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Hydrogen and the melting of silicatesl
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AesrRAcr

The solidi of albite, diopside, and quartz in the presence of HrO-H2 vapors have been
determined from 5 to 30 kbar for vapors buffered by the assemblages iron-wiistite-H2o
(IW), hematite-magnetite-Hro (HM), and pure HrO. As the activity of H, in the vapor
increases, the solidi in these systems increase systematically in temperature. The difference
between the solidus of silicate + HrO and that of silicate + H2O + H, (HM) in all three
systems is larger than could result from simple dilution of the vapor by Hr, implying that
H, dissolves in the silicate liquid and inhibits the solution of HrO. Comparison of these
results with data for the analogous HrO * CO, systems suggests that H, is more soluble
than CO, in these liquids under similar conditions of pressure and temperature. Variations
infnrandforin experimental apparatus in different laboratories can explain many apparent
inconsistencies in experimental results. These systems also serve as models for melting and
metasomatism under conditions of/o, andfr, consistent with values postulated for the
Earth.

INrnooucrroll

The influence of volatile components, particularly HrO,
on phase relations in silicate systems has been intensively
investigated for a number of years. The emphasis on the
effect of HrO stems from petrologic and experimental
gtounds. In magmas, HrO is the dominant volatile, as
revealed by analyses ofvolcanic gases and glasses. In the
laboratory, HrO lowers melting temperatures as much as
hundreds of degrees, and it is an efficacious flux, greatly
enhancing reaction rates and the attainment of equilib-
num.

Nevertheless, Hro-saturated conditions appear only
under exceptional conditions in magmas, prompting pe-
trologists to study silicate-HrO systems at HrO-under-
saturated conditions. To achieve HrO-undersaturated
conditions in the laboratory, the hydrous vapor is diluted
with another component, commonly COr, which is the
second-most-abundant volatile component in volcanic
gases (Gerlach and Nordlie, 1975; Gerlach, 1982). How-
ever, Hill and Boettcher (1970) determined that COr dis-
solves in some silicate liquids at pressures above - 15
kbar based on the shapes and relative positions of the
basalt-HrO and basalt-HrO-CO, solidi. Subsequently, there
have been numerous studies of HrO * COr-bearing sys-
tems to assess the effect of these volatiles on melting in
the mantle (Mysen and Boettcher, 197 5; Brey and Green,
1 97 7 ; Egg)er, I 978 ; Wyllie, 197 9), to determine thermo-
dynamic properties of HrO-CO, fluids at high pressures
(Eggler and Kadik, 1979; Bohlen etal.,1982,1983), and
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to determine the mechanisms of solution of the volatiles
and their effect on the structural and rheological properties

of silicate liquids @urnham, I 9 7 9 ; Mysen and Virgo, I 9 80;
Stolper, 1982; Boettcher, 1984).

Our work focuses on a mixed-volatile system that has
not been considered in any detail to date: the H2O-H,
system. This system is important in both geologic and
experimental situations, because of the dissociation re-
action

H'O[v] : H,[v] * VzO'lvl.

In the presence ofan assemblage that buffers the oxygen
fugacity (fo) at a fixed value, the ratio ofthe fugacity of
HrO (.f,,ro) to the fugacity of H, (f"r) is fixed at a given
pressure and temperature. With the additional constraint
that the bulk composition of the vapor is in the O-H
system, the composition of the vapor is invariant. Silicate
components are negligible, typically composing < I mo10/o
of the vapor. In natural assemblages, there may be an
oxidation-reduction reaction such as the following:

2Fe,O,[ ]  :4FeO[1]  + Oz,

where FerO, and FeO represent ferric and ferrous com-
ponents in the silicate liquid (Kennedy, 1948; Sack et al',
1980). Other assemblages, which lack a silicate liquid but
contain Fe, may also buffer the/o, (Greenwood, 1975).

In the laboratory, the buffering reaction may be the
oxidation of the walls of the pressure vessel by the gas
pressure medium, or degassing and dehydration of the
furnace assembly in solid-media high-pressure apparatus.
Alternatively, fo, may be controlled by gas mixtures of
CO, + H, or CO, + CO, or by oxygen buffers such as
hematite + magnetite + HrO (HM) or iron * wiistite +
HrO (IW). Even a vapor of nominally pure HrO contains

0003{04x/86/0304-{264$02.00 264



LUTH AND BOETTCHER: HYDROGEN AND MELTING OF SILICATES 265

a flnite amount of H, and O, because of the dissociation
reaction. In this case, the composition of this vapor is
flxed at a given pre$sure and temperature by the disso-
ciation reaction of HrO, the restriction to a binary O-H
vapor, and the restriction that the bulk composition re-
mains HrO. Oxygen bufers, from the most oxidizing one
that is commonly used (HM) to the most reducing one
(IW), all have lower/o, and higher/n, than does pure HrO.

Previous work on the effect of H, on the phase relations
of silicates is sparse. Nakamura (1974) studied the system
SiOr-HrO-H, at 15 kbar andfrl, buffered by the talc fur-
nace assembly (-HM) and by the IW buffer. When bufl
ered by the furnace assembly at low fu, the system was
supercritical, with a single fluid phase rather than discrete
liquids and vapors, consistent with previous work on SiOz-
H2O that indicated a critical end-point at - l0 kbar (Ken-
nedy et al,,1962), In contrast, when the system was buF
ered by IW at higher fnr, lhe liquid and vapor were dis-
tinguishable, indicating that H, increased the critical point
to >15 kbar.

Faile et aI. (1967) and Faile and Roy ( I 970, I 97 1 ) stud-
ied the solubility of H, in SiO, glasses quenched from
800"C and P", {3 kbar. Even at these low temperatures
and pressures and without H2O, they produced glasses
with up to -8 molo/o Hr. They did not study the effect of
H, on the phase relations of SiOr,

To examine the effect of high /r, on silicate phase re-
lations, we have determined yapor-saturated solidi in the
systems SiO2-H2O-Hr, NaAlSir08-H2O-H2, and Ca-
MgSirOu-HrO-H, at pressures between 5 and 30 kbar. We
controlled/r, by using a wide range of buffers. Because
the composition of the vapor in equilibrium with the buff-
er assemblages changes with pressure and temperature,
the rnole fraction ofHrO in the vapor (Xi,ro) changes along
the vapor-saturated solidi, which complicates compari-
sons with the analogous systems containing HrO + COr,
with fixed X;ro along a given solidus. However, we can
use this sytem in solid-media high-pressure apparatus and
thereby study these reactions at higher pressures than at-
tainable in a gas-pressurized apparatus.

ExpnnrvrBNTAL TEcHNTeuES

Starting materials

The diopside was synthesized from MgO and CaO (both Pur-
atronic grade, from Johnson Matthey Chemisals) and natural
quartz. The CaO was fired at 1000"C for 24 h prior to weighing.
The MgO was fired at 1000"C for 24h, then l500oC for 4 h,
followed by 16 h at 1000"C prior to weighing. The quartz is that
used in the study of SiO,-H.O-CO, by Boettcher (19E4); it was
ground, boiled in HNO,, rinsed thoroughly in distilled HrO, and
fired at I 000.C for 24 h before weighing. The oxides were weighed
in stoichiometric proportions, mixed thoroughly, and fused at
1450'C for 8 h, quenched, reground, and remelted several times
until a homogeneous glass was obtained. This glass was crystal-
lized at l-atm pressure, 1300'C for 12 h, then recrystallized hy-
drothermally at 5 kbar, 1100"C for 24 h. This resulted in well-
crystallized, moderately fine grained (10-20 pm) diopside.

The albite is a natural albite from the Franciscan Formation
of California that contains 0.03 wto/o CaO, 0.04 wto/o K"O. 0.01

wto/o FerO:, and 0.003 wto/o MgO, For most experiments, the
albite was in the low structural state. This material is idoal for
melting reactions in NaAlSiQs-HzO-H:, because above - 3 kbar,
low albite is the stable polymorph at temperatures near the al-
bite + HrO solidus (Goldsmith and Jenkins, 1984). For some
experiments, the albite was converted to the high structural state
by recrystallization at 20 kbar, 1200"C for 24 h. In contrast to
the rapid disordering of low albite, the ordering of high albite
takes months at the conditions of interest, and therefore high
albite persists metastably for the duration of our experiments,

Approximately 5 mg of the appropriate starting material, to-
gether with deionized, distilled HrO, were sealed into 1.6-mm
diameter Pt capsules. Masses were measured to the nearest mi-
crogram on a Mettler M3 microbalance and were reproducible
to + 3 pg. The inner capsule containing silicate * HrO was sealed
inside a 3.5-mm diameter Ft capsule together with the buffer
assemblage, either iron-wiistite-HrO (IW), wtistite-magretite-H,O
(WM), nickel-nickel oxide-Hro (NNO), or hematite-magnetrte-
HrO (HM). The buffer assemblage txes the/", in the buffer cap-
sule; diflusion ofH, through the wall ofthe inner capsule bufers
the /r, inside the sample capsule, in turn fixing the fo, and fn o
in the sample capsule,

Most of the pure-HzO experimeots were nrn without an outer
capsule. Previous experiments, using samples ofdiferent bufer
assemblages, established that the /", of the furnace assembly at
conditions of interest to this study was lower than that of the
HM buffer, as expected because ofthe lask ofhydrous parts in
the furnace assembly (Boettcher et al., l98l). Therefore, influx
of H, into the capsule was negligible, and thus these experiments
were in the silicate * HrO subsystem. To insure that there were
no thermal efccts because ofno outer capsule, we loaded quartz
into an euter capsule, together with the sample capsule, mim-
icking the thermal situation of the other experiments where the
double-capsule technique was used. The results of this experi-
ment were consistent with those using a single capsule.

Apparatus and run procedure

The experiments were run in piston-cylinder apparatus, using
2.54-cm diameter furnace assemblies composed of NaCl, pyrex,
graphite, BN, and MgO (Boettcher et al., l98l). Temperatures
were monitored using Pt-Pte'Rhr' thermocouples encased in
mullite ceramic, with the tip of the thermocouple in contact with
the capsule. We used the hot piston.in technique by bringing the
pressure to about 50/o below the final value, then increasing tem-
perature and finally presstue to the desired values. The experi.
ments were controlled with a precision of +2"C and +0.05 kbar.
At the end of the run, the experiment was quenched by shutting
of the power, resulting in a temperature drop of 500'C or more
within 20 s, and to room temperature in less than 3 min.

Following the run, the buffer capsule was weighed, punctured,
heated, and then reweiglred to confirm that HrO was present.
Optical microscopy or X-ray diffraction confrrmed the presence
of the required solid phases of the buffer. The sample capsule
was cleaned, weighed, punctured, heated at I 12oC, and then re-
weighed. A weight loss at this stage confirmed that HrO remained
in the capsule throughout the experiment, In typical hypersolidus
experiments, the weight loss was 7 5-90o/o of the amount of HrO
originally loaded in the capsule, indicating that some HrO re-
mained in the quenched liquid. However, the weight losses for
capsules from hyperliquidus experiments indicate that >500/o of
the volatiles exsolved from the liquid during the quenching of
the experiment. After the sample capsule was opened, the prod-
ucts werg examined in immersion oils using a petrogaphic mi-
croscope,
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Run products

The nature of the run products differed somewhat from system
to system. In the NaAlSirO*-HrO-Ht and SiOr-HrO-H2 systems,
quenched liquids were always bubble-rich glasses that had nearly
completely degassed during the quench. In the CaMgSi2O6-HrO-
H2 systems, liquids quenched to crystals, either large, single crys-
tals with many vapor bubbles, gJassy inclusions, and undulatory
or patchy extinction, or radial sheaves ofcrystals with interstitial
glass. In either case, the quenched liquid was clearly distinguish-
able from the well-crystalized, usually smaller crystals of primary
diopside.

In all three systems, vapor quenched to "fish-roe"-small, iso-
tropic, glass spheres of lower refractive index than quenched
liquid. In the SiOr-HrO-H, system, vapor also quenched to large,
thin plates of bubble-free glass, which often appeared to have
formed from coalesced fish-roe spheres. These plates of vapor
could be distinguished from quenched liquid by their lack of
bubbles and lower index of refraction (n < 1.50). At pressures
above the critical points in SiO'-H'O-Hr, liquid and vapor were
indistinguishable; there was a single fluid phase that became in-
creasingly abundant at the expense of the crystalline quartz as
the temperature increased. In the CaMgSi2O6-H2O-H, system, at
pressures above -25 kbar, vapor commonly quenched as large,
thin plates or acicular pieces of isotropic, or nearly isotropic,
material oflow refractive index (n < 1.50).

To ensure equilibrium, runs were reversed at several pressures
in all three systems. These were done by first subjecting a sample
to conditions ofpressure, temperature, and run duration, known
from our other experiments to be sufficient to melt, or partially
melt, the charge. The temperature was then lowered to below the
solidus determined by previous runs. Run products in a successful
reversal contained no quenched liquid. Data for intracrystalline
diffusion of hydrogen through Pt (Ebisuzaki et al., I 968) indicate
that equilibrium with respect to/", would be established between
the buffer and sample capsules in <5 s even at the lowest tem-
peratures studied.

Calculation of vapor composition

The composition of the HrO-H2 vapor was calculated using
the expressions for/o, for the various buffers from Huebner (197 l),
the free energy ofdissociation ofHrO from Robie etal. (1979),
and the modified Redlich-Kwong (MRK) equation of state of
Holloway (1977). When buffered by an O, bufer, the X5, was
always orders of magnitude less than the Xij2, and the vapors
were considered to be binary HrO-H, mixtures. Because of the
many factors of varying precision used in the calculation, there
are large uncertainties in the X;r. The/", of the bufer was cal-
culated from experimental data at atmospheric pressure and the
molar volumes ofthe solid phases; these extrapolations have been
experimentally constrained only at 2 kbar (Chou, 1978). For
example, changing log (f",) by I changes X;, for a HM-butrered
vapor by a factor of 3. Uncertainties in the free energy of dis-
sociation for HrO lead to uncertainties in the f^r/frro ratio and
thereby in the X;,o. An error in the free energy ofdissociation
of HrO of 100/o may change X;, for a HM-buffered vapor by a
factor of 15. The MRK equation of state, used to convert/r, to
X;r, has potentially large uncertainties for two reasons. First,
there are no fugacity data for pure H, or Hr-HrO mixtures at
pressures higher than 3 kbar (Shaw, 1963; Shaw and Wones,
1964; Presnall, 1969) or for HrO above l0 kbar (Burnham et al.,
1969) against which to calibrate the MRK equation. Second, the
MRK equation uses a simple mixing rule that may not be realistic
for HrO-H, vapors at the conditions of our experiments. In this
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regard, it should be noted that de Santis et al. (197 4), the authors
who published the modification of the Redlich-Kwong equation
ofstate used by Holloway (1977), specifically stated that because
of the simplifications used in the formulation of this equation of
state, it would not provide highly accurate results, and further-
more, they recommended that the equation be used in the region
25-700'C and at pressures up to I 500 bars.

Rnsur,rs
Experimental results are presented in Tables I through

3 and Figures 1 through 4. There are two features that the
systems studied share. First, increasing/', at a given pres-

sure systematically increases the temperature of the va-
por-saturated solidus, with a large difference between the
pure-H2o and HM-buffered solidi, disproportionate to
the increase in the calculated X;r. Second, the amount of
quenched vapor observed in the run products decreases
as Xh2 increases, indicating that the solubility of silicates
in the vapor decreases with decreasing X;ro, similar to
results for systems containing HrO + CO, (Shettel, 1973;
Eggler, 1975; Boettcher, 1984). For simplicity, individual
features of the three systems will be presented in turn.

CaMgSirOu-H'O-H,

There is a large (-80) temperature difference between
the pure-HrO solidus and that buffered by HM at -10

kbar, but the difference decreases with increasing pressure
(Fig. I ). For the IW-buffered solidus, there is a pronounced

temperature minimum between 15 and 24 kbar' Below
15 kbar, the IW-bufered solidus is -100'C higher than
the solidus for pure HrO, whereas above 15 kbar, the
difference between the two solidi increases to - 130"C at
27.5 kbar.

NaAlSi3Os-H,O-H,

In contrast to the results for the CaMgSirOu-HrO-H'
system, there are no abrupt changes in slope for the solidus
of NaAlSirOr-HrO-H, (IW), although we examined this
system only to - l7 kbar because ofthe reaction ofalbite
to jadeite + qttartz (Fig. 2). The difference in temperature
between the pure-HrO and the IW-buffered solidi remains
relatively constant at -50'C.

Following the study of Goldsmith and Jenkins (1984)

on the efect of the structural state of albite on vapor-
present melting> we determined the metastable vapor-sat-
urated solidus of high albite + HrO (Fig. 3), which is at
lower temperatures than the stable solidus of low albite +
HrO. This temperature difference agrees with the data of
Goldsmith and Jenkins (1984), and it is in accord with
the requirement that the metastable polymorph melts at
a lower temperature than does the stable polymorph.
Comparison of the X-ray diffractograms of the albite be-
fore and after the experiments showed no ordering during
the experiments.

sior-Hro-H,
As in the other systems, increasingfHzatagiven pressure

increases the temperature ofthe vapor-saturated solidus
of quartz + vapor, and again, there is a measurable dif-
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Table l. Experimental results for CaMgSirOu-HrO-H, Table I-Continued
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D u r a t i o n  R e s u l  t s
h

X;,
P T

k b a r  ' C
P T H Z O

k b a r  " C  l o a i d e d  )  "
w t %  1 2 D u r a t i o n

n
R e s u l  t s

H2o
I  o a d e d

w ! %

P u r e  H 2 0

t 0 t 2  7 . 5  | 7 0
l 0 t 6  7 . 5  | 8 0
l 0 0 B  7 . 5  | 9 0
t 0 2 t  7 . 5  | 9 0

9 9 4  7  . 5  1 2 0 A
1 0 0 7  7 . 5  t 2 t 0
l l 8 6 R  1 " 5  1 1 9 6

1 . 5  | 7 5

I  0 0 s
I  0 0 9
992
990
987
985
982
9 6 7

9 1 5
l t 8 9 R

1 5 . 5
3 t . 6

4 2  " 1i  8 . 3
1 4 , 7
1 6 . 7
t B " 3
t 7 " B
2 1  " 7

1 7 . 5  2 , 5 x 1 0 - 1 7
1 4 . 1  5 . 0 x 1 0 - 1 7
2 0 . 4  9 . 7 x 1 0 - 1 7
1  5 . 6  l  B x ] 0 - l  6
l 7 . B  3 . 6 x ] 0 - 1 6
I  7 . 8  7 . 0 x 1  0 - 1 6

l 7 . l  3 . 0 x 1 0 - 7
1 3 , 8  3 . 4 x 1 0 - 7
l B . 6  3 . 8 x 1 0 - 7
1 5 . 0  3 . 8 x 1 0 - 7
l 5 . B  4 . 3 x ] 0 - 7
1 9 " 3  4 . B x l 0 - 7
2 0 . 5  3 " 8 x 1 0 - 7

3 , 2 x 1 0 - 7

2 3 . 6  7 " 5 x 1 0 - 6
2 2 " 2  7 . 6 x ]  0 - 6
23.2 7. Bxl  0-9
1 4 - 3  7 . 9 x 1  0 - o
2 3 . 8  7 . 9 x 1  0 - 6
l 7 . l  B . o x l 0 - 6
1 9 . 7  8 . 0 x 1 0 - 6
1 8 . 1  8 " l x l 0 - 6
1 7 . 7  B . 2 x l 0 - 6
2 2 " 3  B . 2 x l  0 - 6

7 . 9 x 1  0 - 6

2 1  . 2  I  . 9 x l  0 - 6
2 2 . 4  2 . 0 x 1 0 - 6
2 4 . 8  2 . 0 x 1 0 . 6
3 5 . 9  2 . 0 x 1 0 - P
3 0 . 0  2 . l x l 0 - b

2 A . 9  5 . 9 x 1  0 - 7
2 7 . 3  6 . l x l 0 - 7
3 1 . 6  6 " 3 x l o - 7
1 8 . 5  6 " 5 x 1 0 - 7
3 0 . 9  6 , 7 x 1 0 - 7
2 7 , 6  6 . 9 x 1  0 - 7
3 1 . 3  7 . l x l  0 - Z
2 2 - 3  6 . 9 x 1 0 - /

6 . 4 x 1  0 - 7

1 1 . 5
t 5 . t
2 0 " 1

t 6 " 0
I  8 . 0

3 .1  x l  0 -4
3 . 2 x 1 0 - 4
3,3x10-4

B.6x l  o -5
8 .9x10-5

1 8 .9  I  .0 r l  0 -3
21 .O 2 .9x1  0-3
I  9 ,3  I  .ox l  0 -3
1 7  . 9  2 . 9 x 1  O - 3
l B . 3  2 . 9 x 1 0 - 3
2A3 I  .6x l  0 -2
21 .3  I  .6x l  0 -2
2 A . 4  l . 6 x l 0 - 2

25.1  I  .ox l  0 -3
26"1  2 .8x10-3

19.2  0"42
2 0 . 1  0 . 4 2
28.3  A.42
2 l  " 9  0 . 4 1
I  8 . 3  0 . 4 1
r B " 3  A , 4 2

2 7 . 5  0 . 3 9
2 2 , 3  0 . 3 9
2 3 . 5  0 . 3 9
2 4 " 7  0 , 3 8
3 0 . 3  0 . 3 8
I  7 . 8  0 . 3 8
2 A . 2  0 . 3 8
I  8 . 6  0 . 3 8

0 . 3 9

2 3 . 5  0 . 2 8
1 5 . 0  0 . 2 8
1 6 . 9  0 " 2 8
2 7  , 3  0 , 2 8
1 8 " 9  0 . 2 8
2 4 . 7  0 . 2 8
2 2 . 5  0 . 2 8
I  3 " 4  0 . 2 8

Di+V
Di+V
D,i+V
Di+V
Di+V
Di+L+V

Di+V
Di+V
Di  +(  L  )+V

Di+V
Di+L+V

Di+V
DJ +L+V
Di +V
DJ +V
D,i +V
Di+(  L )+V
Di+L+V
Di+L+V

0.5  D i+v
0 . 5  D i + v
0 " 5  D i + v
0,5  D j  +L+V
0 . 5  ( s e e  #  7 7 0 )
0 .5  D j+L+V

2 D i+V
2 D i+v
0.5  D i+v
2 DJ +L+V
0"5  D j+L+V
2 L+U
2 Di +L+V
0 . 5  ( s e e  #  7 7 1  )
0.5 Di +\/

2  D i+V
0.5  D i  +v
0 .5  D i+V
0.5  D j+L+V
0.5  D j+L+V
0.5  D i  +L+V
0"5  D j+L+V
0" 5 Di +L+V

0 . 5  D i + v
0.5  D i+v
0.5  D i+L+V

0 . 5  D i + V
0.5  D i  +v
0 .5  D i+v

0"5  D i+V
0.5  D i  +v
0.5 Di +L+V
0"5  D i+L+V
0.5  (see # l  201 )
0.5 Di +\/

0 .5  D j  +V
0.5  D j+L+V
0" 5 Di +L+V

7  . 5  1 2 7 0
7 , 5  1 2 8 0

t 0  1 2 5 0
l 0  1 2 6 0
l 0  t 2 6 0
t0  1270
t0  1270
I 0  1 2 8 0

I 280
1294
I  300
I  3 1 0
I  3 1 0
1295

1270
1290
1290
I 300
I 300
l 3 t  0
I  330
I 300
I 285

) 2 4 0
1250
1270
I 280
1290
1290
I 300
t 3 r 0

1280
1290
I  300

1200
124A
1270

1290
I 300
l  3 1 0
I  320
I  320
t295

Di+V
DJ+V
Di +L+V
Di +L+V
Di +L+V
Di  +L+V

(scc  #1008)
Di+V

NNo Buffer

I,iI'4 Buffer

1021 7 .5 1260
9 8 4  t 0  t 2 t 0
9 7 2  t 0  1 2 3 0
973 l0 1240
976 r0  1250
9 8 0  t 0  1 2 6 0

I 030 2A 122A
1026 20 1230
r 031 20 1240

1 0 3 2  2 7 . 5  i l 9 0
I  028 27  .5  I  200

680
684

6 5 5

6 5 3
649

6 7 3
6 1 2

764 2.0
1 7 3  2 0
7 1 4  2 0
783 20
7 7 7  2 0
tga 20
7 7 9  2 A
1 7 8  2 0

2 . 4 x 1  0 - 3
l . 5 x l  0 - 3
l . 6 x l 0 - 3
I  . 6 x l  0 - 3
l . 6 x l 0 - 3
l . 6 x l 0 - 3

l a24
I  023
I 003
l a 2 3
I 004
l 0 t  B

t 0 t  5
l 2 t  3
l 0 t 4

Hl"l Buffer

D i + V
Di +V
D i + V
D i + L + V
Di +L+V
0i +L+\/
Di+L+V
D i + L + V
Di +L+V
Di +L+V

D i + V

Di +V
Di +L+V
DJ +L+V
Di +L+V
Di +L+V
DJ +L+V

1 7  . 9
I  9 . 0
I  9 . 8

. I 6 .  
B

2 1  . 2
1 8 . 1
I 8 . 7

2 1 . 1
t  7 . l
1  8 . 8

821 20
657 20
6 6 1  2 0
6 6 9  2 0
6 5 9  2 A

l i 7 0
| 7 0
I  1 8 0
| 9 0
l l 9 0
I 200
I 2 1 0
1224
I  230
1240
I  1 9 0
I 1 7 5

5 . 6 x 1  0 - 8
5 . 6 x 1  O - 8
6 . 4 x 1  0 - 8
7 . 4 x 1  0 - B
7 . 4 x 1  0 - 8
B , 5 x l  0 - B
9 . 9 x 1  0 - B
l . l x l 0 - 7
I  . 3 x l  0 - 7
1 . 5 x 1 0 - 7
7 . 4 x l O - B
6 . 0 x 1  0 - 8

20 1170
20 i l80
2 0  l t 9 0
2 0  1 2 A A
2 0  t 2 t 0
20 1220

I 200
1 2 2 0
1240
1250
1260
1260
l 2 J 0
I 280
t210
1 2 5 5

2A 124A
20 I  250

D i + V
D i + L + V

2 7  . 5
2 7  . 5

6 9 5  1  . 5
6 9 6  7  " 5
6 9 1  7  . 5
7 A 2  7  " 5
642 7 "5
7 t 8  1 " 5
6 7 6  1  " 5
6 1 7  7  , 5

i l B 7 R  7 , 5
7 ' 5

6 4 4  1 0
7 2 5  t 0
7 3 5  t 0
9 2 4  t 0
6 4 2  t 0
9 2 1  t 0
6 3 9  l 0
9 2 2  t 0
7 2 6  t 0
7 3 6 R  I  0

t 0

824 27 ,5
826 21.5
823 27 .5

1 2 1 4  2 7 , 5
822 27  "5793 27 .5
802 27.5

1 2 1  5 R  2 1 . 5
2 7  . 5

3  D i + v
0 . 5  D i  + t 7
3 Di +L+V

l 5  D i + V
1 5  D i + \ /
I  5  D i + V
1 5  D j + v
2  0 ; + v

I B D'J+V
2  D j + L + V
2 Di +L+V

3  ( s e e  #  6 7 6 )
3  D i + V

2  D i + V
2 3  D i + V
l 8  D ' j + v
2  D i + V
2  D i + V
2  D i + V
2  D j + ( L ) + V
2  D j + L + V

1 8  L + V
2 (see # 922)
2  D i + V

2  D J + V
2  D i + ( L ) + V
2 Di +L+V' l  
4 Dj+L+V
2 Dj+L+V

0 " 5  D i + v
0 . 5  D i  + v
0 " 5  D i + v
0,5 Di +\/
0 . 5  D j + L + V
0 . 5  D j + L + V
0 . 5  D i + L + V
0 . 5  ( s e e  #  8 2 2 )
0 . 5  D i  + v

7 6 2  7  . 5
1 6 7  1  . 5
7 6 9  J  " 57 7 A  7  " 5l l 8 8 r  7 . 5

7 , 5

681 t0
7 3 8  t 0
7 7 2  t 0
7 4 6  t 0
7 7 1  t  0
745 t  0
7 4 2  t 0

l l g r R  t 0
l 0

l 2 t 0  2 4
1212 24
t 2 |  2 4

I  203 27  .5
| 9 3  2 7 . 5
l l 9 5  2 7 . 5

I  200 27  .5
l 2 a 4  2 7 . 5
12A6 27.s
I  201 27  ,5
1207R 27 "5

2 1  . 5

0 . 2 4
0.24
0 . 2 4

0 " 2 3
0 . 2 3
4 . 2 3

2 0 . 1  0 " 2 3
2 0 . 3  0 . 2 3
I  9 . 3  0 . 2 3

2 0 . 2  0 . 2 3
0 . 2 3

1  6 . 3  0 . 2 1
2 2 , 4  0 . 2 1
2 2 . 0  0 " 2 2

| 7 0
| 8 0
l t 9 0

1220
1230
1240
1250
r 250
r 260
1260
1210
1zaA
I 280
1250

1 2 3 0
1240
I  250
1250
I  260

l l B 0
i l90
I  200
t 2 t 0
1 2 2 0
I  230
1240
) 2 2 0
I  205

1 9 . 3  <  t 0 - 2 0
l B " 2  .  l O - 2 0
l B " 9  .  l O - 2 0

2 6 . 6  l . 0 x l 0 - 5
2 6 . 8  l .  l x l 0 - 5
2 3 , 0  l " 1 x l 0 - 5
2 4 " 4  l " 1 x l 0 - 5
2 3 . 5  1  " l x l 0 - 5
3 0 . 1  l " l x l 0 - 5
2 6 . 8  l " l x l 0 - s
1 9 . 3  l . 2 x l 0 - 5

1 9 " 9  l . l x l 0 - 5
l . t x l 0 - 5

1216 30 I 300
1 2 0 9  3 0  t 3 t 0
I 208 30 I 330

ference between the pure HrO and the HM-buffered curves.
The three solidi terminate in critical points, where liquid
and vapor become indistinguishable. In the SiOr-HrO sys-
tem, this point (K, in Fig. 4) is a critical end-point (Ken-
nedy et al., 1962). However, for the SiOr-HrO-H, com-
positions, K^ and K" are critical points, not critical end-
points, as explained by Boettcher (1984). The outrageous
shape of the vapor-saturated solidus of SiOr-HrO-H, (IW)
has been tightly constrained by reversal experiments at
pressures bracketing each abrupt change in slope.

A b b r e v j a t i o n s  :  D j = d i o p s i d e ,  L = l  i q u i d ,  V = v a p o r ,  R = s u c c e s s f u l  r e v e r s a l  !
r = a t t e m p t e d  r e v e r s a l ,  (  ) = t r a c e  a m o u n t ,  * = r u n  j n  o u t e r  c a D s u l e  f i l l e d
w i t h  n e c h a n i c d l  b u r f e r  o f  S i 0 2 .  x H v ,  c a l c u l a t e d  a s  d i s c u s s e d  i n  t e x ! .

Drscussrou
The solidus of silicate-HrO should be univariant, yet

the products of our hypersolidus experiments contain sol-
id + liquid + vapor. This behavior may be caused by the
incongruent melting of the silicates, thereby causing a di-
variant melting interval. However, the same behavior is
found in the SiOr-HrO system, where there can be no such
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Table 2. Experimental results for NaAlSirOr-HtO-H, TabIe 2-Continued

R e s u l  t s
T H20 v' c  I  o a d e d  X , ,  D u r a t i o n

wtl ,  '2 h
*i,P T

k b d r  ' C
Hr0

I oaided
w t %

D u r a t i o h R e s u l  t s
P

k b a r

P u r e  f 2 0 ,  l o w  a l b i t e
2 ' 1 . 8  2 . l x l 0 - 6
1 9 " 6  2 . l x l 0 ' g
23" /  2 "3x10-9
2 1 . \  2 . l x l 0 ' b

2 ,0x1  0-6

2 7 . 8  5 " 7 x 1 0 - i
29"3  6 .4x1  o-7
23"2  5 .7x10- l
23 ,0  7 .0 r ]  0 -1
29,1  7"  ox l  0 - /

1 9 , 6  4 . 6 x 1 0 ' 1
1 8 , 4  3 , 7 x 1 0 ' 1
20"  5  3"9x1 0- l
l B . 5  4 " l x l 0 - 7

1 5 " 7  1 , 6 x l o - !
17 ,2  I ,6x10- j'19"5  ' l .7x l0 ' r

Ab+L+V
Ab+L+V
Ab+L+V

(see #  858)
Ab+V

Ab+v
Ab+V
Ab+L+1/
L+V
L+V

Ab+L+V
Ab+v
Ab+L+V
Ab+L+V

Ab+V
Ab+L+V
Ab+L+V

Ab+v
Ab+L+V
Ab+L+V

Ab+V
Ab+L+V
Ab+L+V

Ab+V
Ab+V
Ab+L+V
Ab+L+V

(see #  835)
Ab+V

Ab+V
Ab+V
Ab+L+V
Ab+L+V

Ab+V
Ab+L+V
Ab+L+V

Ab+L+V
Ab+L+V

842
B l 0
799
843
B49R

I  t 3 2 R
660
680
690
700
700

580

670
680

720
730
750
775

720
730
7?A

680
680
590
700
700
704
700
690

1011 5  740
1 0 1 0  5  7 5 0
1 006 5 760

995 r 0 700
9 9 8  r 0  7 1 0
996 I  0  720

997 1 5 680
1 0 0 0  1 5  5 9 0
999 I 5 700

750
764
710
790
7 1 0
760

120
730
740
750

700
7 1 0
720

680
690
700

26"0  8"3x10-10
2 4 " 0  l . l x l 0 - 9
2 5 . a  I  . 5 x l  0 - !
2 a . 5  2 .  B x l  0 ' e
20,3  2 .8x1  0-9

g .3x l  0 ' l  0
1 6 . 5  l . l x ] 0 ' 9

8 .3x1  0- l  0

1 i . 3  r  " 6 x l o - l l1 6 . 9  I  " 6 x 1 0 - r r20"7  2 .6x1  0- l  3
44.5  4 .0x10 '13
1 9 .4  4 .0x1  0 '1  3
1 8 " 5  4 . O r l 0 - 1 3
1 9 " 2  4 , o x r 0 - ] :

2 " 6 x 1 0 -  r r

25 ,4  4 .4x1  0-30
2 2 . 2  4 . 1 x l 0 ' 2 9
31 -o  3"3x10-28
21.4  3 .3x10-28

q.  l  r l  0 -29

1 5 . 0  8 . 3 x 1 0 - 1 0
2 1 . 0  1 . 1 x l 0 - !' 1 7 . 8  l " 3 x l 0 - Y

1 8 , 2  6 .  l x l o - 1 4
3 5 . 7  l " O x l 0 - 1 3
3 7 . 0  l . 6 x 1 o - 1 3
2 A J  l " 6 x l 0 ' 1 3
2 7 . 5  2 , 5 x 1 0 - 1 3
1 5 , 9  2 " s x l 0 - l !
20 ,6  4"0x10- ] j
1 9 " 7  6 . 1 x 1 0 - r r

1 7 . 5  4 , 4 x 1 0 - 3 0
21.5  4" ' l x l0 -29

Ab+V
Ab+L+v
Ab+L+V
Ab+L+V

(see #  843)
Ab+v

( s e e  #  8 1 0 )
Ab+V

Ab+V
Ab+V
Ab+V
Ab+L+V
Ab+L+V
Ab+L+V

(see #  853)
Ab+V

Ab+V
Ab+V
Ab+L+V

(see #  809)
Ab+V

Ab+V
Ab+v
Ab+L+V

Ab+V
Ab+V
Ab+L+V
Ab+L+V
Ab+L+V
Ab+L+V
Ab+L+V
(Ab )+L+v

Ab+L+V

' t 9 . 2  0 . 5 3
1 7  . 5  0 . 5 3
23,5  0 .53
25.8 0"53
I  8 . 5  0 . 5 3

0 , 5 3

1 9 . 1  0 . 4 5
1 7 . 4  0 , 4 4'16 .2  0"44
1 8 " 9  0 . 4 3

2 5 . 8  0 . 3 6
2 8 . 1  0 . 3 6
23.3  0 .36

855

854
l 1 5 t  R

800
8 0 5
8 1 8
820
807

8
8

8
5

1 1
8

1 5 . 5

I
t 5
? 4

I
B

2 0
8

l 5

B
8
6 . 5

1 3

t 0
i 0
l 0
l 0
1 0

l 5
l 5

I 5
1 5

1 7
1 7
1 1

7 1 0
7 1 0
730
7 r 0
690

5
9

l 5
8

t 4

24
24
24

24

6
6
6
5

6

8
8
B

l 0

I
I
I

1  9 , 5  0 " 3 2
16"2  0 .33
2 0 " 0  0 . 3 3

850
Bst
856

1025
I 039
Bs3

l l 3 t R

I 064
I 052
r 063
I  051

845
846
835
831

| 40R

I  l 2 8
I r 2 9
t  1 3 8
I  1 3 9

t 0
l 0
1 0
l 0
l 0
1 0
t 0
i o

836 t 5 630
839 I 5 640
809 I  5  650
844R 1  s  650

t s  6 4 0

Pure  H20,  h igh  a lb i te

N N o  B u f f e r ,  l o w  a l b l t e

I [ /  B u f f e r i  l o w  a l  b l t e

4,2x10-4
4.4x1 0-1
4 .5x10-a

L 1 x l 0 ' 1
l 2xl 0-' l
I  3x l0 '4

I 6 . 9
1 8 . 3
1 8 " 9

1 7 , 2
I  9 . 1
I  9 . 4

8
8
B

8
B
B

873 s
894 5
893 5

872 10
867 t0
86S 10
8 9 5  t 0
8 6 6  t 0
874 

',10

881 10
882 t0

8 9 1  1 5
883 15

8
B

t 4

24,8
2 3 " 0
20,0

720
730

670
680
680
690
690
700
7 1 0

630
640

730
740
740
750
16a
760
770
7 7 0
750

680
700
700

B
1 5
25
9

t 4
t 9
t 9

B
I

l 0
t 0
t 0
l 0H M  B u f f e r ,  l o w  a l b l t e

785
8 1 6
808

3045
8 1 9
8 1 7
B0l

|  3 3 R

2 2 , 7
16.2

2 0 . 0
2 1  . 5
2 3 . 1
3 1  . 7

5 .4x1  0 '6
6 .6x10-6
6.6x i0 -q
6  "  7x l  0 -o
6 .9x lo -6
6 .9x1 0-6
7 . r x 1 0 - 9
7 , 1 x ] 0 - 9
5^7x10 'b

1  "9 r l0 -62 .0x10- !
2 " 0rl 0-o

24 Ab+V
22 Ab+tl
24 Ab+V
24 Ab+V
9 Ab+V
7 "5  Ab+(L)+V

24 Ab+L+V
7 . 5  ( s e e  #  8 0 1 )

i 4 Ab+v

828 15
834 t5
829 i5

t 0 6 6  1 7'1068 17
I  0 6 7  1 7

7 8 4  1 0
8 5 7  l 0

3026 I 0

incongruency, so that this cannot be a general explanation.
Alternatively, there may be insufficient HrO in the capsule
to allow the formation of 1000/o HrO-saturated liquid. If
this were the case, however, there would be no quenched
vapor in the run products, contrary to what is observed.
Finally, and most Brobably, we have allowed insufficient
time for all of the solid to melt. However, deterrnination
of the solidus does not require complete melting, and our
reversal experiments verify that our curves represent equi-
librium.

The increase in temperature of the vapor-saturated so-
lidi with inueasing X;, may largely result from a simple
lowering of the ai{2o, with H, acting as as an inert diluent
in the vapor. However, several factors indicate that H2 is
soluble in silicate liquids. First, increasing the X;, from
< 10-r0 (calculated for pure H2O) to - l0-5 (calculated for
HM-buffered vaBor) increases the temperature of the va-
por-saturated solidi at a given pressure disproportionately
to the calculated decrease in X;ro. Second, vapor-satu-
rated solidus temperatures at a given ahzo are lower in the

A b b r e v i a t i o n s  i  A b = a l  b l t e ,  L = l  l q u i d ,  V = v A p o r '  R = s u c c e s s f u l  r e v e r s a l ,  r =
a t t € m p t e d  r e v e r s a l ,  (  ) = t r a c e  a m o u n t ,  X f i ,  c a l c u l a t e d  a s  d i s c u s s e d  i n
TEX!"

presence ofHrO-H, vapors than in the presence of a vapor
of either H2O-CO2 or H2O-X where X is an inert, insol-
uble diluent, suggesting that H2 is soluble in these liquids,
probably more so than is COr. Each of these factors will
be discussed in turn.

The difference between the solidus for pure HrO and
that bufered by HM may be oaused by the reaction of H2
with one of the phases. Trace amounts (<0.1 wto/o) of
HrO, either as OH groups or as HrO moleeules' have been
found in garnets (Aines and Rossman, 1984a), olivine
(Beran and Putnis, 1983), and quartz (Aines and Ross'
man, 1984b; Aines et al., 1984), whereas there is no evi'
dence for molecular H, in these minerals. Because HrO
dissolved in the solid stabilizes the solid + vapor assem-
blage relative to liquid, dehydration ofthe solid resulting
from lowered di{,o stabilizes the liquid and lowers the
temperature of the vapor-saturated solidus. However, this
efect would decrease solidus temperatures with increasing
X;r, opposite to what is observed.

Alternatively, ifthe calculatedvalues ofxir, forthe HM

24 Ab+V
8 Ab+V

24 Ab+V
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Table 3. Experimental results for SiOr-HrO-H, Table 3-Continued
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D u r a t i o n  R e s u l  t s
n

,J,P T
K o a r  - L

T H20
e b a r  ' C  

l o a d e d  I ,
w L %  2

Nzo
I  o a d e d

wt il
R e s u l  t s R u n ;D u r a t i  o n

h

Pure H20

I 086
1042
|  5 9 R

Il l  Buffer

I 038
I 034
I 035
I  033
1 O58R

Hl"l Buffer

I 092
I 097
1099
I  1 0 6
i 1 t 3
I  1 0 7
l l 6 l r

|  66R

| 1 6
I 098
I  1 0 0
I t 0 t
i l r 0
I  1 0 5

Qz+V
Qz+L+V

Qz+V

Qz+V
Qz+L+V

Qz+v
qz+V
Qz+V
Qz+L+V

( see #l 033 )
qz+V

Qz+V
Qz+V
Qz+V
Qz+V
Qz+L+V
Qz+L+V

( s e e  # l l l 3 )
qz+L+V

( s e e  # 1 1 1 3 )
qz+V

Qz+V
Qz+V
Qz+\/
qz+V
qz+V
Qz+L+V

Qz+V
qz+v
Qz+L+V

Qz+V
Qz+L+V
qz+V
qz+v
Qz+V
Qz+V
Qz+V
Qz+V
Qz+L+V
Qz+L+V

Qz+V

L+V
( s e e  # l  1 3 5 )

|  56R

| 0 4
I  1 0 9
| 0 2
I  093
I  090

| 6 2
1  1 6 3
| 6 4
I t 6 8
I  1 6 9

i l80
l  l 8 2
l ] B l
| 8 3

Qz+V

Qz+V
Qz+V
Qz+L+V
Qz+L+V
Qz+L+V

Qz+V
( Qz )+L+V
( qz )+L+V
L+V

( s e e  # 1 0 8 8 )
L+V

( s e e  # 1 0 8 8 )
Qz+V

Qz+V
Qz+L+V
Qz+L+V

( s e e  # 1 1 2 0 )
Qz+V

Qz+\/
Qz+L+V
Qz+L+V

( s e e  # 1 0 9 6 )
QZ+L+V

( s e e  # 1 0 9 6 )
Qz+V

Qz+V
Qz+v
Qz+V
Qz+L+V
Qz+L+V
Qz+L+V
Qz+L+V

Qz+V
Qz+V
qz+L+V
qz+L+V

( s e e  # 1 1 7 4 )
Q z + v

Q z + F
Qz+F
Qz+F
Q z + F
Qz+F

ct+F
c t + F
ct+F
ct+F

17,4  8"4x1 0-8
l B . 0  9 , 7 x l o - 8

1 5 . 7  l . l x l 0 - 8
1 7 . 4  1 . 4 x 1 0 - B
1  7 " 0  l . 7 r l  0 - 8
1 2 . 0  2 . 0 x 1 0 - 8
1 5 " 7  2 " 0 x 1 0 - B

I  "7x10-B

1 7  . 4  I  . 2 x l  0 - p
l B . 5  1  " 3 x 1 0 - c
1 7  . 4  i  "  3 x l  0 - 5
19.7  I  "3x lO-51 9 . 2  l . 3 x l O - 5
1 7 " 0  1 , 4 x 1 0 - 5
2 1 . 3  1 . 3 x 1 0 - 5

l . 3 x l 0 - 5
l 6 . B  l . 3 x l 0 - 5

l . 3 x l  0 - 5

i B . 2  8 " 8 x 1 0 - 6
1 8 . 8  9 , l x l 0 - 6' 1 9 . 1  

9 . l x l 0 - 6
2 2 , 2  9 " 3 x 1 0 - 6
1 9 " 2  9 " 5 x 1 0 - 6
I  9 .5  9 .6x1  0-6

1 2
1 2
1 2
1 2
1 2

| 4 8  t 5
l 0 B B  t s
t 0 B 5  t s
1 0 8 2  t 5
t 0 8 t  1 5
1 1 3 6 r  1 5

t 5
I  t 4 7 R  t 5

l 5

t 1 t 9  t 7 . 5
i l 2 0  1 7 . 5
|  1 8  1 7 . 5
|  4 4 R  t  7 . 5

I  7 . 5

I  095
I  096
I 091
I  l 4 5 r

I  l 5 5 R

i t 0 3
1124
1125
I  1 0 8
1112
t 1 t 4
l l l t

2 7 . 5
2 7 . 5
2 7  . 5

0 . 4 1
1  8 .  5  0 . 4 1

0.41

1 4 . 3  0 . 3 9
2 4 . 6  0 . 3 9
1 7 , 2  0 . 3 9
1 7 . 3  0 . 3 9
2 1 , 7  0 . 3 9

I  8 .  I  0 . 3 6
l B " 7  0 " 3 6
1 9 . 9  0 " 3 6
1 9 , 2  0 . 3 6
I  9 " 8  0 " 3 6
I  8 "  7  0 . 3 6

0 . 3 6
I  6 . 3  0 . 3 6

0 " 3 6

2 0 . 3  0 . 3 3
1 8 . 9  0 . 3 3
I  8 . 9  0 . 3 3
2 0 . 2  0 . 3 3

0 . 3 3

20.4  0 .30
t 7 . t  0 . 3 0
20.6  0 .30
2 2 . 4  0 " 3 0

0 . 3 0
1 9 , 1  0 " 3 0

0 . 3 0

I  8 . 8  0 . 2 4'19 .5  0"24
I  9 . 9  0 . 2 4
2 0 . 1  0 . 2 4
2 1 . 5  0 " 2 5
l 8 . l  0 . 2 5
20.9  0 .25

2  1 . 5  0 " 2 2
t B " B  4 . 2 2
20"2  0 .22
2 0 . 9  0 . 2 2
I  8 . 6  4 . 2 2

0 . 2 2

1 7 " 8  0 . 2 0
20"4  0 ,20
1 7 . 4  0 . 2 0
20.  i  0 "  20
2 0 , 1  0 " 2 0

20.5  0 .  I  7
I  8 . 9  0 " 1 7
2 2 " 4  0 . 1 7
1 7 . 3  0 " r 7

1 0 . 5  I I t o
l o , s  i l 2 0
1 0 , 5  t I 0 0

I  037
I 040

I 123
1127
| 1 7

I  050
I 060

I  050
I 060
I 060
I 050

i 0 t 5
1  030
I 040
I  050
I 050
I 040

1 9 . 9  2 " 5 x 1 0 - 7
1 9 . 9  2 . 8 x 1 0 - ]
l 8 - 2  2 " 8 x 1 0 - /

2 . 5 x 1  0 - 7

6 "  6x1  0-6
6 .7x lo -6
6 .Bx l0 -6

0 .48
0"  48

I  090
1 t  0 0
| 1 0
1120
| 3 0

I 1 0 0
l 1 t  0
| 2 0
I  t 4 0
t  1 6 0
l l l o
1 1 0 0
l l l 0
I 090

I 087
I 089
1060
I 061
I  059
I  073
107 4
I 075
1072
I 071
| 7 0

I  076
I 080
1 0 7 9
l l 4 r R

I 060
1 080
I 090
1 i l 0
1 1 2 0
I  1 3 0
| 2 0
l 1 t 0
1  1 2 0
1 l  0 0

I  050
1070
I 070
1080
I 090
l  l 0 0

I 060
I  070
I 080

I 1 6 0
l r 7 0
I 070'I 
090

i l t 0
i t 3 0
I 1 4 0
I r 5 0
I  1 5 0
I  t B 0
I  200

16.7  0 ,46
2 1 . 3  0 , 4 6
21.3  0 .46
1 8 . 0  0 . 4 5
l B . 8  0 . 4 5
20.2  0 .45
1 9 . 6  0 " 4 5
1 4 . 9  0 . 4 5
1 9 . 7  0 . 4 5

I 8 . 3
2 3 , 3
2 0 . 8

2 1  . 4
1 6 . 5

r 9 . 9  0 . 4 1
2 t , 2  0 . 4 t
2 1 . 7  0 . 4 1
2 1 , 4  0 . 4 i

I  t 7 6
1 1 7  7
1 1 7  4
I  1 7 3
i l  79R

2A
2 0
20
20
2 0
20
20

25

25

25

30

3 0

3 0

3 5
35

I 050
I 060
I  070'1060

I  0s0

I 050
I 060
I 070
I 060
I  050
1 060
I 040
't000

I 020
I 030
1 040
1060
I  070
I 080

I  020
I 030
I 040
I 060
I 040
I 020

I  020
I 040
I  060'1080

1 1 0 0

l l 5 0  2 0 . 9  0 . 4 3
1 1 6 0  1 9 . 9  0 , 4 3
i l 7 0  1 8 . 4  0 . 4 3
l  l  60  14 ,2  0 .43
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buffer are systematically too low because of the uncer-
tainties discussed previously in the section on Calculation
of Vapor Composition, the difference between pure-Hro
and HM-buffered solidi may simply result from the dif-
ference in X;, with H, acting as an inert diluent. However,
this requires that the combined uncertainties in the cal-
culation of the vapor composition would change ahzby a
factor of lO+a, which appears to be unrealistic.

Of great interest is the possibility that the difference
between the vapor-saturated solidus for pure HrO and
that buffered by HM results from solubility of H, in the
liquids. For example, H, may associate with HrO in the
liquid, increasing the molar volume of the HrO-H, com-
plex in the liquid, decreasing a{rro and stabilizing the
solid + vapor assemblage to higher pressures and tem-
peratures. H, could also lower the a{rro by forming bonds
with ions in the liquid or by occupying sites as molecular

A b b r e v i a t i o n s  :  q z = q u a f t z ,  C t a o e s i t e ,  L = l i q u i d ,  V = v a p o r ,  F = s u p e r c r i t i c a l
f l u i d ,  R = s u c c e s s f u l  r e v e r s a l ,  r = a t t e m p t e d  r e v e r s a l ,  (  ) = t r a c e  a o o u n t ,
X X ^  c a l c u l a t e d  a s  d i s c u s s e d  i n  t e x t .

H, that otherwise would be filled by HrO. The distortion
of the liquid caused by H, molecules occupying sites that
are appropriate for HrO molecules would increase the free
energy of the liquid and thereby increase melting tem-
peratures. One possible reaction is to form Si-H bonds in
theliquid. Infrared evidence for Si-H bonds was obtained
by Faile and Roy (1970) in SiO, glass containing 2 molo/o
H, that had been subjected to gamma-radiation and a
neutron flux. They postulated that the irradiation provid-
ed the energy to break H-H and Si-O-Si bonds to form
Si-O-H and Si-H bonds. Perhaps the highertemperatures
in our study provided the necessary activation energy to
form Si-H bonds.

Would formation of Si-H bonds strengthen or weaken
neighboring bonds? IfSi-H bonds strengthen neighboring
Si-O bonds, it would be more difficult to locally break a
Si-O-Si bridge to form Si-O-H groups. Alternatively, if

1 0 . 5  1 i l 0
t 0 . 5  | 2 0
1 0 . 5  I t 3 0
1 0 . 5  | 2 0
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Fig. I. Pressure-temperature projection of the vapor-satu-
rated solidi ofdiopside + vapor for various values ofthe activity
ofhydrogen in the vapor (a;r). Closed symbols represent diop-
side + liquid + vapor; open symbols are diospide + vapor.
Values of a;, are butrered by pure HrO, hematite-magnetite-HrO
(HM), nickel-nickel oxide-HrO (NNO), wiistite-magnetite-HrO
(WM), and iron-wiistite-H, (IW). Where determined, the NNO-
buffered solidus coincides with the HM-buffered solidus.

Si-H bonds weaken the Si-O bonds ofthose Si cations,
those bonds would preferentially react with HrO to form
Si-O-H groups, efectively ordering the Si-O-H groups
in the liquid. The resulting decrease in entropy would
increase the free energy of the liquid and increase melting
temperatures. Either way, disruption of the framework of
the silicate liquid could lead to less favorable conditions
for Si4-H bonding than in the absence of Hr, thereby
decreasing alrro and increasing solidus temperatures.

One possible explanation of the diference between the
pure-HrO and the HM-buffered solidi of CaMgSLOu-HrO-
H, and of NaAlSirOs-H2O-H2 is the differing extent of
incongruent solubility of silicate components in the vapor
as X;, increases. With extensive incongruent solubility of
the crystalline phase in the vapor, the residual solid de-
parts from NaAlSi3O8 or CaMgSirO5 composition and
melts at a different temperature. However, the same effect
is seen in SiOr-HrO-Hr, where there is only one silicate
component and no possibility of incongruent solution of
silicates in the vapor.

Comparison of the effects of H, on the vapor-saturated
solidi with those of an inert diluent and with those of CO,
provide insight into the solubility of H, in these silicate
liquids. We calculated the phase relations for silicate-HrO-X
using thermochemical data, activity coefficients for the
components in the vapor provided by the MRK equation,
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Fig. 2. Pressure-temperature projection of the vapor-satu-
rated solidi of albite + vapor for various values of a;r. Closed
symbols represent albite + liquid + vapor; open symbols are
albite + vapor. Values of air, arc buffered by the same assem-
blages as in Fig. 1. Where determined, the NNO-buffered solidus
coincides with the HM-buffered solidus. The albite : jadeite +
quartz reaction is from Boettcher and Wyllie (1968).

and the assumption that X was completely insoluble in
the liquids. The data for silicate-Hro-Co, were taken
from the literature.

Vapor-saturated solidi of CaMgSirOu-HrO and Ca-
MgSirOu-HrO-X(Fig. 5) were calculated using the model
ofEggler and Burnham (1984). To calculate the solidus,
this model required the temperature of the solidus of
CaMgSLOu-HrO at one pressure, as determined by Eggler
and Rosenhauer (1978). If this temperature is revised
downward to agree with our data on the solidus of
CaMgSirOu-HrO, the calculated solidus becomes lower in
temperature than the experimental solidus, with the dif-
ference between the two increasing from -20{ at l0 kbar
to - 100"C at 27 .5 kban Without a better thermodynamic
model for the phase relations in CaMgSirOu-HrO, it is
impossible to say if H, is dissolving in the liquid. How-
ever, comparing the vapor-saturated solidus of CaMg-
SirO6-HrO-CO, and that of CaMgSirO6-H2O-H2 GW) (Fig'

6) suggests that below - l5 kbar, H, and CO, have similar
effects on the melting temperatures at Xhro I 0.70. Above
this pressure, the solidus of CaMgSirO6-H2O-H2 flW) in-
creases in temperature with increasing pressure, whereas
the solidus of CaMgSirOu-HrO-CO, continues to decrease
in temperature with increasing pressure. This difference
may result from an increase in the solubility of CO' or

A l b i t e - H 2 O - H 2
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Fig. 3. Pressure-temperature projection of the vapor-satu-
rated solidi ofhigh albite + vapor and low albite + vapor in the
system NaAlSi3Os-H2O. Closed symbols represent albite + liq-
uid + vapor; open symbols are albite + vapor.

HrO or both in the CaMgSirO6-H2O-COr liquid with in-
creasing pressure, or a decrease in the solubility ofH, or
HrO or both in the CaMgSirO6-H2O-H2 liquid with in-
creasing pressure. The proposed pressure-induced struc-
tural changes in these liquids cannot be defined without
more data on the solubility of the volatile components;
this will be hard to acquire because these hydrous liquids
do not quench to glass, but rather to an intergrowth of
quench crystals and glass, complicating analysis of the
run products. Experiments at temperatures well above the
liquidus quench to glass, but temperature-induced struc-
tural degradation of the liquids renders the results less
useful (Boettcher et al., 1982).

The temperature of the vapor-saturated solidus of
NaAlSirOr-HrO-H, (IW) is consistently lower at all pres-
sures than the solidus of NaAlSirOr-HrO-CO, (Fig. 7) or
that of NaAlSirOr-HrO-X (Fig. 8), calculated using the
data of Burnham (1979). The difference between the ex-
perimental and calculated solidi (Fie. 8) is - 175.C, much
larger than the difference between the calculated and ex-
perimental solidi for NaAlSi3O8-HrO (- 30'C), suggesting
that H, as well as HrO dissolves in the liquid. Further,
the diflerence between the solidus of NaAlSirOr-HrO-H,
and that ofNaAlSirOr-HrO-CO, (Fie. 7) suggests that the
solubility of H, is higher in the liquid than is that of COr,
or that the activity coefrcients for H, are greater than
those for COr, or that the calculated values for X;ro for
the IW buffer are too low. Data on H,O-CO, mixtures

1000 1 100 1200
Temperature cC

Fig. 4. Pressure-temperature projection of the vapor-satu-
rated solidi of quartz + vapor for various values of apr. Closed
symbols represent qrrartz + liquid + vapor; open symbols are
qnaftz + vapor. Values ofa;, are buffered by pure HrO, hematite-
magnetite-HrO (HM) and iron-wiistite-H,O (IW). The a-0 quartz
transition is from Cohen and Klement (1967), and Bohlen and
Boettcher (1982) determined the qnafiz : coesite transition to
1000'C, here extrapolated to higher temperatures. K, is a critical
end-point in the system SiOr-HrO. K^ and K, are critical points
for SiO,-H,O-H,.

suggest that activity coefficients in these vapors are ap-
proximately unity (Bohlen eral., 1982, 1983; Kerrick and
Jacobs, l98l; Boettcher, 1984) and that they may be mod-
eled, to a first approximation, by a variant of the MRK
equation of state (Holloway, 1977; Kerrick and Jacobs,
l98l). The data available on HrO-H, mixtures (Shaw,
1963) arc consistent with activity coefrcients for both
components on the order of unity. As discussed previ-
ously, the calculated X;ro may be incorrect, but they would
have to be too small, instead of too large, as would be
required for the HM-buffered vapors. If these calculated
values forX;2o are correct, then the difference in the solidi
must reflect the higher solubility of H, relative to CO, in
the liquid.

The experimentally determined solidus of SiOr-HrO-
H, (IW) lies consistently at lower temperature for a given
pressure than does the corresponding solidus of SiOr-HrO-
CO, (Fig. 9) or that of SiO,-H,O-X (Fig. 10), modified
from Boettcher (1984), for the same ai{2o. The difference
in temperature increases with increasing pressure, imply-
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Fig. 5. Pressure-temperature projection of experimentally de-
termined and calculated vapor-satruated solidi of diopside +
vapor. Note the difference between the calculated and experi-
mental CaMgSi2O6-H2O solidi. The solidus of CaMgSirO6-HrO-
H, (IW) is shown with the values of aHrO along the curve. The
CaMgSLO"-H,O-X solidus was calculated assuming an inert
component in the vapor and the same ai{, as in the experimental
curve at any given pressure.

ing a concomitant increase in the solubility of Hr. Com-
pared to the NaAlSirO*-containing systems, the SiOr-con-
taining systems show a greater difference in temperature
between the solidus for SiOr-HrO-H, (IW) and the equiv-
alent SiOr-H2O-CO2 solidus, which may be a real differ-
ence in the solubility of H, or an artifact of compadng
such different systems in this fashion. Nevertheless, the
explanation offered above for the NaAlSirOs-bearing sys-
tems, that H, is more soluble than is CO, at low XLro,
may also be appropriate for SiOr-HrO-H, and SiO2-HrO-
COr'

The abrupt changes in slope of the vapor-saturated so-
Iidus of SiOr-HrO-H, (IW) may be explained by pressure-
induced transformations in either the liquid or the vapor.
However, we favor a mechanism involving a decrease in
the free energy of the liquid caused by structural changes
that increase the solubility of H2O and/or Hr. In any case,
the abruptness of the changes in slope of the solidus sug-
gest that there must be important structural changes in
the liquid with increasing pressure, making the calculation
of melting equilibria, even in this simple case, hazardous
unless complemented by tightly constrained experimental
determinations.

The difference in behavior of Hr and CO2 may also be
seen in their respective effects on the critical end-point in
SiOr-HrO. Dilution of the vapor phase with -30 molo/o

1 too
Temperature oC

Fig. 6. Pressure-temperature projection of the solidus of
CaMgSLO.-H:O-H, (IW) and that of CaMgSi'Ou-H,O-CO, with
X;ro fixed at 0.60. Values of a;ro along the CaMgSLOu-HrO-H'
(IW) solidus are shown by the numbers along the curve. The
solidus of CaMgSirOu-HrO-COr is from Eggler and Rosenhauer
(l 978).

H, shifts the critical point from -10 kbar to -29 kbar,
whereas only 5 molo/o CO, increases the pressure of the
critical point to -26 kbar. This diference suggests that
the liquid and vapor in SiO'-HrO change character less
when diluted by H' than when diluted by CO'. The sol-
ubility of both HrO and H, in the liquid must be higher
than the solubility of HrO and CO, under the same con-
ditions, and the solubility of SiO' in the vapor must be
greater in a HrO-H, vapor than in a H,O-CO2 vapor.

Our results reveal that experimental apparatus must be
calibrated to determine their intrinsic/"r. Such differences
may explain why, for example, the vapor-saturated soli-
dus for CaMgSirOu-HrO determined by Eggler and Ro-
senhauer (1978) in an internally heated pressure vessel
lies between our solidus for pure-HrO and that for HM-
bufered vapor below lO-kbar pressure. Their internally
heated pressure vessel had an argon pressure medium and
an intrinsic/o2 near the NNO bufer. Ifthe argon contained
some HrO, the/", would be lower than that for hydrous
vapor in equilibrium with NNO, possibly lower than the

/r, for vapors in equilibrium with HM, which would be
consistent with our results. At higher pressures, Eggler and
Rosenhauer (1978) used a solid-media high-pressure ap-
paratus with intrinsic/o, slightly lower than the HM buffer
(Eggler et al., 1974), and their solidus above l0 kbar is
consistent with the vapor having an/H, between that of
vapors buffered by HM and IW based on our results.

Bohlen et al. (l 982) discussed discrepant data for vapor-
saturated solidi in the system NaAlSi3O8-HrO. Bohlen et

o
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Fig. 7, Pressure-temperature projection of the solidus of
NaAlSi.Or-HrO-H, (IW) and the solidi of NaAlSi3Os-HrO-CO2
with various values of X;,6. Values of apro along the NaAlSiO..
H2O-H2 fiW) solidus are shown by the numbers along the curve.
Each solidus in the syst€m NaAlSirOr-HrO-CO, (Bohlen et al.,

:]lrLt* 
a frxed value of Xi,,ogiven by the number along the

al. bracketed the solidus at l0 and l5 kbar at 670-680"C
and 635-645"C, respectively. Boettcher and Wyllie (1969)
had l0- and l5-kbar brackets at 680*690"C and 650-
660'C, respectively. W. C. Luth et al. (1964) reported
brackets of 10.3 kbar, 695oC and 10.0 kbar, 720"C. Morse
(1970) bracketed the solidus at 5 kbar at 758 + 3oC in
both cold-seal and intemally heated apparatus. His results
are dissonant with ours (Fig. 2) and with those obtained
previously by us in piston-cylinder and gas-pressure ap-
paratus (see Bohlen et a1., 1982) and with the values of
Tuttle and Bowen (1958) extrapolated from 4 kbar. The
differences between these results are probably caused by
differences in the/*, in the various apparatus. Bohlen et
al. used an "anhydrous" solid-media pressure cell that
would have the lowest/r, (Boettcher et al., 1981). Boettch-
er and Wyllie (1969) used a talc furnace assembly, with
a higher/rr, around NNO, resulting from the HrO released
during dehydration of the talc. The intrinsic,fo, of both
apparatus usedby Morse was near the NNO buffer (Morse,
pers. comm,, 1984), and his results agree with our results
for NaAISi3O8-H2O-H2 NNO) as well as with our results
for NaAlSirOs-HrO-H, (HM).

Comparing our results for the system SiOr-HrO-H, with
earlier work, our g-kbar solidus for SiOr-HrO-H, (HM)
is braeketed between the solidus ofKennedy et al. (1962)
and that ofStewart (1967). Both Stewart and Kennedy et
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Fig. 8. Pressure-temperature projection ofexperimentally de-
t€rmined and calculated vapor-saturated solidi ofalbite + vapor.
The experimental curve is for NaAISLOr"H2O-H2 (IW), with the
a;ro indicated by the numbers along the solidus. The NaAlSirOr-
HrO-Xsolidus is calculated assuming an inert diluent in the vapor

:lL.*. 
same di{2o as for the experimental curve at a given pres-

al. used internally heated pressure vessels with argon pres-

sure media, yet the solidus determined by Stewart is -40oC

lower than the solidus determined by Kennedy et al. Stew-
art used the internally heated pressure vessel at the Geo-
physical Laboratory in Washington, D.C., the same ap-
paratus used by Eggler and Rosenhauer (1978) and Morse
(1970), with a pressure medium of light-bulb-gmde argon
(Morse, pers. comm., 1984). The results of all of these
studies suggest anftrfor this apparatus between that for
a vapor of pure HrO and that for a vapor buffered by HM.
The higher results obtained by Kennedy et al. may be
explained by a higher/", in their apparatus generated by
a higher X;ro in the pressure medium. Conceivably, many
inconsistent phase-equilibrium data may be reconciled
when the/", of the experimental apparatus is considered.

The effect of/r, in these melting experiments has many
petrologic applications other than illustrating that/', is
an important factor in phase-equilibrium experiments.
Reeent measurements of intrinsic /o, in xenoliths from
the upper mantle (Arculus and Delano, 1981) were inter-
preted as indicating that parts of the upper mantle have
an/o, more reducing than IW. The presence of native iron
in granulite xenoliths from a kimberlite is further evidence
for conditions oflow/o, in regions ofthe continental lower
crust and upper mantle (Haggerty and Toft, 1985). Under
these conditions, the melting of silicates in the presence
ofa hydrous vapor phase would occur at higher temper-
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Fig. 9. Pressure-temperature projection ofthe solidus ofsior-
HrO-H, (IW) and the solidi ofSiO,-H,O-CO, with various values
of Xi{,o. Values of a;ro along the SiOr-HrO-H2 (IW) solidus are
shown by the numbers along the curve. Each solidus in the system
SiOr-HrO-CO, (Boettcher, 1984) has a fixed value of Xi."o given
by the number along the curve.

atures than in the presence of pure HrO, but at lower
temperatures than in the presence of a HrO-COz vapor
with the same 4ij2o. Further, under these reducing con-
ditions, fluids in the upper mantle would be a mixture of
HrO and Hr, carrying smaller amounts of dissolved sili-
cates than would pure HrO, thereby lessening the effect
of metasomatizing fluids on changing the chemistry of the
material with which they interact. Increasing X;, may also
affect partitioning of trace elements between solid and
fluid phases, altering the trace-element characteristics of
the metasomatized rocks.

The lower solubility of H, in silicate liquids relative to
HrO is also significant for rnodels of degassing of the Earth
and migration of H, in the mantle. H, is less likely to
trigger melting than is HrO, and, unlike HrO, H, cannot
react extensively with solid phases in the mantle, sug-
gesting that H, will not become trapped in either a solid
phase or a silicate liquid, and it may escape from the
mantle (Welhan and Craig, 1979) or provide some control
on the oxidation state of the mantle.

In the crust, most igneous rocks equilibrated at values
of fo, near those of the QFM buffer. In the presence of a
hydrous vapor buffered by QFM, melting would occur at
temperatures as much as 80"C higher than the vapor-
saturated solidus in the presence of pure HrO. Further-
more, under such relatively reducing conditions in the
crust, the low solubility of silicates in the vapor with rel-
atively high values of X;, will diminish the metasoma-
tizing ability of the vapor. Zones of intense alteration
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Fig. 10. Pressure-temperature projection of experimentally
determined and calculated vapor-saturated solidi of quartz *
vapor. The experimental curve is for SiOr-HtO-H, (IW), with
the numbers along the solidus representing the alro. The SiOr-
H2O-X solidus is calculated assuming an inert diluent in the
vapor, with the same a;ro as for the experimental curve at any

$ven pressure.

probably occur only under very oxidizing conditions, and
this is consonant with the mineralogy of many pegmatites,

where fluid-phase metasomatism commonly is pervasive

and extensive.
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