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Abstract Liquidus phase relations have been deter-
mined in the system Qz-Ab-Or-H,O at H,O-undersat-
urated conditions (melt water content of 1 wt% H,O)
in the pressure range 200-800 MPa. Starting materials
were homogeneous synthetic glasses containing 1 wt%
H,0. The minimum liquidus temperatures of the ter-
nary system Qz-Ab-Or are 925+15 °C at 200 MPa,
990+ 10 °C at 500 MPa, and 1,050+ 10 °C at 800 MPa.
The normative Qz content of the minimum is 34 +2%
at 200 MPa (the exact Ab/Or ratio could not be
determined). The composition of the minimum is
QZ32Ab350r33 at 500 MPa, and QZ29Ab37OI'34 at
800 MPa (Qz/Ab/Or expressed as normative propor-
tions). At a given pressure, the Qz content of the
minimum composition in the system Qz-Ab-Or-H,O
remains constant with changing ay»,o. The Qz content
of the minimum composition increases with decreasing
pressure and the normative Ab/Or ratio remains ap-
proximately constant (for a water content of the melt of
1 wt%). The determined liquidus temperatures in eu-
tectic or minimum melts with 1 wt% H-O, and the
effect of pressure on the liquidus temperature are higher
than estimated previously (ca. +0.2 °C/MPa between
200 and 800 MPa instead of less than +0.1 °C/MPa in
previous estimations). Thus, at a given pressure, tem-
perature and water content, the melt productivity in
quartzofeldspathic rocks (such as metagreywackes) is
lower than predicted from previous models. The
experimental results show (1) that adiabatic decom-
pression in the quartz-alkali feldspar system containing
0-3 wt% H,O produces more melt than expected,
which is of importance for the evolution of ascending
dacitic and rhyolitic magmas, and (2) that previously
published dry liquidus temperatures are strongly
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underestimated at high pressure (approximately 75 °C
at 500 MPa).

Introduction

The quaternary system SiO,-NaAlSi;Og-AlSiz;Og-H,O
(Qz-Ab-Or-H,0) has received a great deal of attention
from experimental petrologists over the last century.
Much of this attention has been due to the interest
generated by the fundamental studies of Schairer and
Bowen (e.g., 1935), and Tuttle and Bowen (1958). The
understanding of hydrous granite systems has achieved
significant progress with the experimental results of
Tuttle and Bowen (1958). Following this pioneering
work, an impressive amount of studies have been un-
dertaken to understand the effect of water on granite
and quartz-feldspar phase relations (see reviews in Luth
1976; Johannes and Holtz 1996). However, the solubility
mechanisms of water in granitic melts are still under
debate (see reviews in McMillan 1994; Kohn 2000), and
the most popular thermodynamic model for hydrous
granitic systems (Burnham 1979) does not predict ac-
curately the evolution of minimum compositions, water
contents of melts and liquidus phase relationships as a
function of water activity at pressures above 200 to
300 MPa (e.g., Montel and Vielzeuf 1997; Becker et al.
1998; Tamic et al. 2001).

Most experimental results on liquidus phase relations
in the granite system Qz-Ab-Or (Qz=Si0,; Ab=Na-
AlSizOg; Or=KAISi;Og) are obtained for “dry” and
water-saturated conditions (e.g., dry compositions:
Schairer and Bowen 1935; Schairer 1950; Luth 1969;
water-saturated conditions: Tuttle and Bowen 1958;
Luth et al. 1964; Merrill et al. 1970; Steiner et al. 1975).
There have been several attempts to determine the “dry”
solidus temperatures in the system Qz-Ab-Or (e.g., Hu-
ang and Wyllie 1975; Keppler 1989; Ebadi and Johannes
1991), but the dry minimum or eutectic melt composi-
tions of the ternary system Qz-Ab-Or are not known at
high pressures. Early experiments have shown that
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equilibrium liquidus temperatures at dry conditions are
difficult to obtain as a result of the high polymerization
of dry melts. At one bar, Schairer and Bowen (1935) did
not reach equilibrium in quartz-alkali feldspar compo-
sitions even in very long runs (up to 5 years). However,
minimum melt or eutectic compositions in hydrous and
anhydrous systems are key data needed for any further
thermodynamic calculations (see, for example, Blencoe
1992; Holland and Powell 1998; Kirschen and Pichavant
2001).

One possible way to examine the effect of water on
phase relations is to perform experiments at water-
undersaturated conditions, with water contents which
are high enough to allow equilibrium conditions to be
reached (e.g., Clemens and Wall 1981). Such liquidus
phase relations have been determined by Pichavant
(1987), Holtz et al. (1992), and Pichavant et al. (1992)
in the system Qz-Ab-Or-H,O-CO,. However, the
extrapolation to almost ““dry” conditions remained
difficult because of the relatively high water contents in
the investigated systems (>2 wt% H,0). Becker et al.
(1998) worked out the liquidus phase relations at
500 MPa and ap,0~0.07 (1 wt% H>O in the melt), and
their results suggest that the liquidus temperatures in
water-poor systems are significantly shifted to higher
temperatures when compared with previous estima-
tions. In this study, phase relations in the haplogranitic
system containing 1 wt% H,O have been determined at
200 and 800 MPa. The results, combined with those at
500 MPa, are used to constrain the liquidus curves
for minimum melt compositions at dry and strongly
water-undersaturated conditions. This, in turn, is of
importance for the calculation of the evolution of melt
fractions in granitic systems as a function of P, T and
water content.

Starting materials, experimental
and analytical apparatus

The preparation of the starting material, the experimental appa-
ratus, and the analytical techniques that have been used are
described in detail by Becker et al. (1998). Only the most important
points are summarized in this section.

The starting materials for the investigation of liquidus tem-
peratures were crushed glasses (size <200 um) containing 1 wt%
H,O. For the realization of the experiments, the glass powders were
placed into platinum capsules sealed at both ends. The synthesis of
these hydrous glasses was conducted in three steps: (1) a mixture of
oxides (SiO,, Al,O3) and carbonates (Na,CO3, K,CO3) was heated
at 1,600 °C for 24 h in a box furnace to produce dry glass batches of
approximately 30 g; (2) these glasses were stirred at 1,600 °C for
5 days to obtain homogeneous crystal-free glasses; (3) mixtures of
equal amounts of glass fragments with grain sizes of approximately
500 and 200 pm were sealed together with 1 wt% H,O in Pt cap-
sules, and subsequently heated in a gas-pressure vessel at 1,200 °C
and 500 MPa for 120 h to produce a homogeneous hydrous glass.
No particular care was taken to avoid an alkali loss during the
stirring of the melt at 1,600 °C (step 2). Microprobe analyses
showed that there were no concentration profiles along the syn-
thesized dry glass blocks after step 2. The microprobe analyses of
the 12 dry compositions are given in Table 1. The compositions do
not depart significantly from the Qz-Ab-Or system, and have less

Table 1 Microprobe analysis and CIPW norms of dry starting glasses (average of at least eight analyses). The water content of the glasses after the hydration experiments is also given

(KFT determined by Karl-Fischer titration, /R determined by infrared spectroscopy)
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than 0.6% normative corundum or metasilicate. The water
contents of all glasses were determined by Karl Fischer titration
(KFT; see analytical details in Behrens et al. 1996) and are given in
Table 1. The distribution of water in five glass cylinders was also
investigated by IR spectroscopy. The determined water contents
are in agreement with KFT determinations, and water is distrib-
uted homogeneously in the samples (several sections along the glass
cylinders show a variation in water content of less than 0.02 wt%
H,0).

The experiments were performed in a vertically oriented, in-
ternally heated gas-pressure vessel. The temperature gradients
along the 10-mm-long platinum capsules are less than 2 °C (four K-
type thermocouples were used). The temperature accuracy is esti-
mated to be £5 °C. Pressure was measured using a tensile strength
barometer with an accuracy of + 100 bar. Heating and quenching
were performed isobarically.

Experimental products were analyzed optically for the presence
of quartz and/or feldspar crystals. Chemical compositions of
minerals and melts were determined with a Camebax electron
microprobe. Analytical conditions were 15 kV, 18 nA. Counting
times for Na and K were 5 s for minerals, and 2 s for glasses.
Counting times for Si and Al were 10 s for minerals, and 5 s for
glasses.

Experimental procedure and reaction kinetics

The realization of experiments in almost dry granitic systems is
notoriously difficult because strong undercooling may occur. To
ensure that near-equilibrium conditions are reached at the inves-
tigated conditions (1 wt% water in the system), Becker et al. (1998)
conducted several kinetic investigations. They tested (1) the influ-
ence of the grain size of the starting material, (2) the effect of the
temperature path on nucleation and undercooling, and (3) the time
needed to attain near-equilibrium compositions of the run prod-
ucts. The results support the experimental approach used by Pi-
chavant (1987), and confirm that equilibrium liquidus temperatures
are best approached in crystallization experiments using crushed
glasses as starting materials which are directly brought to the run
temperature. However, in contrast to Pichavant (1987), the exper-
iments of Becker et al. (1998) and in this study were performed with
hydrated glasses, and no H,O-CO, fluid phase was coexsiting with
the aluminosilicate phases (melt, or melt and crystals). A run du-
ration of more than 168 h was found to be long enough to deter-
mine the liquidus temperature (for experimental and analytical
results of kinetic studies, see Becker et al. 1998).
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In addition to kinetic studies, the liquidus temperatures de-
termined by Becker et al. (1998) were bracketed by crystallization
and dissolution experiments for some key compositions (a detailed
description of the procedure for dissolution experiments is given
by Becker et al. 1998; see also Pichavant 1987). In crystallization
experiments, the hydrated crushed starting glass is brought directly
to the experimental temperature for 168 h. In these experiments,
the experimental temperature is attained within 20 to 40 min. In
dissolution experiments, samples were first brought 10-20 °C be-
low the temperature of “first” crystallization (determined from
crystallization experiments) for 72 h. Two capsules were always
run simultaneously for this first step, one being opened to check
for the presence of crystals. The second capsule was not opened,
and was again heated up to a temperature 10 or 20 °C above the
temperature of “first” crystallization and held here for 96 h.
Becker et al. (1998) showed that the dissolution experiments
confirmed the liquidus temperatures determined from crystalliza-
tion experiments within a temperature interval of 10 °C in quar-
tzofeldspathic melts containing 1 wt% H,O. Thus, in this study
the realization of dissolution experiments, which is more time
consuming and which requires twice as many Pt capsules, was not
performed systematically. In one experiment at 800 MPa with
composition Qzyg0Abse30r357, the liquidus temperature between
1,060 and 1,040 °C could be reproduced with a dissolution
experiment (run 642; see below). Because of the temperature steps
chosen in this study, the liquidus temperatures are only bracketed
within 20 °C.

Results

Experimental products consisted of glass or glass and
crystals (crystals: quartz and alkali feldspars). The re-
sults of crystallization experiments performed with
crushed hydrous starting materials and relevant for the
determination of liquidus temperatures are given in
Tables 2 and 3 (results at 200 and 800 MPa, respec-
tively). For temperatures which are 10-20 °C below the
liquidus temperature, feldspars are “tabular” and
quartz shows the typical bipyramidal shape (for typical
products, see Figs. 6 and 7 in Becker et al. 1998). The
run product of the dissolution experiment (run 642 in
Table 3) consisted of glass only. The phase relationships

Table 2 Experimental results at 200 MPa, 1 wt% H,O in the system Qz-Ab-Or-H,O (g/ Glass, fsp Feldspar, gzz Quartz)

Experiment no. Starting glass (Or/Or+ Ab)100 Temperature Run duration Products
(°C) (h) (Observed phases)

672 QZ]8_5Ab4x_0()Or33_3 40.9 960 96 fSp + gl

678 980 96 gl

668 Q220A5Ab30_20r48,9 61.8 960 96 fSp + gl

677 980 96 gl

697 Q229A6Ab42<00r28'1 40.1 920 120 fSp + th + gl

706 940 120 fsp+gl

716 960 120 gl

710 Qz32A3Ab35‘8Or31‘8 47.0 940 120 fSp+g1

717 960 120 gl

696 QZ3048A26.6OI'4244 61.4 920 120 fSp + th + gl

707 940 120 fsp+gl

714 960 120 gl

694 QZngoAb36‘3OI'35‘7 49.6 920 120 fSp + th + gl

705 940 120 fsp+gl

712 960 120 gl

702 QZ36A1Ab31A3OI‘32‘6 51.1 920 120 fSp + th+ gl

711 940 120 fsp + gl

718 960 120 gl
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Table 3 Experimental results at 800 MPa, 1 wt% H,O in the
system Qz-Ab-Or-H,O (all runs are crystallization experiments

dissolution) reverse experiment; run 641 is a control experiment to
check the phase assemblage obtained after the first step of run 642;

except run 642 which is a two-step (crystallization followed by g/ Glass, fsp Feldspar, ¢tz Quartz)

Experiment no.  Starting glass (Or/Or+ Ab)100 Temperature Run duration Products Or in alk. fsp
(°O) (h) (Observed phases) (wt%)

625 Q215 sAbag 0001335 40.9 1,060 168 fsp+ gl 34.7

610 1,080 168 gl

611 QZ]g'7Ab39.70r4|‘5 51.1 1,080 168 fSp+g1 52.1

651 1,100 168 gl

612 Q720 5Abs0Orag9  61.8 1,080 168 fsp+gl 68.4

652 1,100 168 gl

618 QZzg_(,Ab42_oor28_1 40.1 1 ,060 172 fSp + th + gl 29.8

613 1,080 168 gl

629 Qz33AbssOrar s 47.0 1,060 168 fsp+qtz+el 402

630 1,080 120 g

604 QZzg'OAb36‘3O[’35A7 49.6 1,040 168 fSp+ th+ gl 50.5

619 1,060 172 gl

641 1,020 72 fsp+qtz+gl

642 Crys. 1,020—1,060 7296 gl

—Diss

620 Q230,8A26A60r42,4 61.4 1,060 172 fSp + qtz + gl 67.55

615 1,080 168 gl

663 QZ3(,'1Ab31.3Or324(, S51.1 1,140 168 th+g1

658 1,160 168 gl

664 QZ3g»6Ab36_2Or25_1 48.9 1,200 168 qtz + gl

665 QZ41'1Ab22.20r36‘2 61.0 1,200 168 th+g1

of the ternary system Qz-Ab-Or at 200 and 800 MPa
are shown in Figs. 1 and 2, respectively. The isotherms
are fixed by results of crystallization experiments with
either quartz or feldspar coexisting with the melt
(Tables 2 and 3), and by the composition of these

Qz

0,100

200 MPa
1 wt% H,0

100
0 20 40 60 80
Ab

Fig. 1 Triangular diagram showing liquidus phase relationship of
the system Qz-Ab-Or-H,O at 200 MPa (1 wt% H,O in the melt),
projected onto the anhydrous system Qz-Ab-Or. Open circles
Composition of the starting glasses. Dotted line Projected cotectic
curve. Continuous section along dotted line Most probable compo-
sitional range of the minimum composition. Continuous lines
labeled 950 and 970 Isotherms (in °C) on the liquidus surface.
Closed triangle Water-saturated minimum at 200 MPa (Tuttle and
Bowen 1958; see data in Table 5)

phases at 800 MPa (see Table 4 for compositions of
feldspars and glasses).

At 200 MPa, the crystals were too small to be
analyzed, and only qualitative information could be
obtained from the microprobe analyses. However, the

Qz

0, 100

800 MPa
1 wit% Hzo

Fig. 2 Triangular diagram showing liquidus phase relationship of
the system Qz-Ab-Or-H,O at 800 MPa (1 wt% H,O in the melt).
Open circles Composition of the starting glasses. Closed circles
Compositions of melts connected by conjugation lines with
coexisting quartz and feldspar. Open squares Feldspar composition
for the three phase assemblages. Thick line Projected cotectic curve.
Lines labeled 1060, 1080, etc. Isotherms (in °C) on the liquidus
surface. The anhydrous composition of the minimum shown by the
triangle is Qzy9Ab370r34
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Table 4 Microprobe analysis of glasses (melts) and coexisting alkali feldspars obtained from crystallization experiments in the system
Qz-Ab-Or-H,»O (averages of at least eight analyses; structural formulae on the basis of eight oxygen atoms) at 800 MPa

Experiment no. 625 611 612 618 629 604 620 663 664 665
Temperature (°C) 1,060 1,080 1,080 1,060 1,060 1,040 1,060 1,140 1,200 1,200
Composition of partial melts
SiO, 74.01 72.84 73.57 75.77 75.23 75.22 74.15 78.06 74.86 78.92
AlLO; 14.28 14.20 13.66 13.47 13.02 13.45 13.89 12.29 13.53 11.40
Na,O 5.03 4.53 3.93 4.85 4.57 4.11 4.63 3.97 4.45 2.96
K,O 5.33 6.08 6.88 5.05 5.45 5.68 5.78 5.58 5.73 6.15
Total 98.65 97.65 98.04 99.13 98.27 98.46 98.45 99.91 98.57 99.42
Qz 24.66 23.83 25.62 28.49 29.47 30.04 31.36 34.47 37.75 38.76
Ab 43.15 39.21 32.60 41.39 37.27 35.34 31.54 32.16 37.68 24.53
Or 31.96 36.78 41.47 30.08 32.79 34.07 36.95 33.03 24.27 36.54
C 0.23 0.18 0.00 0.03 0.00 0.55 0.00 0.00 0.29 0.00
Na$S 0.00 0.00 0.30 0.00 0.48 0.00 0.15 0.34 0.00 0.16
KS 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 000
Composition of alkali feldspars
SiO, 68.34 67.19 66.35 68.27 68.38 68.44 67.86
AlLO; 18.70 18.52 18.15 19.39 18.30 17.99 18.46
Na,O 7.39 5.53 3.60 8.17 6.57 5.54 5.97
K,O 5.63 8.60 11.13 4.97 6.33 8.10 7.63
Total 100.07 99.84 99.22 100.80 99.59 100.07 99.92
Si 3.03 3.02 3.03 3.00 3.05 3.05 3.03
Al 0.98 0.98 0.98 1.00 0.96 0.95 0.97
Na 0.66 0.50 0.33 0.72 0.59 0.50 0.54
K 0.32 0.49 0.65 0.28 0.36 0.46 0.44

presence or absence of quartz and feldspars could be
clearly confirmed by optical techniques. Back-scattered
electron images showed that the nucleation of minerals
mostly occurred at the boundaries of the former glass
grains. Because of the low amounts of crystals, which is
probably related to nucleation and kinetic problems
(crystal growth rate) at low pressure, the glass compo-
sition did not change significantly in experimental
products containing crystals. Thus, the composition of
the minimum at 200 MPa is only constrained by the
observed mineral assemblage and the liquidus tempera-
tures of the investigated bulk compositions, but not by
the compositions of the experimental products. Because
several starting compositions close to that of the pre-
sumed minimum were used, the position of the cotectic
line and the Qz content of the minimum are relatively
well constrained. The phase diagram in Fig. 1, resulting
from the data in Table 2, shows that the cotectic line lies
between the compositions Qzszs1Abs;30r3,6 and
Qz3,3Ab3550r3; 3. Thus, the normative Qz content of
the minimum composition is 34 +2 wt%. All three phase
assemblages were found to occur in the temperature
interval 940-920 °C, and the minimum liquidus tem-
perature was estimated to be 925+ 15 °C. It has to be
noted that this temperature is a minimum temperature
because the liquidus temperature would be higher if
undercooling occurred in the 200-MPa experiments (see
nucleation problems mentioned above). The Ab/Or ratio
of the minimum composition is difficult to determine
because the feldspar phases in the ternary assemblages
were too small to be analyzed. As a result, the conju-
gation lines which are helpful to constrain the minimum
composition could not be drawn. The possible compo-

sitional range in which the minimum composition must
be located is marked in Fig. 1 (part of the cotectic line
marked by a continuous line). For comparison, the
water-saturated minimum composition has also been
reported (closed triangle in Fig. 1).

At 800 MPa, the sizes of the feldspar crystals were 3—
50 um, and those of quartz were <5 um. Eight to ten
crystals were analyzed in experimental products con-
taining feldspars. As expected, the compositions of the
glasses coexisting with quartz or feldspar (Table 4) are
always shifted toward the composition of the cotectic
line. In four crystallization experiments, quartz and al-
kali feldspar coexist with the melt (Table 3). The com-
position of these melts and the corresponding
temperatures are used to constrain the position of the
cotectic line (see triangles connecting the compositions
of feldspar, quartz and glass in Fig. 2). The position of
the cotectic line at 800 MPa is well constrained by these
four experiments (Table 3, runs 618, 629, 604, 620). The
composition of the minimum is tightly constrained by
two melt compositions (from runs 604 and 629). The
composition and temperature of the ternary minimum is
Qz,9Ab370r34 (normative proportions) and 1,050 £ 10 °C
(1 wt% H,0 in the system).

Discussion

Individual effects of P and water activity
on minimum composition

The data available in the literature on the compositions
and temperatures of minima determined at various
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Table 5 Composition (norma-

tive proportions), temperature Pressure  Normative Oz-Ab-Or  Water content  Temperature Source of data® Remarks
at the liquidus, and water (MPa) (Wt%) Q)
content of the minimum and
eutectic points in the system 200 35/39/26 n.d. 685 1 Wat.-sat.
SR W SR
determined, wat.-sat. water- : > 2
saturated conditions, CO, 200 35/34)31 2.3 830 2, 3 CO?
water-undersaturated condi- 200 34/n.d./n.d. 1.0 925 This study Fluid-absent
tions with a H-0-CO- fluid 500 31/47/22 9.9 645 2,3 Wat.-sat.
o 2 2 500 32/43)25 5.9 735 2,3 CO,
P 500 32/40/28 4.3 790 2,3 CO,
500 32/35/33 1.0 990 Fluid-absent
800 29/37/34 1.0 1,050 This study Fluid-absent

“Data sources are / Tuttle and Bowen (1958), 2 Holtz et al. (1992), 3 Holtz et al. (1995), 4 Becker et al.

(1998) and this study

water activities and at 200, 500 and 800 MPa are
summarized in Table 5. At 200 and 500 MPa, the Qz
content of the minimum determined for 1 wt% H,O in
the melt is practically identical to that determined at the
same pressures for water-saturated and water-under-
saturated conditions (Tuttle and Bowen 1958; Holtz
et al. 1992). The Ab/Or ratio of the minimum decreases
with decreasing water content of the melt, in agreement
with previous studies (e.g., Pichavant 1987; Holtz et al.
1992; Becker et al. 1998). Data at 800 MPa are only
available for 1 wt% H,O in the system, and the effect of
water activity can not be determined clearly at this
pressure.

The data at 500 and 800 MPa allow us to estimate the
effect of increasing pressure on the composition of
the minimum at a constant water content of the melt.
The Qz content of the minimum composition decreases
at approximately constant Ab/Or ratio with increasing
pressure.

In most experiments performed at water-undersatu-
rated conditions, a C-H-O fluid phase was used to re-
duce the water activity (e.g., Kesson and Holloway 1974;
Clemens and Wall 1981; Pichavant 1987; Ebadi and
Johannes 1991; Holtz et al. 1992; Pichavant et al. 1992).
All these experiments were carried out at relatively oxi-
dizing conditions, and the fluid phase is mainly com-
posed of CO, and H,O. It has been suggested that the
effect of water on liquidus phase relationships described
by Holtz et al. (1992) and Pichavant et al. (1992) in the
quartzofeldspathic system may result from the combined
effects of decreasing H,O and increasing CO, contents
of the melt (Nekvasil and Carroll 1996), and that CO,
may play an independent part in the modification of
phase equilibria. The comparison of results obtained for
a CO,-free system in this study with the results obtained
by Holtz et al. (1992) in CO,-bearing systems demon-
strates that CO, dissolved in quartzofeldspathic melts at
200 and 500 MPa does not measurably affect the phase
relationships. It is emphasized that, at the conditions at
which the experiments were performed, the stable C-
bearing species which is dissolved in granitic or quar-
tzofeldspathic melts is molecular CO, (e.g., Blank et al.
1993; Blank and Brooker 1994; Tamic et al. 2001), and

that the solubility remains low (maximal solubility is less
than 2,500 ppm at 500 MPa; Fogel and Rutherford
1990; Tamic et al. 2001).

Liquidus curve for 1 wt% water and “dry” liquidus
curve

The experimental results can be used to constrain the
liquidus P-T conditions for minimum or eutectic com-
positions containing 1 wt% H,O. The liquidus curve for
1 wt% H,O is shown in Fig. 3 and is constrained by the
experimental data at 200, 500 and 800 MPa and by
water solubility data obtained at very low pressure for a
rhyolitic melt (Yamashita 1999). Although this natural
rhyolitic composition is not identical to the minimum
composition at low pressure in the quartzofeldspathic
system, a difference in water solubility between the
rhyolitic and minimum quartzofeldspathic compositions
of more than 5% relative is not expected (Behrens and
Jantos 2001). Using the experimental results constrain-
ing the temperature of the water-saturated solidus curve
(Ebadi and Johannes 1991) and the water solubility at
low pressure (Yamashita 1999), a water solubility of
1 wt% H,O along the water-saturated solidus curve is
obtained at approximately 12 MPa and 875 °C.

Figure 3 shows that the neither the slope nor the
location of the liquidus curve for 1 wt% H,O can be
reconciled with previous data obtained at dry condi-
tions. For example, the minimum temperature at
500 MPa for a water content of the melt of 1 wt% H,O
(990 £ 10 °C) is very close or identical to that obtained at
“nominally dry” conditions (1,010 °C in Huang and
Whyllie 1975; 1,000 °C in Ebadi and Johannes 1991). The
liquidus temperature at 800 MPa for 1 wt% H,O in the
melt is even 10 °C higher than the “nominally dry”
liquidus determined previously. As demonstrated by
Becker et al. (1998), this discrepancy results from the
presence of minor amounts of water in the experimental
charges in the experiments at “nominally dry” condi-
tions, which can have dramatic effects on the estimation
of liquidus temperatures. The previous “dry” liquidus
curve was constrained by solidus experiments. In such
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Fig. 3 Water-saturated solidus curve and liquidus curves for 1 and
0 wt% H,O in the system Qz-Ab-Or. Continuous line Liquidus
curve for 1 wt% H,O determined in this study (at 200, 500,
800 MPa) and from water-solubility data of Yamashita (1999; cf.
open circles on the water-saturated solidus curve). Dotted line
“Dry” solidus curve from Huang and Wyllie (1975) which
corresponds also to the “dry” liquidus curve for the minimum
composition. Dashed line Estimated new dry solidus curve and
liquidus curve for the minimum composition (for further explana-
tion, see text)

experiments, the starting material was an assemblage of
quartz and feldspars. Run products in which melt was
detected were used to bracket the dry solidus curve,
which represents also the liquidus curve if the initial
mineral assemblage corresponds to the minimum com-
position. In such “nominally dry” solidus experiments,
the presence of very small amounts of free interstitial
water will lead to the formation of melt, which can result
in an underestimation of the dry solidus and liquidus
temperature. In addition, these solidus experiments were
performed with a piston cylinder apparatus. In such an
apparatus with solid pressure media, it has recently been
shown that water can move from the solid pressure
medium through platinum noble-metal capsules into the
sample (Patino Douce and Beard 1994; Truckenbrodt
and Johannes 1999), which may also influence the
determined solidus temperatures, especially at tempera-
tures above 1,050 °C.

It is therefore concluded that the position and slope
of the liquidus curve for dry conditions needs to re-
considered. Although this curve is not interesting for
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geologically relevant conditions, it gives boundary
conditions needed to be known for thermodynamic or
empirical modeling (e.g., Margules approach, models
involving non-ideal mixing properties). A possible
location of the dry liquidus curve in the P-T field is
shown in Fig. 3. This new dry liquidus curve has been
constrained from the evolution of the temperature of the
liquidus (for minimum or eutectic compositions) with
decreasing water content of the melt (decreasing water
activity) at 500 and 200 MPa (see Fig. 4). Two different
and independent data sets have been used to draw the
two curves in Fig. 4: (1) the liquidus phase relationships
in the haplogranitic system for given water content of
the melt (Holtz et al. 1992, and this study; see data in
Table 5), and (2) the combination of water-solubility
data and solidus temperatures obtained for systems in
equilibrium with C-H-O fluid phases. In the latter case
the water solubility in the silicate melt for a given XH,O
in the fluid has been calculated at the solidus tempera-
ture of a quartzofeldspathic assemblage coexisting with
a fluid having the same XH,O. The solidus temperature
and the calculated melt water content correspond to
those of the minimum composition for a given water
activity constrained by the XH,O of the fluid. The wa-
ter-solubility model of Tamic et al. (2001) for natural
rhyolitic melts coexisting with H,O-CO, fluids, and the
solidus temperatures for the quartzofeldspathic system
determined at 200 MPa (XH,O=0.08 and 0.26) and
500 MPa (XH,O=0.06 and 0.22) by Ebadi and Johan-
nes (1991) have been used, the corresponding H,O

10
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4L 200MPa

H,0 in melt [wt%)]
(o)

1000 1100

minimum / eutectic temperature [°C]

Fig. 4 Diagram showing the evolution of the minimum tempera-
tures in the system Qz-Ab-Or-H,O at 200 and 500 MPa as a
function of the water content of the melt. Shaded circles, open
circles, closed circles Experimental data obtained from liquidus
phase relationships in the system Qz-Ab-Or at water-saturated
conditions, moderately water-undersaturated conditions (Holtz
et al. 1992), and strongly water-undersaturated conditions (with
1 wt% H,O, this study), respectively. Triangles Data calculated
using the solidus curves and the water-solubility values for known
XH,0 (see text). The curves have been used to estimate the
temperature of the dry liquidus in this system (squares)
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content/temperature combinations being indicated by
triangles in Fig. 4. The water content of the melt at
water-saturated conditions and at the water-saturated
solidus temperature (shaded circles in Fig. 4) are from
Holtz et al. (1995). The extrapolation of the curves in
Fig. 4 toward a water content of the melt of 0 wt% (by
an empirical “best fit”’) allows us to estimate the dry
liquidus temperature to be approximately 1,005 and
1,065 °C at 200 and 500 MPa, respectively. It can be
noted that these temperatures are probably minimum
temperatures, because this extrapolation is not expected
to overestimate the dry liquidus temperature — it is well
known that the effect of water on phase relations and
physical properties of aluminosilicate melts is nonlinear
and more pronounced at lower water content of the
melt. The dry liquidus curve in Fig. 3 was drawn as-
suming a linear fit between the dry liquidus temperature
of 960 °C at 1 bar (Tuttle and Bowen 1958), and the
estimated dry liquidus temperatures of 1,005 and
1,065 °C at 200 and 500 MPa, respectively.

Liquidus curves for a given amount of water
in the system (for minimum and eutectic
quartzofeldspathic compositions)

The new positions of the liquidus curves for 1 wt%
water and for dry conditions determined in this study
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Fig. 5 Water-saturated solidus curve and liquidus curves for given
amounts of H,O in the system Qz-Ab-Or-H,O. Continuous lines
New liquidus curves determined in this study. Dotted line Liquidus
curve for melts containing 2 wt% H,O from the model of Clemens
and Vielzeuf (1987). Dashed line Liquidus curve for quartzofelds-
pathic compositions containing 2 wt% H,O published by Johannes
and Holtz (1996). The liquidus curves indicate the minimum water
contents which need to be dissolved in melts having a minimum or
eutectic composition at given P and T. For example, a quartzo-
feldspathic minimum composition containing 3 wt% water or more
will be completely melted at 920 °C and 800 MPa. If 1 wt% water is
present in the system at the same P-T conditions, the stable
assemblage will be composed of 33.33 wt% melt containing 3 wt%
H,0 and 66.67 wt% anhydrous crystals

allow us to draw a new set of liquidus curves for given
amounts of water in the melt (Fig. 5). It is emphasized
that the liquidus is only attained at the given P, T, and
H,O content of the melt if its composition corresponds
to that of the minimum (or eutectic point) in the
system Qz-Ab-Or-H,O. The new liquidus curves shown
in Fig. 5 have been constructed from different data
sets.

1. The minimum liquidus temperatures in the sys-
tem Qz-Ab-Or-H,O at water-undersaturated condi-
tions for given water contents of the melt (see data in
Table 5). These temperatures correspond to the
“minimum melt” temperatures determined from liqui-
dus phase relationships (such as those published for
water-saturated conditions in the pioneering work of
Tuttle and Bowen 1958). Each liquidus phase diagram
established for a given pressure and water activity
(such as the diagram in Fig. 2) gives information only
for the location of one point in the P-T diagram of
Fig. 5 (such points are represented by the circles at
200, 500 and 800 MPa in Fig. 3). However, such lig-
uidus phase diagrams represent the only experimental
way to directly constrain P, T, and the minimum water
content of first melts (formed from a quartzofelds-
pathic assemblage) from the same experimental data
set. Because of the considerable amount of experiments
necessary to determine the liquidus phase relationships
at a given water activity and pressure, such data are
scarce (see Table 5).

2. The water solubility in silicate melts along the
water-saturated solidus curve. At the temperature of
the water-saturated solidus and for a minimum or eu-
tectic melt composition in the system Qz-Ab-Or-H,O,
the water content of the melt constrained by the water-
solubility curve (equilibrium curve: melt/melt+ vapor)
is identical to the water content of the melt at the
liquidus (equilibrium curve: melt/melt +crystals; see,
for example, Fig. 1 in Holtz et al. 2001). For example,
if a water solubility of 9 wt% H,O is observed at
400 MPa at the solidus temperature (approximately
645 °C; Fig. 5), the liquidus curve for the quartzo-
feldspathic minimum composition with 9 wt% H,0
will necessarily end at this point. To improve the geo-
logical relevance of the liquidus curve, the water-solu-
bility data for natural rhyolitic or leucogranitic melts
have been used when possible to draw the curves in
Fig. 5 (data from Silver et al. 1990, and Behrens and
Jantos 2001 at P between 500 and 50 MPa; Yamashita
1999 at P <50 MPa; for calculation of water solubility,
see Holtz et al. 2001). As emphasized above, the water
solubility in rhyolitic melts does not deviate by more
than 5% relative from the water solubility of minimum
melt compositions in the system Qz-Ab-Or (Behrens
and Jantos 2001).

3. The combination of solidus curves (Ebadi and
Johannes 1991) and water-solubility curves in quartzo-
feldspathic melts for given mole fractions of water in a
coexisting H,O-CO, fluid (Tamic et al. 2001). This
procedure has also been used to constrain the dry lig-



uidus temperature (see above). It is emphasized that this
method was only used to calculate water contents of the
melts for P-T conditions of 75-500 MPa and 800-
1,100 °C (limit of application of the empirical water-
solubility model of Tamic et al. 2001).

It can be noted that the location of the liquidus
curves shown in Fig. 5 has been modeled successfully
by Kirschen and Pichavant (2001), based on the
Margules approach. The agreement between the
liquidus curves resulting from the thermodynamic
modeling (Kirschen and Pichavant 2001) and from the
empirical fit of experimental data (this study) is not
surprising because the water-solubility data and the
experimental phase relationships used in the present
study have also been used to constrain solution para-
meters by Kirschen and Pichavant (2001). However, to
our knowledge, this thermodynamic model is the first
which reproduces correctly the experimental phase
equilibria of the quartzofeldspathic system as a func-
tion of water activity (at least in the pressure range
200-500 MPa).

Geological implications

Although natural protoliths have never exactly the
mineral assemblage corresponding to the quartzofelds-
pathic minimum, the liquidus curves shown in Fig. 5 are
important in understanding melting processes because
they indicate the minimum amount of water which can
be dissolved in melts at given P and T (e.g., Burnham
1979; Clemens and Vielzeuf 1987; Johannes and Holtz
1996). The new position of the liquidus curves deter-
mined in this study has several major geological impli-
cations.

1. Because the effect of pressure on the liquidus
temperature of systems containing low amounts of water
is higher than previously estimated, the increase of melt
fraction due to adiabatic decompression is higher than
predicted from the model of Clemens and Vielzeuf
(1987) or the liquidus curves in Johannes and Holtz
(1996). Compared with the liquidus curves and calcula-
tions of Johannes and Holtz (1996), the increase in melt
fraction is approximately two times higher if decom-
pression occurs at T>820 °C. In contrast to previous
liquidus curves (Clemens and Vielzeuf 1987; Johannes
and Holtz 1996), it can be noted that the new curves
have different slopes at low and high water contents.
This indicates that the effect of dissolved water on phase
relationships is different in systems with high and low
water contents, which is consistent with the existence of
different water species which are incorporated in differ-
ent amounts and ratios at high and low water contents
(at low water content, the proportion of hydroxyl
groups to molecular water is higher than at high water
content; e.g., Stolper 1982; Nowak and Behrens 1995;
Shen and Keppler 1995).

2. Assuming a quartzofeldspathic protolith such as
metagreywackes or fertile metapelites, the liquidus
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curves can be used to determine the minimum water
content which can be incorporated in the melts at the
appropriate P-T conditions (e.g., Holtz et al. 2001).
The new position of the liquidus curves for low water
contents implies that, for conditions above 800 °C and
in the pressure range 400-800 MPa, which are repre-
sentative for anatectic conditions of many granitic
melts, the water contents of melts derived from the
partial melting of pelitic or quartzofeldsdpathic rocks
will be significantly higher than previously assumed. In
the P-T field mentioned above, the water content of the
melts are underestimated by approximately 25-35% if
the data sets obtained from Clemens and Vielzeuf
(1987), and Johannes and Holtz (1996) are used (see
liquidus curves for 2 wt% H,O of these authors in
Fig. 5). This is in agreement with Montel and Vielzeuf
(1997) who also noted that the water contents of melts
produced from metagreywackes are higher than those
predicted by the thermodynamic model of Burnham
and Nekvasil (1986), and Nekvasil (1988). This obser-
vation is of importance because the water content of
melts influences both the chemical (e.g., melt fraction,
see below) and physical properties (e.g., viscosity) of
magmas. In particular, it can be shown that the vis-
cosity of melts containing minimum amounts of water
is almost constant (£0.5 log units) independently of
the melting temperature, because the effect of water is
almost exactly counterbalanced by that of temperature
(Holtz et al. 2001). Thus, the new liquidus data set
explains why the viscosity of melts migrating through
the crust is found to be almost constant (Scaillet et al.
1998).

3. When compared to previous liquidus curves, the
higher liquidus temperature for a given water content in
the system has implications for the amount of melt
which can be generated in the crust. In quartzofelds-
pathic rocks such as metagreywackes, the melt fraction
is controlled by the bulk composition (e.g., Patino
Douce and Johnston 1991), the mineralogical composi-
tion and the amount of water available for melting
(especially in the case of dehydration melting reactions),
and the minimum amount of water which is incorpo-
rated in the melts (e.g., Clemens and Vielzeuf 1987;
Johannes and Holtz 1996). This study shows that, at
high temperature, the minimum amounts of water are
higher than previously assumed. For example, at
800 MPa and 920 °C, previous studies predicted a water
content of the melt of 2 wt% (Fig. 5), whereas 3 wt% is
expected from the new liquidus curves in Fig. 5. As-
suming that 1 wt% is available to form melt at these
conditions, a melt fraction of 33 wt% could be produced
from a quartzofeldspathic rock, instead of 50%. As a
consequence, the melt fractions which can be produced
from a quartzofeldspathic source rock are significantly
overestimated (up to 25 wt% relative at temperatures
above 800 °C) if the model of Burnham (1979; see
Clemens and Vielzeuf 1987) or the liquidus curves
published by Johannes and Holtz (1996) are used to
determine the minimum amounts of water dissolved in
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melts. This is in agreement with studies on experimental
melting of natural rock systems, in which the observed
melt fractions were consisctently lower than the pre-
dictions of these former models (e.g., Patino Douce and
Johnston 1991; Patino Douce and Beard 1995; Springer
and Seck 1997).
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