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A b s t r a c t - - L i q u i d u s  phase relationships in the system MgSiO3-SiO2 at 5.0 GPa have been determined 
using a multianvil apparatus. Compared to phase relationships at 1 atm, the MgSiO3-SiO2 phase diagram 
at 5.0 GPa is significantly different in two respects. First, the composition of the eutectic between 
MgSiO3 and SiO2 moves from 65.0 wt% SiO2 at 1 atm/1547°C (protoenstatite-cristobalite eutectic; 
Bowen and Andersen, 1914) to 68.8 wt% SiO2 (orthoenstatite-coesite eutectic) at 5.0 GPa/1930°C. 
Second, no stable two-liquid field is present in the MgSiO3-SiO2 system at 5.0 GPa. The unbroken 
coesite liquidus curve is inflected indicating the presence of a submerged, metastable miscibility gap 
below the liquidus. Thus, although the temperature of the solvus critical point is likely to increase with 
pressure, the dT/dP slope of the SiO2 liquidus is much steeper and as a result, the immiscibility dome 
has become submerged completely. The reduction in liquid immiscibility in the MgSiO3-SiO2 system at 
5.0 GPa implies that in more complex systems relevant to the Earth, immiscibility will also be suppressed 
at high pressures. Copyright © 1997 Elsevier Science Ltd 

1. INTRODUCTION 

The role of liquid immiscibility in igneous processes has 
long been debated (e.g., Roedder, 1979). At low pressures 
immiscibility may be a viable mechanism of differentiation 
during the late stages of fractionation of tholeiitic and possi- 
bly calc-alkaline magmas (Philpotts, 1982), while at higher 
pressures the possibility that liquid immiscibility may have 
been important in crust formation in the early Earth and 
Moon has been discussed (Massion and Koster van Groos, 
1973; Hess et al., 1975). This latter hypothesis is particularly 
relevant in light of recent suggestions that two-liquid fields 
may be encountered in peridotitic melts at superliquidus tem- 
peratures (Navrotsky, 1992; Hess, 1996). The purpose of 
this investigation is to determine the MgSiO3-SiO2 eutectic 
and extent of the two-liquid field in this system at 5.0 GPa. 
These data provide a preliminary foundation for study of 
immiscibility relationships in more complex systems rele- 
vant to cooling of an initially molten Earth. 

2. PREVIOUS STUDIES 

The MgO-SiO2 system was first determined at 1 atm by 
Bowen and Andersen (1914),  who located the eutectic be- 
tween enstatite (MgSiO3) and cristobalite (SiO2) at 65 wt% 
SiO2 and 1543°C, which is 1547°C (all subsequent tempera- 
tures are referred to ITS-90) when converted to the Interna- 
tional Temperature Scale of 1990 (ITS-90, Preston-Thomas, 
1990). Greig ( 1927 ) later determined the compositional lim- 
its of immiscibility at the liquidus in the silica-rich portion 
of this system to be 69 and 99 wt% SiO2 at 1707°C, slightly 
below the melting point of cristobalite at 1723°C. This was 
confirmed by Ol'shanskii (1951) who found that the two- 
liquid field extends from 69 to 99.3 wt% SiO2 at 1707°C. 
More recently, Hageman and Oonk (1986) investigated the 
entire region of immiscibility and showed that the two-liquid 
field is slightly skewed towards SiO2 with a critical tempera- 
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ture of 1967°C at 88.9 wt% SiO2. In Fig. 1 we show the 
join MgSiO3-SiO2 at 1 atm compiled from the above studies 
and Chen and Presnall (1975).  

There has been little work on the effect of pressure on the 
MgSiO3-SiO2 join. Chert and Presnall (1975) studied the 
MgzSiO4-SiO2 system at pressures from 1 atm to 2.5 GPa 
and showed that the composition of the enstatite-quartz eu- 
tectic does not measurably move from its 1 atm value. How- 
ever, they did not determine the extent of the two-liquid field 
in this pressure range. In fact, there are few data on the 
effect of pressure on the two-liquid field in binary oxide 
systems, including MgSiO3-SiO2, although Circone and 
Agee (1995) have recently presented data on the TiO2-SiO2 
system at 3.0 GPa. 

3. EXPERIMENTAL METHODS 

3.1. Starting Compositions 

Five starting compositions with SiO2 contents of 65 (MS-A), 85 
(MS-B), 92 (MS-D), and 97 (MS-E) wt% were prepared from high 
purity oxides. Ten grams of each bulk composition were ground 
under methanol for 50 min and then fired for 2 h at temperatures 
ranging from 1550 to 1600°C. The resultant glass (_+ crystals) was 
then crushed and ground for a further 50 min. For the melting point 
determination of SiO2, we used amorphous silica of 99.999% purity 
(MS-C) obtained from Johnson Matthey (Alfa ® Aesar ® products). 
All starting compositions were stored in a vacuum desiccator prior 
to use. 

3.2. Experimental Technique 

Approximately 1 mg of the required starting composition was 
loaded into 1.2 mm O.D. rhenium capsules. Rhenium was used as 
the capsule material in this study for it has been shown by previous 
workers (e.g., Presnall and Gasparik, 1990; Zhang et al., 1993; 
Presnall et al., 1997) to be a highly reliable capsule material at 
extreme temperatures in multianvil apparatus. The open capsule plus 
starting composition was dried at 1000°C for 1 h, closed by folding 
the open end and pressed to the required length of 2 mm. 

All experiments were performed in a multianvil apparatus at the 
University of Texas at Dallas. Experiments were conducted with 18 
mm octahedrons (95% MgO, 5% Cr203), WC cubes with 11 mm 
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Fig. 1. The system MgSiO3-SiO2 at 1 atm; compiled from Bowen and Andersen (1914), Greig (1927), Ol'shanskii 
(1951), Chen and Presnall (1975), and Hageman and Oonk (1986). Fo, forsterite; Pen, protoenstatite. 

truncations, stepped graphite furnaces, and MgO spacers and thermo- 
couple sleeves. Pressure calibration of the 18 mm assembly at high 
temperature is based on the quartz-coesite (3.03 GPa at 1100°C; 
Bohlen and Boettcher, 1982) and garnet-perovskite in CaGeO3 (6.0 
GPa at 1140°C; Susaki et al., 1985) phase transitions, and melting 
point determination of diopside at 2.56 GPa (1680°(2; Boyd and 
England, 1963 ). The pressure calibration curve is linear in the pres- 
sure range 2.5-6.0 GPa (Fig. 2). Temperatures were measured with 
W5%Re/W26%Re thermocouples positioned along the axis of the 
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Fig. 2. Pressure calibration curve at high temperature for the 18 
mm octahedron assembly. The quartz-coesite transition is from Boh- 
len and Boettcher (1982), the garnet-perovskite in CaGeO3 transi- 
tion from Susaki et al. (1985) and the melting point of diopside 
from Boyd and England (1963 ). 

graphite heater and in contact with the rhenium capsules. Because 
some of the temperatures required in this study exceed the calibrated 
range for this thermocouple (0-2300°C),  we monitored temperature 
by directly recording the thennocouple EMF using the calibration 
of Asamoto and Novak (1967) with the corrections of Asamoto and 
Novak (1968). Although temperatures in some experiments were 
less than 2300°C, we chose to measure all temperatures in this 
manner in order to be internally consistent. At temperatures 
<2300°C, the EMF values determined by Asamoto and Novak 
(1967) are within _+4°C of the manufacturer's EMF values for the 
particular batch of wire that we used. Temperatures were automati- 
cally controlled by a Eurotherm 818 solid state controller to within 
+_3°C and were uncorrected for the effect of pressure on the EMF 
of the thermocouple. Prior to each experiment, the entire octahedron 
was dried for 30 min at 1000°C under nitrogen to remove any traces 
of water from the assembly. Load was applied until target pressure 
had been achieved, and then temperature was raised at a rate of 2.6 
mV (~180°C) per minute. The experimental conditions for each 
run are given in Table 1. 

3.3. Duration of Experiments 

It can be seen from Table 1 that run duration varies from 1 to 30 
rain. Ideally the length of a run should be sufficient to ensure equilib- 
rium among the phases present. In the majority of experiments from 
previous multianvil studies at temperatures greater than 2000°C, 
quoted run durations are less than 5 min (e.g., Drake et al., 1993; 
lto et al., 1995 ). Power fluctuations and thermocouple contamination 
are often given as reasons for such short run durations. In some 
cases, the thermocouple fails and temperature is estimated from 
power input. In the present study, we observed that at temperatures 
<2250°C, experiments could be performed for up to 30 min, after 
which they were quenched voluntarily. However, we experienced 
problems in maintaining run durations of greater than 10 min in 
experiments conducted at temperatures >2300°C. Experiments that 
successfully attained the required temperature usually followed the 
same pattern in power readings once the setpoint had been reached. 
That is, amps would fall, volts would remain the same or increase 
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Table 1. Run conditions and results. 

Starting EMF Time 
Run composition (mV) T (°C) (minutes) Result 

MS4 MS-A 33.02 1950 30 Quench 
MS5 MS-A 32.76 1930 30 Enstatite, Coesite, Quench 
MS6 MS-A 32.50 1910 30 Enstatite, Coesite, Quench 
MSI4 MS-B 38.23 2450 15 Quench 
MS 15 MS-C 38.62 2500 5 Glass 
MS 19 MS-B 38.62 2500 6 Quench 
MS20 MS-C 38.46 2480 5 Coesite + Glass 
MS22 MS-B 34.88 2100 30 Coesite + Quench 
MS23 MS-B 36.47 2250 30 Coesite + Quench 
MS24 MS-B 37.41 2350 7 Coesite + Quench 
MS25 MS-D 38.23 2450 7 Quench 
MS27 MS-B 37.76 2390 1 Quench 
MS28 MS-E 38.00 2420 15 Glass 
MS29 MS-E 37.85 2400 8 Coesite + Quench 
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slightly, and the recorded temperature would deviate positively (up 
to 0.03 mV), but rarely negatively, from the setpoint. After a period 
of -> 1 rain, the temperature would stop deviating in this manner, 
rise by approximately I°C, hold for a few seconds, and then rise 
again. During this increase in temperature, the Eurotherm controller 
would be unable to bring the temperature back to the setpoint. If 
the run was not quenched immediately, temperature would continue 
to increase until the thermocouple became unstable. In an experiment 
quenched just after the mV increased in this manner from 38.62 
(2500°C) to 38.9 (~2540°C) and became unstable, it was observed 
that the rhenium capsule partially melted, indicating temperatures 
in considerable excess of those recorded. This suggests that once 
the measured temperature begins to increase, the thermocouple read- 
ing is anomalous. Thus, through experience, we learned to quench 
the experiment the moment that this occurred. 

Initially, we suspected that the reason behind the thermocouple 
problems was contamination of the thermocouple wires by material 
from some other part of the assemblage, e.g., MgO from the thermo- 
couple sleeve. However, detailed microprobe examination of thermo- 
couple wires revealed no detectable contaminant. Currently, we be- 
lieve that oxidation of the thermocouple wires is responsible for the 
problems that we observe. It is known from piston-cylinder work 
that oxidation of tungsten-rhenium thermocouples is a problem at 
high temperatures and low pressures (e.g., Walter and Presnall, 
1994). Our high temperature experiments at 5.0 GPa are at relatively 
low pressures for the multianvil device, and it is possible that we 
are encountering a similar problem, although further work is required 
to confirm this. All of the experiments at temperatures >2300°C 
given in Table 1 were quenched just as the temperature began to 
increase, and we believe that the temperatures given are correct. The 
consistency (see below) between these runs and those at lower 
temperature where oxidation was not a problem supports this conclu- 
sion. 

3.4. Analytical Techniques 

At the conclusion of each experiment the entire capsule was 
mounted longitudinally in epoxy resin and diamond polished for 
electron microprobe analysis. For experiments MS 15 and MS20, the 
entire charge was removed from the capsule and mounted as a thin 
section for optical examination. The compositions of the solid and 
melt phases were determined by wavelength dispersive electron mi- 
croprobe analysis using the JEOL JXA 8600 Superprobe at the Uni- 
versity of Texas at Dallas. Crystalline phases were analyzed with a 
focused beam while a defocused beam of 15-20 #m was used to 
analyze the melt phase. In both cases an acceleration voltage of 15 
kV and a beam current of 10 nA were employed. Olivine (Mg) and 
quartz (Si) were used as the standards. Data were processed using 
the Bence-Albee matrix correction routine with the alpha coefficients 
of Albee and Ray (1970). To improve precision, multiple analyses 
of the melt phase were obtained. 

4. RESULTS 

4.1. General Observations 

Figure 3 shows the phase diagram for MgSiO3-SiO2 at 5.0 
GPa constructed from the experiments tabulated in Table 1 
and the liquid compositions given in Table 2. A temperature 
precision of ±20°C has been placed on each experiment in 
accordance with our observations regarding the precision 
required to produce internally consistent data. The melting 
point of  enstatite at 5.0 GPa is taken from Presnall and 
Gasparik (1990) and, following the work of  Kanzaki 
(1990) ,  we have taken coesite to be the stable polymorph 
of  SiOz at 5.0 GPa, although we have not confirmed this. 
The melting point of SiO2 at 5.0 GPa was determined from 
runs MS 15 and MS20, which were examined optically under 
immersion oil where glass and crystals can be clearly distin- 
guished. Our melting point determination of 2480 ± 20°C 
compares well with the temperatures of  2490°C determined 
by Kanzaki (1990) and 2500°C by Zhang et al. (1993).  The 
position of the eutectic at 5.0 GPa is located from runs MS4, 
5, and 6 using starting composition MS-A (65 wt% SIO2). 
Both MS5 (1930°C) and MS6 (1910°C) contain the eutectic 
assemblage, enstatite, coesite, and liquid (Table 1). That 
both MS5 and MS6 contain all three phases is not surprising 
given that the temperatures of these two runs lie within 
experimental uncertainty. Orthoenstatite, the dominant phase 
in both of these runs, attains sizes of 100-150 #m. Coesite, 
commonly < 10 #m in size, occurs in minor amounts but is 
slightly more abundant in MS6. The amount of  quenched 
liquid in MS6 is very small and occurs only interstitially. In 
contrast, a large ( ~ 3 0 %  by volume) area of quenched liquid 
in MS5 is segregated toward the top of  the charge and, for 
reasons discussed below, we use analyses of  separated liquid 
from this run to obtain the eutectic composition (Table 2).  
From MS5 we obtain the eutectic composition 68.8 wt% 
SiO2 at 1930 ± 20°C (Fig. 3).  Experiments MS22, 23, 24, 
and 29 all contain coesite plus quenched liquid (Table 1 ). 
In all cases, the coesite occurs as large ( 100-200  #m) suban- 
hedral crystals in the lower portion of the charge with the 
quench liquid occurring mainly at the top of  the capsule but 
also interstitially between the crystals. The analyses pre- 
sented in Table 2 are of the separated quench liquid. 
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Fig. 3. The phase diagram for the MgSiO3-SiO2 system at 5.0 GPa. Open circles denote experiments in which 
liquid only was present and closed circles indicate liquid compositions from liquid + crystal experiments. All 
compositions have been normalized to a MgO + SiO2 sum of 100 wt%. Note the inflected shape of the coesite 
liquidus. 

4.2. Attainment of Equilibrium 

The experiments could not be reversed because run times 
were restricted by thermocouple problems, as discussed in 
the preceding section. Consequently, equilibrium cannot be 
demonstrated, and the data that we report are synthesis re- 
sults. It could, therefore, be argued that the short run dura- 
tions at temperatures >2300°C were of insufficient length to 
approach equilibrium. Two observations, however, suggests 
that this is not the case and a close approach to equilibrium 
was achieved. 

First, the starting compositions used to define the coesite 
plus liquid field (MS-B and E) were all fired at 1 atm and 
temperatures ranging from 1550-1600°C. From Fig. 1 this 
gives a starting composition which consists of cristobalite 
and a liquid of approximate composition 65-66 wt% SiO2. 
During experiments at 5.0 GPa, this liquid should react with 

coesite, and given sufficient time, would shift in composition 
to the equilibrium value for a given temperature. The length 
of run necessary to achieve this depends on temperature and 
liquid composition. The experiments given in Table 1 which 
define the coesite plus liquid field are all of differing length 
and temperature. Table 2 shows that for the runs in question 
(MS22, 23, 24, and 29), a marked change in liquid composi- 
tion has occurred from that of the starting composition (65-  
66 wt% SIO2) to that quenched at P and T, indicating that 
equilibrium is being approached. Furthermore, there is good 
agreement between experiments run for 30 min (MS22 and 
23) and those that were run for <10 min (MS24 and 29) 
as can be seen on Fig. 3. 

Second, detailed electron microprobe study of these runs 
show that the separated liquid is very homogenous but the 
interstitial liquid has been severely modified during quench- 
ing. In Fig. 4 we show three backscattered electron images 

Table 2. Liquid compositions (wt%). 

Temperature Number of 
Run (°C) Analyses SiO2 MgO 

MS5 1930 20 69.00 (0.86)' 
MS22 2100 31 71.65 (0.90) 
MS23 2250 28 76.26 (1.25) 
MS24 2350 22 82.78 (2.04) 
MS29 2400 30 89.84 (2.37) 

31.31 (0.94) 
28.15 (0.78) 
23.80 (i.11) 
18.26 (2.03) 
10.30 (2.09) 

z Numbers in parentheses are two standard deviations. 

Total 

100.30 
99.80 

100.06 
101.04 
100.14 
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(BEI) of experiment MS23 (2250°C). Figure 4a and 4b 
show interstitial quench liquid plus coesite while Fig. 4c 
shows the boundary between the separated quench liquid 
area and the crystals plus liquid area. The large coesite crys- 
tals in Fig. 4a display subanhedral form but it can also be 
seen, particularly in the two large grains in the lower half 
of the image, that they have prominent teat-like features 
which have been produced on quench. Further quench tex- 
tures can also be seen in Fig. 4b. Here we can see in the 
center fight of the image, a - 1 0  #m diameter coesite grain 
growing out of the lower part of a much larger coesite grain 
(top fight), and from the small grain one can see a quench 
coesite needle growing out from it. This is also evident in 
the center left of the image where a - 3 0  #m long coesite 
needle is attached to a coesite grain displaying prominent 
finger-like protrusions. A similar texture is shown in Fig. 
4c, but this time quench needle-like coesite grains can be 
observed growing out of the stable coesite grain in the center 
of the image into the separated liquid area. Note also that 
the concentration of quench coesite is higher in the separated 
liquid region than in both the interstitial liquid region and 
the region directly adjacent to the top of the stable coesite 
grains where the separated liquid region begins. As the run 
is quenched isobarically through the solidus, the equilibrium 
coesite crystals form nuclei for growth of quench coesite, 
thus depleting the interstitial liquid in SiO2. Analysis of 
the interstitial liquid confirm this. Consequently, we present 
analyses of the separated liquid region which has not been 
quench-modified. The fact that such large quench modifica- 
tion can happen so rapidly on quench points to quite high 
reaction rates for this system at the temperatures of the exper- 
iments. This, together with the observed shift in the composi- 
tion of the liquid from the starting material to that analyzed 
at the top of the capsule, indicates that, despite the short run 
times, our experiments approached equilibrium. 

5. LIQUID IMMISCIBILITY AT 5.0 GPa 

There was no evidence in any of our experiments to indi- 
cate the presence of a stable two-liquid field at 5.0 GPa. The 
inflected shape of the liquidus curve in Fig. 3 indicates the 
presence of a submerged, metastable miscibility gap below 
the liquidus as occurs in the system BaO-SiO2 at 1 atm 
(Seward et al., 1968). It can be seen from Fig. 3 that at 5.0 
GPa, the topology of the MgSiO3-SiO2 phase diagram is 

Fig. 4. Backscattered electron micrographs of experiment MS23 
(2250°C). Beam conditions were 15 kV and 15 nA, and the scale 
bar in each case is 10/~m. (a) Coesite crystals plus interstitial quench 
liquid in the lower portion of the charge. (b) Area of coesite plus 
interstitial quench liquid close to the left-hand wall of the capsule. 
(c) The boundary between the crystal + liquid and liquid-only areas 
of the charge. 

Table 3. A comparison of 1 atm vs. 5.0 GPa phase relations for 
MgSiO3-SiO2. 

1 atm 5.0 GPa 

Solidus temperature 1547°C 1930°C 
Eutectic liquid composition 65 wt% SiO2 68.8 wt% S i O 2  

Monotectic temperature 1707°C - -  
Monotectic liquid compositions 

MgO-rich liquid 69 wt% SiO2 - -  

SiO2-rich liquid 99.3 wt% SiO2 - -  
Critical point 1967°C - -  
Critical point composition 88.9 wt% SiO_, - -  
Melting point of SiO2 1723°C 2480°C 
Melting point of MgSiO3 1557°C 1962°C 
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Fig. 5. The 1 atm solvus (dashed curve) compared to the phase diagram at 5.0 GPa. 

very different from that at 1 atm (Fig. 1). The eutectic is 
shifted to a more SiO2-rich composi t ion from 1 atm and the 
stable two-liquid field has disappeared al together  (Fig. 3) .  
Table 3 outlines the principal differences between the l atm 
and 5.0 GPa phase diagrams, and Fig. 5 compares  the topol- 
ogy at 5.0 GPa as shown in Fig. 3 with the posit ion of  the 
solvus at 1 atm. 

From Table 3 one can see that the melt ing point  of SiO2 
has increased substantially (757°C) from 1 atm to 5.0 GPa. 
Al though the temperature of  the critical point  is likely to 
increase with pressure, our data indicate that the d T / d P  slope 
of  the SiO2-1iquidus is much  steeper, which  causes the former 
to become submerged below the latter. As a result, the im- 
miscibili ty dome is buried beneath  the liquidus in the subli- 
quidus regime producing an inflected liquidus as we observe 
(Fig. 3) .  
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