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Condensation, evaporation, melting, and crystallization in the primitive solar nebula:
Experimental data in the system MgO-SiOr-Hrto 1.0 X 10-e bar and

1870 "C with variable oxygen fugacity

Bronu O. MvsnN, Ixuo Kusnrno*
Geophysical Laboratory, Carnegie Institution of Washington, 2801 Upton Street, N.W., Washington, D.C. 20008, U.S.A.

ABSTRACT

Crystal-vapor, melt-vapor, and crystal-melt-vapor phase relations in the system MgO-
SiOr-H, have been determined at low pressures (10-a to lO-e bar) and high temperature
(1400 to 1870 'C) from vapor-pressure determinations of periclase, forsterite, silica min-
erals, enstatite, and liquid compositions in the system and from conventional phase-equi-
librium measurement techniques. In addition to pressure, temperature, and bulk-compo-
sition variables, the oxygen fugacity was varied from 1.5 orders of magnitude above that
of the iron-wiistite oxygen buffer to about 2.5 orders of magnitude below.

In this system, periclase, forsterite, and silica (tridymite and cristobalite) evaporate
congruently to a gas phase consisting of MgO, SiOr, SiO, Si, and oxygen species, whereas
enstatite (most likely protoenstatite) evaporates incongruently to forsterite plus a silica-
rich vapor. Liquid is unstable at silicate vapor pressures below l0-5 to 10-6 bar. The
temperatures of the triple points where crystals, liquid, and gas coexist range from 1550
"C for enstatite, to 1600'C for silica and 1700 "C for forsterite. The temperature of the
triple point for periclase was not determined, but is likely to be near 2800 "C. The pressures
of the triple points increase by several orders of magnitude upon dilution of the vapor
phase to hydrogen/silicate molar ratios relevant to condensation in the solar nebula (e.g.,
l0a), and the temperatures decrease by several hundred degrees.

Vaporous diagrams in the systems MgO-SiO, and MgO-SiOr-Fe show that at pressures
and hydrogen/silicate ratios appropriate for the solar nebula, the vaporous phase is for-
sterite with a vaporous freld extending from about 95-99 molo/o MgO (forsterite-periclase
vaporous boundary) to less than l0 mol0/0, where the enstatite and forsterite coexist. These
relations are consistent with extensive Mg-Si fractionation by fractional condensation of
forsterite during cooling in the early solar nebula. In the Fe-bearing, ternary system the
forsterite vaporous extends to nearly 1000/o Fe, thus suggesting that very extensive mag-
nesiosilicate fractional condensation (and temperature reduction-at least 400 "C) is nec-
essary before Fe metal will condense from the early solar nebula.

INrnonucttotrr

Chemical, isotopic, and petrographic evidence, in par-
ticular from carbonaceous chondrites, indicates that the
formation of rock-forming minerals in the solar nebula
was the result of processes that include evaporation to
and condensation of liquid and crystals from a vapor phase
(Grossman, 1980; Wood, 1984; Grossman and Larimer,
1974; MacPherson and Grossman, 1979; Lattimer and
Grossman, 1978; Cameron and Fegley, 1982; Onuma et
aI., 1979; Nagahara, 1 984). Both evaporation-condensa-
tion and melting-crystallizatibn may have occurred re-
peatedly both locally and regionally (Herndon, 1978; Na-
gahara, 198 1 ; Wood, I 984; Niederer and Papanastassiou,
1984; Chou eI al., 1976; Clayron et al., 1977). The bulk
compositions of individual grains and agglomerates that
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accreted to form meteorite parent bodies and terrestrial
planets depend critically, however, on the extent to which
their early nebula-formation processes were governed by
vapor-crystal equilibria or vapor-liquid-crystal equilibria
and also on the extent to which these were equilibrium
processes. Whether or not condensation and evaporation
processes include formation of liquids depends on pres-
sure, temperature, and bulk composition of the system
(for data on commonly cited models, see for example,
Cameron, 1973, 1978 Cameron and Fegley, 1982; Wood,
1981, 1984; Ahrrenius and Alfven, l97l). For a given
bulk composition, there is a minimum pressure above
which a crystalline phase cannot condense directly from
a gas phase or evaporate directly to a gas without an
intervening liquid field. Liquid, crystal(s), and gas coexist
at triple points. It is important, therefore, to establish the
pressure-temperature conditions of the triple point (as
well as other invariant points) for relevant nebular ma-
terials.
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The oxygen fugacity in the nebula most likely was gov-
erned by C-O-H gas equilibria and can be calculated as
a function of gas composition and temperature. Redox
equilibria involving major elements such as Fe, Si, and
less abundant Ti, P, and Cr may be influenced by the
oxygen fugacity in the f, ranges suggested for the early
history of the solar nebula. Moreover, the pressure-tem-
perature-composition stability relations of oxides, met-
als, and silicates may be functions of the oxygen fugacity
of the system. Estimates of the fo, range from about 5-
6 orders of magnitude below that of the iron wiistite (IW)
buffer for the nebular gas (Fegley, 1985) to l-2 orders of
magnitude above the IW bufer for "whole-rock" CAI
inclusions from Allende as recorded with measurements
of intrinsic oxygen fugacity (Kozul et a1., 1986). Ihinger
and Stolper (1986) from spectroscopic studies ofhibonite
from CAIs suggested /o, values during crystallization of
hibonite from - 5 orders of magnitude below that of the
IW buffer to values slightly above those of the magnetite-
wiistire (MW) buffer.

Pressure, temperature, and oxygen-fugacity conditions
during formation of the mineral assemblages in the ma-
trix, chondrules, and inclusions in chondritic meteorites
reflect conditions in the early solar nebula. This pressure,
temperature, and oxygen-fugacity environment can be
characterized provided that crystal-liquid, liquid-vapor,
and crystal-vapor phase-equilibrium data for the relevant
mineral assemblages have been experimentally obtained
under realistic pressure, temperature, and bulk-compo-
sition conditions. These calculations also require knowl-
edge of which phases were involved in the nebular con-
densation history. From data on free energies of formation
of relevant phases, condensation sequences have been
calculated (e.g., Grossman and Larimer, 1974;, Laltimer
and Grossman, 1978). Those calculations rely on accu-
rate thermochemical data and on a knowledge of the spe-
ciation in the gas phase under appropriate conditions.
The thermodynamic data are not always available. In
particular, thermochemical data for the most refractory
oxides as well as liquids are rare. Characteization of the
species ofthe gas phase has been reported for only very
Iimited chemical compositions and under restricted pres-
sure, temperature, and oxygen-fugacity conditions. The
types of crystalline phases included in the calculations
depend on their detection in extraterrestrial materials.

Experimental determination of phase relations of in-
dividual minerals and mineral assemblages does not rely
on the above information. Experimental determination
of evaporation-condensation behavior in appropriate
compositions has been reported only for a few systems
(Sata et al., I 978; Masuda and Tanaka, I 979; Hashimoto,
1983; King, 1982; Hashimoto et al., 1979; Mysen et al.,
1985) under restricted conditions. The oxygen fugacity
was not a controlled variable in these studies.

In order to provide a framework for phase relations in
the nebular environment, it is necessary to determine sys-
tematically the phase relations in relevant simple oxide
and silicate systems and then proceed with more complex

systems before an adequate description ofphase relations

among gas, liquid, and crystalline phases in the solar neb-

ula is feasible. The system MgO-SiO, contains the im-

portant phases forsterite and enstatite in addition to per-

iclase and one or more silica polymorphs (depending on

the temperature range; Fenner, 1913). Characterization

of the phase relations in this system will provide, for

example, data relevant to understanding the systematic

variations in Mg/Si among chondrites (e.9., Urey, 1961;

Ahrens, 1964,1965; Wasson, 1974) as well as differences

in Mg/Si between inclusions, chondrules, and matrix

within individual chondrites (Huss et al., l98l; Naga-

hara, 1984). The bulk Mg/Si of the terrestrial planets also

differs (Weidenschilling, 1976; Turekian and Clark, 1969).

There is also evidence that the Earth's upper mantle is

not chondritic (Palme and Nickel, 1985). Furthermore,

detailed information on phase relations along this join is

necessary to develop the phase relationships in the more

complex, and more realistic, systems MgO-AlrOr-SiO, and

CaO-MgO-AIrO3-Sior.

ExpBnrnmNTAL METHoDS

Starting materials were (l) finely ground (1-3 pm) synthetic
forsterite crystallized at 1000'C and 15 kbar for 24 h from a
spectroscopically pure mixture of MgO + SiO, with about 5 wt0/0
HrO (this procedure yields 1000/o reaction and produces 20-50-
pm euhedral forsterite crystals); (2) synthetic, spectroscopically
pure tridymite for SiOr; and (3) spectroscopically pure MgO.

All experiments were conducted in a high-temperature (-2000
'C), high-vacuum (P < l0-" bar) furnace described by Mysen
et al. (1985). Briefly, the experiments were conducted in a 5.0-
cm-long and I -cm-diameter, W-wound furnace coaxially located
in a cylindrical, 35-cm-long by lS-cm-diameter vacuum cham-
ber. The temperature was measured with a W-W74Reru ther-
mocouple interfaced with a programmable temperature control-
Ier (Hadidiacos, 1979). The temperature, calibrated against the
melting point of Pt(1772 'C) and Fe (1535'C), is accurate to +5

"C. The precision is better than + 2 'C. The temperature gradient
along a 0.5-cm vertical zone in the fuinace is less than 10 oC.

The samples were contained in 2-mm-diameter (inside diame-
ter) by 2-mm-deep Mo, W, and C containers with a 0.5-mm-
thick tight-fitting lid. These containers were suspended in the
furnace with a 0.25-mm-diameter wire fed through two 0.5-mm-
diameter holes drilled in the side ofthe containers. The contain-
er was placed within 1-mm of the thermocouple junctron.

The three different sample container materials were used so
that the oxygen fugacity could be buffered at different values by
interaction between oxygen in the sample and the metal con-
tainer with the following possible reactions:

W + 1 . 5 0 , = W O r ,
w + O r = W O r ,

M o * O r = M o O z ,
3C + 2O2 = 2CO + COz.

( l )

(2)
(3)
(4)

The temperature trajectories of the fo, defined by these reactions
are shown in Figure l. Although it is not altogether clear whether
the W-containing buffer is that described by Reaction I or Re-
action 2 because their AG values are nearly identical (Robie et
al., 1978), it is clear that these bufer assemblages cover an /o,
range from about 1.5 order ofmagnitude above to about two
orders of magnitude below that of the iron-wiistite buffer.
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For experiments involving liquid = vapor equilibria (see also
below), it was desirable to control the pressure in the vacuum
chamber. Because H. was the principal component in the solar
nebula, H2 was used for this purpose. P", inside the vacuum
chamber (but not necessarily within the sample containers; see
discussion below) were measured with a Varian Ratiomatic 842
ionization gauge. The pressure was maintained by bleeding H,
into the vacuum chamber through a valve placed in front ofone
of the ports into the main vacuum chamber. The measured pres-
sure, P,",, is, therefore, equal to PHz + P-., where P",. is the
pressure in the vacuum chamber with the H, valve closed. In
the experiments repolted here, P""" was 1.0 x 10 '0 bar or less,
so that with the P", above 1.0 x 10 e bar, the measured P,".
values are near the P", values in the vacuum chamber. Except
at PH2> 1.0 x 10-6 bar, where the P.., fluctuated by as much as
2o/o during experiments lasting several hours (probably owing to
convection inside the vacuum chamber), the P", is precise to at
least 1ol0.

The experiments were terminated by turning off the power to
the furnace. Although the quenching rate depends on the tem-
perature, rates near 10-20'C/s between 1500'C and 1000'C
were obtained. Because cooling was principally by radiative
transfer, cooling to lower temperatures was significantly slower.

Chemical analysis and petrographic studies were performed
with optical microscopy and with a JEoL-35 scanning-electron
microscope equipped with both wavelength- and energy-disper-
sive detection systems for quantitative analysis. Analyses of
quenched liquids were conducted with a l0 pm x 10 pm square
raster, and averages of 5 to l0 such analyzed squares are re-
ported.

The pressure inside the sample containers is not necessarily
the same as in the vacuum chamber (outside the capsule). With
the outside pressure significantly lower than the vapor pressure
of the samples, the Knudsen method (Knudsen, 1909) can be
used to determine the vapor pressure of the samples. Two 0.5-
mm-diameter holes were drilled in the sides of the container
walls to generate a Kludsen cell (Knudsen, 1909). Because these
two holes also facilitate suspension of the containers from the
sample-suspension wire inserted in the furnace, the effective ori-
fice area, after subtraction of Mo wire cross-section, is 2.95 x
l0-3 cm2.

With the Knudsen method, the vapor pressure of a substance,
P- (bar), can be determined by measuring the evaporation rate,
dw/dt (g/s) (Paule and Margrave, 1967);

where -4 is the area of the orifice (cm,), c is the Clausing factor,
M is the molecular weight of the etrusing vapor, Z is absolute
temperature, and R is the gas constant.

Equation 5 is strictly valid only under the following condi-
tions. (l) The sample surface is infinitely large compared with
the orifice arca. (2) The evaporation constant is unity. (3) The
length of the orifice is negligible. (4) The ambient pressure is
such that there is no interaction between the gas molecules ("free
molecule regime"). Because these conditions cannot be strictly
met experimentally, the P- in Equation 5 is not the equilibrium
vapor pressure, P,, but can be related to P" by the relationship
(Motzfeldt, 1955)

&: {1 + fl(r/a) + (r/w) - 2ltP^. (6)

In this equation, f : cA/ Ao, where lo is the evaporation surface
area, a is the evaporation constant, and, W is the Clausing factor

Temperature. "c

r  700 I  600 I  500

t - 7

o

- 1 0

4 6  4 8  s 0  s . 2  5 4  s 6  5 8  6 . 0

l / T  x  l o { ( K - r )

Fig. l. Oxygen fugacity-temperature trajectories for MW
(magnetite-wustite), Iw (iron-wiistite), w-wo3, w-wo', Mo-
MoOr, and C-CO-CO, oxygen buffers. The tungsten and molyb-
denum buffer curyes were calculated from Robie et aI. (1978).
Other curves are from Huebner (1971).

for a container with orifice and evaporation surface areas equal.
In the present experiments, an empirical factor that includes the
entiry { 1 + f[(l/q) + (l/ W) - 2]] was calibrated by using known
substances with well-characterized pressure versus temperature
relationships. The present system was calibrated with liquid Cu
and Ag (Jones et al., 1927). Results of rate studies at different
temperatures and different run durations are given in Table 1.
The empirical pressure-correction factor obtained from those
data(4.0 + 1.0 x 10a) was used to compare results for vapor
pressures of SiOz with thermodynamic data from the literature.
The experimental P" data from SiO, were obtained with a range
ofweight losses (8.4-860/o; see Table 2). Thus, despite the fact
that in principle there might be a change in pressure as a function
ofthe extent ofweight loss due to the open-system nature ofthe
present experiments, this effect is small and is neglected. With
this proviso, the heat and entropy ofevaporation (AtI" and AS",
respectively) can then be related to the vapor pressure as follows:

ln P, : (-aG"/R7"): (-LH"/R7) + (AS"/R). (7)

Porter et al. (1955) used alumina Knudsen cells and obtained
A1/" for SiO, near 570 kJlmol. Although those experiments were
reported to have been conducted under "neutral/o, conditions,"
possible contamination of the silica by AlrO, at the high tem-
peratures ofthose experiments (up to 1900 K) was not consid-

Tnaue 1. Experimental results for Cu and Ag metal

Starting
material f rc) PF"(batl

(5),  - L 0 w
Ac 3t

Loss Loss
(mS) (wt%)

Time
(min)

Phases
present

Ag
Ag
Cu

1200 1.0 x 10 s
1 1 0 0  1 . 0  x  1 0 ' g
1327 1.0 x 10'g

Ag(Liq) 4.60
Ag(Liq) 5.72
Cu(Liq) 3.83

20
120
120

29.3
36.6
43.8

2rRT
M

/Vofei All samDle containers were of Mo.
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TaaLe 2. Experimental results

Starting
material f rc) PH. (bad

Loss
(wt%)

Time Cap-
(min) sule Phases present

Loss
(mg)

Tr
Tr
Tr
Tr
Tr
t r
Tr
Tr
Tr
Tr
Tr
t r
t r
Tr
t r
Tr
fl
fr
t r
Tr
Tr
t r
t r
Tr
fr
Tr
I t
Pe
Pe
Pe
Pe
Pe
Pe
Pe
Pe
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
FO

Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo
Fo

1400
1400
1 450
1 450
1 500
1 500
1 500
1 595
1 595
1 6 1  I
1 6 1  8
1 640
1 640
1 640
1661
1661
1 678
1 708'1752
1 500
1 550
1 600
1 400
1 500
1 500
1 550
1 600
1 750
1 700
1 650
1 650
1 600
1 550
1 500
1 450
1 400
1 500
1 500
1 500
1 595
1 595
1 680
1 680
1 680
1702
1702
1724
1724
1746
1 769
1 769
1 769
1 769
1 769
1 769
1 869
1 700
1 600
1 675
1 600
1 540
1 600
1 650

1.8 x 10-e
1.8 x 10-"
1.8 x 10-e
1 . 8 x 1 0 e
1 .8  x  10 -e
1 .8  x  10 -e
1 .8  x  10 -d
1 .8  x  10 -e
1 .8  x  10 - "
5.0 x 10-5 '
1 . 8 x 1 0 4
5.0 x 10-s.
1 ' 8  x  1o - '
1 . 8 x 1 0 e
5.0 x 10 5 '
1 ' 8  x  1o -n
1 .8  x  10 -o
'1.8 x 1o- '
1 . 8 x 1 0 s
1 .8  x  10 -6
2.2 x 10-8
1 . 8 x 1 0 0
1 . 0  x  1 0 , ' -
1 . 0  x  1o - * -
1.0 x 10-*-
1.0 x 1o-r-
1 . 0  x  1 0 , . '
1 . 8 x 1 0 ,
1 .8  x  l 0 - ,
1 .8  x  10 - '
1 . 8  x  10 - '
1 . 8 x 1 0 0
1 .8  x  10 -o
1 .8  x  10 - ,
1 . 8 x 1 0 ,
1 . 8 x 1 0 ,
1 .8  x  10 - '
1 . 8  x  10 - ,
1  8  x  1 0  s
1 .8  x  10 - t
1 . 8 x 1 0 ,
1 . 8 x 1 0 ,
1 . 8 x 1 0 ,
1 .8  x  10 - ,
1 .8  x  10 - '
1 . 8 x 1 0 a
1 .8  x  10 -4
1 .8  x  10 -?
1 .8  x  10 - '
1 . 8 x 1 0 '
1 . 8 x 1 0 ,
1 . 8 x 1 0 7
1 .8  x  10 - '
1 . 8 x 1 0 ?
1 . 8  x  1 0 -
1 . 8 x 1 0 4
1 '8  x  10 -n
1 .8  x  10 - '
1 . 8 x 1 0 0
1 .0  x  10 - * -
1 .0  x  10 - , -
1 . 0  x  1 0 , *
1 . 0  x  1 0 ' g -

3800 Mo
1600 Mo
3975 Mo
9900 Mo
360 Mo

1440 Mo
1440 Mo
400 Mo

1020 Mo
120 Mo
120 Mo
120 Mo
150 Mo
300 Mo
120 Mo
12O Mo
12O Mo
120 Mo
60 Mo

1080 w
2880 W

120 W
4080 c
360 C
240 C
6 0 c
2 0 c

120 Mo
300 Mo

4100 Mo
105 Mo
360 Mo
360 Mo

1385 Mo
940 Mo

14400 Mo
3970 Mo
5760 Mo

11424 Mo
72O Mo

1440 Mo
180 Mo
300 Mo
870 Mo
30 Mo
20 Mo
15  Mo
15  Mo
15  Mo
30 Mo
15  Mo
1 M o
5 M o

15  Mo
5 M o
5 M o

30 Mo
900 w't20 w
330 C
850 C
260 C
180 C

T r + O z + V
T r + O z + V
T r + Q z + V
T r + O z + V
C r + Q z + V
C r + V
C r + V
C r + V
C r + V
C r + L + V
C r + L + V
C r + L + V
C r + L + V
C r + L + V
C r + L + V
C r + L + V
C r + L + V
C r + L + V
L + V
C r + V
C r + V
C r + V
T r + V
C r + V
C r + V
C r + V
C r + V
P e + V
P e + V
E
P e + V
P e + V
P e + V
P e + V
P e + V
F o + V
F o + V
F o + V
F o + V
F o + V
F o + V
F o + V
F o + V
E
F o + L ( q - F o ) + V
F o + L ( q - F o ) + V
F o + L ( q - F o ) + V
F o + L ( q - F o ) + V
F o + L ( q - F o ) + V
E
E
F o + L ( q - F o ) + V
F o + L ( q - F o ) + V
E
F o + L ( q - F o ) + V
L (q-Fo) + V
F o + L ( q - F o ) + V
F o + V
F o + V
F o + V
F o + V
F o + V
F o + V

o.87 18.9
0.60 1't.2
1.50 25.4
3.76 57.7
0.45 8.4
1.84 30.8
2.12 43.2
1.88 37.2
4.17 86.0

<2.33 <40.7
1.26 40.6
1.28 21.8
1.25 28.4
2.90 58.8
1.68 25.1
0.66 12.8
1.71 31 .3
3.62 68.2
2.57 55.9
0.56 14.0
2.4't 7'1.9
0.33 6.4
3,89 97.3
4.91 92.6
3.90 67.9
1.69 45.1
1 .83  51 .0
2 .05  91 .1
2.02 92.7

- 1 .73 100.0
0.69 39.0
0.68 35.1
0.60 29.6
1.25 64.4
0.60 22.7
1 .17  20 .3
1 .O2 15.8
1. ' t4 25.1
2.85 56.2
1 .16  22s
2.05 34.5
2.28 41.2
3.32 63.4
n.r.  100.0
1  .16  17  .5
0.43 8.9
0.23 4.8
1.29 20.3
2.85 57.8
n.r.  100.0
n.r.  100.0
1.27 25.5
4.30 76.'l
n.r.  100.0
0.17 3.5
2.06 50.5
0.80 17.7
1.93 42.2
2.92 78.1
1.141 34.4
o .44  11 .3
1.47 27.5
1 .10  33 .6

Nofe jT r : t r i d ym i t e ;  C r : c r i s t oba l i t e ;  Qz :qua r t z ;  Fo : f o r s te r i t e ;  Pe :pe r i c l ase ;  L : l i qu i d ;  V : vapo r ;
q-Fo: quench forsterite; n.d : not determined; n.r : not resolved; E : capsule empty atter experiment.

* Ar used as pressure medium. .. No H. t Incomplete sample recovery.

ered. Hidalgo (1960) reported this relationship between temper-
ature and vapor pressure:

ln P" :  (-57 800/0 + 18.4, (8)

which is shown as the line marked "H" in Fisure 2. Zis absolute

temperature. As can be seen from those data, there is agreement
between the two data sets. All calculations ofequilibrium vapor
pressure from the observed weight-loss data were, therefore,
conducted with Equation 5 with an empirical correction factor
obtained from the weightJoss data for liquid Cu and Ag.
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Fig. 2. Observed vapor pressure (P") of silica as a
of temperature. Curve H is from Hidalgo (1960).

function

Rrsur,rs
The system SiOr-H,

Experiments in the system SiOr-H, were conducted in
the P", range between 1.8 x l0 a and 1.8 x l0-, bar
and in the I range between 1400 and 1752 "C with all
experimental data shown in Table 2. Most of the exper-
iments were carried out in Mo containers with the /o,
buffered along the Mo-MoO, curve (Fig. l). In all sub-
solidus experiments, l0-30-pm euhedral cristobalite and
tridymite crystals were formed. At the lowest tempera-
tures, quartz is also present (Table 2). Most likely, the
quartz was formed during the relatively slow quenching.
The observed vapor pressures in the subsolidus region
(Fig. 3) were fitted to a linear expression of the form of
equation (7),

ln  P, :  K-58307 + 5152)/71+ 18.6 + 3.0,  (9)

where Z is absolute temperature. The data are insuffi-
ciently precise to discriminate between evaporation of
tridymite and cristobalite. The experimental data with W
containers (Fig. 3) showed significantly more scatter and
can be described with the expression

ln P" : l(-57 546 + v803)/71+ r7.3 + 8.2. (10)

The two curyes cannot be separated within experimental
uncertainty.

There is a distinct difference in slope and intercept for
the vapor-pressure curves obtained with experiments in
graphite capsules (C-CO-COr-O2 oxygen buffer) (Fig. 3),
as expressed numerically with the expression

ln P" : K-68 826 + 4871)/71 + 27.0 + 2.8, (l l)

compared with the results obtained with Mo and W sam-
ple containers. This significantly steeper slope and larger
value at the intercept is a function of the 2.5-3.5 orders
of magnitude decrease inf, resulting from using graphite
rather than Mo or W containers.

- 1 9

- 1 8

- 1 7

o
o

o
c

- 1 6

- 1 5

- 1 4

- 1 3

- 1 2

- t l

s . 3  5 . 4  5 . 5  5 . 6  5 . 7  5 . 8  5 . 9  6 . 0

l / T  x  1 0 1 ( K - 1 )

Fig. 3. Observed vapor pressure of crystalline silica (cristo-
balite and tridymite) with different container materials as indi-
cated. The point in parentheses is most probably inaccurate be-
cause of partial blockage of the holes in the W container in that
experiment.

Liquid, which quenches to a clear, bubble-free glass,
was found to coexist with euhedral l0-30-pm cristobalite
at temperatures above 1600 "C, and only liquid (glass)
exists in experiments at temperatures above 1700 "C (Fig.
4). This observation contrasts with that for phase rela-
tions in the SiO, system at I bar, where cristobalite melts
congruently at 17 13 oC (Fenner, 19 I 3). This melting in-
terval, therefore, (l) either results from chemical impur-
ity (contamination), (2) a - 100 oC temperature gradient
vertically along 3 mm in the furnace, (3) or the phase
relations cannot be described simply in terms of the una.
ry system SiOr. A solidus depression resulting from H,
solution in the melt is ruled out as unlikely in view of the
fact that this depression requires about 25 molo/o H, in
solution.

Although not detected experimentally, the topology of
the phase relations depicted in Figure 4 requires that there
should be a phase field between Cr + L + V and V
involving vapor and another phase, possibly a liquid of
different composition than the liquid coexisting with va-
por at temperatures above about 1700 "C.

Electron-microprobe analyses of quenched glasses and
coexisting cristobalite show at most 0.4 wto/o AlrO, in the
quenched glass (Table 3), possibly resulting from vapor
transport of AlrO, from the alumina furnace tube. One-
bar liquidus phase relations on the join SiOr-AIrO, (Ara-
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Fig. 4. Pressure-temperature phase relations in the system
SiOr-H, at the oxygen fugacity of the Mo-MoO, buffer. The pres-
sure axis is total pressure (silicate vapor pressure + hydrogen
pressure). In experiments along the vaporous, the silicate vapor
pressure is approximately equal to total pressure because P", is
one or more order of magnitude less than the silicate vapor pres-
sure. Closed symbols, no liquid present; half-open symbols, liq-
uid and crystals present; open symbols, liquid and no crystals
present. Circles denote experiments used for vapor-pressure de-
termination. Squares represent experiments at imposed pres-
sures greater that vapor pressure. Note that although there must
be an additional phase field between the Cr + L + V and V
fields, this is not indicated because of lack of experimental in-
formation.

maki and Roy, 1959) indicate, however, that about 5 wto/o
AlrO, is required for a 100 'C liquidus temperature
depression along the join at I bar. There is no other
chemical contamination of the system, and this expla-

Teele 3. Chemical compositions, SiO, system

P H " : 1 . 8  x  1 0 - 4  b a r ,
r: 1 670 .C

P". :  1.8 x 10-1 bar,
7 :  1650 .C

Cristobalite Cristobalite

-13

-12

-11

-10
4.9 s .0  5 .1  5 .2  5 .3  s .4

i / r  x  104(K-1)
Fig. 5. Vapor pressure of molten silica (P") as a function of

temperature with Mo sample contarners'

nation is ruled out to explain the existence of a melting
interval below the l-bar liquidus of SiOr. As indicated
above, the temperature gradient along a 3-mm section of
the furnaces is less than l0'C, and explanation 2, re-
quiring a -100 'C gradient is, therefore, implausible. It
appears, therefore, that the only viable explanation for
the temperature depression of the solidus and the exis-
tence of a melting interval is that the melt is partially
dissociated into SiOr, SiO (and possibly Si), and oxygen,
where oxygen may combine with ambient H, to form
water. Sosman (1965) suggested that addition of 5 wto/o
Si to SiO, might result in a > 100 "C liquidus depression
on this join, which is in general accord with results of
preliminary experiments on this join shown in Table 4.

The suggested partial dissociation of SiO, in the melt
is also consistent with the magnitude of the change in
slope ofthe vaporous curves when liquid appears on the
vaporous (Fig. a). Least-squares regression ofthe vapor-
pressure data for liquid SiO, (Fig. 5) obtained with Mo
containers results in the expression

ln P" :  ( -5001|  + 6216/7)  + 14.2 + 3.2.  (12)

TneLe 4. Preliminary results, SiO"-Si system

Starting T
Run no. material fC)

Si
AI
Mg

Total

J I

AI
Mg
U

47.51
0.20
0 0 1

53.74
101  . 16

46.83
0.16
0.00

53.03
100.03

47.13
0 .16
0.00

53.19
100.73

47.35
0 . 1 8
0.00

53.33
100.86

P
(bar)

Time
(min) Phases presentt

2882'
2883.
2892*
2894*1.006

0.006
0.000
2.000

1.013
0.006
0 000
2.000

Atomic proportions (O : 2)
1.006
0.006
0.000
2.000

1Si 3SiO, 1624 1.0 x 10 e 24O
1Si gSiO, 1624 1.0 x 10 I  90
1Si gSiO, 1002 9.0 x 10'a 24O
1Si gSiO, 1669 9.0 x 10 8 90

Cr + 2l iquids
Cr + liquid
Cr + SiO
Cr + liquid1 .013

0.006
0.000
2.000

. Sealed Pt containers. '* Mo Knudsen cells with H, as pressure medium.
t Cr : cristobalite.

SiO2 -  H2
r /

l n  P i .  = - 5 0 0 1  1 t 6 2 1 6  .  1  4 . 2  t . 3 . 2. - - - - - - - - - - -= -
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Fig. 6. Enthalpy and entropy ofvaporization (A11" and A,S",
respectively) of silica at I 600 "C as a function of oxygen fugacity
(f",).

The ambient Pr, in the experiments used to obtain the
coemcients in Equation 12 ranged from 1.8 x l0 8 to
1.8 x l0 o bar. In this Pr, range, no effect of the ambient
pressure on the observed vapor pressures was observed.

The enthalpies and entropies of vaporization, derived
from the data in Figure 3, are shown in Table 5. The
differences between A,FI" and AS" for the Cr = V and the
L + V curves, are the enthalpies and entropies associated
with the melting and other possible processes such as
partial dissociation of SiO, in the liquid, for example (see
also below for further discussion ofthis possibility). Both
values [-72 kJ/mol and -37 J/(mol.K)]are significantly
greater than the enthalpy and entropy of fusion of cris-
tobalite at I bar [8.9 U/mol and 4.5 J/(mol.K), respec-

TneLe 5. Thermochemical data

I  O - 8 r  400  1  s00  I  600  1  700

Temperature,  
oC

Fig. 7. Pressure-temperature phase relations in the system
SiOr-Hz at diferent oxygen fugacities (as indicated on the figure).
The pressure axis is total pressure (silicate vapor pressure +
hydrogen pressure). In experiments along the vaporous, the sil-
icate vapor pressure is approximately equal to total pressure be-
cause P", is one or more orders of magnitude less than the sili-
cate vapor pressure. Note that although there must be an
additional phase field between the Cr + L + V and V fields, this
is not indicated because of lack of experimental information.

tively; Richet and Bottinga, 19861. The Ail and A,S of the

reaction (Robie et al.. 1978)

V 2 O 2 + S i O + S i O u , ( l  3)

are about -780 kJlmol a\d244 J/(mol'K), respectively.
Although the thermodynamic data for Equation 13 are
for crystalline materials, it would seem that partial dis-
sociation of SiO, in the liquid would more readily ac-
count for the difference between A,Il and AS from Equa-
tions 9 and 12 than simply those associated with melting.

The use of graphite capsules rather than Mo or W re-
sults in a lowering of the /o, of between three and four
orders of magnitude. This/"2 reduction results in the 190/o
increase in the slope ofthe vapor-pressure curve and also
a change in the intercept (Fig. 3; see also Eqs. 9-l l). This
change in slope, expressed in terms of LH" and AS" (Fig.
6), results in a significant increase in both enthalpy and
entropy [from 480 to 570 kJ/mol and 155 to 224 J/(mol'
K), respectively]. These increases are consistent with in-
creased degree of dissociation of SiOy" to SiOu* + O9*.
From the thermodynamic data of Stull and Prophet ( I 97 1),
complete dissociation of SiOry would result in a I l0 kJ/

- 6
1  800

Reac-
Material tiont

Con-
tainer AH" (kJ/mol) AS" [J/(K mol)]

sio, x,v
sio, x,v
sio, x,v
sio, L,v
Mg,SiOo X,V
MgrSiO4 X,V
Mg,SiOo L,V
MgO X,V

. Reaction X,V denotes evaporation of crystalline material. Reaction L,V
denotes evaporation of liquid

W 478 + 123 143 + 68
Mo 484 + 43 155 + 25
C  5 7 2 + 4 1  2 2 4 + 2 3
Mo  416  +  52  118  +  26
C 667 + 206 241 + 110
Mo 640 + 36 21O + 54
Mo 550 + 110 179 + 54
M o  3 2 1 + 3 2  6 3 + 1 7
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Fig. 8. Vapor pressure (P") of crystalline MgO (periclase) as
a function of temperature (Mo sample containers).

mol increase in A.FI". Within the uncertainty of the data
reported here, the calculated change is similar to the ob-
served value. It appears, therefore, that the reduction of
/o, from that of Mo-MoO, (or the less accurate tungsten-
tungsten oxide buffer) to that of the C-CO-CO, bufer may
have resulted in substantial, perhaps complete, dissocia-
tion of SiOy' to SiOg"' + OF". Further dissociation to el-
emental Si is likely only if a significant proportion of the
gas species formed in equilibrium with the Mo-MoO, oxy-
gen buffer include SiO and Or.

From the thermodynamic data summarized in Table
5, a phase diagram for SiO, as a function of pressure,
temperature, and oxygen fugacity is suggested (Fig. 7). In
constructing this diagram, it was assumed that the A11
and A,S of melting derived from the results with the Mo-
MoO, buffer are not significantly affected by the lowering
of fo, to that of the C-CO-CO, buffer. The reduction of
the oxygen fugacity has a very substantial influence on
the minimum pressure below which liquid cannot exist
in this system (about 2.5 orders of magnitude). This dif-
ference is a consequence of the paftial (or complete?) re-
duction of SiO, in the gas to SiO and O, and perhaps
even Si.

The system MgO-H,

The vapor pressures above crystalline MgO under ap-
propriate temperature-oxygen fugacity conditions are
needed in order fully to characterize the phase relations
on the join MgO-SiO, even though periclase itself may
not have been an important phase in the petrogenetic
history ofthe early solar nebula.

Because the oxygen fugacities necessary to dissociate
MgO to Mg and O, (Lou et al., 1985) are far below those
attainable with the experimental design used here, the
vapor pressures above MgO were determined only with
Mo containers (Fig. 8; see also Table 2). Furthermore,
this /", is so low that equilibria involving oxygen and
metallic Mg are not relevant to petrogenetic processes in
the early solar nebula.

M g 2 S i 0 4  -  H 2

a Mo container
O C container

ln  P i t " r=  -77955!1  4955 *  27 .7  t  2 .6

- 1 1
4 . 6  4 . 8  s . 0  s . 2  s . 4  s . 6  5 . 8  6 . 0

1 l f  x  1 0 1 ( K - 1 )

Fig. 9. Vapor pressure of crystalline forsterite (P") as a func-
tion of temperature with Mo (filled circles) and C (open hexa-
gons) containers.

The vapor-pressure data were fitted to a straight line,

ln  P"  :  ( -38676 + 3881/D + 7.6 + 2.1,  (14)

with the derived enthalpy, entropy, and free energy of
evaporation shown in Table 5. The free energy of evap-
oration from Equation 14 at 1900 K, for example, is 202
kJ/mol as compared with 250 kJlmol as calculated from
the JANAF tables (Stull and Prophet, l97l). The AG" for
the reaction

MgQ^,ut: Mgt^ + OF' ( 1 5 )

at the same temperature is774kl/mol. This much higher
value thus lends further support to a suggestion that in
these experiments, most likely periclase evaporates to
MgO gas.

The system MgrSiOo-H,

Evaporation behavior and phase relations in the sys-
tem MgrSiOo-H, are shown in Figures 9-l I with experi-
mental results in Table 2. Sata et al. (1978) suggested that
forsterite might evaporate incongruently to periclase *
vapor. Despite extensive search and very long experi-
mental run duration (Table 2), no evidence for the pro-
posed incongruency was found. The forsterite is pure or
nearly pure (Table 6) Mg,SiOo with no evidence of sig-
nificant contamination from the furnace (Al from the fur-
nace tube or Mo from the sample container) as would be
expected because of the many orders of magnitude lower
vapor pressures of Mo and Al (or AlrO.) (e.9., Jones et
aI., 19271, Stull and Prophet, 1971) compared with those
of forsterite.
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TneLe 6. Chemical compositions, forsteriteI  O -2

1  0 - J

1  o -1

I  O -s

I  O -6

I  O - 7

I  O -8

Mg2Sio4-H2

Fl Mo container
6- c container
a W container,

i o t r

r 400 r s00r 600 
J.tT"lq. 

1e00 2000

Fig. 10. Pressure-temperature phase relations in the system
MgrSiOo-H, at different oxygen fugacities (as indicated by dif-
ferent symbols in the figure). The pressure axis is total pressure
(silicate vapor pressure f hydrogen pressure). In experiments
along the vaporous, the silicate vapor pressure is approximately
equal to total pressure because P", is one or more orders of
magnitude less than the silicate vapor pressure. Closed symbols,
no liquid present; half-open symbols, liquid and crystals present;
open symbols, liquid and no crystals present. Note that although
there must be an additional phase field between the Fo + L +
V and V fields, this is not indicated because of lack of experi-
mental information.

The vapor pressure above crystalline forsterite was de-
termined as a function of temperature in Mo and C con-
tainers (Fig. 9), but within experimental uncertainty (5-
100/o), no effect of different container material could be
discerned. Linear regression ofall the data points results
in the expression

ln  P" :  ( -77955 + 4955/D + 27. '7  !  2 .6,  (16)

with the entropy and enthalpy of evaporation derived
from Equation 16 in Table 5. The absence of discernible
fr-dependence differs from the behavior of pure SiO,
(Fig. 3), where a 190/o increase in the At1" was observed.
This difference in behavior most likely results from the
fact that the mole fraction of SiO, in the MgrSiO4 system
is 0.333. Because only the SiO, component in the gas
phase undergoes reduction with decreasing/o, resulting
in a l9o/o increase in the slope of the SiO, evaporation
curve, only about a 60/o effect would be expected in the
MgrSiOo system. A 60/o change in slope and intercept is
within the uncertainty of the MgrSiO4 vapor-pressure data
in Figure 9.

Small amounts of interstitial melt were detected at
temperatures near 1700 'C (Fig. l0). The liquid does not
quench to glass, but exists as fibrous, quench forsterite
along grain boundaries to temperatures near 1870 'C,

where the experimental charges consist ofall quench ol-

0.988
0.023
1.992

sio,
Alroo
Mgo

Total

Si
AI
Mg

o

o
a

o
L
c

P " . ( b a o :  1 . 8 x 1 0 - t  1 . 9 x 1 0 '  1 . 3 x 1 0 7

r (€): 1500 1769 1746

41.74 42.81
0.94 0.84

57.94 57.96
100.62 1 01 .61

41 .56
0.58

58.48
100.62

Atomic proportions (O : 4)
0.969 0.973
0.016 0.027
2.035 2.016

ivine (Table 2). The temperature of the onset of melting
is 170-190 "C below the suggested liquidus temperature
of forsterite at lbar (1890 + 20 "C; Bowen and Andersen,
l9l3: Bowen and Schairer, 1936) where forsterite melts
congruently. The 1870 oC phase boundary between for-
sterite * liquid + vapor and liquid + vapor (Fig. l0)
accords, within experimental error, with the suggested
l-bar liquidus temperature for forsterite (note, however,
that the l-bar liquidus temperature of forsterite is an ex-
trapolated value from data along the joins MgrSiOo-
Fe,SiOo and MgrSiOo-SiOr).

The phase relations in the system MgrSiOo-H, (Fig. 10)
are topologically similar to those of the system SiO2-H2,
in which case there is a melting interval between 1600
and 1700 oC where cristobalite coexists with liquid and
vapor. As for the silica system there is no evidence of
contamination and thermal gradients within the furnace,
and it is suggested, therefore, that the melting interval is
the result ofpartial dissociation ofsilica in the liquid and
the system is MgO-SiOr-SiO-O, rather than MgrSiOo. It
should also be noted that the topology ofthe diagram in
Figure l0 also requires an additional phase field between
that offorsterite + liquid * vapor and that ofvapor only.
This field has not been detected experimentally, however,
and is not included in the figure.

Two vapor pressure-temperature curves in the tem-
perature range of liquid have been determined (Fig. I l).
There is a steep curve that is defined by the weight-loss
data at an imposed P", of 1.8 x l0-8 bar,

tn P" : K- 185 390 + 14 365)/71 + 82.7 ! 7 .2, (r7)

and there is a curve with a much less steep slope at P"" :

1 .8  x  l 0  aba r ,

ln  P"  :  l ( -66r73 + 13342)/71 + 2t .5 + 6.6.  (18)

The curve defined by Equation 17 corresponds to A,F1":
1540 kJ/mol and AS, : 687 J/(mol'K). This curve is
physically implausible because it implies that the heat of
evaporation of MgrSiOo liquid is 2.4 limes greater-not
less-than that of crystalline forsterite at the same tem-
perature. This behavior may be related to the fact that
the ambient pressure used during acquisition of the data
behind Equation l7 is significantly less than the vapor
pressure itself. Melt near forsterite composition is very
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Fig. I l. Vapor pressure curves in the ternperature regime of liquid present in the MgrSiO4 system at two different PH2 values as

indicated. Note that whereas curve I was obtained with P", > P", curve 2 was determined with P", . P".See text for detailed
discussion of the relationships. All experiments were conducted with Mo containers.

fluid (on the order of I poise or less at these tempera-
tures). This environment is, therefore, conducive to boil-
ing, in which case the weightJoss determinations can be
too high by several orders of magnitude (Centolanzi and
Chapman, 1966). This phenomenon may explain the im-
plausibly high values of the coefficients in Equation 17.

The other curve in Figure I I (Eq. 18) results in slightly
smaller values of AI1" and A,S" than for crystalline for-
sterite [640 and 5 50 kJlmol and 2 I 0 and l] 9 J/(mol . K),
respectivelyl. The latter two sets of data correspond to
AfI, and AS- of 90 kJ/mol and 3l J/(mol.K), respec-
tively, at the temperature of onset of melting (1700 "C).
Values for enthalpy offusion offorsterite have been sug-
gested in the range 7 | to 235 kJlmol (Stull and Prophet,
l97l;Bottinga and Richet, 1978) with most values near
the lower end ofthis range. The value derived from the
vaporization curve defined by Equation l8 also falls in
the lower part ofthis range. This curve is, therefore, con-
sistent with available thermodynamic data.

DrscussroN

Isothermal and isobaric sections

From data presented above as well as data for thejoin
MgSiOr-H, (Kushiro and Mysen, 1987), partly schemat-
ic, isobaric, isothermal sections in the system MgO-SiOr-
H, have been constructed (Figs. 12, l3). As discussed
above, neither the liquid nor the vapor compositions may
be described within this system, and in the absence of all
but qualitative inferences on this subject, these consid-
erations are left out. The portions of the system where
this situation may afect the topology of the sections are
dashed in Figure 13.

The molar ratios of hydrogen to oxide corresponding
to some of the phase changes are shown as Xrr/X*"o, elc.
Those ratios were calculated from the thermodynamic
data summarized in Table 5 under the assumption that
the gas phase can be treated as an ideal gas. None ofthe



joins are drawn to scale in order to better show the re-
lations.

At a total pressure of 1.0 x I 0-6 bar, liquid is not stable
in the system MgO-SiO, and periclase is the first phase
to condense for compositions frsm MgO to somewhere
between MgO and MgrSiOn. The exact value of X.rol
XMg2sioa is not known. For all phase fields, the hydrogen/
oxide ratio governs the phase relations at constant tem-
perature and pressure. For periclase, forsterite, and silica

l l

-  |  4 5 0 " C

compositions, the only phase fields in question are those
of oxide + vapor and vapor because these phases evap-
orate congruently. In those cases, evaporation can be ac-
complished isothermally and isobarically by increasing
the hydrogen/oxide ratio. The behavior of these phases
contrasts, however, with enstatite, which evaporates in-
congruently (Sata et al., 1978; Kushiro and Mysen, 1987;
see also discussion below). At 1450 oC, for example (Fig.
l2B). in the absence of H,. enstatite (or clinoenstatite) is
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Fig. 12. Isobaric (1.0 x 10-6 bar), isothermal(1625, 1450, 1300, and <1300'C), partially schematic sections of the system

MgO-SiOr-Hr. Note that the individual joins are not to scale in order better to illusfiate the relationships. The ratios XHz/XMeo,

etc., represent the moles ratios ofhydrogen to oxide indicated in the vapor at the intersection ofa particularjoin and a vaporous

curve.
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stable. Increasing Xrr/ X",,,"u," results in the appearance first
of forsterite followed by the disappearance of enstatite
and, finally, the disappearance offorsterite as well.

The phase relations at a tolal pressure of 1.0 x 10-'
bar (Fig. 13) are more complex because liquid is also
stable. Because the liquids may be partially dissociated
into reduced silicon oxide components, the liquid-present
fields in Figure 13 are dashed. These dashed tie lines are
meant for illustrative purposes only. In this figure, the
narrow field near the MgO-SiO, join is marked "Liquid."
This field is included because some H, dissolves in the
liquid (see also Luth and Boettcher, 1986; Luth et al.,
1987, for discussion of H, solubility behavior in silicate
melts), thus resulting in a vapor-absent field.

In the absence of Hr, vapor along all but the MgO-H,
join will condense to liquid prior to crystallization at l0-3
bar. Increasing hydrogen/oxide results, however, in
shrinkage of the liquid fields and their eventual disap-
pearance. This feature is further illustrated in Figure 14,
showing the minimum pressure below which liquid is not
stable in the systems SiOr-H, (A) and MgrSiOo-H, (B).
Silica data from both Mo-MoO, and C-CO-CO, are shown
(Fig. laA), illustratingthat decreasing oxygen fugacity re-
sults in shrinking pressure-temperature stability of liquid
silica.

The data in Figure I 3 also show that increasing hydro-
genloxide ratio in some cases can result in solidification
of liquid (Fig. l3D). At temperatures near 1550'C, for a
range of compositions between MgrSiO. and Mg/Si slightly
greater than I (MgSiO, composition), either forsterite *
liquid or liquid only (depending on the Mg/Si) are stable.
By diluting the vapor with Hr, forsterite and vapor will
be stabilized together with the liquid. The width of this
field ranges Io Xrr/X,,,,.on near 1000 for the most siliceous
compositions. As even more H, is added to the system,
the liquid will solidifu with the formation of forsterite
coexisting with a more magnesian vapor than that coex-
isting with both liquid and forsterite.

Isobaric, polythermal sections

From the AH" data derived from the vapor-pressure
curves in Figures 3 and 9 combined with similar data for
MgSiO, bulk composition by Kushiro and Mysen (1987),
the vaporous phase relations on the join MgrSiOo-SiO,
can be calculated as a function of temperature, oxygen
fugacity, and hydrogen/silicate ratio (Fig. l5). Because of
the uncertainty regarding the possible dissociation ofsil-
ica in the vapor phase, the compositions are not strictly
on the join MgrSiOo-SiO2, but the diagrams accurately
depict the relationships ofthe silicate phases.

1 O r  l 0 2  I O J  1 0 1
x  H2 l x  s i l i ca te

Mg2s i04 -H2

FO*LT  V

' "  
t O 0  1 O l  1 0 2  l O J  l 0 1  l O s

Fig. 14. Minimum pressure of liquid stability as a function
of mole fraction of H' in the gas phase for SiO, (A) at oxygen
fugacities indicated and for Mg,SiO. (B).

The diagrams (Fig. 15) were constructed as follows.
The temperatures of the vaporous of the end-member
compositions are from the experimental data. The topol-
ogy of the phase boundaries between forsterite + vapor
and vapor and between silica * vapor and vapor is cal-
culated from the Van't Hoff equation,

TE: l/ l( l/TJ - (R ln X,/A'H")1, (19)

where 7u is the temperature (K) of the vaporous at mole
fraction X, of component i, To is the vaporous tempera-
ture ofthe pure phase, R is the gas constant, and AI1" is
the heat of evaporation. Equation 19 is a simplification
as it does not take into account dissociation in the vapor
phase. The principal consequence for the vaporous dia-
grams of this simplification is that the forsterite vaporous
surfaces will exhibit slightly less curvature in tempera-
ture-composition space than would otherwise be the case.

The join MgrSiOo-SiO, includes enstatite, which has
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system MgO-SiOr-Hr. Note that the individual joins are not to scale in order better to illustrate the relationships. The ratios X^r/
X"ro, etc., represent the molar ratios of hydrogen to oxide indicated in the vapor at the intersection of a particular join and a
vaporous curve. Dashed phase fields represent compositions where most likely the composition of the liquid phase is not within
the ternarv svstem.
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been shown to evaporate incongruently to forsterite +
silica-rich vapor (Kushiro and Mysen, 1987) along a line
defined by the expression

ln P,  :  [ ( -68908 + 8773)/71+ 24.3 + 5.0.  (20)

There is, thus, a compositional range along the join where
clinoenstatite (or possibly protoenstatite) is the vaporous
phase. Note, however, that because of uncertainty in
structural characteization of the MgSiO, phase, this phase
is simply referred to as enstatite (En). The compositional
range extends from the intersection of the univariant
equilibrium clinoenstatite + forsterite + vapor with the
forsterite vaporous to the intersection with the silica va-
porous (Fig. l5). The slope ofthis vaporous is calculated
from Equation 19 with the AfI" value (572 kJlmol) from
the least-square-fitted expression (Eq. 20) (Kushiro and
Mysen, 1987).

As can be seen in Figure 15, forsterite is the dominant
vaporous phase in the system MgrSiOo-SiO, under all
conditions investigated. Clinoenstatite appears on the va-
porous near 82 molo/o SiOr, with a clinoenstatite-cristo-
balite eutectic at about 93 mol0/o SiO, at 1508'C. The
vaporous surfaces ofthe individual phases in this system
are distinct, but different functions of P",/P.,,,""," in the gas
phase:

T: AH"/\LS" - [R ln(P,.,/(l + X",)]], (21)

where Xr, is the PrrlP.,,,"",. and P,., is the total pressure.
With XH, : lOa (Fig. l5C), the forsterite vaporous tem-
perature is lowered by about 300 'C, the forsterite-ensta-
tite peritectic by about 340 "C, the silica vaporous by
about 390'C (where tridymite is now the vaporous phase),
and the tridymite-enstatite eutectic by about 390'C com-
pared with the H.-free vaporous surfaces. Notably, the
temperature range over which both forsterite and ensta-
tite occur on the vaporous is wider with the diluted gas
phase than in the absence of Hr.

As discussed above, an effect off, on the slope of the
vaporous could be discerned, within experimental uncer-
tainty, for pure SiO, (Fig. 3 and 9). Thus, at given pres-
sure, both the vaporous temperature and the heat of
evaporation of SiO, (regardless of whether this is cristo-
balite, tridymite, or liquid) are affected. The influence of
these changes on the vaporous relations along the join
Mg,SiOo-SiO, is illustrated in Figures l5.A and l58 for a
total pressure of 1.0 x l0 6 bar. At this pressure, the
most dramatic effect of reduction of /", (by about 3 log
units) is in the vaporous temperature (see also Figs. 3 and

F

Fig. 15. Temperature-composition relations along the join
MgrSiOo-SiO, at total pressure = 1.0 x l0 6 bar in a Hr-free
atmosphere at the fo, of the C-CO-CO, buffer (A), and at the fo,
of the IUo-MoO, buffer (B), both in a Hr-free atmosphere, and
at the fo, of the Mo-MoO, bufer with hydrogen/silicate : 10a
(C). The hachured area in Figure 15C is presented in the insert
to show detail.

( J1600
c

o
J

|g

brsoo
ct
Eo
F

(J
o

o
J

|E

o
ct
E
o
F

B

I 600

1 s00

I 400
0

M92S ioq

1 200

I  1 0 0

I 000
0 2 0 4 0

M g 2 S i O l  M g S i O 5
80 100

S i O 2

20 40 E0 E0 100
M g S i O s  S i O 2

c
mol tr

()
a

o
5

G'

o
6.

E
o
F

60

Mo-MoO2 '  
P=10-e  bar

ft2 /Ps111s616 =0

l f t a t t t a r l r t r t
\ \ \ \ \ \ r  t

i1;1;1i1i1j1; sio21v :
\ \ \ a \ \ r

f f l t t t t t t t a a t l

;l: En*sioz l;l1l;l;
r ' * . . - - r ; . \ ' \ ' \ ' . '

f t t t f t t t t t t t l\ \ \ \ \ \ \ \ \ \ \ \ \
f  f . t  I  I  4 ,  I  a  a  I  t  t  I

Mo-MoO2 -  , l=10-
$, /P3111s61e = I

mol s

r V



MYSEN AND KUSHIRO: MgO-SiO'-H, AND THE PRIMITIVE SOLAR NEBULA 15

f l gO-11g2S  iO4  eu tec t i c9). As a result, the SiO, phase is tridymite (rather than
cristobalite), and the compositional width of the tridy-
mite vaporous is less than 1 molo/o with an enstatite-tridy-
mite eutectic temperature near l4l0 "C and fo, at the C-
CO-CO, buffer compared with the cristobalite-enstatite
eutectic near 1510 "C andforat the Mo-MoO, buffer. As
a result of this temperature depression, the enstatite va-
porous surface is significantly wider (82-99 molo/o SiO'
for the "f", of the C-CO-CO, oxygen buffer and 82-94
molo/o SiO, for the /", of the Mo-MoO, oxygen buffer),
and the temperature range over which enstatite will con-
dense from a gas phase has increased from about 20 "C
at the highest"fo, Gvto-MoO,; see Fig. l) to about I l0 'C

at the lowestf, (C-CO-CO,; see Fig. l).
On the Mg.SiO.-MgO join, the phase relations are con-

trolled by a simple eutectic between periclase and for-
sterite because both phases evaporate congruently. The
position of this eutectic is, however, quite sensitive to
total pressure and dilution of the gas phase because of
the large difference in AH" for the two phases (see Table
5). These effects are illustrated in Figure 16. Increasing
Psr/P"i1;"or"results in very rapid expansion of the forsterite
vaporous field at the expense ofpericlase (Fig. l6A). Con-
versely, with constant PH2/P"it'.u. or with no H, present at
all (Fig. 16B), a very strong pressure effect is observed as
decreasing pressure results in rapid expansion ofthe for-
sterite vaporous field. As a result of these two effects, the
eutectic between forsterite and periclase with P"r/P.,,,.u..
appropriate for the solar nebula (e.g., 10"), the mole per-
cent MgO at the eutectic is very low (0.19 molo/o at P,",:
1.0 x 10-o bar, 1.9 molo/o at 1.0 x l0 3 bar, and 7.9
molo/o at 1.0 x l0-, bar).

Appr-rclrroNs

Stability of liquid silicate

Determination of the pressure-temperature-composi-
tion trajectories of liquid silicates in the solar nebula is
important because crystal-liquid equilibria will result in
different chemical trends compared with vapor-crystal
equilibria. Textural evidence from chondrules and also
some inclusions in chondritic meteorites point to the ex-
istence of liquid at some stage(s) during the time of for-
mation of these materials (e.g., Wood, 1963; Wasson,
1972; Grossman, 1980; Dodd, l98l; Nagahara, 1981).

In the MgrSiO4 system (Fig. l4), liquid is stable to L0 x
l0-s bar at 1700'C. Below 1.9 x l0 5 bar, crystall ine
forsterite will condense directly from a gas of forsterite
composition. In a more realistic environment with Mg/
Si : I (MgSiO,), liquid is stable to lower pressures (2.0 x
10-6 bar) at about 1550 "C (Kushiro and Mysen, 1987).
Mysen et al. (1985) found that for CaMgSirOu composi-
tion, liquid will condense from the vapor down to pres-
sures near I x l0 7 bar ar I 38 5 'C. Important ferromag-
nesian minerals would not condense directly from an early
solar-nebula gas that contained only metal + oxygen
components (no dilution of the gas phase with Hr, for
example). Liquid would form first, and the crystalline
materials would form upon cooling of this liquid.
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Fig. 16. The composition ofthe periclase-forsterite eutectic
on the join MgO-MgrSiOo as a function of hydrogen/silicate ratto
(A) at 5 x 10-6 bar total pressure and as a function of total
pressure in a H.-free atmosphere (B).

The nebular gas most likely had, however, P"r/
Po*iae+merar near l0a. The total pressure below which liquid
is not stable increases rapidly as the gas phase is diluted
by H. so that at 1.9 x 10a bars, the triple point is near 2
x l0 2 bar for enstatite composition (Kushiro and My-
sen, 1987). For SiOr, the pressure of the triple point de-
pends on fo,(Fig. 14A) and occurs betwe"n 1'g x l0-'
and l:0 x l0-2 bar. As discussed above, this oxygen-
fugacity effect diminishes in importance with decreasing
SiO, content of a system. The pressure of the triple point
in the MgrSiO*-H, system is about 5.0 x l0-z bar (Fig'
l4B) and is insensitive tof, within the experimental un-
certainty. From the experimental data of Mysen et al.
(1985), the tripte point for diopside composition with P",/
P.nrr.,rou : 10a is about 2.0 x l0 2 bar, thus resembling
the pressure for MgSiO' composition. The textural evi-
dence for liquid having existed during formation of at
least portions of chondritic meteorites requires, therefore,
that under equilibrium conditions, pressures must have
been equal to or greater than l0 2 to l0-' bar. Alterna-
tively, melting may not have been an equilibrium pro-
cess. Blander and Katz (1967) suggested that metastable
tiquid could form directly from a gas below the solidus
and vaporous of minerals. Mysen et al. (1985) and Ku-
shiro and Mysen (1987) in their melting and evaporation
experiments in the systems CaMgSirOr-H, and MgSiOr-
Hr, respectively, noted that liquid apparently formed al-
most instantly at pressure and temperature conditions
corresponding to the vapor regions for those composi-
tions. This liquid evaporated quite rapidly under such
conditions. For CaMgSitO, compositions, evaporation
rates in the vapor stability field were on the order of 10-3
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Fig. I 8. Calculated phase relations near silicate-Fe metal va-
porous boundaries that total pressure of 1.0 x l0-4 bar with
hydrogen/silicate ratio at lOa. The paired numbers,2.9 x l0-e/
912 "C etc., represent mole fraction of forsterite in the gas rela-
tive to Fe at a particular invariant point and the temperature of
this point. Note that the joins are not drawn to scale for clarity
although the relative positions ofpoints (5, a-e) are correct.

ficiently than equilibrium condensation, as will be dis-
cussed further below. Fractional evaporation is a less likely
mechanism to explain this trend as this would require
that the starting material (the most primitive composi-
tion) has the lowest Mg/Si and that this MglSi is less than
the solar abundance.

The experimental data reported here may be combined
with available thermodynamic data for Fe metal (Stull
and Prophet, 1971) to place constraints on the relative
stabilities of metallic Fe, silica, enstatite, and forsterite
during condensation in the solar nebula. The composi-
tion of the forsterite-metallic Fe eutectic in the /o, range
of metallic Fe stability is shown as a function of pressure
in Figure I 7. Those results indicate that regardless oftotal
pressure [calculations with variable hydrogen/(oxide +
silicate) will not affect these relations substantiallyl, Fe/
MgrSiOo ratios in the gas in the range 105 to l0? are re-
quired for Fe to condense before forsterite in a Hr-free
environment.

Some of the principles involved in these condensation
processes are illustrated in the partially schematic vapo-
rous diagram in Figure 18. This diagram illustrates the
overall vaporous topology in the system MgrSiOo-SiO1
Fe under most realistic pressure conditions and provides
some specific data for P,. : 1.0 x l0 4 bar wilh Prr/
Pmerar+o,yg", : lOa. Because of the extreme compositional
variations in the system, the geometric representation in
Figure 18 is not correct. However, the mole fractions of
silicate components and temperatures of the points d and
c (Xwezsiot: 2,9 x lO-e at 912"C, and Xsio2 : l.Q x lQ-s
at 835 "C) as well as of the reaction point, a (Xro,o, :
1.8 x l0-'at 805'C), stem from the present experimen-
tal results. In terms of realistic positioning of q and b
relative to MgrSiOo and SiO, corners, the mole fraction

3 ro - '

I  r n - s

l 0 - ' 1  0 - 5 I  o - .

X F o

Fig. 17. Mole fraction of MgrSiOo component (X".) of the
forsterite-Fe metal eutectic on the join Fe-MgrSiOo as a function
of total pressure in the absence of Hr. Thermodynamic data for
Fe from Stull and Prophet (1971).

g/(s.cm'z) in the vapor stability field, whereas the evapo-
ration rates at similar temperatures but at pressures where
liquid or crystalline diopside was stable, the rates were
on the order of l0-8 g/(sec.cmr). Similar observations
were made for the MgSiO.-H, system. Quenched glasses
obtained from experiments of I to 2 min in the pressure
range l0-e to 10-8 bar showed extensive textural evi-
dence of bubble formation. Melting of precursor mate-
rials by, for example, lightning or impact (see, for ex-
ample, Wood, 1967; Nagahara, l98l) could, therefore,
occur at pressures and temperatures well within the vapor
stability field of the materials. In order to preserve the
liquid, these melts could only have experienced these
temperature conditions for periods on the order of min-
utes. This order of magnitude for the time of melting
accords with experimental results on Na evaporation from
chondrule-like spheres by Tsuchiyama et al. (1981).

Fractional condensation and chemical trends in the
solar nebula

The range in compositions where forsterite is a vapor-
ous phase in the MgO-SiO, system was quantified in Fig-
ure 15. Those results indicate that forsterite is the vapor-
ous phase over the entire range of Mg/Si suggested for the
solar system from the composition ofcarbonaceous chon-
drites (e.g., Larimer and Anders, 1970; Wasson, 1974;
Van Schmus and Wood, 1967; Mason,1976), regardless
of total pressure and hydrogen/(oxide + metal).

In view of the fact that the solar Mg/Si is near I and
the forsterite MglSi is 2, condensation of forsterite shifts
the Mg/Si of the residual gas phase to values less than l.
The Mg/Si of carbonaceous chondrites ranges from 1.04
to 0.93. Limited forsterite fractionational condensation
or, perhaps, simple equilibrium forsterite condensation
may have resulted in this variation in Mg/Si. Enstatite
chondrites have Mg/Si averaging near 0.78 (e.g., Wasson,
1974). This lower Mg/Si ratio is consistent with a process
of formation that involves significantly more pervasive
fractional or equilibrium condensation of forsterite com-
pared with that required to explain the variations in Mg/
Si in carbonaceous chondrites. In these proposed pro-
cesses of chondrite formation, fractional condensation
would fractionate the Mg/Si of the residual gas more ef-

'€nstatite

Fe metal

1 .Bi1 o-s /805"c

Forsterite
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of MgrSiOo component relative to SiO, component at d
is about 90 molo/o and at b more than 99 mol0/0.

Figure l8 can be used to illustrate some of the conse-
quences offractional and equilibrium condensation. The
bulk compositions of all chondritic meteorites fall within
the forsterite vaporous field with carbonaceous chon-
drites near or slightly to the left of the MgSiOr-Fe join
and enstatite chondrites significantly to the right. The so-
lar abundance (Mg/Si : 1.06) plots slightly to the left of
the join.

,As in crystallization in analogous silicate melt-mineral
systems, the position of the starting compositions relative
to enstatite is important for the phase assemblages and
compositions of the final product. For example, a bulk
composition S will begin to condense forsterite, and as a
resiult the vapor composition shifts toward the forsterite-
enstatite vaporous boundary (intersection illustrated as e
in Figure 18. In reality, the location ofe is on the inter-
section between a line from the MgrSiOo corner through
S and the forsterite-enstatite vaporous boundary). Fur-
ther cooling of the system results in coprecipitation of
forsterite and enstatite until the vapor reaches point a
wtrere Fe metal begins to precipitate and forsterite reacts
with the vapor to produce enstatite. For starting com-
position S on the MgSiO.-Fe join, the final phases will
be enstatite and Fe metal. With Mg/Si of the starting
composition greater than I (to the left of the MgSiO3-Fe
join), some forsterite will be left in the assemblage after
final crystallization with a final phase assemblage of for-
sterite + enstatite * metallic Fe. with Mg/si < 1.0, all
forsterite will be consumed at a, and further cooling shifts
the vapor composition along the Fe metal--enstatite va-
porous boundary and may finally reach the eutectic, b,
where enstatite + silica * Fe metal will condense and
only H, is left in the gas phase.

The vaporous relations in Figure l8 lead to the sug-
gerstion that under equilibrium condensation conditions,
compositions such as those represented by carbonaceous
chondrites or the solar abundance can change only to
po,int a. There is extensive evidence among unequili-
brated chondrites, however, that the re-equilibration dur-
ing cooling was not complete. Mg- and Fe-rich olivines
coexist, sometimes in near contact, in the fine-grained
matrix and where there are substantial compositional dif-
ferences between the fine-grained matrix and the chon-
drules (e.g., Huss et al., l98l; Grossman and Wasson,
1982; Nagahara, l98l). The matrix is often very substan-
tially enriched in Fe and Si over the chondrules and is
also richer than the bulk chondrite in these components.
These observations may be explained with the aid of the
vaporous diagram (Fig. 18) by invoking fractional con-
densation (either partial or complete). Under such con-
ditions, the condensed phase (or phases) does not re-
equilibrate with the gas, and the composition of the gas
phase may exhibit more extreme compositional change.
If, for example, the forsterite and enstatite that crystal-
lized between S and a in Figure l8 did not re-equilibrate
with the gas phase, further cooling ofa gas that has reached

point a from S by fractional condensation will move to
the eutectic at point D where enstatite, silica, and metallic
Fe will crystallize at the eutectic temperature (<800 "C)
until there is only H, left in the gas phase.

It is suggested that the compositional variability exhib-
ited both within a single chondritic meteorite as well as
between different meteorite groups (e.g., carbonaceous
chondrite, enstatite chondrite, and so forth) may reflect
condensation from the early nebular gas with variable,
but incomplete degrees of re-equilibration during con-
densation. Chondrule materials may represent the early
stages of this processes (e.g., between S and a point be-
tween e and a in the schematic representation in Fig. 18).
Chondrules also show evidence of melting that perhaps
occurred under nonequilibrium conditions (e.g., Wood,
1967; Nagahara, 1981), thus further complicating char-
acterization of the petrogenetic history of these materials.
The dark, fine-grained, silica- and Fe-rich matrix may
represent late condensates represented by condensation
along the Fe metal-enstatite vaporous boundary and at
the Fe metal-enstatite-silica eutectic.
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