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Ansrn-Lcr

HrO solubility has been determined in haplogranitic melts (system SiOr-NaAlSi3O8-
KAlSi3O8, Qz-Ab-Or) in the range 0.5-8 kbar and 800-1350 "C. Three types of starting
materials were used: dry glass cylinders, prehydrated glass pieces, or dry glass blocks
surrounded by glass powder. All the starting materials gave consistent results. The H'O
contents of the glasses were determined by Karl-Fischer titration. Dissolved HrO was
demonstrated to be distributed homogeneously throughout the isobarically quenched melts
(glasses) using infrared spectroscopy.

The compositional dependence of HrO solubility was mainly determined at 0.5 kbar,
900 and 1000 "C; 1 kbar, 850 .C; and 4.8 kbar, 800 "C. Seventeen compositions containing
25,35, or 45 wto/o normative Qz and with various Or/(Or + Ab) ratios (0.86-0.09, Ab
and Or expressed as normative weight percent) were investigated. At 0.5 kbar, HrO sol-
ubility was little affected by the anhydrous composition. By contrast, molar HrO solubility
in aluminosilicate melts was significantly dependent upon anhydrous composition htween
I and 5 kbar. The highest solubility values were obtained for the most Ab-rich melts. This
alkali effect has imporiant implications for the physical and chemical properties of granitic
melts.

The effect ofpressure (P) on HrO solubility at P > 3 kbar is greater than that reported
in previous studies. Between 3 and 8 kbar at 800 qC, there is a (nearly linear) positive
correlation between P and HrO solubility. The effect of temperature (?") on HrO solubility
was investigated for a composition QzrrAbrrOrro (normative weight percent) in the P-I
range 0.5-8 kbar and 800-1350 "C. Water solubility ranged from retrogtade (with increas-
ing D at P < 4 kbar through temperature independence at approximately 4.5 kbar to
progradeatP:5kbar.

Calculated HrO solubilities using the model of Burnham and Nekvasil (1986) are slightly
high at 0.5 kbar and significantly low at 5 kbar, compared with the experimental data.
This implies that calculated HrO activities for haplogranitic systems using the HrO
content of the melt may be overestimated at high pressure (P > 5 kbar). Using the ther-
modynamic model of Silver and Stolper (1985) and assuming a proportion of molecular
HrO and OH groups close to that defined for albite melts by Silver and Stolper (1989),
we found that the partial molar volume of HrO in a melt with a composition Qzr.AbrrOrro
has to be close to 10-12 cm3/mol to obtain a good agreement between the calculated and
the experimentally determined HrO solubility curves in the pressure range l-8 kbar at
900 "c.

Inrnooucrrox
HrO influences both the physical and chemical prop-

erties of granitic magmas, and the investigation of the
pressure, temperature, and composition dependence of
H,O solubility in haplogranitic melts (system SiO'-
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NaAlSi.Or-KAlSi3O8, Qz-Ab-Or) has important petro-
logical implications. The available HrO solubility data
for granitic systems have been for the most part obtained
either from natural granitic compositions or from some
synthetic compositions. Data from natural rocks ob-
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tained for a single multicomponent composition cannot
however be easily interpreted and extended to other com-
positions because certain elements (e.9., F, B, Li), al-
though present only in low concentrations, may influence
significantly the HrO solubility in the melt (e.g., Picha-
vant, 1983; Sorapure and Hamilton, 1984; Holtz et al.,
1993). There are few data from synthetic compositions
in the system Qz-Ab-Or. In addition, there are significant
variations in the data for a given pressure (P), tempera-
ture (Z), and composition (for Ab melts, see reviews by
Dingwell, 1987, and Behrens, in preparation) due to the
use of differing experimental methods, starting materials,
and analytical techniques for the determination of the
HrO content (Dingwell et al., 1984; McMillan and Hol-
loway, 1987; Behrens, in preparation). Data obtained by
different methods are not directly comparable, and the
absolute value of HrO solubility can only be stated within
a relatively large uncertainty.

For these reasons, an internally consistent HrO solu-
bility data set for compositions in the system Qz-Ab-Or
is needed to understand the effects of HrO on the phase
relations and evolution of melts in the haplogranite sys-
tem and to test predictions of various solubility models.
In the present study, HrO solubility was investigated in
l7 ternary Qz-Ab-Or melt compositions. The composi-
tional dependence of HrO solubility was investigated at
0.5,0.52, 1,4.8, and 5 kbar. The results are complemen-
tary to our previous work (Holtz et al., 1992a), in which
the compositional dependence was investigated at2kbar.
In both studies, the same experimental and analytical
method has been used to obtain a consistent data set. The
effects of P and, T on HrO solubility have been exten-
sively investigated for one composition (QzrrAb.rOr.o,
subscripts in weight percent).

Srlnrrxc MATERTAL AND EXpERTMENTAL
TECHI{IQUES

Starting glasses

The starting materials for preparation of the haplo-
granite glasses were powders of NarCOr, KrCO3, Al2O3,
and SiO,. Sixteen compositions (HPGI-HPGl6, Table
l) with three different normative Qz contents (Qzor, Qzrr,
Qzrr) and different Or/(Or + Ab) ratios were synthesized.
The powders of the starting materials (weighted to obtain
70-100 g of glass for each composition) were dried at
120 "C and mixed. The mixtures were fused directly at
1600'C over a period ofseveral hours. The products of
the initial fusions were bubble-rich and heterogeneous.
To remove the bubbles and promote homogenization,
the fused batches were loaded into a box furnace, reheat-
ed at 1700 "C, and stirred for several days until virtually
devoid of bubbles. Bubble-free melts were cooled slowly
in the box furnace to <800 'C and then removed from
the furnace. The glass used for the investigation ofpres-
sure and temperature dependence (composition AOQ,
Table l) was prepared by the Schott Company (Mainz,
Germany; melting number N8886) and contained a few
bubbles.

The homogeneity and composition of the anhydrous
starting glasses were determined by electron microprobe
analysis (Cameca SX50, Bayerisches Geoinstitut, Bay-
reuth). The results ofthe analyses are given in Table I as
the proportions of the oxides and as recalculated CIPW
normative contents of quartz (Qz), albite (Ab), and or-
thoclase (Or). The investigated compositions at 0.5, l,
and 4.8 kbar are also plotted in the Qz-Ab-Or ternary
diagrams in Figures l-3 (open circles for HPG glasses,
diamond for AOQ glass).

Apparatus

Internally heated gas pressure vessels (IHPV) pressur-
ized with Ar and cold-seal pressure vessels (CSPV) pres-
surized with HrO were used to conduct the experiments
between 0.5 and 5 kbar. The experiments at 0.5 and 0.52
kbar, 1000 "C; I kbar, 1350 t; and 4.8 kbar, 800 "C were
performed at CRSCM in Orl6ans (IHPV). The other ex-
periments were carried out at the University of Hanover
(CSPV at T < 900 'C and IHPV at Z > 900'C). A piston-
cylinder apparatus (University of Hanover) was used for
the 8-kbar experiments.

Three IHPV have been used for the experiments per-
formed at Orl6ans: one working horizontally with 4 Ni-
NiCr thermocouples (experiments at 1000 "C) and two
working vertically with 3 Ni-NiCr thermocouples (exper-
iments at 800'C: Roux and Leftvre, 1992) and 5 PtRh6-
PtRh3o thermocouples (high-temperature experiment at
1350 "C: Roux et al.,1994). The IHPV used at Hanover
works horizontally (Ni-NiCr thermocouples). In all the
IHPV, the maximal thermal gradients in the hot-spot
zones (where the samples were placed) was l0'C. Pres-
sure was measured with transducers calibrated against
Heise-Bourdon tube gauges (error +20 bars). All Ni-NiCr
thermocouples were calibrated against NaCl, Au, or Ag
melting points. The CSPV work horizontally with Ni-
CrNi thermocouples placed externally and calibrated
against a certified thermocouple. The vessel-furnace pairs
and the temperatures in the vessel were also calibrated
periodically. The actual temperatures are believed to be
accurate to within + l0 "C (Puziewicz and Johannes,
1988). Pressure was measured with a strain-gauge ma-
nometer (accuracy +20 bars).

Experimental procedure and duration

The following procedure was used for all experiments
carried out to define the compositional dependence of
HrO solubil ity (experiments with samples HPGI-
HPGI6). Small anhydrous glass cylinders were drilled
(diameter: 3 mm; length: 2-3 mm; weight: approximately
50 mg). In each Au capsule (diameter: 4 mm; length:
approximately l5 mm), one cylinder was sealed together
with doubly distilled HrO. The amount of added H,O
was chosen to be slightly higher than the expected solu-
bility value (5,7, and 15 wo/o HrO were added for ex-
periments performed at 0.5, l, and 5 kbar, respectively).
The capsules were checked for possible leakage by testing
for weight loss after drying in an oven at 100-120 "C for
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Tlele 1, Composition of starting glasses

No. HPG1 HPG2 HPG3
Qz,Ab,Or 28,57 ,'15 27,48,25 26,39,35

HPG4 HPGs HPG6
27,29,44 27 ,',t8,55 40,55,05

HPGT HPGS HPGg HPG1O HPG11
37,48,15 36,39,25 37,28,35 36,19,45 36,09,55

KrO
Naro
Alroe
sio,

Qz
Or
Ab

KS
NaS

Orl(Ab + Or)

2.55 4.24
6.71 5.74

14.1't 13.94
76.63 76.08

27.85 26.75
15.07 25.00
56.70 48.1s
0.38

0.03
0.07

0-200 0.328

32.24 32.46

5.92
4.63

13.95
75.50

26.14
34.93
38.85

0.04
0.04

0.459

32.67

4.23
4.60

12.O7
79.10

36.38
25.00
38.53

0.04
0.05

0.379

32.19

36.86
34.80
28.06

0.15
0.13

0.539

32.36

Composition in wt"6 oxides
7.48 9.25 0.89 2.6'l
3.50 2.38 6.48 5.67

13.70 13.55 12.43 12.25
75.32 74.82 80.19 79.47

CIPW norm (wto6)

26.86 26.70 39.10 36.51
44.30 54.61 5.26 15.42
28,78 18.25 54.83 47.97

0.81 0.10
0.04 0.33
0.02 0.11

Mole proportions

0-592 0.738 0.083 0.232

Dry molecular weight on one O basis
32.83 33.05 31.75 32.00

5.89
3.46

11.83
78.82

7.50 9.24
2.38 1.21

1 1.85 11.79
78.27 77.76

36.27 35.96
44.32 54.60
19.20 9.20

0.15 0.21
0.07 0.03

0.640 0.848

32.5s 32.75

Note.' compositions are average values of 10 microprobe analyses and are normalized to 100o/". Glasses labeled HPG were synthesized by ourselves.
Glass labeled AOQ was synthesized by Schott Company, Mainz, Germany. Qz : quartz; Ab: albite; Or: orthoclase; C : corundum; KS : lGSiO";
NaS: Na,SiO..

at least I h. The investigated P-Tconditions are given in
Table 2.

Three methods were used to prepare the charges for the
investigation oftemperature and pressure dependence of
HrO solubility using the glass AOQ (QzrrAbrrOr.o). Most
samples consisted of single glass blocks (dry or containing
a known amount of HrO; 22 expts. in Table 3). Other
samples consisted of either a glass block surrounded by

Fig. l. HrO solubility, expressed as wto/o H.O, for 16 melt
compositions (circles and diamond) of the haplogranite system

Qz-Ab-Or at 0.5 kbar and 1000 "C. The solubility value for each
composition is indicated under the corresponding circle. The Qz,
Ab, and Or contents of the investigated compositions are given
as wt9o normative proportions. All corresponding experimental
conditions and analytical dataare given in Tables l-3. The di-
amond represents the AOQ composition (QzrrAbrrOrro), for
which the temperature dependence of HrO solubility was inves-
tigated.

glass powder, or glass powder alone. The applied P-Z
conditions and the amount of added HrO are given in
Table 3.

The large volume of the IHPV used at Orl6ans allowed
large numbers of capsules to react in a single experiment
at nearly identical P-Z conditions. For the results ob-
tained at 0.5 kbar and 1000 "C, 17 capsules (correspond-
ing to 17 compositions) reacted in a single experiment.
Similarly, one experiment was performed to produce the
eieht 0.52-kbar glasses (at 1000 "C). The data at 4.8 kbar
were obtained from two experiments (2 x l0 capsules).
Thus, for the data obtained at these conditions, varia-
tions in HrO solubilities are unlikely to be due to varia-
tions of pressure or temperature between experiments. In

Fig. 2. HrO solubility, expressed as wt9o HrO, for l0 melt
compositions of the haplogranite system Qz-Ab-Or at I kbar,
850 "C. Same remarks as for Fig. l.
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TABLE 2, Measured HrO contents in haplogranite glasses

97

f ABLE 1.-Continued

HPG12  HPG13  HPG14
48,47 ,05 46,39,15 46,29,25

HPG15 HPG16 AOO
46,19,35 45,10,45 28,38,34

Trial 1 Ttial2 Trial 3

H.o

0.89
5.46

10.59
83.06

2.64
4.54

10.45
82.37

45.86
15.60
38.41

0 .12

Composition in wto/o oxides
4.21 5.90
3.48 2.37

10.24 10.09
82.06 81.64

CIPW norm (wto/o)
45.84 45.86
24.88 34.86
29.23 19.05

7.64 5.68
1.21 4.65

10.13  13 .53
81.03 76.14

4s.13 28.16
45.'t4 33.59
9.57 37.92

Glass
no.

con- H.O
tent solu-

t (wto/" f bility
(d) H,O) (d) (wto/o)

P T
(kbar) ("C)

H.O HrO
content content
(wt% t (wt%
H"O) (d) H.O)

47.90
5.26

46.20
0.64

0.097

31.51

o.o2 0.15 0.13 0.16
0.03 0.08 0.03 0.17

HPG2

HPG3

HPG4

HPGs

HPGl

HPG6

2.36 12
4 .50  11
9.80 21
2.37 12
9.77 15
9.53 12
9.47 15
2.26 12
9.06 15
2.21 12
8.91 21
9.44 11
2.56 10
2.18 '12

2.49 17
4 .18  ' t 2

10.23 21
10.37 11
2.55 12
2-51 12*
2.47 12*
2.29 12
2.57 17"
2.60 17*
4. ' to 12
9.63 21
2.55 12
2.33 12
2.45 17*
2.35 17*
3.69 12
9.53 21
9 .90  11
2.24 12
2.U 17
3.52 12
9.29 2'l
9.80 13
2.23 12
2 .17  12
2.27 17
3.75 12
8.98 2'l
9.01 13
2.21 12
2.O4 12
2.20 17
3 .41  10
8.72 2'l
2.34 '12

2.42 17
3.57 12
9.87 21
9.65 10
2.29 12
9.50 15
2 .15  ' t 2

9.21 15
2.05 12
2 1 7  1 7
8.97 15
2.O1 12
3 .19  12
8.97 21
9.32 10

0.5' 1000
1 850
4.8' 800
0.5' 1000
4.8- 800
5 800
4.8' 800
0.5" 1000
4.8- 800
0.5. 1000
4.8- 800
5 800
0.5 900
0.5. 1000
0 . 5 2 . 1 0 0 0
1 850
4.8' 800
5 800
0.5 800
0.5 900

4.57
9.85

4.U
10.05

2.46
4.63
9.92
2.47
9.87
9.63
9.57
2.36
9.16
2.31
9.01
9.s4
2.54
2.28
2.59
4.36

10.24
10.47
2.65
2.59

2.39
2.68

4.04
9.73
2.65
2.43
2.50

3.85
9.63

10.00
2.34
2.44
3.71
9.39
9.90
2.42
2.27
2.37
3.59
9.08
9.11
2.27
2.14
2.30
3.62
8.75
2.44
2.52
3.84
9.97
9.75
2.39
9.60
2.25
9.31
2.15
2.27
9.07
2.11
3.38
8.98
9.42

1 4
1 5

1 0
1 5

1 6
1 5

Mole proportions

0.277 0.439 0.633 0.816 0.455

Dry molecular weight on one O basis
31 .62 31 .91 32 10 32 30 32.60

2.44 14 2.31 11

contrast, only two capsules could be placed simultaneous-
ly in the CSPV. Therefore, slight variations of pressure
may exist in the data obtained at I and 5 kbar.

The capsules were kept at the desired P and Zfor suf-
ficient time to allow complete homogenization by diffu-
sion of HrO through the sample (more details are given
in the following discussion). The experimental duration
was 10-20 d for all experiments performed in order to
define the compositional dependence of HrO solubility
(Table 2) and for the experiments carried out with an-
hydrous starting glass QzrrAbrrOrro at temperatures be-
tween 750 and 850'C (Table 3). The durations were low-
er at higher Z and when the starting solid material
contained HrO (2-5 d for most expts., Table 3) because
diffusion of HrO is faster at high Zand in hydrous glasses.

Quenching in CSPV was performed by using a flow of

Fig. 3. HrO solubility, expressed as wt0/o HrO, for 17 melt
compositions of the haplogranite system Qz-Ab-Or at 4.8 kbar
and 800 "C. Same remarks as for Fig. l.

Note: all experiments were performed with a dry glass block as starting
material. All H2O contents are determined by KFT. For calculation of HrO
solubilities, 0.1 wt% H2O was added to the average values (see text).

' Experiments performed in internally heated pressure vessels; all other
experiments perlormed in cold-seal pressure vessels.

** Measurement by KFT was duplicated.

0.5-
0.52'

1
4.8-

HPGS 0.5
0.5 '
o.52"

1 850
4.8' 800
5 800

HPGg 0.5- 1000
0.52' 1000
1 850
4.8- 800
5 800

HPG10 0.5 900
0.5- 1000
0 . 5 2 ' 1 0 0 0
1 850
4.8' 800
5 800

HPG11 0.5 900
0.5' 1000
0.52' 1000
1 850
4.8' 800

HPG12 0.5' 1000
0 . 5 2 ' 1 0 0 0
1 850
4.8- 800
5 800

HPG13 0.5' 1000
4.8' 800

HPG14 0.5' 1000
4.8' 800

HPG15 0.5' 1000
0 . 5 2 ' 1 0 0 0
4.8' 800

HPG16 0.5- 1000
1 850
4.8' 800
5 800

1 000
1 000

850
800
850

1000
1000

3.92 10 3.80 14

3.81 10

3.70 14

2.26 14 2.46 11

3.46 10 3.27 16

2. ' t4 14

3.64
8.59

3.65 14  4 .01  11

3.38 14
8.79 15
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TeeLe 3. Measured HzO contents for composition AOQ (Qzr"Ab..Or*)

P T
Exp. (kbar) fC)

Starting Wt% HrO
material added

t
(h)

HrO content of glass
(wt% H,O)

HrO
solubility

Remarks (wt%)

'|
2
3
4
c

6

I
9

1 0
1 1
12'
13 .

0.3
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
o.7
0.7,|
1

800
800
800
800
900
900

1000
1 100
1200
800
800
800
800

4.2
5.1
2.9
6.3
5.2
3.1
4.0
8.6
o . c

5.4
5.4
5.0
6.0

6.0

7.7
7.O
6.5
5.1
7.1

10.9
1 1 . 1
15.0
10.4
15.2
15.0
13.0
8.2
7.6

11  . 5
13 .1
3.0
3.0

14 .5
8.0

20.3
9.0

19 .8
16.2
12.3

576
528
336
528

1056
1056
1 1 0
72
96

336
336
240
504

504

70
121
816
336
480
264
508
704
3ri'6
70

502
480
120
672
240
768
1 6
1 6
60
96

100
70
48
96
96

14' 1 800

35 1 1200
36 1 1350
15 1 850
16 1.3 800
17 1.4 800
18 3 800
19 3 800
20 3 1200
21' 4 800
37 4 1200
22 4.8 800
23 5 700
24 5 800
25 5 800
26- 5 800
27a 5 800
27b 5 800
27c 5 800
28 5 850
29 5 1000
30 5  1100
31 5  1100
32 5 1200
33 I 800
34 I 800

bp
b
bp
bp
b
b (2o/o H2O)
b
b (1% H,O)
b (1% H,O)
bp
bp
bp
bp

bp

b (3% H,O)
b
b
bp
p
o
D
o
op
b (6% H,O)
b
op
b (5.5% H,O)
b (5.5% H,O)
op
Dp
b (9.9ol" H,O)
b (9.9% H,O)
b
b (5.5% H,O)
b
b (6% H"O)
b (6% H,O)
b (5.5ol" H,O)
b (5.5ol" H,O)

2.03,2.O3
2.68,2.70
2.56, 2.64,12.721
2.86,2.76
2.78,12.561
2.3s, [2.s0]
2.'t8
2.49,12.291
2.22
3.67,3.69, [3.7s]
3.99, [3.38]
4.20,3.96, 3.93, 3.84, 4.12
4.05", 4.201
t3.94+, 3.92+, 3.96+, 4.051, 4.08t, 4.14t1
4 .11" ,4 .051
[4.04+, 4.13+, 4.0e+, 4.0st, 4.12t, 3.93u
3.53, [3.46]
t3.381
3.85, 3.96
5.07, 4.90, 4.95, [4.87]
5.14, [5.08]
7.35
7 .24,7 .46
7.15
8.66f, 8.84+, 8.931, 8.941
8.6i(!
9.28
9.90, 10.04
9.89,9.71
9.97
e.71+, 9.88+, 9.76*, s.70+
9.92
9.94
9.84
10.38
10.56, 10.54
10.84
10.59
10.75
13.85, 13.32$
13.58 ,13 .62

2.13

2.80

2.60

2.28
2.44
2.32ib

ib

4.09

3.54
3.38
4.00
5.02
5.16

ib
ib

qb
qb
qb*l
rrx J
qb
qb
q b l
q b J
qb
q b t
q b l

7.45

7.25
8.94
8.73
9.38
10.07

9.97

10.48
10.65

10.81

10.85

13.82

Note.' H,O contents were determined by KFT except for values indicated in brackets, which were determined by lR spectroscopy. In the case of
several experimental products, the determination of the H,O content was repeated: all values that were obtained are given in the table. The given HrO
solubilities are average values of the HrO contents determined. For calculation of the average value, 0.1 wt% HrO was added to all HrO contents
determined by KFT (see text). Symbols are defined as b : starting material was a glass block-hydrous blocks have weight percent HrO given in
parentheses; p : starting material was powder of anhydrous glass; bp : starting material was an anhydrous glass block surrounded by anhydrous
glass powder; ib: the experimental product contained inclusion bubbles; qb: the experimental glass contained quench bubbles; s: slow quench
rate; r: rapid quench rate.

' Large samples (up to 15 mm). KFT was performed on slices of glass cut orthogonally to the elongation of the hydrous glass cylinder.
" H,O solubility was determined in a part of the glass corresponding to both powdered starting material and glass block.
t H,O solubility was determined in a part of the glass corresponding to the starting glass block.
{ H,O solubility was determined in a part of the glass corresponding to the starting powdered material.
$ The HrO content is not used to calculate the H,O solubility (see explanation in text).

compressed air. Quenching in IHPV was obtained by
switching off the heating power. Isobaric quenching was
performed for all experiments, except the two experi-
ments at 4.8 kbar and 800 "C. In the case of these two
experiments, the temperature dropped from 800 to 350
"C in <4 min, and pressure dropped from 4.8 to 3.2 kbar.

Axllyrrcll TEcHNreuEs

Karl Fischer titration (KFT)

The HrO content of the quenched glasses was deter-
mined by Karl Fischer titration (Turek et al., 1976; West-
rich, 1987; Holtz et al.,1992a; Behrens, in preparation).

In this procedure, the hydrous glasses, placed in a Pt cru-
cible, are heated progressively from 20 to 1300 "C using
an induction furnace. The liberated HrO is transported
by a dry Ar stream to the titration cell. The analytical
method (KFT) was calibrated using standards with known
HrO contents, such as calcium sulfate dihydrate, sodium
lartrate dihydrate, muscovite, and hydrous glasses. The

measured HrO contents were in good agreement with the
expected values (Behrens, in preparation).

Only small amounts of glass are necessary to get reli-
able data (typically 10-20 mg of substances containing
about 6 wto/o HrO were used). Single pieces or roughly
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crushed glass were used rather than finely powdered glass
in order to minimize possible errors due to absorption of
HrO (for glasses with low HrO contents) or to desorption
(for glasses with high HrO contents). For glasses with high
HrO contents (>6 wto/o) a block of hydrous glass was
placed directly in the Pt crucible. For glasses with low
HrO contents (<6 wto/o HrO), roughly crushed glass was
preferred to single pieces for the measurements because
sputtering of the glass can occur by explosive liberation
of HrO. The HrO content was determined quickly after
crushing. Holtz et aI. (1992a) have checked that the HrO
contents measured using either a single piece of hydrous
glass or a freshly crushed powder of the same material
were identical within error (Table 3 in Holtz etal., 1992a).

The analytical precision for HrO is mainly dependent
on the duration of the titration and on the amount of
sample. The weight of the analyzed samples has usually
been chosen so that the amount of measured HrO is 500-
1500 pg. The duration of the titration was 7-10 min.
With these analytical conditions, the precision is less than
or equal to +0.15 wto/o HrO. Duplicate analyses gave re-
sults within the analytical precision given above (see Ta-
ble 2, compositions HPGT and HPG8; Table 3, expt. nos.
2, 15, 19,24,29, and 34, with AOQ starting materials
composed of glass blocks only), except for one experi-
ment at 8 kbar (Table 3, no. 33), which is discussed later.
The relative variation of HrO contents from these dupli-
cate analyses is always <4o/o. Yaiations lower than lolo
relative were also systematically found for l0 experimen-
tal products obtained at 2kbar for composition AOQ (see
analytical data in Tables 2 and 3 in Holtz et aI., 1992a).
The largest variations obtained by duplicating the anal-
yses (0. l-0.2 wto/o HrO) can be explained by sputtering
ofthe glass during the heating period ofKFT caused by
explosive liberation of HrO. This can lower artificially
the measured HrO content of the glass because small
pieces of hydrous glass may fall out of the hot zone of
the induction furnace.

Other analltical techniques

The HrO solubility was also determined by the weigftt-
loss method (punctured capsule placed at 105 "C for I h)
for some samples. For low HrO contents (<7 wto/o HrO),
the results obtained by KFT and weight loss are in good
agreement. For example, HrO contents of AOQ glasses
synthesized at 0.5 and 2 kbar were found to be 2.69,2.81,
5.10,  5.31,  and 5.80 by KFT and 2.4,2.6,  5.1,  5.2,  and
5.9 by weight loss, respectively. However, for higher HrO
contents (>7 wto/o HrO), significant amounts of HrO can
diffuse from the glass heated at 105 "C, and the weight-
loss method artificially decreases the measured HrO con-
tents. For example, after heating the glass at 105 'C for
0.5 h, > 1.6 wto/o HrO was released from an albite glass
that was saturated with respect to HrO at 5 kbar and I 100
oC and contained initially ll.8 wto/o HrO (data given in
Behrens.1995).

Infrared microspectroscopy (Bruker IFS 88 and micro-
scope A590 at Hanover, Nicolet FTIR 710 and the mi-

croscope Nicplan at Orl6ans) has been used to measure
the homogeneity of the hydrous glasses. The microana-
lytical method allows local resolution of 100-50 pm. The
HrO contents of AOQ glass samples have been deter-
mined by measuring the height at the maximum of the
absorption bands near 4500 and 5200 cm ', assigned to
OH groups and molecular HrO, respectively (Stolper,
1982). Linear molar absorptivities were determined to be
1.60 + 0.03 L/mol'cm (OH groups) and 1.79 + 0.02
L/mol.cm (molecular HrO) by using reference samples
analyzed by KFT. Using these standards, the density (in
g/L) of the glasses is given by: p,s't: 2347 - 12.6'C(HrO)
(wto/o). The results obtained by infrared spectroscopy are
given in brackets in Table 3.

Rrsrrr-rs: HrO conrnNT oF QUENcHED
HAPI,/OGRAMTE GLASSES AND H,O SOLI.'BILITY

The HrO contents of all analyzed glasses are given in
Table 2 (HPG samples) and Table 3 (AOQ). For most
experiments at P < 4.8 kbar with a starting glass com-
posed of a block only, the quenched products consisted
ofbubble and crystal-free clear glasses. In several exper-
iments at P > 4.8 kbar, Or-rich glasses show homoge-
neously distributed bubbles (the glass is cloudy) of almost
uniform size, which are attributed to an oversaturation
ofbubble and crystal-free clear glasses. In several experi-
ments at P > 4.8 kbar, Or-rich glasses show homoge-
neously distributed bubbles (the glass is cloudy) ofalmost
P < 1.4 kbar, the bubbles were distributed heterogene-
ously in the sample and showed a large variation in size.
These bubbles were probably incorporated in the melt at
the beginning of the experiment (inclusion bubbles).

Reproducibility of the experiments

The reproducibility of our solubility experiments was
tested for different compositions, P-Zconditions, and ex-
perimental apparatus. These tests were particularly im-
portant for the experiments performed with CSPV (only
two capsules could be placed simultaneously in the ves-
sel) and for the experiments carried out to define the tem-
perature and pressure dependence of HrO solubility (a
small deviation of the pressure may affect significantly
the HrO solubility). The results given il Tables 2 arlld 3
show that little variation in HrO content is observed when
comparing data obtained from different experiments at
the same P-Tconditions. The maximal relative variation
is l0o/o at 0.5 kbar (absolute variation: 0.25 wto/o HrO;
Table 2, HPG6, HPGIO, and HPGI l; Table 3, nos. 2, 3,
and 4) and 7o/o at I kbar (except two experiments with
12.8 and l3olo relative variationt Table 2, HPGI, HPG6-
HPGI2). The relative variations are lower for higher
pressures (Table 3) and are <2o/o for the experiments at
4.8 kbar and 800 'C (Table 2, HPGI, HPGll, and
HPGI6). In addition, the glasses from the experiment
performed at0.52 kbar and 1000'C show systematically
slightly higher HrO contents than those obtained from
the 0.5-kbar experiment (as expected from the positive
dependence of H,O solubility on P).
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Fig. 4. Temperature dependence of HrO solubility at 0.5, 2,
3, and 5 kbar for AOQ melt (Qz.rAbrrOrro). The vertical bar
represents the liquidus temperature for composition AOQ (from
Tuttle and Bowen, 1958; Holtz et al., 1992b). Analytical data
(represented by the dots) are given in Table 3.

The data given in Table 3 show that the HrO contents
of glasses obtained at the same P-?n conditions from dif-
ferent starting materials (dry glass block, hydrous glass
block, glass block + powder) do not differ significantly.
Some samples with starting materials composed of a glass
block + powder were used to synthesize large amounts
ofhydrous glass (Table 3, nos. 12, 13, 14,21, arrd 26).
Profiles of the H,O content (by KFT or infrared) along
the five voluminous samples (>200 mg instead of 30-50
mg for other expts.) have been done. Three ofthem show
that HrO is distributed homogeneously through the sam-
ples (nos. 14, 21, and, 26) whereas two of them (nos. 12
and 13) show slight variations possibly related to the
starting material (powder or block in expt. 13) or to in-
complete diffusion of HrO (expt. l2; see discussion later).
However, these variations remain within the analytical
precision (+0. l5 wto/o HrO).

Determination of HrO solubility

There is overall very good agreement among HrO con-
tents determined by weight loss (for low HrO contents),
infrared spectroscopy, and KFT. However, the analysis
by infrared spectroscopy of AOQ and Ab glasses after
KFT showed that the residual glasses are not completely
devoid of HrO. HrO contents of 0.10 + 0.05 wto/o HrO
were systematically found in glasses after KFT, indepen-
dent of the initial HrO content and of the composition.
Thus, the HrO contents determined by KFT have to be
slightly corrected to define the H,O solubility. This cor-
rection is also applicable to the H,O solubility data pub-
lished by Holtz et al. (1992a, 1993). In this study, rhe
HrO solubilities given in Tables 2 and 3 and reported in
Figures l-3 were corrected by adding 0. l0 wto/o HrO to
all analyses obtained by KFT (note that this also decreas-
es slightly the analytical precision for KFT). The reported
HrO solubility for each P-Z condition and composition
(Tables 2 and 3) is the average of all analyses for that
condition.

HzO (wt%o)

Fig. 5. Pressure dependence of HrO solubility at 800 and
1000 "C (small dots and large dots, respectively) for AOQ melt
(QzrrAbrrOrro). Analytical data (represented by the dots) are giv-
en in Table 3. For comparison, data of Oxtoby and Hamilton
(1978b) obtained for a Qz-Ab melt composition have been re-
ported.

Temperature dependence of the HrO solubility for
composition QzrrAbrrOr.

The temperature dependence of HrO solubility was in-
vestigated for composition AOQ at 0.5, l, 2,3, 4, and 5
kbar (Table 3 and Fig. 4;2 kbar data from Holtz et al.,
1992a). There is a negative correlation between HrO sol-
ubility and temperature at P < 4 kbar. In contrast, HrO
solubility increases with increasing T at 5 kbar. HrO sol-
ubility changes by -1.6 x l0-3 wto/o HrO per degrees
Celsius at 0.5, l, and2 kbar, by -4 x l0-4 wto/o HrO
perdegreesCelsiusat3and 4kbar, andby +2.6 x l0-'
wto/o HrO per deglees Celsius at 5 kbar. At 5 kbar, there
may be a nonlinear variation at low f (800-1000 'C).

However, the precision on the HrO solubility values keeps
this observation from being clearly confirmed.

The results obtained for composition AOQ at 0.5 kbar
are confirmed by the results for compositions HPG6,
HPG7, HPG8, HPGI0, and HPGI I (Table 2). The de-
crease in HrO solubility with temperature ranges between
-1.3 x l0-3 wto/o HrO per degrees Celsius and -2.6 x
l0 3 wto/o HrO per degrees Celsius for the five composi-
tions, and an average value of - 1.7 x l0 3 wto/o H2O per
degrees Celsius is obtained.

Pressure dependence of the HrO solubility

The effect of pressure on HrO solubility was extensive-
ly investigated between 0.5 and 8 kbar for composition
AOQ at 800'C (Fig. 5). The HrO solubility increase is
greatest at low P (P < I kbar). However, the HrO solu-
bility increase is also significant at high P and is linear
(+1.27 wto/o HrO per kilobar) in the pressure range 3-8
kbar. The consequence ofthe temperature dependence of
HrO solubility is that the effect of pressure on the HrO
solubility increase is greater at 1000 and 1200'C than at
800 "C in the pressure range 3-5 kbar (+1.65 wto/o H'O
per kilobar at 1000 "C, +1.80 wto/o HrO per kilobar at
1200 "c).

0
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TABLE 4. HrO solubility in wtTo HrO and molo/o HrO for haplogranite glasses at 900 €, compared with calculated data from Burnham
and Nekvasil (1986)

Glass no. HrO Glass no. H"O
Qz,Ab,Or sotubitity 0.5 kbar. 1 kbar-- 2 kbart 5 kbar+ Qz,Ab,Or solubility 0.5 kbar' 1 kbar*- 2 kbarf 5 kbar+

l 0 l

HPGI wt7o"* 2.62
28,57,15 molo/"* (4.60)

wto/oa 2.83
HPG2 vvtTo*c 2.63
27,48,25 molyo.,e (4.65)

wt7o* 2.82
HPG3 wto/"*o n.d.
26,39,35 molT%,e

wt"/"-n
HPG4 w17".* 2.52
27,29,44 nolo/o.* (4.50)

M%* 2.79
HPGS vvt7"*c 2.47
27,18,55 ffiolo/o* (4.45)

wtTo* 2.77
HPG6 tfto/"no 2.44
40,55,05 molT%,e (.23)

,Nt1"-" 2.77
HPGT wt7".,o 2.55
37,48,15 lnolo/o.. (4.451

fr%* 2.77
HPGB wto/o"* 2.59
36,39,25 molTo-e (4.54)

wto/"* 2.76
HPG9 wt7o*o 2.5O
37,28,35 molo/o.- (4.41)

4.55 6.26
(7.87) (10.67)
4.09 5.88
n.d. 6.08

(10.44)
5.87

n.d. 5.91
(10.23)

5.84
n.d. 5.59

(s.74)
5.80

n.d- 5.33
(s.37)
5.76

4.28 6.43
(7.31) (10.81)
4.01 5.72
3.96 6.25
(6.83) (10.ss)
4.02 5.73
3.77 5.88
(6.s4) (10.04)
4.00 5.70
3.63 5.81
(6.34) (e.s8)

'efro/"* 2.73
wt"/o"* 2.43
[lolo/o* (4.31)
vvto/"* 2.72
wt7".,0 2.30
molT%,e (4.11)
M%*. 2.71
'Mo/".,o 2.60
mof7o",e Q-471
wto/o*. 2.72
wt7"* 2.55
mdT%* (4.40)
wt"/o* 2.71
rvt"/"*o 2.41
mofT%,e (.2O)
v'rt"/o*o 2.7O
wtTo-p 2.31
molyo",e (4.05)
wtTo*n 2.68
wfrlo* 2.27
molTo* (4.01)
,N1"/"* 2.67
wt"/"*o 2.44
molT%,e (4.35)
wtyod 2.79

3.97 5.66 8.48
3.51 5.50 9.59
(6.17) (e.s2) 06.10)
3.95 5.63 8.44
3.54 5.44 9.26
(6.26) (9.47) (15.67)
3.93 5-60 8.40
3.76 6.04 10.48
(6.40) (10.1 1)  (17.01)
3.92 5.56 8.32
n.d.  5.84 10.11

(9.82) 06.50)
5.57 8.3:l

n.d.  5.51 9.82
(9.37) (16.1s)
5.54 8.29

n.d. 5.57 9.58
(9.51) (15.89)
5,50 8.23

3.30 s.39 9.49
(5.771 (9.27) (1s.83)
3.86 5.48 8.20
3.92 5.77 10.35
(6.8s) (s.ss) (17.2s)
4.06 5.81 8.72

10.43
(17.261

8.77
10.38

('t7.281
8.80

10.08
(16.87)

8.77
9.67

(16.34)
8.70
9.52

(1 6-1 8)
8.64

10.75
(17.s3)

8.56
10.24

(16.87)
8.59

1 0 . 1 4
(1 6.79)

8.54
9.90

(1 6.s0)

HPGlO
36,19,45

HPG1 1
36,09,55

HPG12
48,47,O5

HPG13
46,39,1s

HPG14
46,29,2s

HPG15
46,19,35

HPG16
45,10,45

AOO$
28,38,34

Note: wtyo",e: HrO solubility expressed as wtTo HrO, obtained from the experimental data of this study and Holtz et al. (1992a); mol7"* : HrO
solubilities expressed as molTo H.O (molecular weight of silicate is calculated on the basis of one O), obtained from the experimental data of this study
and Holtz et al. (1992a); wto/o* : HrO solubility calculated using the model of Burnham and Nekvasil (1986). Following values of "ln k" were taken
for the cafculations: 0.5 kbar, In k : 2.3259; t kbar, In r: 1.813b; 2 kbar, In k: 1.3836; 5 kbar, In k: O.92'|.7; n.d. : not determined experimentally
at the corresponding pressure.

'Using the data obtained at 1O0O'C (see Table 2) and considering that H,O solubility increases lrom 0.16 vvt"/o HzO with decreasing temperature
from 1000 to 900 €.

.' Using the data obtained at 850 eC (Table 2) and considering that HrO solubility decreases from 0.08 wt% HrO with increasing temperature from
850 to 900'C

t Using the data of Holtz et al. (1992a) obtained at 8OO eC and considering that HrO solubility decreases by 0.16 wt% HrO with a temperature
increase of 100 rc (H,O solubilities are @rrected by adding 0.10 wt% HrO to the data of Holtz et al., 1992a, for explanation see text).

t Using the data obtained at 4.8 kbar (see Table 2) and applying a pressure correction ol'1.27 wto/" HrO per kilobar and a temperature correction
of 0.26 wto/" HrO with increasing temperature from 800 to 900 qC.

$ For AOQ glass, data are taken from Table 3 and Holtz et al. (1992a).

The effect of pressure on H2O solubility observed for
composition AOQ is confirmed by the data obtained with
the HPG compositions (see Table 2). Although these data
were not obtained for a single temperature at all pres-
sures, the investigated temperature dependence for com-
position AOQ can be applied to recalculate the HrO sol-
ubilities to 900'C for all compositions (Table 4). The
pressure dependence ofHro solubility recalculated at 900
"C for compositions HPGI l, HPG8, and HPG6 is shown
in Figure 6 (HPGI l, HPG8, and HPG6 are compositions
with the lowest, intermediate, and the highest HrO sol-
ubilities, respectively, for a given Qz content). The evo-
lution of the HrO solubility curves is similar to that of
composition AOQ Fig. 5).

Composition dependence of the H'O solubility

The H,O solubilities obtained at 0.5 kbar and 1000 "C
(one expt.), I kbar and 850 "C (several expts.), and 4.8
kbar and 800'C (two expts.) are plotted in Figures l, 2,
and 3, respectively.

At 0.5 kbar and 1000 'C, the difference between the

highest and the lowest HrO solubility is 0.36 wto/o H,O
(Fig. l). With an uncertainty of +0. l5 wto/o H,O on H2O
solubility, this result suggests that HrO solubility is al-
most independent of composition at 0.5 kbar. However,
the highest HrO solubilities (>2.40 wto/o H,O) were all
obtained for Ab-rich compositions and the lowest (<2.20
wto/o HrO) for Or-rich compositions. The data shown on
Figure I suggest that, along the section HPG6-HPGI I
(compositions with 350/o normative Qz), a maximum H2O
solubility is attained for an intermediate composition
(HPG8 with Xo.: 0.38). The H,O solubilities at 900 "C
(Table 2) show the same compositional dependence as at
1000 "C, although they are systematically higher (H,O
solubility at 900 .rC for compositions HPG6, HPG7,
HPGI0, and HPGI I is 2.54, 2.59, 2.42, and 2.27 wto/o
HrO, respectively), with a maximum at Xo,:0.23 (com-
position HPGT). A maximum was also found for com-
position HPGT at 0.52 kbar (HrO solubilities are 2.59,
2.68, 2.50, 2.44, 2.37, and 2.30 wto/o HrO for composi-
tions HPG6-HPGI l, respectively). Therefore, the repro-
ducibility of the results at three slightly different condi-
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1 0

HzO (wtvo)
Fig. 6. Pressure dependence of HrO solubility for melt com-

positions HPG6, HPG8, and HPGI l. The H,O solubility data
used in this figure were recalculated for a temperature of 900 .C
(for corrections applied to the experimental data, see Table 4).
The normative Ab content of the melt decreased from 55 wto/o
for HPG6 to 9 wt9o for HPGI l, the normative Qz content was
approximately constant (35 wto/o Qz, see Table l).

tions suggests that the maximum observed for X- between
0.23 and 0.38 is not an artifact. An effect of the Qz con-
tent of the melt on the HrO solubility cannot clearly be
demonstrated in Figure l.

At I and 4.8 kbar, the highest H,O solubilities were
again obtained for Ab-rich compositions (Table 2, Figs.
2, 3, and 6) and the lowest for Or-rich compositions. At
both pressures, the HrO solubility variations were more
pronounced in Ab-rich melts than in Or-rich ones. The
difference in HrO solubility between Ab- and Or-rich
melts was more pronounced for compositions with low
Qz contents. The effect of changing Qz content can be
determined by comparing compositions with a constant
Ab-Or ratio. At I and 4.8 kbar, the HrO solubility in-
creases with decreasing Qz content. This effect was more
pronounced at I kbar than at 4.8 kbar. A relative varia-
tion of the HrO solubility of at least 17.50/o was observed
at I kbar for compositions with approximately Orl(Ab
+ Or) (wto/o) of 0.2, whereas it is <3.50/o at 4.8 kbar.
Finally, the HrO solubility remained almost constant for
a given Ab content of the melt at 4.8 kbar (Fig. 3).

The effect of the Orl(Ab * Or) molar ratio on the HrO
solubility expressed in mole percent (the molecular weight
of the silicate is calculated on the basis of one O) at 900
"C is represented for compositions with 35 fio/o norma-
tive Qz (HPG6-HPGI l) in Figure 7. Because of the small
variation of the molecular weights of the compositions
(see Table l), the same observations as stated above (from
HrO solubility in wto/o HrO) can be made. Figure 7 also
shows that the compositional dependence of HrO solu-
bility is larger at high pressure than at low pressure, if
absolute variations are considered. However, the relative
variation of HrO solubility decreased with increasing
pressure from I to 5 kbar.

Drscussrox
Attainment of equilibrium

With dry or HrO-undersaturated glass and HrO as
starting material, the reaction occurring during the ex-
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Fig. 7. Evolution of the H.O solubility (expressed as mole

percent, molecular weight of dry silicare calculated on one O
basis) as a function of the Orl(Or + Ab) ratio (in mole percent)
for compositions with approximately 35 wt0/0 normative Qz
(compositions HPG6-HPG1 l). The H,O solubility data used in
this figure are recalculated for a temperature of 900 "C (for cor-
rections applied to the experimental data, see Table 4).

periments corresponded to a diffusion process of HrO
through the glass or liquid. Thus, at superliquidus con-
ditions, equilibrium was attained only if HrO was dis-
tributed homogeneously in the quenched glass and if the
melt was saturated with respect to HrO. Several obser-
vations, such as the presence of free HrO in the capsule
after quenching, confirmed visually and by the weight-
loss method, showed that the melts were saturated with
respect to HrO.

The homogeneity of HrO distribution in the glasses of
the present study was tested in two ways. Some large glass
samples (7-15 mm in length; 3 mm in diameter) were
cut in slices of about l-mm thickness, perpendicular to
the capsule elongation. Each slice was analyzed individ-
ually by KFT. The HrO contents obtained for three ex-
periments at 800 .C and at 1,4, and 5 kbar (expts. 12,
21, and 26 in Table 3) show maximal variations in H,O
content of 0.27,0.28, and 0.17 wto/o HrO, respectively
(relative variation of 8.60lo at I kbar and <4o/o at 4 and 5
kbar). For the experiment at I kbar, it has to be noted
that the highest HrO contents (4.12 and 4.20 wto/o H,O)
were found at the ends of the glass cylinder, and it may
be possible that the experimental duration was too short
for complete homogenization by diffusion of HrO
throughout the glass sample (15 mm in length).

Two other samples, initially consisting of single glass
pieces as well as glass block plus powder, were analyzed
by infrared spectroscopy (expts. 13 and 14, Table 3). The
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measurements were made along a section of the cylindri-
cal samples (local resolution of 100 pm approximately;
for typical spectra obtained with glass AOQ, see Fig. 8 in
Holtz et al., 1993). There was very little variation of the
HrO content in experiment 14. The HrO contents in ex-
periment l3 were slightly lower in the hydrous glass, which
was initially powdered, when compared with the part that
corresponded to the dry glass block. However, the HrO
contents were within the analytical precision. There was
no difference between experiments 13 and 14, except the
size of the initial powder (<200 pm in no. 14; 200-500
pm in no. I 3). This suggests that small variations of HrO
contents may result from the nature of the starting ma-
terial (see also Behrens, in preparation). However, except
in experiment 13, all other glasses obtained with single
blocks and blocks + powder (at the same P-Zconditions)
yielded similar HrO contents (compare expts. 2, 3,4 and
24,25,26,27a in Table 3) .

In addition to the direct evidence for homogeneous
distribution of HrO in the sample, time-dependent ex-
periments were performed with composition AOQ. The
results from experiment 12 (Table 3) suggest that 240 h
were not sufficient for complete homogenization of HrO
in a sample 15 mm long at I kbar and 800'C. A good
homogeneity was attained in large samples obtained at 5
kbar and 800 "C for experimental durations of 240 and
480 h, with H,O contents of 9.76 and 9.92 wto/o HrO,
respectively (nos. 26 and27a, Table 3). At the same con-
ditions, HrO contents obtained from hydrous glasses as
starting material (diftrsion rates of HrO are higher in hy-
drous glasses) are 9.80 and 9.97 wto/o HrO for experimen-
tal durations of 120 and 672 h, respectively (nos. 24 and
25, Table 3). For smaller samples (3 mm), used in most
experiments, the HrO contents were not systematically
higher in experiments of long duration (see expts. 2, 3, 4
and 18, l9 in Table 3, HPG6-HPGI2 at I kbar and 850
"C in Table 2). Thus, experimental durations of l0 d or
more were sufficient to hydrate completely the dry start-
ing glasses (cylinders of 3 mm length) used to determine
the compositional dependence of HrO solubility in this
study. In addition, considering diffusion coefficients of
HrO of 4.5 x l0-8-7.J x l0 8 cm2ls between 800 and
850'C, respectively (Lapham et al., 1984; Zhanget al.,
199 l), it can be shown that these durations are suftcient
for complete homogenization of the glass cylinders by
diffirsion of HrO. Some experiments carried out at higher
temperatures (1000-1350 "C) with composition AOQ or
with hydrous starting glasses were shorter (Table 3), but
HrO diffusion was shown to be faster under those con-
ditions (Lapham et al., 1984; Nowak and Behrens, 1992).

Loss of HrO during and after quenching

The negative temperature dependence of HrO solubil-
ity at P - 4 kbar implies that no HrO should leave the
melt during isobaric quenching. In contrast, at 5 kbar,
HrO solubility decreased with decreasing Z (Fig. 4), and
some dissolved HrO may have exsolved from the melt
during isobaric quenching. This probably explains the
existence of small bubbles in some 5 kbar samples. Glass

TABLE 5, Compositions of anhydrous and hydrous glasses

No. HPG6 HPGG HPG6 HPGO HPG6 HPGS HPG9
H,O (wt%)' 0 2.66 4.44 6.41 6.53 5.58 5'97
n  1 0  9  1 0  I  8  7  6

K"O 0.91 0.87 0 85 0.84 0.83 8.25 5.52
Na,O 6.85 6.68 6.48 6.14 6.29 2.26 3.29
Al,o3 1 2.80 12.36 12.04 1 1 .86 1 1 .81 12.89 11 .25
sio, 78.41 76.48 74.86 73.24 73.56 7O.O7 72.94

Total 98.97 96.39 94.23 92.38 92'49 93.47 93.00

K"O
Naro
Alr03
sio,

Note.' microprobe analyses were performed at Orl6ans (BRGM-CNRS)
with a Cameca SX50 (analytical conditions: 6 nA, 15 kV, 10-pm beam, 5-s
counting time for Na and K, 10-s counting time for Si and Al). Analytical
data are averages of n microprobe analyses.

* Determined from KFT.

blocks (containing the bubbles) were used for KFT on
these samples, and the HrO content determined repre-
sents that of the melt at the experimental Z.

The effect of the quench rate on measured values of
H,O solubility was tested at 5 kbar (expts. 27b and 27c,
Table 3). In the first step, a glass was saturated with HrO
(no. 27a). One piece of this glass, containing 9.9 wto/o
HrO, was placed in a CSPV for 16 h and quenched from
800 to 100'C in 5 min; the other was quenched in 15 s.
The small difference observed (0.1 fio/o HrO lower for
the rapidly quenched sample) is probably insignificant.

Because of the high HrO contents in some samples and
especially in the S-kbar samples, HrO might have left the
glass at room temperature. For the S-kbar experiments'
care was taken to open the capsulesjust before the deter-
mination of the HrO content by I(FT. The 8-kbar cap-
sules were placed in ice just after quenching and were
quickly arralyzed for their HrO content. For experiment
no. 33 (Table 3), a second analysis performed 3 h later
yielded a significantly lower HrO content (13.32 wto/oHrO
instead of 13.85).

Composition of the melt

The presence of a (HrO-rich) fluid phase in equilibrium
with the melt may have afected its composition, because
of incongruent dissolution of the silicate melt in the fluid
phase. However, in most experiments, the added amounts
of H,O were only slightly higher than the expected HrO
solubility. Due to the higlr ratio of melt to fluid, the com-
position of the melt is very little affected by dissolution
of silicate in the fluid, as shown in Table 5. The com-
position of HPG6 glasses (microprobe analyses per-

formed with Cameca SX50 at BRGM-CNRS, Orl6ans)
does not show any significant variation of K, Na, Al, or
Si contents as a function of the HrO content of the melt
(0-6.5 wto/o HrO). The small difference between the com-
position of the dry HPG6 glass given in Table I and that
in Table 5 may result from the use of diferent analytical
conditions and apparatus (microprobes in Bayreuth and
Orl6ans for Tables I and 5, respectively). The composi-
tions of HPG5 and HPG9 hydrous glasses (5.5 and 5.9

composition recalculated to 100%

0.92 0.91 0 90 0.91 0.90 8.83 s.93
6.92 6.93 6.88 6.66 6.80 2.42 3.54

12.92 12.82 12.78 12.88 12.77 13.79 12.10
79.22 79.34 79.43 79.53 79.53 74.96 78.43
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wto/o HrO, respectively) are very close to the composition
of their dry equivalents given in Table l.

Comparison with previous experimental data in the
system Qz-Ab-Or

Temperature dependence. The temperature depen-
dence of HrO solubility observed in this study is in good
agreement with that observed by Oxtoby and Hamilton
(1979) and Hamilton and Oxtoby (1986) for Ab melts.
At 2 kbar, Holtz et al. (1992a) recorded the same tem-
perature dependence observed by Hamilton and Oxtoby
(1986: a decrease in HrO solubility of 0.15 + 0.05 wto/o
HrO for an increase in ?" of 100 'C). Oxtoby and Ham-
ilton (1979) also noted that the temperature dependence
of HrO solubility changes from being negative at low P
(P < 4 kbar) to slightly positive at high P (P > 4 kbar).
At 4 kbar, they found no temperature dependence of HrO
solubility in Ab melts.

Pressure dependence. The pressure dependence ofHrO
solubility for binary haplogranite compositions (Qz-Ab,
Qz-Or) was investigated by Oxtoby and Hamilton (1978a,
1978b). The results are in good agreement at low P. How-
ever, at P > 3 kbar, our results show a significant almost
linear dependence of HrO solubility on P, whereas Ox-
toby and Hamilton (1978a, 1978b) found only low vari-
ations with P (Fig. 5). This discrepancy may be due to
the analytical method used by Oxtoby and Hamilton
(drying at 105 "C), which may underrepresent the HrO
solubility determined at high HrO contents. It has to be
noted that Silver and Stolper (1989) concluded from cal-
culations that the HrO solubility determined at high pres-
sure by Hamilton and Oxtoby (1986) is probably too low,
which is in agreement with our experimental results.

Compositional dependence. There are few studies in
which the compositional dependence of HrO solubility
in haplogranite melts has been investigated (Oxtoby and
Hamilton, 1978a, 1978b, 1979, and Hamilton and Ox-
toby, 1986, for Ab, Or, Qz-Ab, Qz-Or melts; Voigt et al.,
1981, for Ab-Or melts; Dingwell et al., 1984, for Qz-Ab-
Or melts). The higher HrO solubility in Ab melts com-
pared with Or melts has been observed previously (Ox-
toby and Hamilton, 1978b; Voigt et al., 198 l; see also
review in McMillan and Holloway, 1987). Dingwell et al.
(1984) suggested that there is no sigrificant variation of
HrO solubility at 0.97 kbar between two ternary com-
positions with IV(Na + K) ratios of 0.428 and 0.309 and
with approximately 35 wto/o Qz. However, these compo-
sitions are not very different in terms of their alkali ratio,
and the uncertainty given for the two compositions in-
vestigated by Dingwell et al. (1984) is within the varia-
tions observed in this study. On the basis of data from
Tuttle and Bowen (1958), Luth (1976) estimated the HrO
solubility at I kbar for Qz-Ab, Qz-Or, Qz-Ab-Or eutec-
tics and minimum compositions to be >4.8, 4.4, and 4.3
wto/o HrO, respectively. Slightly lower HrO solubilities
were found in this study (Fig.2), but that may be due to
the applied Z (850 'C), which is higher than the eutectic
or minimum temperatures. Thus, the values determined

by Tuttle and Bowen ( I 958) are consistent with our I -kbar
dala.

Comparison with calculations

Several methods have been used to calculate HrO sol-
ubility curves, or more generally phase relations, for alu-
minosilicate systems (e.g., Spera, 1974; Burnham, 1979;
Nicholls, 1980; Burnham and Nekvasil, 1986; Silver and
Stolper, 1985, 1989; Blencoe, 1992). Spera (1974) and
Blencoe (1992) used a binary solution model involving
Margules type expansions. In the case of binary systems
(for example Ab-HrO), the Margules method was used
successfully for thermodynamic modeling (Blencoe, 1992).
However, the application of this method for multicom-
ponent silicate systems (Spera, 1974) implies that empir-
ical parameters have to be defined by least-squares anal-
ysis of the experimental HrO solubility data. Until now,
an accurate prediction of HrO solubility for ternary (Qz-
Ab-Or) compositions remained difficult because no sys-
tematic experimental data existed.

Burnham and Nekvasil (1986) extended the Ab-HrO
solution model (Burnham and Davis, 1974) and pro-
posed the revised quasi-crystalline model of hydrous sil-
icate melts to predict HrO solubilities (and phase rela-
tions) in haplogranitic systems (Qz-Ab-Or-H,O). The H,O
solubilities calculated at 900'C using the model of Burn-
ham and Nekvasil (1986) are given in Table 4 and can
be compared with the experimentally determined HrO
solubilities (recalculated for 900 'C). At I and 2 kbar, the
values are relatively close to those observed experimen-
tally, especially for compositions close to the ternary
minima (HPG8). Although only slightly different from
the experimental data, the calculated HrO solubilities are
systematically higher at 0.5 kbar. They are significantly
lower at 5 kbar (bv 0.86-2.19 wtolo HrO, see Fig.8). In
terms of mole fractions, the calculated HrO solubilities
are constant for a given Qz content (because equimolal
isothermal isobaric HrO solubility is assumed in feldspar
melts), which is not in agreement with the experimental
results between I and 5 kbar (Fig. 8). Thus, HrO solu-
bilities calculated using the model of Burnham and Nek-
vasil (1986) underestimate the role of alkalis in melts
(Na, K) at P > I kbar. This might have important pet-
rological consequences for predicted phase relations in
aluminosilicate-HrO systems (i.e., Nekvasil and Burn-
ham, 1987; Nekvasil, 1990) and for calculated HrO ac-
tivities (especially at 5 kbar). The alkali effect on the HrO
solubility observed in this study may also explain the
difference between the experimentally determined HrO-
undersaturated liquidus phase relations in the system Qz-
Ab-Or-HrO-CO, (Ebadi and Johannes, l99l; Holtz et al.,
1992b; Pichavant et al., 1992) and the calculated HrO-
undersaturated phase relations in the system Qz-Ab-Or-
HrO (Nekvasil and Burnham, 1987).

The thermodynamic model of Silver and Stolper (1985)
allowing HrO solubility to be calculated is based on ideal
mixing of OH groups, molecular HrO, and O atoms in
the melt. Because the exact proportion of HrO and OH
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Fig. 8. Comparison of experimentally determined HrO sol-
ubilities for melt compositions HPG6 and HPGI I with calcu-
lated HrO solubilities after Burnham and Nekvasil (1986). The
dotted areas represent the fields of HrO solubility for composi-
tions HPG6 to HPGI l. Experimentally determined and calcu-
lated HrO solubilities are given for 900 'C (data given in Ta-
ble 4).

units is still under debate (e.g., Dingwell and Webb,
1990a), a reference point and the partial molar volume
of HrO (2",o) in the melt have to be known for the cal-
culations (Silver and Stolper, I 98 5). At the reference point,
the HrO solubility at a given P is independent of ?'. From
this study, the HrO solubility at the reference point for
composition AOQ is well constrained and colresponds to
9.3 wto/o H,O (solubility at approximately 4.5 kbar).
However, Vr,o is not known for the investigated com-
positions and can change from 0 to 22 cm3/mol in rhyo-
litic to albitic liquids (Silver et al., 1990). This variation
affects significantly the HrO solubility for composition
AOQ calculated after the model of Silver and Stolper
(1985): a calculated HrO solubility at 6 kbar and 900 "C
changes from 13.3 to 10.0 wto/o HrO if Vr.o increases
from 0 Io 22 cm3/mol (the following values were used for
the calculation: Kr : 0.2, X*: 0.157, &. : 0.095; for
an explanation see Silver and Stolper, 1985). With Z",o
close to that estimated for albite melts at high pressure
(17 cm3./mol), K, : a2on/(ao'ar,o^") : 0.2 (where co",
aa2o ̂ot, and ao refer to the activities of OH groups, mo-
lecular HrO, and O atoms not associated with H atoms
in the melt), and a HrO solubility of 9.3 wto/o H,O at the
reference point (4.5 kbar), the calculated and experimen-
tally determined HrO solubilities at 900 oC are in rela-
tively good agreement at P < 6 kbar (Fig. 9), but there is
a significant diference at 8 kbar (the calculated HrO sol-
ubility at 900 .C is 12.3 wto/o HrO, whereas the value
determined experimentally is higher than 13.8 wto/o H'O;
see Table 3). At all pressures between I and 8 kbar, the
best agreement between calculated and experimental val-
ues is obtained for a Zr,o close to 10-12 cm3/mol (Fig.
9). However, it has to be noted that Zr,o is not necessarily
constant over this pressure range, and that this value of
Zr,o is only valid if K, is close to 0.2 and if ideal mixing
of HrO, OH and O units is assumed. Other models in-
volving nonideal mixing of these units have also been

I calculaEd (S&S) I

I  vmot Hzo= l icnj /mol l -  . /

ulaEd (S&S)
'./

Vmol H2O = 10 cm3/mol

tlis study

HzO (wt%o)

Fig. 9. Pressure dependence of H'O solubility for composi-

tion AOQ at 900 "C calculated after the thermodynamic model

of Silver and Stolper (1985) (S&S) and after the experimental

data ofthis study. The continuous curve, diamonds and square

are extrapolated from the experimental data (Tables 3 and 4).

Broken curves (S&S) are calculated after Silver and Stolper (1985)

for partial molar volumes of H,O of l0 and l7 cm3/mol. K' was

taken to be 0.2; the reference point (square) corresponds to the

HrO solubility at 4.5 kbar (9.3 wto/o H'O). For further explana-

tion, see text.

developed by Silver and Stolper (1989). However, as out-

lined by the authors, the proportions of OH and HrO

units in melts have to be known, and consistent HrO

solubility data sets for binary compositions (such as Ab-

HrO, Or-HrO, Qz-HrO) have to be tested first in order

to find out the model that can retrieve all measurements.

Iupr,rc.lrroxs

HrO solubility mechanisrns in aluminosilicate melts

The existence ofdifferent dissolved hydrous species in
aluminosilicate melts has been proposed by several au-
thors on the basis of experimental HrO solubility data
(Oxtoby and Hamilton, 1978a) and spectroscopic inves-
tigations of hydrous glasses (e.g., Stolper, 1982; Mysen
and Virgo, 1986; Kohn et al., 19891 Silver and Stolper'
1989; Silver et al., 1990; Sykes et al., 1993).

The existence of at least two solubility mechanisms for
HrO between 0 and 5 kbar was suggested by Oxtoby and
Hamilton (1978a) because of the existence of two trends
when plotting HrO solubility data as a function of the
square root of/g,o (Fig. l0). The HrO solubility value at
the transition between the two mechanisms is approxi-
mately 6.5 wto/o HrO for Qz-Ab melt (with composition
Na,O .Al,O, ' I 0SiOr). If our solubility data, expressed in
mole percent, are plotted against the square root of /s,o,
the two distinct trends obtained by Oxtoby and Hamilton
(1978a, I 978b) are not observed (Fig. l0) because of the
larger HrO solubility dependence on P (at P > 3 kbar)
found in this study (see above and Fig. 5).

There is now an overall agreement that HrO dissolved
in aluminosilicate melts is present as both molecular HrO
and OH groups (e.g., Stolper,19821' Silver and Stolper,
1989; Silver et al., 1990). On the basis of spectroscopic
studies ofquenched glasses, Silver and Stolper (1989) and

,at 6
6

l 41 0



r06

80

l " -  6 0

j \

) a o

20

o

/-1

',-/./

'/

0  5  1 o  t 5  2 0

HzO (mol%o)

Fig. 10. HrO solubility expressed as mole percent (on the
basis of one O) plotted against the square root of fi,o. All HrO
solubility dara (at 900 .C) determined in this study plot within
the dotted area. The dashed straight lines represent the HrO
solubility curve determined by Oxtoby and Hamilton (1978a)
for a Qz-Ab melt at 1000 "C. HrO fugacity values are from
Burnham et al. (1969).

Silver et al. (1990) have suggested that the maximum
amount of HrO incorporated as OH groups is 2.3 wto/o
HrO in Ab melts and.2 wto/o HrO in Or melts, and that
it is attained for a total HrO content of approximately 4
wt0/o HrO. At higher HrO contents, all additional HrO is
incorporated as molecular HrO according to this model,
and in all our experiments with melts containing 4 wto/o
HrO or more (P > I kbar) the OH contents should be at
their maximum values. The difference in HrO solubility
due to OH groups between Qz- and Ab-rich and Qz- and
Or-rich melts should be only 0.3 wto/o HrO. Thus, ac-
cording to Silver and Stolper (1989) and Silver et al.
(1990), the higher HrO solubilities observed in the Ab-
rich melts (Figs. 6 and 7) and the linear correlation be-
tween HrO solubility and pressure between 3 and 8 kbar
(Figs. 5 and 6) would be related to molecular HrO in the
melts. However, it has to be emphasized that the amount
ofOH groups analyzed by Silver and Stolper (1989) and
Silver et al. (1990) from quenched glasses may be higher
than 2 wto/o HrO because HrO speciation is temperature
dependent (Stolper, 1989) and, consequently, may be
strongly quench-rate dependent (Dingwell and Webb,
1990a). The results ofStolper (1989) and rhe analysis by
Dingwell and Webb (1989, 1990b) suggesr rhar OH con-
tents in aluminosilicate melts at hyperliquidus tempera-
tures may be significantly higher than OH contents at the
glass transition.

The alkali effect observed for the variation of HrO sol-
ubilities between I and 5 kbar (HrO solubility is the high-
est in the most Ab-rich melts, see Figs. 2, 3, and 7) can
be explained by the incorporation mechanism of HrO
proposed by Pichavant et al. (1992), which suggesrs that
the different amount of HrO observed in haplogranite
melts (with compositions close to those investigated in
this study) can be due to the existence of hydrated
K(OHXH,O), and Na(OHXHTO), clusters. Because of the
larger size of K and of the longer K-O bond length when
compared with Na-O (Brown et al., 1988), the n mole-
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cules of HrO in K(OH)H,O, clusters should be lower than
those in Na(OH)H,O, clusters at the same P-Z condi-
tions.

It is difficult to estimate if the alkali effect observed in
melts containing high molecular HrO contents also exists
in melts with high proportions of OH (P < 0.5 kbar)
because the observed diferences between Ab-rich and Or-
rich melts at 0.5 kbar are weak (HrO solubility between
2.ll and2.46wto/o HrO at 1000 "C, Fig. l). However, the
maximum HrO solubility systematically observed at 0.5
and 0.52 kbar for intermediate compositions with Xo.
between 0.38 and 0.23 (see Table 2 and Fig. 7) suggests
that the alkali effect observed at higher P is signif,cantly
lower at 0.5 kbar, if it exists at all.

It is difficult to predict the consequences of the results
obtained in this study (Qz-Ab-Or compositions) for the
Ab-Or system. That H,O solubility in Ab melts is higher
than in Or melts is known from previous studies. How-
ever, at high P (>3 kbar), the difference between the two
compositions is probably higher than that determined by
Oxtoby and Hamilton (1978a). The approximately linear
evolution of HrO solubility with changing Ab-Or content
observed at 4.8 kbar in ternary compositions (Fig. 7) can-
not be extrapolated to the Ab-Or join, because nonideal
interactions occur between Na- and K-bearing structural
units along this join, as shown by Voigt et al. (1981) at 5
kbar. This suggests that the incorporation mechanisms of
HrO may change significantly with changing silica con-
tent. The investigation ofthe effect ofsilica content along
the Qz-Ab and Qz-Or joins is needed to determine to
what extent the HrO solubility mechanisms in Ab or Or
melt, such as proposed by Kohn et al. (1989) or Sykes et
al. (1993), can be extended to ternary compositions.

Petrological implications

The HrO solubility data given in this study have im-
portant petrological implications for both physical and
chemical properties of granitic melts. Combined with the
results of Urbain et al. (1982), showing that dry NaAl-
SirO, liquids are less viscous than KAlSirO, liquids at
fixed Z, the higher H,O solubility in Ab-rich melts dem-
onstrated in this study implies that HrO-saturated Ab-
rich melts might be much less viscous than Or-rich melts.
The compositional dependence of HrO solubility also
suggests that, for a given HrO content of the melt, degas-
sing by second boiling in an Ab-rich granitic melt may
occur at a pressure lower than that in a Or-rich melt.

The compositional dependence of HrO solubility in the
system Qz-Ab-Or implies that HrO-saturated phase re-
lations, such as isobarical polythermal liquidus surfaces
defined by Tuttle and Bowen (1958) and Luth et al. (1964),
are not determined at a constant HrO content of the melt
(Pichavant, 1990). The liquidus temperatures change if a
Qz-Ab-Or section is constructed at constant pressure and
H,O content of the melt (Fie. I l). Using the data of Holtz
eIal. (1992b) and Pichavantetal. (1992), obtained in the
HrO-saturated and HrO-undersaturated Qz-Ab-Or sys-
tem, a section along the cotectic curves separating the
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Fig. I 1. Section along the cotectic curves sepiuating the quartz
and feldspar primary fields in the system Qz-Ab-Or-H'O at 5
kbar. The quartz content ofthe eutectic or cotectic compositions
varies approximately between Qzro and Qzor. Along the HrO-
saturated cotectic curve, the H.O content of the melt increases
progressively (see indicated HrO solubility values) with increas-
ing Ab content of the melt. The H.O solubility in the Qz-Or
eutectic melt at the liquidus temperature is 9.7 wto/o HrO. If a
cotectic curve is recalculated for 9.7 vfio/o HrO, the liquidus tem-
perature increases by 28 'C at the Qz-Ab eutectic point and by
20 "C at the thermal minimum when compared with HrO-sat-
urated conditions. The cotectic curve for 9.7 wto/o HrO in the
melt is calculated using HrO-undersaturated phase relations giv-
en by Holtz et al. (1992b). HrO solubilities are calculated from
this study. (Source of data for HrO-saturated cotectic curve: Holtz
et al., 1992b.)

qtrartz and feldspar primary fields is shown for HrO-sat-

urated conditions and for a HrO content of the melt of

9.7 wto/o on Figure ll (9.7 wto/o H,O is the calculated H,O

solubility for the Qz-Or eutectic at 5 kbar). Liquidus tem-
peratures for Qz- and Ab-rich compositions containing

9.7 \,fio/o H,O are higher by 20-30 "C than the S-kbar

HrO-saturated liquidus temperatures, whereas the liqui-

dus temperature for the Qz-Or eutectic remains un-

changed.
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