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Experimental investigation of silicate-carbonate system 
at high pressure and high temperature 
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Abstract. Melting and subsolidus relations in the (Mg,Fe)SiO3-(Mg,Fe)CO3, (Mg,Fe)2SiO4- 
(Mg,Fe)CO3, and (Mg,Fe)O-(Mg,Fe)CO3 systems have been investigated at 14, 15, 16 and 25 
GPa, 1973 K and 2173 K, using a 1000 t uniaxial multi anvil split sphere apparatus. The iron- 
magnesium partition coefficients between magnesite and silicates or oxides have been measured in 
subsolidus assemblages. Iron is always partitioned preferentially in the silicate and oxide phases, 
the order of increasing partitioning being pyroxene, olivine, silicate perovskite, wadsleyite and 
magnesiowi•stite. A thermodynamic model of iron-magnesium distribution between magnesite and 
all these phases, based on Gibbs free energy minimization, is established. Melting of pyroxene- 
magnesite and olivine-magnesite pseudo binary systems is eutectic, with eutectic points close to 
1973 K and 60 mol % carbonate at 15 GPa in both systems. In the more complex mantle system, 
it is likely that such melts would form in the transition zone by heating and homogenization of 
deep subducted carbonates. The melts formed in the olivine-carbonate system are characterized by 
high Mg+Fe/Si ratios and thus unlikely to be primary kimberlitic magmas, a conclusion in 
agreement with previous studies in the peridotire-CO2 system. On the other hand, the observed 
pyroxene-magnesite melts formed at transition zone conditions have Mg+Fe/Si ratios that are 
comparable to those of natural kimberlites, suggesting that melting of carbonated pyroxenites at 
high pressures could be a source of kimberlitic magmas. 

1. Introduction 

Thermodynamics and phase relations of silicate-carbonate 
systems at high pressures and temperatures are essential for 
understanding the global carbon cycle. lndeed, some carbonate 
rocks are driven into the deep mantle through subducted slabs 
[Becket' and Altherr, 1992], and this mechanism has been 
proposed for recycling CO 2 in the Earth's mantle [e.g., Irving 
and Wyllie, 1975; Newton and Sharp, 1975; Canil and Scatfe, 
1990; Katsura and lto, 1990; Biellmann et al., 1993]. 
Although a minor component, CO2 plays an important role in 
the Earth's mantle, evidenced by its predominance in volcanic 
gases, especially at mid-oceanic ridges, the existence of 
numerous carbonate-rich deep lavas (kimberlites, 
carbonatites), as well as of carbonate inclusions in xenoliths 

[Schiano et al., 1994] and solid CO 2 inclusions in diamonds 
[Schrauder and Nayon, 1993]. Among the various forms of 
carbon, carbonates might be an important reservoir for C in 
the mantle, at least in areas close to subducted slabs. Numerous 

experimental works have been carried out at high pressure 
indicating that dolomite is stable down to 100-150 km and 
magnesite to greater depths [Kushiro et al., 1975; Brey et al., 
1983]. From diamond anvil cell experiments, Biellmann et al. 
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[1993] concluded that magnesite is the stable carbonate in the 
presence of mantle silicates up to 50 GPa. 

In order to understand the effect of carbonates on melting of 
silicates at high pressure, we have carried out a series of 
experiments in a multi anvil press in the (Mg,Fe)SiO 3- 
(Mg,Fe)CO 3, (Mg,Fe)2SiO4-(Mg,Fe)CO 3 and (Mg,Fe)O- 
(Mg,Fe)CO3 systems at pressures and temperatures ranging 

ß 

from upper mantle to top of the lower mantle conditions. 
Previous experiments have been done at similar conditions in 
the MgSiO3-MgCO 3 system by Katsura and lto [1990]; the 
purpose of the present work is mainly to extend their study to 
other silicate compositions and to iron-bearing systems. In 
addition, only a small number of studies have been dedicated to 
Fe-Mg partitioning between silicates and carbonates [see 
Dalton and Wood, 1993]; such data are important for 
constraining the effect of Fe on the stability of carbonate 
minerals at high pressure. We have therefore measured, in this 
study, the Fe-Mg partitioning between olivine, enstatite, 
magnesiowustite and magnesite in subsolidus assemblages, as 
well as the iron-magnesium partitioning between olivine, 
enstatite and a carbonate-rich melt. 

2. Experiments 

2.1. Starting Materials 

The following assemblages were used as starting materials: 
(1) synthetic enstatite MgSiO 3 + natural siderite 
(Feo.7Mgo.3)CO3, (2) synthetic pyroxene (Mgo.sFeo.2)SiO 3 + 
natural magnesite MgCO3, (3) natural San-Carlos olivine 
(Mgo.oFeo.•)2SiO 4 + natural magnesite MgCO 3, and (4) 
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synthetic periclase MgO + natural siderite (Feo.7Mgo.3)CO 3. 
Electron microprobe analyses, Raman spectroscopy and X ray 
diffraction indicated that no phases other than those 
mentioned were detectable. The two phases in each assemblage 
were first grounded separately in an agate mortar and then 
mixed in 80-20 silicate-carbonate molar proportion. The 
mixture was then grounded to reach a good homogeneity and 
dried at 423 K overnight in vacuum. 

2.2. High-Pressure Experiments 

Experiments were conducted at 14, 15, 16 and 25 GPa in a 
1000 t uniaxial split sphere multianvil apparatus at the 
Geoinstitut in Bayreuth. Cell assemblies used were 14/8 [e.g., 
Schmidt, 1995] and 7/2 [McFarlane et al., 1994], using semi 
sintered MgO octahedra with edge lengths of 14 and 7 mm, 
respectively, as pressure transmitting media, LaCrO3 heaters 
and Re capsules to contain the samples. Temperatures were 
monitored with a W-Re 25/3 axial thermocouple for the 14/8 
cell, whereas a W-Re 25/3 radial thermocouple was used in the 
7/2 cell assemblies. Pressures were calibrated previously, and 
we refer to Schmidt [1995] for the 14/8 assembly, whereas for 
the 7/2 assembly we used the calibration by McFarlane et al. 
[1994]. In the 14/8 cell assembly, a stepped furnace, thicker at 
the center, was designed to minimize temperature gradients. 
Nevertheless, temperature variations in this cell are recorded 
in the run products which show all the range from subsolidus 
to liquidus assemblages along the length of the sample 
capsule. The temperature gradient, symmetric relative to the 
hottest center of the cell, is estimated to be of the order of 100 

K/mm. In the 7/2 assembly, the estimated temperature gradient 
is probably larger, about 200 K/mm. For a more detailed 
discussion of pressure and temperature gradients in such 
experiments, we refer to Walter et al. [1995]. 

In each experiment, pressure was first increased at room 
temperature to its peak value in 3 to 6 hours and the sample 
was then heated to the desired temperature over a period of 
about 20 min. The experiments were maintained at these PT 
conditions for 1 hour, then quenched to about 500 K in less 
than I-2 s by shutting off the electrical power. Even if liquids 
were: i:roduced in the experiments, 1 hour run duration is 
poss•l"!e because of the low solubility of Re in those melts. 
Final.y, the pressure was released over a period of 12-15 hours 

tbr the 14, 15 and 16 GPa experiments, and 36 hours for the 25 
GPa experiments. The run conditions (temperature, pressure, 
run duration, starting material) are summarized in Table 1. 

2.3. Analytical Methods 

Recovered samples were mounted in epoxy resin, cut 
parallel to the main compression axis and polished with 
alumina paste. They were then studied by scanning electron 
microscopy (SEM), Raman microprobe and electron probe 
microanalysis (EPMA). SEM was performed on a JEOL 840A 
SEM, operating at 25 kV and 3 nA, equipped with a Si(Li) 
detector for semiquantitative analyses. For quantitative 
chemical analyses on a Cameca Camebax SX50 microprobe, a 
beam of 2-3 gm in diameter was used, with an accelerating 
voltage of 15 kV and a beam current of 10 nA. Acquisition 
times were 10 s for the major elements and 60 s for minor 
elements. When analyzing carbonates, a broad raster beam was 
used (10 gm in diameter) to avoid devolatilization. Since fine 
dendritic textures formed in the quenched liquid phases, we also 
used a defocused electron beam to get average compositions of 
the quenched liquids, Raman spectra were recorded on an XY 
Dilor Raman microprobe equipped with confocal optics and 
Argon laser (3. = 514.5 nm) for excitation. 

3. Results 

3.1. Microstructures and Phases in the Samples 

Most samples contain a quenched melt in the hottest part 
(center of the cell), subsolidus assemblages at the two ends of 
the capsule, which are thus the coldest parts, and large crystals 
between subsolidus and melt (Figure l a). This configuration is 
due to temperature gradients and then to segregation and 
migration of melts toward the high- temperature region. The 
persistence of subsolidus assemblages indicates that these 
experiments were conducted near the melting point of the 
assemblage. One should notice that temperatures given in 
Table I and in text are nominal temperatures measured at the 
coldest point in the 14/8 assembly. They should thus be 
considered as minimum values, the maximum values in the 
charge being in the center of the cell and about 150 K above. 

Table 1. Summary of the Run Conditions 

Run Estimated 
Duration Solidus 

Temperature, Pressure, at Peak Temperature, Starting 
Run K GPa Temperature K Material Products 

BT 1 1973 15 I hour 2023 Fs2o-Mag Px+cb+melt 
BT2 1973 15 I hour 2023 Sid7o-Ens Px+cb+melt 
BT4 1673-1873 25 I hour a Fs2o-Mag Pv+cb 
BT6 2173 15 2 min a Fs2o-Mag Melt 
BT8 1973 15 I hour 2023 Fs2o-Mag Px+cb+melt 
BT5 2023 14 I hour 2023 Falo-Mag Ol+cb+melt 
BT7 1973 15 I hour 2023 MgO-Sid70 MgO+cb+melt 
BTI0 1973 25 0 min a Fat0-Mag MgO+Pv 
B 11 2023 14 I hour a Falo-Mag Ol+MgO 
BT 12 2023 14 I hour a Fam-Mag Ol+wad+cb 

Fs, ferrosilite; Mag, magnesite; Fa, fayalite; Sid, siderite; Px, pyroxene; cb, carbonate; ol, olivine; wad, wadsleyite; Pv, perovskite. 
Experiments in which no melting was observed. 
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Table 2a. Quantitative Microprobe Analyses of the Run Products of (Mg,Fe)SiO3-(Mg,Fe)CO 3 
i1 • 11 , , 

[ , , - , , r 

Run BTI 

Quenched Melt Solidus Subsolidus 

Average 

14 

Pyroxene Pyroxene Magnesite Pyroxene 

8 18 15 20 

SiO 2 36.7(14) 52.3(18) 56.9(4) 
MgO 25.1 (9) 30.5(2) 33.7(2) 
FeO 20.5(6) 13.8(4) 8.8(1) 

Total 81.8(20) 97 (17) 99.4(5) 

Run BT8 

SiO 2 
MgO 
FeO 

Total 

sio: 
MgO 
FeO 

Total 

Quenched Melt 

Average 

12 

35.5(10) 
27.1(5) 
18.0(5) 

80.6(9) 

i, 

Quenched melt 

Pyroxene 

2 

55.8(3) 
32.9(4) 
10.80(1) 

99.5(7) 

Average 

39.1(7) 
27.5(5) 
12.8(2) 

Pyroxene 

56.80(13) 
33.0(3) 
8.9(3) 

Solidus 

Pyroxene 

40 

57.1(2) 
34.0(2) 
8.0(2) 

99.2(2) 

Run BT2 

Solidus 

Pyroxene 

16 

42.4(5) 
9.9(7) 

52.3(3) 

56.9(3) 
30.9(7) 
12.7(11) 

100.6(2) 

Subsolidus 

Magnesite 

7 

43.4(8) 
7.9(14) 

51.2(8) 

Pyroxene 

7 

55.7(4) 
31.6(3) 
11.6(1) 

98.9(2) 

i 

Sub-solidus 

Magnesite Pyroxene 

57.7(3) 
35.6(1) 
5.33(7) 

79.4(2) 98.70(13) 98.6(4) 

17 

41.2(3) 
10.9(3) 

52.1(3) 

57.0(3) 
32.7(3) 
9.9(4) 

99.6( 1 ) 

SiO 2 
MgO 
FeO 

Total 

Run BT4 Subsolidus 

Carbonate Pyroxene 

11 13 

55.3(3) 
44.8(5) 32.1(3) 
6.5(8) 12(2) 

51.3(6) 99.4(4) 
, , , i, 

In weight percent of oxides; n is the number of analyses. Values in parentheses are error bars. 

In samples BTI, BT2, BT5 and BT8, subsolidus 
assemblages consist of small (approximately 10 gm) grains of 
silicates and carbonates, whereas large silicate crystals (100 
gm) are in contact with carbonate-rich melts, which upon 
quenching formed assemblages of well-isolated silicate 
domains and intergrowths of very fine-grained magnesite and 
silicate, with characteristic dendritic microstructures (Figures 

lb and l c). An iron-rich metal phase was also observed in the 
quenched melt, closely associated to carbonates, and 
containing some Re coming from the capsule. Using image 
processing,. as described below, we estimate that metal phase 
occupies about 10% (in volume) of the melt. Whether this 
metal is due to oxygen loss to the Re capsule or to dismutation 
of Fe 2' into Fe 3+ + Fe ø cannot be determined in this study. The 
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Figure la. Back scattered electron image of a half capsule (BT8). C, cold end corresponding to thermocouple 
reading; H, tiot area at the center of the capsule. The sample shows, from left to right: subsolidus assemblages 
of magnesite (black) and pyroxene (grey), large pyroxene grains and quenched liquid with dendrites. 

systematic presence of minor Re in the metallic phase, 
suggesting that reactions occurred between the carbonatitic 
liquid and the capsule, is consistent with the first mechanism. 
Similarly, some Fe-Mo alloys were observed in previous high- 
pressure melting experiments of peridotite using Mo capsule 

[Herzberg et al., 1990]. Although the interpretation of the 
presence of this metallic phase is not straightforward, it might 
have appeared by exsolution of Fe and Re during cooling of 
the carbonate-rich melt. 

3.1.1. (Mg,Fe)SiO3-(Mg,Fe)CO3 system. Three 

Figure lb. Back scattered electron image showing two types of lamellae in the quenched liquid in sample 
BT5: dendritic recrystallization of almost pure olivine lamellae in grey, and lamellae consisting of very fine 
intergrowths of magnesite (black) + silicate (grey) + Fe-rich metal (white). 
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Figure lc. Detailed view of these two types of lamellae in sample BT5. The olivine-rich lamellae contain a 
very small fraction of fine intergrowths. 

samples were synthesized at 15 GPa and 1973 K (BT1, BT8 and 
BT2). One sample was synthesized at 15 GPa and 2173 K 
(BT6) to test for temperature effects, whereas another run was 
pertbrmed at 25 GPa and 1773 K (BT4) to reach the stability 
field of magnesium silicate perovskite. In this latter 
experiment, due to thermocouple failure, the run temperature 
was estimated from power-temperature relationships of 
previous experiments; the given temperature is therefore less 
accurate in this run. All the run products are pore-free, at least 
at.the SEM scale, suggesting that no CO 2 was produced during 
these experiments. Raman spectroscopy of the recovered 
pyroxenes reveals that they are P21/c clinopyroxene, probably 
produced by back-transformation of unquenchable C2/c 
clinopyroxene. In sample BT8, the subsolidus assemblage 
consists of pyroxene and magnesite crystals of about 20 pm in 
size, whereas large pyroxene crystals of about 100-150 pm in 
size are in contact with the quenched melt. No traces of 
interstitial quenched liquid were observed between the large 
silicate crystals, most likely because of melt migration toward 
the hot spot, a phenomenon that is commonly seen in long- 
duration melting experiments [e.g., Lesher and Walker, 1988; 
Herzberg et al., 1990]. Pyroxene lamellae in the quenched 
melt are enriched in iron relative to both subsolidus pyroxene 
crystals and to the large grains in contact with the quenched 
melt. Average chemical compositions of the run products are 
reported in Table 2a. Sample BTI, which was produced at the 
same PT conditions as sample BTS, yields the same chemical 
compositions. Sample BT2, which represents a reversal 
experiment of BT1 and BTS, shows the same microstructures, 

with similar compositions. In these three runs the interface 
between the subsolidus assemblage and the large pyroxene 
grains was most likely at the melting temperature, which, 
taking into account the nominal temperature (1973 K) and the 
temperature gradient (100 K/mm), was therefore at about 2023 
K. 

At the same pressure and 2173 K (run BT6), only melt was 
observed in the capsule. This latter run, however, could be 
maintained only for 2 rain because of thermal instabilities. 
The 25 GPa sample (BT4) contained only magnesium silicate 
perovskite and magnesite, coexisting in subsolidus 
assemblage: no melt was observed in this sample (Figure 2). 
Some fine-scale microstructures observed within the 

magnesium silicate perovskite crystals might correspond to 
twin boundaries, previously described in (Mg,Fe)SiO 3 
perovskite by several authors [e.g., Wang et al., 1992; 
Martinez et al., 1997]. 

3.1.2 (Mg,Fe)zSiO4-(Mg,Fe)CO3 system. One 
sample was synthesized at 14 GPa and 2023 K (BT5) in order 
to compare with the pyroxene-magnesite samples. A second 
sample was synthesized at 14 GPa and 2173 K (BTI 1) to test 
/'or temperature effects. Two other samples were synthesized at 
higher pressure, 16 GPa and 1973 K (BT12) to reach the 
stability field of wadsleyite and 25 GPa-1973 K (BTI0) to 
reach the stability field of magnesium silicate perovskite and 
magnesiowtistite. Sample BT5 presents the same stratification 
as observed in the pyroxene-carbonate .samples synthesized at 
similar conditions except that only a very small proportion of 
subsolidus assemblage could be seen close to the 
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Table 2b. Quantitative Microprobe Analyses of the Run Products of (Mg,Fe)2SiO4-(Mg,Fe)CO3 

Run BT5 

Quenched Melt Solidus Subsolidus 

Average 
, 

28 

Olivine 

31 

Olivine Magnesite Olivine 

17 3 3 

SiO 2 28.1 (6) 41.0(2) 41.4(2) - 41.0(1) 
MgO 38.0(6) 50.2(2) 52.2(2) 46.2(2) 51.7(2) 
FeO 13.6(4) 8.6( 1 ) 6.1 (2) 4.0(1) 6.7(1) 

Total 79.7(9) 99.6(3) 99.7(2) 50.2(2) 99.4(4) 

Run BTI 1 Solidus Run BTI2 

Olivine 

n 40 

SiO 2 41.80(9) 
MgO 53.8(1) 
FeO 4.80(3) 

Total 100.4(1) 

See Table 2a footnotes. 

Oxide 
, 

9 

- 

73.0(7) 
23.5(2) 

96.5(7) 

Magnesite Olivine Wad Pyroxene 

35 30 3 

- 40.70(9) 39.0(1) 57.0(3) 
46.7(3) 49.6(2) 43.7(2) 37.2(3) 
2.0(4) 8.0(1) 14.4(2) 3.72(1) 

48.7(2) 
, 

98.4(2) 97.1 (2) 98.0(6) 

thermocouple junction, indicating that melting occurred close 
to the nominal temperature of 2023 K. The relict subsolidus 
assemblage consists of olivine and magnesite crystals 
whereas larger olivine crystals, are in contact with the 
quenched melt. Relatively large lamellae of olivine are 
observed within the quenched melt, intercalated with mixed 
lamellae containing fine intergrowths of magnesite and 
olivine (Figures lb and l c). Olivine crystals in the quenched 
melt are enriched in iron relative to subsolidus crystals and to 
the large grains in contact with the quenched melt (see Table 
2b tbr chemical analyses). 

, 

... 

.: 

•i•ure 2. Back scattered electron image of sample BT4, 
showing (Mg,Fe)SiO3 pcrovskite in light grey (pv) and 
mainesite crystals (cb). No melt is present in the sample. 
Microstructures seen within the perovskite might be due to 
twinning. 

At the same pressure and 2173 K (run BT11), no carbonates 
could be detected, and only large grains of olivine, containing 
inclusions of magnesiowtistite, could be observed. The 
absence of carbon-bearing phases could be explained either by 
decarbonation or melting to form a carbon-rich fluid which 
escaped from the capsule, or by carbon solubilization in the 
silicate phase. Since the presence of magnesiowtistite 
inclusions is difficult to explain by a simple dissolution 
mechanism, the first hypothesis seems more likely. The 
amount of magnesiowtistite is smaller than the initial 
carbonate proportion, suggesting that the escaping fluid 
contained some Mg. 

A subsolidus assemblage of olivine, wadsleyite (identified 
by Raman spectrocopy) and magnesite was observed at 16 GPa 
and 1973 K in sample BTI2 (Figure 3). Finally, in sample 
BTI0 (25 GPa, 1973 K), no carbonates could be detected, and 

Table 2c. Quantitative Microprobe Analyses of the Run 
Products of (Mg,Fe)O-(Mg,Fe)CO 3 for Run BT7 

Solidus Subsolidus 

Magnesite Oxide 

n 

SiO, 
- 

MgO 
FeO 

Total 

45 14 12 

_ - - 

72.6(2) 47.9(7) 72.4(2) 
25.3(5) 4.4(5) 27.5(2) 

97.9(3) 52.30(12) 
99.9(3) 

See Table 2a footnotes. 
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Figure 3. Back scattered electron image of sample BT12: all of the sample consists of subsolidus 
assemblages of carbonates (in black) and silicate. Both olivine (c•-polymorph, in dark grey) and wadsleyite ([3- 
polymorph, in light grey) are present, identified by Raman spectroscopy. No quenched melt is present in this 
sample. 

only magnesium silicate perovskite and magnesiowtistite, 
coexisting in subsolidus assemblage, were identified. At the 
hot spots of the sample, homogeneous areas of large 
magnesiowtistite crystals were observed, probably related to 
the escape of a fluid through the walls of the capsule, as 
suggested by the appearance of the Re foil after the 
experiment. 

3.1.3 (Mg,Fe)O-(Mg,Fe)CO3 system. One sample 
was synthesized at 15 GPa and 1973 K (BT7). It contains 
magnesiowtistite and magnesite at the cold end, and, at the 
hotter end, large magnesiowtistite crystals (up to 100 !.tm), 
with residual magnesite, identified by Raman spectroscopy, in 
grain boundaries (Figure 4). Magnesiowtistite crystals have 
the same iron content throughout the capsule (see Table 2c for 
chemical analyses). The textures in this sample resemble 
those in BT2 and BTS, except that no segregated liquid could 
be evidenced in the hottest areas of the capsule. 

3.2. Iron-Magnesium Partition Coefficients 

The iron-magnesium partition coefficient between two 
phases A and B is defined by 

Kd^. B = (Fe/Mg)^/(Fe/Mg) B. ( 1 ) 

In the three samples, BT1, BT2 and BT8, pyroxene and 
magnesite grains that were in direct contact in subsolidus 
assemblages were analyzed by EPMA to study the iron- 
magnesium distribution. Possible compositional variations 
within the grains could not be resolved. The resultant 

Kdpyroxene.magnesite values are on average 1.61 (13) in BTI, 
1.15 (8) in BT2 and 1.63 (22) in BT8 (Table 3). It should be 
pointed out that BT2 represents a quasi-reversal experiment of 
BT1 and BTS, from the point of view of iron-magnesium 
distribution, even if it has a slightly different bulk iron 
content. It can thus be safely inferred that Kdpyroxene.magnesite is 
between 1.2 and 1.6 at 15 GPa and 1973 K. At 25 GPa, in 

sample BT4, iron is more partitioned into the silicate phase 
and an average Kdperovskite.magnesite value of 2.18 (23) was 
obtained from chemical analyses of (Mg,Fe)SiO 3 perovskite 
and adjacent magnesite grains. This value, however, should be 
taken with caution since zonations were observed in 

magnesite grains, indicating that chemical equilibrium was 
not completely attained. In the 15 GPa runs, iron-magnesium 
distributions are also measured between pyroxene and the 
coexisting carbonate-bearing melt. The average values of 
Kdpyroxene.meit are 0.37 in BT1, 0.31 in BT2 and 0.36 in BT8 
(Table 4). 

In sample BT5, chemical analyses on adjacent olivine and 
magnesite crystals near the thermocouple junction yield a 
value of Kdolivine.magnesite of 1.50 (30) (Table 3), similar to that 
measured between pyroxene and magnesite. The derived 
K dolivine.pyroxene is therefore close to 1, in agreement with 
previous data reported in literature for various PT conditions 
[Koch-Miiller et al., 1992; yon Seckendorff and O'Neill, 1993; 
Takahashi, 1986]. The average value of Kdolivine.melt measured 
in this sample is 0.32 (Table 4), close to Kdpyroxene.melt. 
Distribution of iron and magnesium between magnesiowustite 
and carbonate in subsolidus assemblages, measured in sample 
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Figure 4a. Back scattered electron images of sample BT7 showing from right to left subsolidus assemblage 
(magnesiowtistite, in light grey, magnesite, in dark grey) and large magnesiowtistite crystals (labeled MgO) 
with residual melt (labeled cb). 

BT7, leads to an average value of Kdmagnesiowiistite.magnesite of 
4.86 (37) (Table 3), showing that iron is strongly partitioned 
into magnesiowustite. This number falls in the range of 
Kdmagnesiowi. istite_•nagnesite values obtained in diamond anvil cell 
experiments performed at 40 GPa by Biellmann et al. [1993]. 
In sample BT12, strong disequilibrium evidences in carbonate 
grains precluded the measurement of silicate-magnesite 
partition coefficients, but it was possible to obtain an average 
value of Kdolivine.wadsleyit e -- 0.47 (2) (Table 3). It is interesting 
to compare this result with Kdolivine.wadsleyit e - 0.57, obtained 
by Katsura and Ito [1989] in the Mg2SiO4-Fe2SiO 4 system, at 
14 GPa and 1873 K, using mantle olivine with a Mg number of 
89 as starting material. 

3.3. Liquid Compositions 

The relative proportions of carbonate and silicate in the 
quenched melts were determined by point counting of the SEM 
images. To facilitate visual discrimination of the phases, 
frequency histograms of the images were computed yielding 
the number of pixels for each grey level. The distribution 

displays a classical mixing of discrete Gaussian distributions 
(one for each phase). Each phase was thus associated on the 
histogram with a peak value. However, modeling the pixel 
distribution for one phase by a Gaussian curve would not be 
relevant as the pixels at the rim of the distribution do not 
depend on the considered phase'only and therefore would not 
fit in the modelled distribution. To visually discriminate the 
phases on the image, threshold values were selected on the 
histogram and applied to the images thus providing a 
segmented image with enhanced contrast (Figure 5b). At this 
stage, pixel counting in each class gave its surface fraction in 
the quenched liquid, which is assumed to be equal to its volume 
fraction. Average silicate-carbonate contents of the quenched 
liquids were obtained by processing 10 images sampling 
different locations. The second step was to eliminate the 
carbonate-tree silicates (pyroxene or olivine) present within 
the quenched melt (Figure 5c). Pixel counting thus provided 
the silicate-carbonate proportions of the finest scale 
intergrowths, as well as the relative proportions of well 
individualized silicate grains and fine intergrowths. 

We paid special attention to the evaluation of the errors 
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Figure 4b. Magnified view of the large magnesiowtistite crystals with magnesite at grain boundaries and as 
inclusions. 
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during the classification process. It is of course impossible to 
find the true limit tbr each class, because there is a progressive 
transition between the phases from a radiometric point of 
view. Far from the peak, variations of grey levels cannot be 
directly linked to variations of physical or chemical 
properties of the surfaces. Those pixels may sample limits 
between phases corresponding to an unknown percentage of 
both phases, they may have been sensitive to surface status at 
the joint or they may vary with three-dimensional shape of 
transitions. To locate the best limit of each phase among the 
progressive transition, we produced sequences of images by 
shifting step by step each limit determined on the histograms. 
Visual analysis shows that a displacement of five radiometric 
units produces an obviously false segmentation of the image. 
This value thus represents the upper bound of the error, and it 
is more likely that the error is limited to one radiometric unit. 
This radiometric error can be converted into errors on the 

surface measurement, the maximum error thus induced being of 
_+5%. We have also controlled that the error induced by 
shifting only one limit (i.e., variation of the thickness of one 
class) did not affect the previous error in greater proportions. 
A shift of five radiometric units on one limit induces, in the 

most extreme cases, an error of _+ 6% on the surface proportion 
and in most cases (2/3 of the tests), an error smaller than _+ 
2%. From this analysis we conclude that the errors on the 
silicate-carbonate contents in the quenched melts are below 
5%. 

4. Discussion 

4.1. Phase Relations 

The bimodal microstructure observed in the quenched melts 
can be interpreted as a result of isobaric cooling in 
pseudobinary phase diagrams (Figure 6), similar to that 
proposed by Katsura and Ito [1990]. The large silicate crystals 
are in equilibrium with the melt (A in Figure 6), whereas the 
fine intergrowths of magnesite and silicate are the quenched 
carbonate-rich liquid (B in Figure 6). As already discussed, the 
quenched liquid actually presents two levels of structural 
organization: relatively large areas of carbonate-free silicate, 
coexisting with finer scale intergrowths of carbonate and 
silicate. These latter areas correspond to the eutectic 
composition (C in Figure 6), whereas the relatively large areas 
of carbonate-free silicates correspond to fast crystallization 
during quench of the melt, which was initially enriched in 
silicate relative to the eutectic composition. Except for the 
fact that iron has depressed the eutectic temperature (e.g., 
2023 K in this study versus --2093 K given by Katsura and Ito 
[1990] for MgSiO3-MgCO 3 at 15 GPa), the pseudobinary 
diagram obtained for (Mg,Fe)SiO3-(Mg,Fe)CO 3 is similar to 
that of Katsura and Ito [1990]. In particular, the estimated 
eutectic composition (63(3) mol % (Mg,Fe)CO 3 and 37(3) mol 
% (Mg,Fe)SiO 3) at 15 GPa is in excellent agreement with that 
of Katsura and ho [1990] (62% tool % MgCO 3 and 38 mol % 
MgSiO3). In the olivine-magnesite system at 14 GPa, the 
eutectic composition is 60(3) mol % MgCO 3 and 40(3) mol % 
(Mg,Fe)2SiO 4, with a eutectic temperature of 2023 K, close to 
that measured in the pyroxene-magnesite system. The melting 
temperature of olivine in presence of magnesite is 
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Table 4. Iron Distribution Measured Between the Carbonate-Rich Melt and Crystals (Pyroxene or Olivine) in 
Equilibrium 

.. , 

Fe/Mg atomic % a FeO wt % a 

Crystals Melt Kd Crystals Melt D 

BT 1 0.146(5), 0.39(2), 
n = 18 n = 5 

BT8 0.133(3) 0.37(2) 
n = 40 n = 12 

BT2 0.084(1) 0.26(1) 
n = 16 n = 13 

(Mg, Fe)SiO 3 - (Mg, Fe)CO$ System 

0.37 8.8(1) 17.5(2) 0.50 

0.36 8.0(2) 18.0(1) 0.44 

0.32 5.33(7) 12.84(7) 0.42 

BT5 

PL8 b 
FO4 b 

, ,, 

O.O65(2) 
n= 17 

(Mg, Fe)2SiO 4 - (Mg, Fe)CO$ System 

0.2(1) 0.33 6.1 (2) 13.6(1) 0.45 
n=21 

- - 4.39 9.47 0.46 

- - 3.05 7.06 0.43 
, 

All values are reported in the form of Kd = (Fe/Mg)solid/(Fe/Mg)melt and D = (FeO)wt % solid / (FeO)wt % melt; n, number of 
analyses. For comparison, literature Kd and D values for olivine-silicate melt CO2ofree systems are also reported. 

a average values 
b Samples and Analyses from Suzuki and Akaogi [1995]. PL8 and FO4 correspond to two runs they performed at 14 GPa, with 

San Carlos olivine (Fe/Fe+Mg = 0.1). 

Figure 5a. Back scattered electron image of the quenched melt in sample BT5, given as an example of 
starting point for image processing (magnification: 1000x). 
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Figure 5b. Corresponding thresholded image. Three phases can be clearly identified: carbonate in dark grey, 
silicate in light grey and metal in white. Pixel counting in each class yields liquid composition. 
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Figure 6. Proposed pseudo binary diagram for (a) 
(Mg,Fe)SiO3-(Mg,Fe)CO 3 at 15 GPa and (b) (Mg,Fe)2SiO 4- 
(Mg,Fe)CO 3 at 14 GPa. Melting points of (Mg,Fe)SiO 3 and 
(Mg,Fe)CO 3 are modified after Presnall and Gasparik [1990] 
and Katsura and Ito [1990], respectively, by depressing the 
melting points by about 100 K, for taking into account the 
effect of iron. Melting point of (Mg,Fe)2SiO 4 is from 
Heraberg et al. [1990]. Points A, B, and C correspond to the 
different microstructures identified in the sample and are 
discussed in the text. 

considerably lowered relative to pure olivine at the same PT 
conditions (2023 K compared to 2373 K). 

In the magnesiowtistite-magnesite system, the textures are 
more ambiguous. If melting occurred in this system, the limit 
of the large magnesiowtistite crystals can be used to estimate a 
melting point of about 2023 K (Table 1). In this case, the melt 
has escaped from the capsule, except for some residuals which 
transformed, upon quench, into magnesite observed in grain 
boundaries. Since melting evidences are ambiguous in this 
sample, further experiments should be conducted to verify this 
hypothesis. 

4.2. Iron/Magnesium Partition Coefficients 
Between Solid Silicates and Magnesite 

Our experimental data are used as a starting point for 
modeling iron-magnesium partitioning between solid silicates 
and carbonates over a large range of pressure and temperature. 
The main purpose here is to provide quantitative estimates of 
pressure and temperature effects on carbonate-silicate iron- 
magnesium partition coefficients, using available 
thermodynamic data and phase equilibria. Thermodynamic 
calculations havc becn carried out using a nu•nerical code based 
on minimization of Gibbs free energy [Matas et al., 1996]. 
The input parameters for the calculation are the bulk chemical 
composition expressed in the form of oxides (i.e., FeO, MgO, 
S iO2 and CO2), the PT conditions, all the possible 
components that can exist in the system (solid solutions as 
well as their end-members), thermochemical data (enthalpies, 
entropies, heat capacities), thermophysical data (equation of 
state parameters) and solution parameters for each solid 
solution. The Gibbs free energy of the system is written as 

G(P,T, nl,n2 .... ) = Z ni 11i (P,T, ni) (2) 

where P and T are the pressure and temperature, n i is the mole 
number of a system component i (here, for example, Mg2SiO 4, 
FeCO3...) and gi is the chemical potential, which is 

o 

g(P,T, ni) = • (P,T) + siRT In (•4Xi) (3) 

where s i is the stochiometric coefficient of mixing site, and gi ø 
is written as 

o o j.T g (P,T)= H298 + 
298 

CpdT-TS298 - --•tr+ VdP (4) 
98 T 1 

If we consider, for example, the olivine solid solution, then 
the Xi term in the chemical potential is written 

ol 
n Mg XølMg = (5) 

n ølMg +n ølFe 

and using a Margules model for the binary solid solution, we 
have 

RT In ¾ølMg = WMg. FeXølFe 2 
RT In 'yølFe = WFe_MgXøIMg2 

(6) 

where WMg_Fe and WFe_Mg are the nonideal mixing parameters 
in forsterite-fayalite solid solutions. The pressure and 
temperature dependency of these parameters are expressed in 
terms of excess enthalpy, excess entropy and excess volume 
contributions by 

W = W H- TW s + PW v (7) 

The dependence of volume on pressure and temperature is 
given by a high-temperature third-order B irch-Murnaghan 
equation of state 

P_-23--Ko,TI(Vø-•) 7'3 . (Vø-•)5/31 
4 ' L•,-•--/ 
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Table 5c. Nonideal Mixing Parameters of Solid Solutions Used for Fe-Mg Partitioning Calculations 

Solid Solutions W Mg-Fe, W Fe-Mg, 
J/moI J/mol 

, 

Olivine 7120 + 108P a 7120 + 108P a 

I• phase 1000 b 2000 b 

Spinel 3900 - 1. I07 • 3900 b 

Pyroxene 3420 b 3420 b 
Perovskite 4130-1.37T+ 110P b -4050-2.45 T+ 150P b 

Magnesiowtistite 16100 b 26300 - 5.56T b 
Carbonate 3050- 300P c 3050- 300P c 

P, gigapascals, T, kelvins. 
a Data from Koch-Miiller et al. [ 1992]. 
b Data from Fei et al. [1991]. 
c Parameters that were refined in this work. 

where 

(9) 

and V0,Tis calculated with thermal expansion coefficients 
listed in Table 5b. 

For each P and T conditions the code computes the chemical 
composition of the system at thermodynamic equilibrium, 
with the constraint of chemical elements conservation. The 

output is the stable chemical composition at the given P and T 
conditions. Using the mole numbers of coexisting system 
components, we have calculated the iron-magnesium 
partitioning between the desired phases using (1). Input 
thermodynamic data are all given in Table 5, coming from 
previous literature data. The nonideality W coefficients in 
magnesite-siderite solid solutions, however, were adjusted to 
fit the experimental results obtained in this study. 

4.2.1. Olivine-magnesite Fe-Mg partition 
coefficient. The thermodynamic data used in this 
calculation tbr olivine and its polymorphs were first tested by 
calculating the phase diagram of the (Mg2SiO4-Fe2SiO 4) 
system at high pressure and temperature. With this data set, 
the calculated phase diagram is in good agreement with the 
experimental phase diagram determined by Katsura and Ito 
[1989]. For carbonates, all the thermodynamic data (except for 
standard enthalpies) were calculated using spectroscopic data 
(for more details about the technique, see Guyot et al., [1996]) 
and are given in Table 5. 

The results of the calculation are given in Figures 7 and 8. If 

a mixing parameter WMg_Fe = WFe_Mg = 3050 + 1500 J/mol in 
carbonate is taken from Dahon and Wood [1993], the measured 
Mg-Fe partitioning between olivine and carbonate at 2 GPa 
and !273 K is well reproduced (Figure 7a). On the other hand, 
our measurement at 1973 K and 15 GPa is not well described by 
this model (Figure 7b). This difference may be due to 
temperature and/or pressure effects on the W parameters. For 
example, the sensitivity to a pressure effect on WMg. Fe 
(expressed by adding a W v term) in magnesite-siderite solid 
solution is shown in Figures 7a and 7b at 1273 and 1973 K, 
respectively, whereas the sensitivity to a temperature effect is 
reported on Figures 7c and 7d. Typically, a value of WMg_Fe = 

3050 - 300P J/mol would give good agreement between the 
modeled and experimental values both at 2 and 15 GPa (Figures 
7a and 7b). It is clear from Figure 7 that a combination of a 
pressure and a temperature effect would also give an acceptable 
fit. In this study we chose to fit the data with a minimum 
number of adjustable parameters and therefore decided to 
include a pressure term only. Further data might change the 
picture and evidence a temperature dependence of W parameter 
in magnesite-siderite, or more complex pressure and 
temperature dependencies of W parameters in silicates. 

4.2.2. Pyroxene-magnesite Fe-Mg partition 
coefficient. These data are processed in a similar manner as 
the olivine/magnesite partitioning data. The nonideal mixing 
parameter for orthopyroxene is supposed to be independent of 
P and T; the value is taken from Koch-Miiller et al. [1992]. 
With this set of data, we are able to reproduce the experimental 
values of iron-magnesium partition coefficients between 
olivine and pyroxene. Then, the calculated iron-magnesium 
partitioning between orthopyroxene and carbonate is shown 
in Figure 8b. 

4.2.3. (Mg,Fe)SiO3-perovskite-magnesite Fe- 
Mg partition coefficient. Only a limited number of 
thermodynamic data are available for (Mg,Fe)SiO.¾perovskite. 
To test these data, we first decided to calculate the iron- 

magnesium partitioning between (Mg,Fe)SiO3-perovskite and 
magnesiowtistite which has been measured in the past years 
[Katsura and Ito, 1990; Martinez et al., 1997]. With the 
database reported in Table 5, the iron-magnesium partition 
coefficient between silicate perovskite and magnesiowiistite is 
found to be close to 4 (3.7) at 25 GPa and 1873 K, in close 
agreement with the value given by Martinez et al. [1997]. 
Calculated iron-magnesium partitioning between 
(Mg,Fe)SiO.•-perovskite and magnesite is shown in Figure 8c 
for pressures above 24 GPa, along five different isotherms. 
The experimental value falls within the calculated range. 

4.2.4. Magnesiowiistite-magnesite Fe-Mg 
partition coefficient. As iron-magnesium partitioning 
was already calculated for magnesiowtistite-silicate perovskite 
and silicate perovskite-magnesite equilibria, it is 
straightforward to obtain Kdmagnesiowiistite_magnesite values. 
Results are reported in Figure 8d, and a good agreement is 
found with the experimental value. 
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able to reproduce the experimental Kd measured at 2 GPa by Dalton and Wood [ 1993]. (b) At 1973 K a negative 
excess volume term adequately reproduces the experimental Kd measured at 15 GPa in this study. (c) and (d) 
Effect of a temperature dependence, expressed in terms of an excess entropy contribution (W s) on Kd olivine- 
carbonate at 1273 K and 1973 K, respectively. 
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4.3. Iron/Magnesium Partitioning Between Solid 
Silicates and Carbonate-Rich Melts 

Numerous measurements of iron-magnesium distribution 
between olivine and silicate melt have been performed in CO2- 
free systems [e.g., Takahashi, 1986; Suzuki and Akaogi, 
1995; Herzberg and Zhang, 1996]. In this study we obtain a 
value of Kdolivine.melt = 0.33 (or D=0.45) between olivine and 
carbonate-rich silicate melt in BT5. This value is quite close to 
the values of D = 0.46 for the synthetic olivine and D = 0.43 
for San Carlos olivine at 14 GPa and 2673 K [Suz.uki and 
Akaogi, 1995] and Kd = 0.37 at 14 GPa and 2173 K 
[Takahashi, !986]. Although more data are clearly needed, 
these results suggest that the presence of CO2 in the melt does 

not strongly affect the high-[emperature, high-pressure Fe-Mg 
mineral-melt partitioning. 

4.4. Implications for Carbonate Stability in 
Mantle and Generation of Kimberlitic Magmas 

the 

As shown by several authors [e.g., Brey et al., 1983; 
Biellmann et al., 1993], magnesite is likely to be the major 
solid carbonate carried by subduction at great depths in the 
mantle, since calcite and dolomite progressively lose their 
calcium at the expense of pyroxenes as pressure increases. As 
also reported in literature [e.g., Martinez et al., 1995], the 
carbonates are very stable versus CO2 loss at high pressures. 
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Figure 8. (continued) 

Magnesite-pyroxene or magnesite-olivine experiments are 
thus pertinent for determining the stability limits of solid 
carbonates in the mantle, as well as to discuss the 

composition of CO2-rich melts at great depths. The 
experiments performed in the pseudobinary magnesite- 
pyroxene and magnesite-olivine systems show that melting 
occurs close to 2023 K at 14-15 GPa. in iron-free systems, 
Katsura and Ito [ 1990] measured a eutectic temperature of 2093 
K at the same pressure conditions. The presence of iron thus 
depresses the eutectic melting points in these silicate- 
carbonate systems by about 100 K, a value not very different 
from the iron-induced depression of solidus temperature in 
CO2-free systems [e.g. Herzberg et al., 19•0]. In the more 
complex mantle systems, the solidus temp.•ratu•r.e is expected 
to be depressed by another 100-150 K [e.g., Herzberg et al., 
1990]. We thus infer solidus temperature•s of about 1873 K for 

a perido.tite-CO2 system at 14-15 GPa; the presence of CO 2 
thus lowers the solidus tem12erature of the mantle by about 400 
K, a value very consistent 'with that obtained by comparing 
the results of Herzberg et al. [1990] and Canil and Scarfe 
[1990] in peridotite melting experiments without and with 
C¸2, respectively. Finally, if some water is present, Canil and 
Scarfe [1990] measured an additional depression of the melting 
point by about 200 K. Since temperature is believed to be 
close to 1673 K at such depths (400 km), there is a good 
possibility that progressive heating and homogenization of 
subducted materials in the transition zone will produce CO2- 
rich melts similar to that produced in this study. 

When such melting occurs, a magnesite-rich liquid is 
produced. This confirms that CO2 is an incompatible element, 
even at depth of 400 km. An important point is that CO2 is 
dissolved in the liquid in the form of carbonate (Mg,Fe)CO3. 
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This has been shown in the experimental work of Katsura and 
Ito [1990], who first proposed a eutectic behavior in the 
system MgSiO.•-MgCO.• at high pressures and temperatures. 
The present study confirms their result and extends it to other 
compositions. Melts formed in the CO2-bearing mantle are 
possible candidates for explaining silica-undersaturated 
magmas such as kimberlites or komatiites. Several 
explanations have been proposed to interpret these MgO-rich 
magmas which include for komatiites, partial melting of 
mantle peridotire at 5-8 GPa [Takahashi, 1986], and partial 
melting of carbonated peridotires for kimberlites at similar 
pressures [Canil and Scarfe, 1990]. In order to compare the 
liquids formed in our experiments to these Mg-rich magmas, 
we use the ratio r = (FeO+MgO)/SiO2, which should indeed be 
compared to the ratio of all divalent ions to SiO2 in more 
complex mantle systems. In sample BT5, which might be 
taken as an approximation of a carbonated peridotite, r= 1.8. 
The liquid formed in this experiment thus has a higher r than 
usually found in kimberlites, for which r is about 1.3 [e.g., 
Dawson, 1980]. This is in good agreement with the study of 
Canil and Scarfe [1990], who showed that for pressures above 
9 GPa, melting in the peridotire + CO2 system produces liquids 
which are too Mg-rich relative to kimberlite. In contrast, for 
experiments performed in the pyroxene-magnesite system, an 
average value of r = 1.2 is found, which is similar to that in 
natural kimberlites. It is usually assumed that magmas formed 
at transition zone conditions would differentiate by 
crystallization of olivine during their ascent in the mantle, 
thus decreasing their values of r, and eventually erupt at 5-7 
GPa in the form of kimberlites. Alternatively, the results of 
the present study in the pyroxene-carbonate system suggest 
that kimberlites might form at very high pressures (i.e., > 9 
GPa) by melting or' carbonated pyroxenites. 
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