending on the size of the capsule and X'!1,.; less than
2 mol% in 5-kbar experiments because these capsules were
crimped prior to welding). Fluid inclusions trapped in
glass no. 334 at 2 kbar, 850 °C, and X}5,, = 0.7 contain
40 mol% H,0, 54 mol% CO,, and 6 mol% N, (starting
fluid phase: 68 mol% H,O, 27 mol% CO,, 5 mol% N,),
confirming that initial and equilibrium fluid composi-
tions differ in their H,O/(H,O + CO,) ratio (Fig. 1). The
lack of silicate daughter crystals in the analyzed fluid in-
clusions indicates small silicate solute concentrations in
the fluid phase.

Evaluation of a,,,,. The activity of H,O was calculated
by two methods, but only for ternary compositions close
to the minima and eutectics. (1) Using the model of Burn-
ham (1979) and our experimentally determined H,O con-
tents of the melt, a,,, of 0.97, 0.50, and 0.26 were cal-
culated at 2 kbar for X', of 1, 0.7, and 0.5, respectively
(Table 11). At 5 kbar, ay,, of 0.98, 0.57, and 0.39 were
calculated for X', of 1, 0.85, and 0.7, respectively (Table
11). Note that these H,O activities are computed from
data obtained at experimental temperatures higher than
the liquidus temperatures (Table 11). However, because
of the small temperature dependence of the H,O solubil-
ity (Hamilton and Oxtoby, 1986; Holtz et al., 1992a), this
will only affect calculated ay,, by 0.02-0.01. (2) The H,O
activity was also calculated from the fluid phase com-
position, using the modified Redlich-Kwong equation
(Kerrick and Jacobs, 1981). In this calculation, N, was
treated as an inert diluent. The composition of the fluid
phase was that determined in glass no. 334 at 850 °C, 2
kbar, and X%,, = 0.7 (40 mol% H,O, 54 mol% CO,, 6
mol% N,). The a,,, was found to be 0.49, a value iden-
tical to that calculated from the H,O content of the melt
in the same experiment (see Table 11).
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TasLE 5. Experimental results for 2 kbar, X}, = 0.5

Feld.
Dura- comp. Liquidus
Glass T tion (mol% T
no. °C) (h) Results or) C)
424 875 117 L+ Qz >875
3,42, 850 95 L + ((Sa)) Oryg >850
835 169 L + Sa Or, (855)
3,33, 865 196 L 855-865
855 95 L + (Qz) (855)
3,24, 865 169 L 845-865
845 196 L + (Qz) + ((Sa)) Or,, (860)
3.3,2, 860 314 L 840-860
840 196 L + (Sa) (845)
830 169 L + Sa Org,
3.3:3; 860 314 L 840-860
840 196 L + (Sa) Or, (840)
835 169 L +Qz + Sa Ors,
352 870 144 L + Sa >870
343 865 196 L 855-865
855 149 L + (Sa) (855)
835 119 L + Sa Or,,
334 855 149 L 835-855
835 119 L + Sa Or,, (850)
325 870 117 L + Sa >870
2.43; 875 96 L + Sa >875
2,34, 875 96 L 855-875
855 314 L + (Sa) (860)

Note: Experiments performed in Hanover. The liquidus temperatures
given in parentheses are those reported in the phase diagram (Fig. 4).
Experiments with two temperatures and durations are two-stage reversal
experiments. Same abbreviations as in Table 3. Phases indicated in double
parentheses denote that only traces have been detected in the experi-
mental products.

An independent test of our a,,,, values was performed
by comparing the four H,O-undersaturated minimum
liquidus temperatures (this study) with the solidus tem-
peratures for a given ay,, (Ebadi and Johannes, 1991).
When reported on their P-T-ay,,, diagram (Fig. 10 in Ebadi
and Johannes, 1991), our four H,0O-undersaturated min-
imum liquidus temperatures indicate a,,, of 0.5 and 0.3
for 2 kbar and 0.6 and 0.45 for 5 kbar. These a,;,, values
are in good agreement with those obtained from the H,O
contents of our supraliquidus melts and fluid phase com-
positions (see Table 11). We emphasize that the ay,, val-
ues given in this study for the four H,O-undersaturated
sections apply only to compositions close to their corre-
sponding minima. Partial crystallization is not expected
to affect significantly the calculated ay,o, given the range
of crystal fractions in our liquidus experiments [generally
below 5 wi%; with exceptions as high as 14 wt% in some
H,O-undersaturated experiments (see glass no. 343, Ta-
ble 5 and Fig. 4) and as high as 18 wt% in some H,O-
saturated experiments (see glass no. 2,25, Table 6 and
Fig. 5; the proportions of the crystals have been deter-
mined from the lever rule)].

Liquidus temperatures

Liquidus temperature brackets are mostly within 20 °C
(the temperature uncertainty on each boundary is +10
°C), except for a few compositions having wider brackets.
These temperature brackets are established by consider-
ing, for each composition, results from both crystalliza-
tion and reversal experiments, thus implying an overall
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TasLe 6. Experimental results for 5 kbar, Xj5, = 1.0
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T Duration Feld. comp.
Glass no. (°C) (h) Results (mol% Or) Liquidus T
3,42, 705 525 L 700-705
685 525 L+ Or Or,, (705)
675 685 720 477 L+ Or Org,
675 705 505 570 L + ((Or)
3.3,2, 675 796 L+ Or Oryg, 695-705
675 695 720 477 L + (Or) Orgo (695)
675 705 505 570 L
3.3:3; 680 796 L 665-680
650 665 366 505 L+ Qz + Or (675)
680 700 720 477 L
32335 690 525 L 680-690
680 796 L + (Qz) + ((Or) (685)
655 796 L+ Qz + Or Orz,
3,24, 660 532 L 650-660
650 648 L + (Qz) (650)
640 504 L+ Qz + Ab Or,
343 710 525 L 690-700
690 525 L+ Or Org (705)
680 700 720 477 L+ Or Org
680 710 505 570 L
334 675 525 L 660-670
660 796 L+ Or+Qz Org (665)
655 670 366 505 L
325 675 796 L 660-670
660 796 L+ Qz (665)
655 796 L + Qz + ((Or)
655 670 366 505 L
2,34, 680 332 L 660-680
660 532 L + Or Or;, (675)
660 680 532 789 L + (Or) diss.
2,25.* 680 332 L 660-680
660 532 L+ Ab Or,, (670)
660 680 532 789 L

Note: The liquidus temperatures given in parentheses are those reported in the phase diagram (Fig. 5). Experiments with two temperatures and
durations are two-stage reversal experiments. Same abbreviations as in Table 3 and Or = K-rich alkali feldspar; Ab = Na-rich alkali feldspar_. Ph_ases
indicated in double parentheses denote that only traces have been detected in the experimental products. ltalicized phases denote that significant

amounts are present in the experimental products.
* Experiments performed in Nancy, all others in Hanover.

excellent agreement between both types of experiments.
A few problems between the crystallization and reversal
experiments were noted for some compositions in the
feldspar primary field. Feldspar crystals persist in some
reversals at higher temperatures than indicated by the
crystallization experiments (nos. 3,24,, 3,33,, Table 3;
2,34, Table 6; 3,42, Table 7), suggesting either slow dis-
solution kinetics of alkali feldspar in the melt (in the re-
versal experiments) or nucleation problems (in the crys-
tallization experiment). The opposite, feldspar crystals
growing at temperatures higher than indicated by the re-
versals, has also been encountered (composition no. 3,24,
Table 4), although in only one experiment. However, these
problems have a minor effect on liquidus temperature,
and they are clearly exceptions, given the large number
of experiments carried out during this study (about 400).
It must be pointed out that only three liquidus temper-
ature brackets are available for the 5-kbar, X%, = 0.7
section (Table 8) because experimental temperatures were
close to the upper limit of our equipment. Note that the
“liquidus temperatures” given in Tables 3-8 are pre-
ferred values established from experimental data and ob-
servations (the amount of crystals present in the subli-
quidus experiments being an indication of the temperature

interval between liquidus and the experimental temper-
ature).

Melt compositions

The compositions of glasses coexisting with either al-
kali feldspar or alkali feldspar plus quartz (Table 9) are
either slightly peralkaline or peraluminous (corundum
normative). Most glasses have small amounts (<0.6 wt%)
of normative corundum, except four glasses with values
higher than 1 wt%, of which none has more than 1.7 wt%
normative corundum. For subliquidus melts, colinearity
between starting and experimental products is generally
satisfied on the ternary phase diagrams (Figs. 2-7). In
cases where experiments in which quartz, alkali feldspar,
and melt are coexisting, all three-phase triangles enclose
the starting composition. Note that the tie lines and three-
phase triangles are mainly drawn from the crystallization
experiments.

Alkali feldspars

The compositions of the alkali feldspars obtained by
electron microprobe analysis and X-ray techniques are
identical within error. Structural formulae, calculated from
electron microprobe data on the basis of 16 O atoms, are
of good quality for alkali feldspars, except for a few that
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TaBLE 7. Experimental results for 5 kbar, X3, = 0.85
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T Duration Feld. comp.

Glass no. °C) (h) Results (mol% Or) Liquidus T
424 810 149 L+ Qz >810
3,582, 770 92 L+ Qz >770
342, 780 123 L 780-790

760 168 L+ Sa Orge (785)
740 770 118 168 L + Sa Orgg
750 780 136 149 L + (Sa)
3,24, 800 120 L 795-800
780 123 L+ Qz (795)
760 785 120 96 L+ Qz
765 795 184 125 L + (Qz)
3.3:3, 770 149 L 765-770
750 168 L + Qz + (Sa) (765)
725 745 120 96 L+ Qz + Sa
725 755 184 125 L + Qz + (Sa) Orye
725 765 360 166 L + (Qz)
725 775 123 165 L
3253375 770 92 L + ((Qz)) 770-780
(775)
352 820 170 L 805-820
800 120 L + Sa Or,, (815)
343 800 143 L 780-790
785 121 L + ((Sa)) (785)
755 780 118 168 L + (Sa) Orgs
765 790 120 96 L
334 760 239 L 745-760
745 122 L+ Sa Oreg (750)
730 740 120 96 L + Sa + (Qz)
730 760 184 125 L
325 765 239 L 760-770
750 168 L+ Qz (765)
740 118 L+ Qz+ Sa Or,
730 750 120 96 L+ Qz
730 760 184 125 L + (Qz)
2,43, 810 149 L 790-800
790 120 L + Sa (800)
765 790 120 96 L + Sa
770 800 184 125 L
2,34, 800 143 L 770-775
775 121 L + (Sa) Oryess (775)
740 122 L + Sa
760 775 118 168 L

Note: Experiments performed in Hanover. The liquidus temperatures given in parentheses are those reported in the phase diagram (Fig. 6). Experiments
with two temperatures and durations are two-stage reversal experiments. Same abbreviations as in Table 3. Phases indicated in double pareqtheses
denote that only traces have been detected in the experimental products. Italicized phases denote that significant amounts are present in the experimental

products.

show anomalously high Si (Table 10). These anomalous
values probably result from analytical overlap on the sur-
rounding glass. In general, for a given sample, the alkali
feldspar composition is homogeneous within =1 mol%
Or, except for some intermediate compositions (Or,;;—Org,)
that show intrasample variations of 5 mol%. Although,
in this case, the two extreme compositional bounds are
given [compositions 334 at 2 kbar, X2, = 0.7, and 2,34
at 5 kbar, X1, = 0.85; see Table 10], only one compo-
sition (arbitrarily chosen to be the highest in Ab content)
is plotted on the phase diagrams. For a given bulk com-
position, alkali feldspars analyzed in crystallization and
reversal experiments have compositions always within 2
mol% Or (Tables 4, 6, 7, 10).

Ternary phase diagrams

The results are projected isobarically into the anhy-
drous system Qz-Or-Ab (Figs. 2-7), as was done in earlier
studies (e.g., Tuttle and Bowen, 1958; Luth et al., 1964)
in order to facilitate comparison.

Liquidus phases, liquidus temperatures, and composi-
tions of alkali feldspars and coexisting melts were used
to define the primary liquidus phase fields, the position
of the cotectic or quartz-feldspar boundary curve, iso-
therms on the liquidus surfaces, and tie lines and three-
phase triangles. In addition, the minimum liquidus tem-
perature point (the lowest temperature point, either of
minimum type or of eutectic type, along a cotectic line
or the quartz-feldspar boundary curve) was determined
graphically from tie lines and three-phase triangles. Some
phase diagrams (Figs. 2—5) were constructed by including
data (liquidus temperatures and compositions of eutectic
points) for the Qz-Or and the Qz-Ab binary systems (de-
tailed in Pichavant et al., 1992).

For all 2-kbar experiments, the investigated tempera-
tures lie above the critical temperature of the alkali feld-
spar solvus (660 °C at 1 kbar; Brown and Parsons, 1980).
Therefore, phase diagrams (Figs. 2-4) are divided into
two fields (feldspar solid solution and quartz primary
fields) separated by a cotectic line with a minimum (e.g.,
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TasLE 8. Experimental results for 5 kbar, X2, = 0.7
Feld.
Dura- comp.
Glass T tion (mol%  Liquidus
no. (°C) (h) Results On T
3,:42,, 805 92 L+ Qz+ Sa >805
342, 815 106 L 805-815
805 L+ Sa Org, (815)
3,24, 815 106 L+ Qz >815
3.3,2, 815 142 L 800-810
805 170 L + (Ctx) (805)
800 120 L+ Sa+Qz Or,,
3,:33,; 805 92 L + Qz + (Sa) >805
343 820 136 L + ((Sa)) Org, =820
334 820 136 L 805-815
805 116 L + ((Sa)) (805)
800 121 L + Sa + (Qz) Ory,
325 820 117 L + (Sa) Ory, >820
2,43, 820 126 L+ Sa >820
2,34 820 126 L + Sa Or,, >820

Note: Experiments performed in Hanover. The liquidus temperatures
given in parentheses are those reported in the phase diagram (Fig. 7).
Experiments with two temperatures and durations are two-stage reversal
experiments. Same abbreviations as in Table 3. Ctx indicates presence of
quartz or feldspar phases. Phases indicated in double parentheses denote
that only traces have been detected in the experimental products. Italicized
phases denote that significant amounts are present in the experimental
products.

Luth, 1976). Similar phase relations were also obtained
at 5 kbar for the H,O-undersaturated conditions studied.
In contrast, at 5 kbar and for H,O-saturated conditions,
liquidus temperatures are low enough to intersect the al-
kali feldspar solvus (720 °C; Brown and Parsons, 1980)
and three primary phase fields (Fig. 5) must be present

2 kbar

Kﬂzo('”’: L

Ab

. . L "
0 z0 30 a0 50 &3 70 B0 E] Or

Fig. 2. Liquidus phase relations in the system Qz-Ab-Or-
H,O at 2 kbar for a fluid phase with an initial mole fraction
H,O/(H,0 + CO,) = X5, = 1 (H,O-saturated conditions). Ex-
perimental results are given in Table 3. Isotherms are labeled in
degrees Celsius. Dots represent the investigated compositions
(given in Table 1); the position of the minimum liquidus point
of the system is given by the solid triangle. The composition
of melts and feldspars used for the construction of conjugation
lines and three-phase triangles are given in Tables 9 and 10,
respectively.
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Fig. 3. Liquidus phase relations in the system Qz-Ab-Or-
H,0-CO, at 2 kbar for a fluid phase with X o = 0.7. Experi-
mental results are given in Table 4. Symbols and sources of data
as in Figure 2.

on the liquidus (e.g., Luth, 1976). Although our experi-
ments do not bring direct information about the existence
of two feldspar primary fields, a boundary curve, passing
between composition nos. 2,34, and 2,25, (Table 6), has
been constructed on Figure 5. In this isobaric section (5
kbar, X1, = 1), feldspar compositions show a gap be-
tween Or, and Or,, (Fig. 5) corresponding to the inter-
sected solvus.

For the two pressures investigated, there is a compa-
rable evolution of the ternary phase relations with de-
creasing X7, and a,,0!

1. Liquidus temperatures progressively increase for all

2 kbar

XE o m=08

<

3 70 26 ) Or

Ab i ?.I{I :;:1 a‘u &0

Fig. 4. Liquidus phase relations in the system Qz-Ab-Or-
H,0-CO, at 2 kbar for a fluid phase with X},, = 0.5. Experi-
mental results are given in Table 5. Symbols and sources of data
as in Figure 2.
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TaBLE 9. Composition and CIPW norm of glasses coexisting with crystals
Glassno. 342, 333, 3,24, 3,24, 334 325 342, 324, 352 352 343 343 334 342, 342
n 3 3 3 4 3 3 4 4 8 8 8 4 6 6 9
T(C) 720 680 680 685 700 700 790 810 810 835 855 780 790 810 780 850 835
P (kbar) 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
X 1 1 1 1 1 1 0.7 0.7 0.7 0.7 0.7 0.7 0.7 05 05
SiO, 7316 7235 7246 7351 7117 7030 7557 7627 7448 7352 7489 7443 7459 7435 75.18
AlLO, 1126 1174 1145 1172 1199 1221 1215 11.88 1238 1257 1247 1223 1278 1221 1243
K,O 297 457 386 399 438 301 671 323 765 797 596 608 471 654 631
Na,0 568 397 430 428 434 515 282 454 224 215 332 332 433 293 289
Total  93.07 92.63 92.07 9350 91.88 90.67 97.25 9592 9677 9621 96.64 96068 9631 96.03 96.81
Qz 367 343 355 357 317 318 344 370 334 317 339 331 325 336 363
or 3.1 292 248 252 282 196 408 201 466 490 363 375 289 402 385
Ab 270 363 395 387 400 481 245 425 196 189 202 202 380 258 253
Co 0.2 0.2 0.2 0.4 0.1 05 0.3 0.4 0.4 0.4 0.6 0.2 0.6 0.4 0.9
KS = = — = s = = - — — — — = — —
Na$S — _— = - = = == _— = = - s — s —_
Glassno. 3024, 332, 333, 333, 343 334 3,42, 342, 332 332 3,33, 324, 343 334 234,
n 6 7 4 6 8 5 3 5 3 3 3 7 5 3 4
T(C) 845 830 840 835 835 835 685 675 685 675 675 695 655 640 690 660 660
P (kbar) 2 2 2 2 2 2 5 5 5 5 5 5 5 5 5
Xbo 05 05 05 05 05 05 1 1 1 1 1 1 1 1 1
SO, 7624 7642 7676 76.36 7562 7510 6912 7072 69.15 70.62 6879 6897 6822 70.14 69.42
ALO, 1216 1228 1236 1242 1266 12.88 1092 1119 1125 1131 1225 1219 1136 11.80 12.98
K,0 517 582 574 523 619 470 594 58 539 577 388 332 590 431 384
Na,0 315 329 378 377 342 439 266 262 329 293 417 501 312 442 A74
Total 9672 97.81 9864 97.78 97.89 97.07 8864 9041 89.08 90.63 89.09 8949 8860 90.67 90.98
Qz 352 357 336 351 327 326 349 365 331 348 334 304 318 315 299
or 193 352 320 316 373 286 396 385 358 377 258 219 394 282 250
Ab 452 285 344 327 296 382 254 245 311 273 396 473 288 403 440
Co 0.3 0.6 = 0.6 0.4 0.6 0.1 05 — 0.2 1.2 0.4 — — 1.1
KS =: - — s = = — = - - — e = — —
NaS — — e = — - == = = = = - e — —
Glassno. 2095 342, 342, 3,33, 352 343 334 325 234, 342, 332, 343 334 3% 234,
n 4 5 4 5 5 5 4 6 9 5 7 7 7 7 7
T(C) 660 760 740 770725 755 800 755 780 745 740 775 805 800 820 800 820 820
P (kbar) 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
X0 1 085 08 08 08 085 08 08 08 07 0.7 0.7 0.7 0.7 0.7
Sio, 69.76 7191 71.80 7157 7157 7142 7186 7182 6864 7363 7354 7178 7175 7228 7207
ALO, 1255 1156 1136 1156 1164 12.07 11.99 1229 13.34 11.69 11.61 1232 1240 1248 13.36
K,0 315 621 610 513 763 625 471 381 456 638 592 636 460 307 463
Na,0 532 252 256 350 216 317 418 464 446 285 323 309 435 527 4.08
Total 9078 9220 91.82 91.76 93.00 9291 9294 9256 91.00 9455 9430 9355 93.10 93.10 94.14
Qz 295 362 366 346 319 312 318 327 278 345 340 315 310 321 326
or 205 398 393 331 483 398 301 244 296 399 370 402 292 195 294
Ab 496 231 236 322 196 289 381 424 414 254 289 279 395 479 366
Co 0.4 0.7 05 0.3 — 0.1 — 05 1.2 0.2 0.1 0.4 0.3 0.5 17
KS — — — — 0.1 — — — — = == s = — ==
NaS — — — — 0.1 — _— — —_ — e —_ — —_ —_

Note: Same as in Table 1.

compositions, the increase being more pronounced for
Qz-Ab than for Qz-Or-rich compositions (Fig. 8).

2. No significant compositional shift in the position of
the cotectic curve (2 kbar) and the quartz-feldspar field
boundary (5 kbar) is observed.

3. Eutectic or minimum liquidus temperature points
move progressively toward increasing Or contents at ap-
proximately constant normative Qz (Fig. 9); composi-
tions and temperatures of the minima and eutectic are
summarized in Table 12. Uncertainties in the position of
these minimum liquidus temperature points can be esti-
mated by summing the analytical uncertainties (electron
microprobe analyses, see standard deviations in Table 2)

and errors due to the construction of the phase diagrams.
These latter uncertainties are difficult to evaluate. More-
over, they depend on the isobaric section considered
(compare Figs. 2 and 7). At worst, the composition of
minimum liquidus temperature points is given with un-
certainties of +2.5 wt% normative Qz and +2 wt% nor-
mative Ab and Or (Table 11).

DiscussioN
The attainment of equilibrium

Reaction mechanisms in our experiments include three
main processes: (1) incorporation of H,O from the fluid
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TasLe 10. Composition of alkali feldspars coexisting with glass and glass + quartz

Glass no. 340 3,33, 3,24, 3,24, 334 325 3,24, 352 352 343 343 334
T(C) 720 680 680 685 700 700 810 835 855 780 790 810 780
P (kbar) 2 2 2 2 2 2 2 2 2 2 2 2
Xt 1 1 1 1 1 1 0.7 0.7 07 0.7 0.7 0.7
Sio, 67.55 67.58 68.28 70.25 66.97 67.87 69.57 65.36 65.89 67.00 67.48  67.92
ALO, 18.28 18.71 18.82 18.22 18.57 18.71 18.77 18.20 17.60 18.22 18.03  18.76
K,O 13.86 12.35 179 7.69 11.38 1.44 1.71 14.14 14.48 12.42 12.62 6.23
Na,0 1.73 3.08 10.13 5.77 3.75 10.68 10.29 1.45 1.39 2.86 2.92 6.98

Total 10142 101.72 99.02 10193  100.67 98.70  100.34 99.15 99.36 10050 101.05  99.90
si 6.07 6.04 6.04 6.14 6.03 6.03 6.06 6.03 6.08 6.06 6.07 6.04
Al 1.94 1.97 1.96 1.88 1.97 1.96 1.93 1.98 1.91 1.94 1.91 1.97
K 1.59 1.41 0.20 0.86 1.31 0.16 0.19 1.66 1.71 1.44 1.45 0.71
Na 0.30 0.53 1.74 0.98 0.66 1.84 1.74 0.26 0.25 0.50 0.51 1.21
KAISi,0,

(mol%) 84 73 10 47 67 8 10 87 87 74 74 37
Glass no. 334 3.42, 3,42, 3,24, 33,2, 333, 333, 343 334 3.42, 3.42, 3,3,2,
T¢C) 780 850 835 845 830 840 835 835 835 685 675 685 675
P (kbar} 2 2 2 2 2 2 2 2 2 5 5 5
Xt 0.7 05 0.5 05 0.5 05 0.5 05 05 1 1 1
Sio, 68.29 66.17 66.55 73.02 66.87 67.14 66.78 66.82 67.43 65.26 6528 6373
ALO, 18.55 18.31 18.05 17.44 18.24 18.67 18.45 18.68 18.30 17.79 17.82  17.54
K,0 6.81 12.89 11.94 1.92 11.41 10.29 9.44 11.87 5.40 14.91 1544 1531
Na,0 6.76 2.62 2.92 7.90 3.45 4.70 488 3.14 7.73 0.96 117 1.46

Total 100.41 99.99 99.46  100.28 99.97  100.80 99.55  100.51 98.86 98.92 9971  98.04
Si 6.06 6.03 6.06 6.29 6.06 6.02 6.04 6.03 6.06 6.05 6.04 6.01
Al 1.94 197 1.94 177 1.95 1.98 1.97 1.99 1.94 1.95 1.94 1.95
K 0.77 1.50 1.39 0.21 1.31 1.18 1.09 1.37 0.62 1.76 1.82 1.84
Na 1.16 0.46 0.52 1.32 0.61 0.82 0.86 0.55 1.35 0.17 0.21 0.27
KAISi,O,

(Mol%) 40 76 73 14 69 59 56 71 31 91 90 87
Glassno. 332 3,33, 324, 343 334 2,34, 2,25, 3,42, 342, 3,33, 352 343
T(C) 675 695 655 640 690 660 660 660 760 740 770 725 755 800 755 780
P (kbar) 5 5 5 5 5 5 5 5 5 5 5 5
Xbo 1 1 1 1 1 1 1 0.85 0.85 0.85 0.85 0.85
S0, 66.01 64.96 67.45 64.39 64.18 66.83 61.03 64.63 65.42 65.41 66.05  65.45
ALO, 17.84 18.18 19.03 18.02 18.07 18.52 19.33 18.43 18.34 18.54 1825 1857
K,0 15.05 12.87 1.81 14.86 13.88 12.16 2.21 14.66 14.60 13.10 1579  14.14
Na,0 1.19 229 11.19 1.19 2.34 3.32 10.18 157 1.59 264 1.03 1.83

Total 100.09 98.30 99.48 98.46 9847  100.83  100.75 99.29 99.95 99.69  101.12  99.99
Si 6.06 6.02 5.98 6.01 5.99 6.02 6.02 5.99 6.01 6.00 6.04 6.00
Al 1.93 1.99 1.98 1.98 1.99 1.96 1.98 2.01 1.99 2.00 1.96 2.00
K 1.76 152 0.20 1.77 1.66 1.40 0.24 1.73 1.71 1.53 1.84 165
Na 0.21 0.41 1.92 0.22 0.42 0.58 1.72 0.28 0.28 0.47 0.18 0.33
KAISi,O,

(mol%) 89 79 9 89 80 7 12 86 86 76 91 83
Glass no. 334 325 2,34, 3.42, 3,3,2, 343 334 325 2,34,

T(C) 745 740 775 805 800 820 800 820 820
P (kbar) 5 5 5 5 5 5 5 5 5
Xio 0.85 0.85 0.85 07 0.7 0.7 0.7 0.7 0.7
Sio, 66.05 69.60 66.81  67.83 66.26 66.37 67.25 66.61 71.39 67.46
ALO, 18.40 19.37 19.02 18.86 17.90 18.17 18.75 18.73 19.17 18.49
K,0 11.63 1.42 8.10 8.33 14.11 13.35 13.52 8.55 1.49 6.44
Na,0 3.61 10.29 6.19 5.91 1.96 2.48 2.26 557 8.82 7.21

Total 99.69 10068 10012 10093 10023  100.37 101.78 99.46  100.87 99.60
si 6.02 6.04 5.99 6.03 6.06 6.04 6.03 6.01 6.13 6.04
Al 1.98 1.98 2.01 1.98 1.93 1.95 1.98 1.99 1.94 1.95
K 1.35 0.16 0.93 0.94 1.64 155 1.55 0.99 0.16 0.74
Na 0.64 1.74 1.08 1.02 0.35 0.44 0.39 0.98 1.47 1.25
KAISi,0,

(mol%) 68 8 46 48 83 78 80 50 10 37

Note: Structural formulae calculated on the basis of 16 O atoms.
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TaBLe 11. H,O contents of supraliquidus glasses
H,O
P Glass T content
(kbar) Xio no. (°C) (wWt%) a.0"
2 1 36253, 800 5.94** 0.98
2 1 3,3:25 800 5.87** 0.97
2 0.7 34253, 880 3.46 0.52
2 0.7 3,3:25 880 3.19 0.47
2 0.7 334 825 3.72t 0.56
2 0.7 334 835 3.52% 0.52
2 0.7 334 850 3.39% 0.49
2 0.5 36253, 880 2.19 0.27
2 05 3,3:24 880 2.09 0.25
5 1 36253, 800 9.90 0.99
5 1 3,3:2, 800 9.80 0.98
5 0.85 36253, 880 5.62 0.59
5 0.85 3,3:2, 880 5.23 0.55
5 0.7 352534 880 4.04 0.40
5 0.7 3.3:2, 880 3.97 0.39

* Calculated from Burnham (1979).

** From Holtz et al. (1992a).

t H,0 analyzed by micromanometry (C. France-Lanord, CRPG). Karl
Fischer titration used for all other analyses (experimental and analytical
methods given in Holtz et al., 1992a).

phase into the initially dry glass to produce a homoge-
neous hydrous melt, (2) nucleation and growth of crystals
from that melt, and (3) dissolution of crystals (specific to
reversal experiments). Discussing the attainment of equi-
librium implies an evaluation of the kinetics of these three
processes.

1. With an average grain size of 50 um for the starting
ground glass, times of a maximum of a few tens of min-
utes are sufficient for H,O to diffuse throughout, if the
experimental temperature is attained instantaneously (35

Fig. 5.
H,O at 5 kbar for a fluid phase with a X5, = 1 (H,O-saturated
conditions). Experimental results are given in Table 6. Symbols
and sources of data as in Figure 2. In contrast to Figures 2-4,
the feldspar solvus on the Ab-Or sideline is intersected, and
three primary fields appear on the liquidus: albite solid solution,
orthoclase solid solution, and quartz.

Liquidus phase relations in the system Qz-Ab-Or-
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Ab

10

Fig. 6. Liquidus phase relations in the system Qz-Ab-Or-
H,O-CO, at 5 kbar for a fluid phase with a X'i3,, = 0.85. Exper-
imental results are given in Table 7. Symbols and sources of
data as in Figure 2.

min at 750 °C, 17 min at 850 °C, diffusivities of H,O at
2 kbar of H,O pressure taken from Shaw, 1974; 8 min at
850 °C, diffusivities of H,O at 5 kbar taken from Lapham
et al., 1984). This suggests that the production of a ho-
mogeneous hydrous melt is rapid under our experimental
conditions. Note that this remains true for the H,O-un-
dersaturated experiments because of the use of H,0-CO,
mixtures to control ay,.. An indication of a homogeneous
distribution of H,O in our hydrous melts is furnished by
the microprobe data. For a given experimental glass,
summation deficiencies do not show significant varia-

5 kbar

H,0 (in)= 07

Ab o

Fig. 7. Liquidus phase relations in the system Qz-Ab-Or-
H,0-CO, at 5 kbar for a fluid phase with a X'};,, = 0.7. Exper-
imental results are given in Table 8. Symbols and sources of
data as in Figure 2.
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P=2 kbar

T(C)

800

700

Ab 25 50 75 or

Fig. 8. Section through the liquidus surfaces along the cotec-
tic in the system Qz-Or-Ab-H,0-CO,. Note the temperature in-
crease of the liquidus temperature with decreasing ay;, from 1
to 0.5, which is more important on the Qz-Ab than on the Qz-
Or join.

tions (see Table 2 for typical standard deviations) that
could be attributed to a heterogeneous distribution of H,O.
For the fluid phase, its homogeneous spatial distribution,
phase assemblage, volumetric proportion, and volumet-
ric properties (homogenization temperatures within 0.2
°C) in a given sample conclusively suggest homogeneity.
In spite of uncertainties in our ay,, calculations, the iden-
tical ay,, computed from both melt and fluid phases in
the same experiment (see above) suggests equilibrium
partitioning of the fluid components (H,O and CO,) be-
tween these two phases.

2. The use of dry starting glasses was adopted to min-
imize nucleation problems. Fenn (1977) demonstrated
that nucleation of alkali feldspar is favored in H,O-un-
dersaturated melts and at high degrees of undercooling.
Both conditions are satisfied during the heating period in
our experiments (Pichavant, 1990): H,O-undersaturated
conditions prevail because of the use of initially anhy-
drous glasses; high degrees of undercooling are also at-
tained, since anhydrous glasses have high liquidus tem-
peratures. In addition, the direct approach to experimental
conditions was chosen in both crystallization and reversal
experiments. Preconditioning the sample at supraliqui-
dus temperatures causes nucleation problems for feld-
spars, particularly at low temperatures and H,O-rich con-
ditions (Naney and Swanson, 1980). Finally, long
experimental durations (up to more than 50 d in some
reversal experiments) were systematically adopted to
avoid incomplete nucleation and growth, especially in ex-
periments below 700 °C. The available data show that
the nucleation of silicate phases requires durations rang-
ing from several hours to a few days (Swanson and Fenn,
1986). Comparisons of temperatures indicated by the ends
of tie lines and three-phase triangles with the actual tem-
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TaBLE 12. Compositions and temperatures of minimum liquidus
and eutectic points

P Qz or Ab 7

Ref. (kbar)  XBo  (wit%)  (Wit%)  (wit%%) C)
HPBJ* 2 1 36 25 39 685
TB* 2 1 35 26 39 685
HPBJ* 2 0.7 35 29 36 775
HPBJ* 2 0.5 35 31 34 830
HPBJ* 5 1 31 22 47 645
LJTt 5 1 27 23 50 640
HPBJ* 5 0.85 32 25 43 735
HPBJ* 5 0.7 32 28 40 790

* This work.

** Tuttle and Bowen (1958).
1 Luth et al. (1964).

peratures of the experiments do not reveal large differ-
ences (maximum 15 °C). This is a strong indication that
supercooling problems are minor, since the proportion of
crystals in the subliquidus charges is close to the equilib-
rium proportion. Most feldspars in crystallization exper-
iments have euhedral tabular shapes, indicating a good
approach toward equilibrium texture for crystallization
at small degrees of undercooling. Some were found to be
hollow, however, and they may possibly represent alkali
feldspars that nucleated and grew at higher degrees of
undercooling, i.e., during the initial stages of the experi-
ment. However, these feldspars must have become chem-
ically indistinguishable from feldspars grown isothermal-
ly from a homogeneous hydrous melt because our
experimental durations were long enough for attainment
of the equilibrium Na-K distribution between alkali feld-
spar and melt (Johannes, 1985; Pichavant, 1987).

3. In the absence of direct experimental information
on the rates of dissolution of quartz and feldspars in hap-
logranitic melts in the range of 700-900 °C, it is difficult
to evaluate precisely the time required for dissolution of
crystals in our reversal experiments. Most authors agree,
however, that dissolution of crystals in melts is kineti-
cally controlled by diffusion of the components of the
crystals in the liquid (Watson, 1982; Donaldson, 1985;
Kuo and Kirkpatrick, 1985). Watson (1982) suggested
that dissolution of alkali feldspars in basaltic melts at
1200 °C is limited by the diffusivity of SiO, and possibly
ALQ,. If that is the case, that would imply a similar rate
of dissolution for quartz and feldspars in our experi-
ments. Given the small and homogeneous sizes of both
quartz and alkali feldspars produced in our experiments,
superheating problems are not expected during the re-
versals. Finally, we consider dissolution rates to be at
least as fast as growth rates (e.g., Kuo and Kirkpatrick,
1985). Yet, care was taken to keep the durations of the
two stages of the reversals approximately identical (Ta-
bles 3, 4, 6, 7).

The most conclusive evidence for a close approach to
equilibrium is the identity of products and phase com-
positions in crystallization and reversal experiments. Li-
quidus temperatures determined from both types of ex-
periments are in agreement (e.g., glass nos. 343, 3,33,,
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Fig. 9. CIPW normative composition of minimum points,
eutectic points, and rocks projected in the Qz-Or-Ab diagram.
(a) Diagram showing the progressive shift of the minimum and
eutectic point in the Qz-Ab-Or system with decreasing gy, from
1 (filled circle) to 0.50 (half-filled circle) to 0.25 (open circle) at
2 kbar and from 1 (filled triangle) to 0.60 (half-filled triangle) to
0.40 (open triangle) at 5 kbar. (b) Comparison between the ex-
perimental shift (this study; circles) and calculated shift (Nek-

Or60

vasil, 1988; dotted line) of the 2-kbar minimum composition
with decreasing @y,0. (¢) Comparison of the CIPW normative
compositions of selected subaluminous granitic rocks (filled and
open stars representing the early and late Bishop Tuff, respec-
tively; lined area representing the Bushveld Nebo granite) with
our experimental results at 2 and 5 kbar and under various ay,o.
See text for further discussion and data sources.

325, Table 4; glass no. 343, Table 6; glass nos. 3,3,3,,
334, 2,34, Table 7, among others; see the section on
liquidus temperatures, above). For a given melt compo-
sition, feldspars crystallized in either crystallization or
reversal experiments have Or contents within 2 mol%
(Tables 4, 6, 7). The general chemical homogeneity of the
alkali feldspars within one sample and the absence of
compositional zoning suggest a close approach toward
chemical equilibrium between melt and crystals in both
types of experiments. The only heterogeneous feldspar
compositions were encountered for starting compositions
with Ab/Or ratios close to 1 and liquidus temperatures
above the alkali feldspar solvus (see above and the ta-
bles). These may result from small compositional fluc-
tuations in the melt, inducing comparatively large effects
on the alkali feldspar composition because of the flat shape
of the solidus surface under these particular conditions.

Comparison with previous studies under
H,O-saturated conditions

Our 2-kbar data are in good agreement with those of
Tuttle and Bowen (1958). There is no difference within
error between the location of our quartz-feldspar cotectic,
the temperature, and composition of the minimum (Ta-
ble 12), on the one hand, and those given by Tuttle and
Bowen (1958) on the other. Some minor discrepancies
are apparent, however. For the quartz primary field, the
liquidus surface is steeper in Tuttle and Bowen (1958)
than in our study. This can be explained by differences

in experimental procedures: open capsules were used by
Tuttle and Bowen (1958) and change of the melt com-
position toward higher normative Qz probably occurred
in their experiments.

In contrast, our results at 5 kbar under H,O-saturated
conditions differ from those of Luth et al. (1964), es-
pecially in the position of the quartz-feldspar field bound-
ary. The boundary is richer by 2 wt% normative quartz
(on the Qz-Ab side) to 6 wt% normative quartz (on the
Qz-Or side) in our study than that in Luth et al. (1964).
Some compositions that are in the Qz field according to
Luth et al. (1964) lie in the Or field in this study (nos.
3,3,2,, 3;42,, Table 6). The new eutectic composition is
Qz,,0r,,Ab,, (Table 12) and is richer by 4 wt% normative
Qz than that given by Luth et al. (1964). It is worth noting
that the largest disagreement between the two data sets
is observed for compositions near the Qz-Or binary sys-
tem, which may be a consequence of the Na contami-
nation that affected the starting gels used by Luth et al.
(1964), as discussed by Luth (1976). Because of the dis-
placement of the three liquidus fields in the two studies,
isotherms are not directly comparable, especially if we
consider the suggestion of Luth (1976) to reduce by 10~
15 °C the liquidus temperatures of Luth et al. (1964).

Isobaric effect of H,O on liquidus phase relationships

The isobaric effect of H,O on liquidus phase relation-
ships can be evaluated by comparing the phase diagrams
obtained with decreasing X 1, (au,0) and the H,O content
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of the melt. The change in phase relations is similar at 2
and 5 kbar.

Reduction of the H,O content of the melt causes a rise
in the liquidus temperatures for all compositions studied.
However, this effect is more pronounced for composi-
tions near the Qz-Ab than the Qz-Or binary system (Fig.
8). Although this behavior was observed at both pres-
sures, the 2-kbar data allow a precise illustration of it.
For composition 3,425 (Or rich), when compared with
3,24, (Ab rich), the increase in liquidus temperatures rel-
ative to H,O-saturated conditions is 65 and 110 °C, re-
spectively, at X}, = 0.7 (Figs. 2, 3). This behavior is
also marked in the binary eutectic compositions (80 °C
for Qz-Or, 120 °C for Qz-Ab; Pichavant et al., 1992). The
temperature of the minimum liquidus composition also
rises by 120 °C under these conditions (Figs. 2, 3; Table
12). This effect diminishes progressively with a reduction
in X',0 (au,0), and the increase in liquidus temperatures
becomes smaller between Or- and Ab-rich compositions
(X6 = 0.5 at 120 °C for Qz-Or, at 160 °C for Qz-Ab,
and at 175 °C for the minimum liquidus composition;
Fig. 8; Table 12). In comparison, the 5-kbar minimum
liquidus temperatures are raised by 95 °C (X'}, = 0.85)
and 150 °C (X'}3,0 = 0.7). Taken as a whole, the 2- and
5-kbar ternary liquidus surfaces are lifted and shifted to-
ward the Qz-Or binary system. Concomitantly, they be-
come progressively flatter, as shown by the larger com-
positional interval between isotherms for the two most
H,O-undersaturated sections (Figs. 4, 7) and by the pro-
gressively less pronounced temperature well around the
minimum liquidus compositions. It is worth recalling that
the dry Qz-Or-Ab system at 1 atm has a very flat liquidus
surface and that the temperature decrease toward the
minimum along the cotectic is small (Schairer and Bow-
en, 1935; Schairer, 1950).

Since the increase in liquidus temperatures with de-
creasing X 1., is similar for compositions in the quartz
and the alkali feldspar primary fields, the position of the
cotectic line for a given pressure is not significantly dis-
placed in terms of its normative quartz content (see Pi-
chavant et al., 1992, for illustration in the Qz-Ab and
Qz-Or binary systems at 2 kbar). The minimum liquidus
compositions are displaced monotonically with decreas-
ing X, the direction of displacement being similar at
2 and 5 kbar. The magnitude of the observed shifts is not
directly comparable at the two pressures studied, because
the four H,O-undersaturated isobaric sections are deter-
mined for four different ay,,, (Table 11).

Compared with the compositional trend followed by
minima and eutectic points with decreasing PH,O (Tuttle
and Bowen, 1958; Luth et al., 1964; Luth, 1976), the
displacements with an isobaric decrease of a,,, are al-
most orthogonal. Note that two parameters (P and the
H,O content of melt) are varied simultaneously in the
former experiments (Tuttle and Bowen, 1958; Luth et al.,
1964; Luth, 1976). Pressure is known to have an impor-
tant intrinsic effect on phase relations under dry condi-
tions (Luth, 1969; Boettcher et al., 1984). On the other
hand, our data show the effect of changes in the H,O
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content of the melt only. The compositional variations
of the minimum liquidus temperature points found in
this study are of the same type demonstrated by Picha-
vant and Ramboz (1985) and Pichavant (1987) in the Qz-
Or-Ab-B,0, system at 1 kbar (i.e., a shift toward the Qz-
Or join at approximately constant normative Qz content
with decreasing a,,,). Changes in phase relations with
@y,0 of the same type as demonstrated in this study and
in Pichavant (1987) were also deduced geometrically by
Steiner et al. (1975). The phase diagram for a synthetic
granite composition at 8 kbar (Whitney, 1975) suggested
a displacement of the ternary eutectic toward the Qz-Or
join when reducing the H,O content of the melt. Huang
and Wyllie (1975) estimated the 5-kbar dry phase rela-
tions in the Qz-Or-Ab system, implying a change in phase
relations of the same type as demonstrated here.

Implications for aluminosilicate-H,O solution models

Nekvasil and Burnham (1987) calculated, using the re-
vised quasi-crystalline model of hydrous silicate melts
(Burnham and Nekvasil, 1986), both the liquidus phase
relations in the system Qz-Or-Ab at various pressures
and the H,O contents of the melt. Generally good agree-
ment between calculated and experimentally determined
liquidus phase relations was obtained for H,O-saturated
isobaric sections. However, the calculations predict a dis-
placement of the 2-kbar minimum liquidus composition
toward the Ab-Or join at approximately constant nor-
mative Or (Nekvasil, 1988; see also Fig. 9) with progres-
sive reduction in a,, and in the H,O content of the melt.
In particular, the normative Qz content of the calculated
minimum points vary strongly with a changing H,O con-
tent of the melt, in marked contrast to our experimental
results. As an attempt to solve this major discrepancy
between calculations (Nekvasil and Burnham, 1987) and
our experiments (Holtz et al., 1988; Pichavant et al., 1992;
and this paper), Nekvasil and Holloway (1989) conducted
a few select experiments. Their data at 5 kbar for a com-
position of Qz,, ;0r1,,Aby; ; and a,,, = 1 are in excellent
agreement with our phase diagram in terms of liquidus
temperatures, liquidus phases, and the position of field
boundaries. They confirm the necessity, demonstrated
here, to place the quartz-feldspar field boundary at higher
normative Qz contents than that drawn by Luth et al.
(1964). However the expansion of the quartz liquidus pri-
mary field with decreasing a,,,,, predicted by Nekvasil
and Burnham (1987), is not clearly demonstrated in the
study of Nekvasil and Holloway (1989).

The discrepancy between experimentally determined
phase relations (this work) and calculated phase relations
(Nekvasil and Burnham, 1987) may be sought first in our
experimental procedures. Qur experimental melt com-
positions straddle the boundary between peralkaline and
peraluminous compositions, but most are weakly peralu-
minous (Table 9). The presence of normative corundum
is known to have a small effect on phase relations in the
system Qz-Or-Ab (displacement of the cotectic toward
the Qz apex by approximately 3 wt% normative Qz in
melts saturated with respect to mullite; Holtz et al.,
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1992b). However, there is no systematic variation in the
normative corundum of our experimental glasses with
ay,o (Table 9). This rules out any influence of the pres-
ence of normative corundum on phase relations. Alter-
natively, all our H,O-undersaturated experiments were
carried out in the presence of CO, (whereas calculations
assume that no CO, is present). Our data show that the
solubility of CO, in our melt compositions is lower than
0.3 wt%. At these low concentrations, we consider the
effect of CO, on phase relations to be negligible.

A second possibility is that some assumptions made in
the calculations need to be critically reexamined. The alu-
minosilicate-H,O solution model of Burnham (1979), used
in the calculations of Burnham and Nekvasil (1986) and
Nekvasil and Burnham (1987), assumed equimolal iso-
thermal isobaric H,O solubilities in feldspar melts. In
contrast, McMillan and Holloway (1987), Holtz et al.
(1992a), and Pichavant et al. (1992) have, among others,
drawn attention to the compositional dependence of H,O
solubility in haplogranitic melts (see also Voigt et al.,
1981). For example, Holtz et al. (1992a) demonstrated
that H,O solubility depended on composition (Ab/Or ra-
tio) at 2 kbar and 800 °C. For cotectic compositions, H,O
solubilities are higher on the Ab-rich side than on the Or-
rich side by 15% (relative) (Holtz et al., 1992a). We con-
clude that all the recent H,O solubility data obtained for
quartz-feldspar melts disprove the validity of the as-
sumption made by Burnham (1979) concerning equi-
molal H,O solubilities in feldspar melts.

The compositional dependence of H,O solubility in
haplogranitic melts shown by Holtz et al. (1992a) implies
that H,O contents vary with melt composition in the ter-
nary phase diagram (see also Tuttle and Bowen, 1958, p.
54). Therefore, our calculated a,,,,, only apply to the com-
positions for which the melt H,O content was deter-
mined, i.e., for compositions close to the minimum. This
is an important conclusion that must be taken into ac-
count when using such phase diagrams for petrologic in-
terpretations (see below). In addition, the H,O solubility
data provide a simple rationale for the changes in phase
relations observed in this paper. Pichavant et al. (1992)
suggested that, for a given P, 7, and ay,,0, higher amounts
of molecular H,O are incorporated in Ab than in Or melts.
Therefore, Na-rich and K-rich units behave in a different
manner in response to changes in ay,o, thus explaining
the contrasting behavior observed between Ab-rich and
Or-rich compositions. A specific discussion of the exper-
imental results concerning H,O solubility mechanisms in
aluminosilicate melts can be found in Pichavant et al.
(1992).

PETROLOGIC APPLICATIONS

Both the H,O content of the melt and the pressure may
vary independently during the evolution of felsic mag-
mas. For example, quasi-isobaric H,O enrichment in the
melt may occur in magma chambers undergoing fraction-
al crystallization of anhydrous phases. Alternatively,
magmas may ascend with a constant H,O content of the
melt phase. The present experimental study gives insight
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to the effect of increasing the H,O content of the melt on
residual melt compositions. This study, coupled with the
studies of Luth (1969) and Boettcher et al. (1984) on the
effect of pressure, makes it possible to distinguish be-
tween the individual effects of P and H,O content of the
melt and to evaluate how the liquid line of descent is
affected by simultaneous variations of the two parame-
ters. Before applying the experimental data to natural sys-
tems, it should be noted that this discussion applies only
to granitic melt compositions in equilibrium with crys-
tallizing quartz and alkali feldspar (or alkali feldspar and
plagioclase) among other phases, a situation not neces-
sarily encountered in the crystallization history of all gra-
nitic rocks.

Although the principal conclusions of this paper re-
garding the effect of the H,O content of the melt on liqui-
dus phase relations are of interest for all types of granites,
the experimental results must be applied with caution. A
serious problem (apart from obvious troubles arising from
late magmatic or deuteric alteration processes) is that
granites may well not be representative of their parent
melt compositions. Some may contain a significant
amount of restite and others may have experienced me-
chanical fractionation between crystals and liquid, lead-
ing to rocks with chemical signatures of cumulates. This
is a serious difficulty in the application of liquidus dia-
grams to the interpretation of granite petrogenesis. Note
that the problem is not totally eliminated for all volcanic
rocks (ignimbrites or ash-flow tuffs) because of the pos-
sibility of mechanical separation between the vitric frac-
tion and phenocrysts during eruption or in the magma
chamber.

Two examples have been selected for detailed discus-
sion: (1) the Bishop Tuff from California (Hildreth, 1979)
and (2) the Bushveld Nebo granite (Kleeman and Twist,
1989). On the basis of a detailed petrographical and geo-
chemical study, Hildreth (1979) demonstrated a change
in the major- and trace-element composition between
early, H,O-rich Bishop Tuff volcanic units (up to more
than 6 wt% H,O, Hildreth, 1979; Anderson et al., 1989)
and late, less H,O-rich ones (3 wt% H,O, Hildreth, 1979;
Anderson et al., 1989; see also Dunbar and Hervig, 1990).
This compositional stratification of the magma chamber
was attributed by Hildreth (1979) to a convection-driven
thermogravitational fractionation process. When plotted
on a Qz-Or-Ab diagram (Fig. 9), the representative com-
positions of the early and late units (bulk rock analyses)
define a trend of decreasing normative Or at an approx-
imately constant Qz-Ab ratio. As noted by Hildreth (1979,
p. 55), this trend is unrelated to modal phenocryst con-
tent, and it diverges from the trend of H,O-saturated
minima and eutectics (e.g., Tuttle and Bowen, 1958; Luth
et al., 1964). However, it is similar to the trend experi-
mentally determined in this study for progressively H,O-
rich residual liquid compositions. The somewhat oblique
direction of the natural rock trend compared with our
isobaric data may reflect a pressure decrease from the
early to the late unit (Anderson et al., 1989). Thus, the
compositional variation between the early and late Bish-
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op Tuff units can be simply attributed to nearly isobaric
crystal fractionation of quartz and feldspar phases in a
magma that becomes progressively enriched in H,O. This
conclusion is consistent with the estimations of 7" and
H,O contents of the melt for the two units (Hildreth,
1979). Note that the pressure of around 2 kbar or slightly
higher, suggested on the basis of our experimental data
for the depth of the Bishop Tuff magma chamber, is in
excellent agreement with other estimates (e.g., Anderson
et al., 1989).

In contrast, the Bushveld Nebo granite, considered as
a typical A-type hypersolvus granite (Kleeman and Twist,
1989) defines a trend almost perpendicular to that of the
Bishop Tuff (Fig. 9). It is characterized by an evolution
at approximately constant normative Or, with the most
chemically fractionated granite types being the richest in
normative Qz. All samples are richer in normative Or
than the H,O-saturated minimum compositions, sug-
gesting relatively dry magmatic conditions. Indeed, the
H,O content of the melt was estimated to be around 2.2
wt% by Kleeman and Twist (1989). The major-element
composition of the Nebo granite is consistent with a pro-
tracted evolution of residual liquids at decreasing pres-
sure. From the plot in Figure 9 (orthogonal to the isobaric
effect of a,,,) the Nebo granite magma seems to have
evolved with roughly constant H,O in the melt.

It is worth noting that the evolution discussed here for
the Nebo granite is close to that shown by the 156 alu-
mina-undersaturated plutonic rocks selected by Luth et
al. (1964) from Washington (1917). These have norma-
tive compositions systematically shifted toward the Qz-Or
sideline, when compared to H,O-saturated minima and
eutectics (see Fig. 7 in Luth et al., 1964). Some of these
rocks have chemical compositions corresponding to hy-
persolvus or A-type granites, and it is therefore likely that
their normative compositions reflect H,O-undersaturated
rather than H,O-saturated residual granitic melt com-
positions.
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