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Abstract The melting relationships in the system
CaMgSi,04 (Di)-CO, have been studied in the 3-8 GPa
pressure range to determine if there is an abrupt decrease
in the temperature of the solidus accompanying the
stabilization of carbonate as a subsolidus phase. Such a
decrease has been observed previously in peridotitic and
some eclogitic systems. In contrast, the solidus in the
Di—CO, system was found to decrease in a gradual
fashion from 3 to 8 GPa. This decrease accompanies an
evolution in the composition of the melt at the solidus
from silicate-rich with minor CO, at 3 GPa to carbon-
atitic at 5.5 GPa, where the carbonation reaction
Diopside + CO, = Dolomite (Dol) + Coesite (Cst)
intersects the solidus. The near-solidus melt remains
carbonatitic at higher pressure, consistent with carbon-
ate being the dominant contributor to the melt. Based
on previous studies in both eclogitic and peridotitic
systems, this conclusion can be extended to more com-
plicated systems: once carbonate is a stable subsolidus
phase, it plays a major role in controlling both the
temperature of melting and the composition of the melt
produced.

Introduction

A characteristic of the phase relationships in peridotite—
CO, systems at high pressures and high temperatures is
the pronounced decrease in solidus temperatures
accompanying the appearance of carbonate as a stable
mineral at the solidus. In the model system CaO-MgO—
Si0,—CO,, where the relevant melting reaction involves
olivine, orthopyroxene, and clinopyroxene, the solidus
temperature decreases ~300°C at ~2.5 GPa, where
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dolomite becomes stable at the expense of CO, via the
reaction forsterite (Fo) + diopside (Di) + CO, = en-
statite (En) + dolomite (Dol) (White and Wyllie 1992
and references therein). This temperature decrease pro-
duces a “‘ledge” on the solidus (Fig. 1). This topology
survives the addition of alumina to the system (Fig. 1).
The nature of the melt changes concomitantly across this
interval, from a basaltic silicate melt with some dissolved
CO, at lower pressure to a carbonatitic melt with min-
imal silica. The presence or absence of carbonate in a
peridotitic system therefore has profound implications
for the temperature of the solidus, for the nature of the
melt produced, and hence for the conditions where a
CO,-bearing melt or fluid would be stable in the mantle,
as has been recognized since the 1970s (Eggler 1974,
1976, 1978; Wyllie and Huang 1975, 1976).

The other major lithology present in the mantle is
eclogite of a generally basaltic bulk composition. Car-
bonation reactions appropriate for an eclogitic (clino-
pyroxene + garnet) mineral assemblage are at higher
pressures than those for a peridotitic assemblage (Luth
1999). The intersection of these reactions with the
appropriate solidus therefore would be at higher pres-
sures and temperatures, which might make the increase
in solubility of CO, in the liquid with increasing pressure
play a larger role than in the peridotite systems. The
offset might also allow a depth interval in the mantle
where a CO,-rich fluid is stable in eclogitic lithologies
but carbonate is stable in peridotite. Given the current
interest in carbonatitic fluids and melts as potential
metasomatizing agents in the mantle, understanding the
effect of CO, on melting relationships in eclogitic sys-
tems is necessary.

This study explores the topology of the melting and
carbonation phase equilibria in the simple system,
CaMgSi,04—CO,, to see if a solidus “ledge” is charac-
teristic of silicate—CO, systems. It builds on earlier work
on the melting phase relations in this system at pressures
to 4 GPa by Eggler and Rosenhauer (1978), and on the
study of the Dol + 2 Cst = Di + 2 CO, reaction by
Luth (1995).
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Fig. 1 Near-solidus phase

relationships for lherzolite in 8
the CaO-MgO-Al1,05—

Si0, + CO, system after

summary of Gudfinnsson and

Presnall (2005). Dashed curve is -
the boundary between spinel
lherzolite and garnet lherzolite.
Light solid curve terminating at
I is the carbonation reaction
stabilizing dolomite (Dol +
Opx = Cpx + Ol + V). Light
solid curve terminating at I, is
the exchange reaction Mgs +
Cpx = Dol + Opx that
stabilizes magnesite at higher
pressure in lherzolitic
assemblages. Abbreviations:
Lhz lherzolite, Grt garnet, Spl/
spinel, Mgs magnesite, Dol
dolomite, ¥ CO,-rich vapor.
Inset compares phase
relationships in CaO-MgO-—
A1203*Si02*C02 (.S()lld li}’l(’S, 2
after Gudfinnsson and Presnall

2005) with those in CaO-MgO-
Si0,—CO, (dashed lines, after

Grt Lhz + Mgs
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White and Wyllie 1992)

Experimental techniques

The starting material was a 1:1:2 (molar) mixture of
CaCO;5 (99.95% purity), MgO (99.95% purity), and
Si0; (99.5% purity), all from Alfa Chemicals. In terms
of weight percentages of the oxides, the mixture has SiO,
46.12, MgO 15.47, CaO 21.52, and CO, 16.89. At
pressures lower than the carbonation reaction Dol + 2
Cst = Di + 2 CO,, this mixture corresponds to diopside
+ 16.89 wt.% CO,. At pressures higher than the car-
bonation reaction, the stable subsolidus assemblage
would be diopside + dolomite + coesite (Fig. 2).

All reagents were dried prior to use: CaCOj5 at 300°C,
MgO and SiO, at 1,000°C, and were stored in a desic-
cator over KOH before weighing. After weighing, the
reagents were mixed by grinding in an agate mortar in
ethyl alcohol for 30 min. The mixture was dried under a
heat lamp, and stored in a desiccator prior to use.
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Fig. 2 Chemography of starting material (circle) in the ternary
CaMgO,-SiO,~CO, (molar units)
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Samples were encapsulated in triple-crimped, welded
Pt capsules of 1.5 mm OD for the experiments. After
approximately 3—5 mg of sample was loaded, the capsule
was dried at 120°C for ~16 h, then the top of the capsule
was welded shut. The sealed capsule was compressed
gently into a compact cylinder in a steel die. The
experiments were run in sample assemblies consisting of
a semi-sintered MgO + 5% Cr,O3 octahedron of
18 mm edge length containing a stepped graphite fur-
nace surrounded by a ZrO, sleeve. Inside the furnace, a
MgO sleeve separated the capsule from the furnace, and
MgO spacers above and below the capsule centered it in
the assembly. A WysRes—WoReys thermocouple,
housed in an alumina (99.98% purity) sleeve, was in-
serted axially through the top MgO spacer. The same
assembly was used in previous studies in this laboratory
(e.g., Walter et al. 1995; Luth 1995, 2001; Knoche et al.
1999; Buob et al. 2005).

All experiments were run in the USSA-2000 split-
sphere multiple-anvil apparatus in the C.M. Scarfe
Laboratory for Experimental Petrology at the Univer-
sity of Alberta. The pressure calibration was based on
experimental brackets at 1,000°C of the quartz—coesite
transition in SiO, at 2.95 GPa (Bohlen 1984), the gar-
net—perovskite transition in CaGeQOs at 6.1 GPa (Susaki
et al. 1985), and the coesite—stishovite transition in SiO,
at 9.1 GPa (Yagi and Akimoto 1976), as detailed in
Walter et al. (1995). Based on the reproducibility of the
calibration experiments, the uncertainty in pressure is
estimated to be ~0.5 GPa.

Experiments were brought to run pressure, then he-
ated at ~70°C/min to run temperature, and maintained



at £5°C. No correction for pressure was applied to the
emf of the thermocouple. Temperature gradients within
the sample capsule are estimated to be <50°C, based on
two-pyroxene geothermometry (Domanik and Luth
1999).

The experiments were quenched by turning off the
power to the furnace, resulting in a temperature drop to
<300°C in 2-5s. The experiment was then decom-
pressed over 3-6 h, depending on the pressure of the
experiment. After removal from the sample assembly,
the capsule was mounted in an epoxy plug using Pet-
ropoxy 154. Capsules from high-temperature, low-pres-
sure experiments anticipated to contain a CO, vapor
were punctured with a micro drill prior to mounting to
avoid rupture of the capsule during curing of the epoxy
at 120°C. After mounting, all capsules were ground on
SiC sandpaper using water as a lubricant to expose a
longitudinal cross-section. Initial grinding was on 240
grit paper; once the capsule wall was breached, 400 grit
paper was used and the sample was vacuum-impreg-
nated repeatedly with epoxy during the grinding to the
final surface. Then the sample was ground on a 600 grit
Buehler diamond disc with water, followed by lapping
on a PSA-backed paper polishing pad with 0.3 um alu-
minum oxide and water. The final step was on a PSA-
backed fiber cloth using a paste of 0.05 pm aluminum
oxide and water. Because there were no alkalis in the
system to form water-soluble carbonates, it was deemed
unnecessary to use water-free lubricants or solvents.
After cleaning, each sample was carbon coated for
examination and analysis with a JEOL 8900R electron
microprobe. The textural relationships between the
coexisting phases were examined using backscattered
electron (BSE) imaging, and quantitative analysis was
done on samples with > 5 pm grain size. The quantita-
tive analyses were done at 15 kV accelerating voltage.
The sample current, as measured on a Faraday cup, was
15 nA for silicates and 5 nA for carbonates. Counting
times were 20 s on peaks and 10 s on background. The
data were reduced with the ZAF correction scheme
provided by JEOL. Carbon (as carbonate) was calcu-
lated by stoichiometry. Quenched liquids were analyzed
with 5-7 nA beam current and a 5-10 pm beam diam-
eter, depending on the size of the melt pocket. CO,
contents of the quenched liquids were calculated as the
difference between 100% and the analysis total.

Results

The results of the experiments are summarized in Ta-
ble 1, and illustrated in pressure—temperature projection
in Fig. 3. The symbols in Fig. 3 omit CO,-rich vapor,
because no quench vapor deposits were found in the run
products. The low-pressure subsolidus field is inferred to
have vapor present, however, because of the absence of
other CO,-bearing phases (liquid or carbonate). This
inference is supported by the markedly higher amount of
void space in experimental charges from the low-pres-
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sure subsolidus field compared to that in charges from
the Cpx + Dol + Cst field (Table 1). In the low-pres-
sure subsolidus experiments, this void space is mostly
between the capsule wall and the crystalline material,
with lesser amounts interstitial in the charge. The void
space is inferred to result primarily from CO, vapor
present in the quenched experiment; only a small
amount is attributable to decompression cracks based
on the results from the higher-pressure subsolidus
experiments in which carbonate is present (Table 1).

In most experiments containing multiple phases, the
solid phases were distributed homogeneously through-
out the capsule. Where present, quenched liquid oc-
curred typically both interstitial between grains, and as
segregated layers or pools at the top of the capsule. In
some experiments, the carbonate phase or phases were
present partially or exclusively as a selvage at the bottom
of the capsule (Table 1). This texture resembles those
seen in high-pressure, fluid-present experiments in the
MgO-SiO,-H,O system (Stalder and Ulmer 2001;
Schmidt and Ulmer 2004). It is unclear whether this
segregation is a thermal or gravitational effect, although
the latter is unlikely unless the compressibility of dolo-
mitic carbonate is greater than that of clinopyroxene.
Although the compositional trends of the phases are
suggestive of equilibrium, the possibility that carbonate
present exclusively in a segregation at the bottom of the
capsule may not be in equilibrium with liquid elsewhere
in the capsule cannot be excluded.

For comparison with the present results, the previ-
ously determined reaction boundaries for Di + CO, =
Liq at low pressure (Eggler and Rosenhauer 1978), for
Di = Liq (Williams and Kennedy 1969; Boettcher et al.
1982), and for the subsolidus reactions Dol + Cst = Di
+ CO, (Luth 1995) and Arg + Mgs = Dol (Luth 2001)
are shown in Fig. 3. The 1,300 K result on the latter
reaction of Shirasaka et al. (2002) agrees with the curve
shown within the combined uncertainties of the two
studies.

The average compositions of the coexisting phases in
selected experiments are presented in Table. 2, 3, and 4.
The modal abundances of coexisting phases were cal-
culated by mass balance (Table 5), using the average
compositions of the phases (Table. 2, 3, 4), and the
MIXING program of IGPET (Carr 2002).

The compositions of the clinopyroxenes are more
magnesian than diopside (Fig. 4), even in the subsolidus
regions. At pressures above the carbonation reaction,
this offset to more magnesian compositions can be
attributed to partitioning of Ca preferentially into the
carbonate (Fig. 5). However, the offset in composition
at pressures below the carbonation reaction must have a
different explanation. The appearance of coesite in
subsolidus experiments at P >3 GPa requires that
diopside dissolves incongruently into the CO,-rich va-
por. The shift in the composition of the clinopyroxene is
consistent with Ca dissolving into the vapor preferen-
tially relative to Mg, such that the relative solubility in
the vapor is Ca>Mg> >Si. No precipitates from the



144

Fig. 3 Experimental results.
Filled quadrant of square
denotes presence of phase. For
comparison, the volatile-free Di
= Liq curve is from Williams
and Kennedy (1969) and
Boettcher et al. (1982), the low-
pressure results for Di + CO,
= Liq (small circles) are from
Eggler and Rosenhauer (1978),
the Dol + Cst = Di + CO,
reaction boundary is from Luth
(1995), and that of the Arg +
Mgs = Dol reaction from Luth
(2001)

Pressure (GPa)

1000

quenched vapor were identified in BSE imaging, con-
sistent with relatively low solubilities in the CO,-rich
fluid.

Some insight into the relative proportions of Ca and
Mg in the vapor may be obtained from mass balance
calculations for three experiments containing the
assemblage clinopyroxene + coesite + vapor. In these
calculations, Xyeo and X¢,o are treated as unknowns
along with the mass fractions of the three phases. These
calculations produce loci of possible vapor compositions
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Fig. 4 Values of 100xCa/(Ca + Mg) (molar) for clinopyroxenes as a
function of pressure and temperature. For reference, the solidus
curve and the Dol + Cst = Di + CO, reaction boundary from
Fig. 3 are shown
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for the experiments. The bands in Fig. 6 are calculated
for X¢q, > 0.70 using the range in analyzed composi-
tion of the clinopyroxenes from each experiment. A
robust conclusion from these calculations is that the
vapor is enriched significantly in Ca over Mg. A more
tentative one, given the overlap in the bands, is that the
Ca/Mg in the vapor decreases with both increasing
temperature and increasing pressure (Fig. 6).

The appearance of coesite in supersolidus experi-
ments at low pressures may result from incongruent
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Fig. 5 Values of 100xCa/(Ca+ Mg) (molar) for crystalline carbon-
ates in experimental products as a function of pressure and
temperature. For reference, the solidus curve and the Dol + Cst =
Di + CO, reaction boundary from Fig. 3 are shown. Note that at
8 GPa, two coexisting carbonates were found at 1,200 and 1,400°C
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Table 2 Microprobe analyses of clinopyroxene

Expt# 1672 1671 1686 1640 1659 1688 1689 1641
P (GPa) 3 3 3 4 4 4 4 5
T (°C) 1,550 1,600 1,650 1,500 1,550 1,600 1,650 1,500
t (h) 6 6 8 8 8 8 8 8
N 9 21 5 18 19 15 9 19
Wt. %
SiO, 55.04 (0.26)  55.06 (0.34)  55.32 (0.14)  55.70 (0.34) 5494 (0.41)  55.12(0.31)  55.03 (0.41)  56.14 (0.53)
CaO 24.66 (0.86)  24.74 (0.52) 2393 (0.10)  25.18 (0.21) 24.57 (0.36)  24.58 (0.31)  24.11 (0.17)  24.31 (0.43)
MgO 19.85(0.62)  19.82 (0.49)  20.68 (0.09)  19.62 (0.25) 19.90 (0.29)  19.98 (0.17)  19.41 (0.20)  20.19 (0.38)
Total 99.55(0.42)  99.62 (0.48)  99.94 (0.14)  100.50 (0.42)  99.41 (0.43)  99.68 (0.23)  98.93 (0.52)  100.64 (0.49)
Cations/6 oxygens
Si 1.9883 1.9879 1.9862 1.9938 1.9874 1.9879 1.9976 2.0000
Ca 0.9546 0.9571 0.9206 0.9656 0.9524 0.9499 0.9254 0.9279
Mg 1.0688 1.0671 1.1070 1.0468 1.0728 1.0743 1.0437 1.0720
Total 4.0117 4.0121 4.0138 4.0062 4.0126 4.0121 3.9668 4.0000
Expt# 1660 1635 1613 1673 1705 1706 1675 1642
P (GPa) 5 5 5 5.5 5.5 5.5 5.5 6
T (°C) 1,550 1,600 1,650 1,400 1,400 1,450 1,500 1,400
t (h) 8 4 2 8 24 8 24
N 15 14 11 13 19 24 14 14
Wt.%
SiO, 55.05(0.55)  55.18 (0.42)  55.12(0.15) 5521 (0.26)  55.91 (0.35)  56.22 (0.47)  55.38 (0.29)  55.96 (0.62)
CaO 23.32 (0.46)  23.45(0.39) 2243 (0.54) 22.36 (0.40)  23.14 (0.31)  22.46 (0.78)  20.91 (0.63)  23.77 (0.27)
MgO 20.71 (0.32)  20.96 (0.26)  21.84 (0.44)  21.52(0.37)  20.48 (0.26)  21.05(0.57)  23.20 (0.50)  20.66 (0.23)
Total 99.09 (0.35)  99.59 (0.38)  99.39 (0.20)  99.09 (0.30)  99.53 (0.40)  99.73 (0.37)  99.49 (0.30) 100.39 (0.65)
Cations/6 oxygens
Si 1.9903 1.9857 1.9823 1.9901 2.0071 2.0093 1.9808 1.9964
Ca 0.9034 0.9041 0.8645 0.8637 0.8901 0.8600 0.8014 0.9084
Mg 1.1161 1.1245 1.1709 1.1561 1.0957 1.1213 1.2370 1.0988
Total 4.0097 4.0143 4.0177 4.0099 3.9929 3.9907 4.0192 4.0036
Expt# 1644 1637 1615 1616 1617 1692 1643 1618
P (GPa) 6 6 6 6 6 7 7 7
T (°C) 1,450 1,500 1,600 1,650 1,700 1,300 1,350 1,400
t (h) 24 8 4 2 2 24 24 8
N 20 11 20 23 9 10 12 26
Wt.%
SiO, 55.27 (0.20)  55.94 (0.35) 56.33 (0.19)  56.52 (0.18)  53.80 (0.62)  55.18 (0.36)  55.58 (0.57) 56.06 (0.35)
CaO 21.84 (0.41)  20.96 (0.58) 21.52(0.37)  21.04 (0.32)  20.49 (0.39) 24.81 (0.14)  24.80 (0.28) 24.05 (0.27)
MgO 22.31 (0.35)  23.25(0.40) 21.85(0.30)  22.19 (0.33)  22.83(0.28)  19.38 (0.22)  19.70 (0.17) 19.82 (0.30)
Total 99.42 (0.27)  100.15 (0.43)  99.70 (0.29)  99.75 (0.23)  97.12 (0.42)  99.37 (0.29)  100.08 (0.45)  99.93 (0.43)
Cations/6 oxygens
Si 1.9833 1.9861 2.0082 2.0107 1.9733 1.9964 1.9957 2.0090
Ca 0.8398 0.7973 0.8220 0.8020 0.8050 0.9618 0.9542 0.9233
Mg 1.1935 1.2304 1.1615 1.1765 1.2484 1.0453 1.0544 1.0588
Total 4.0167 4.0139 3.9918 3.9893 4.0267 4.0036 4.0043 3.9910
Expt# 1693 1611 1610 1661 1598 1597 1595
P (GPa) 7 8 8 8 8 8 8
T (°C) 1,500 1,200 1,300 1,350 1,400 1,500 1,600
t (h) 6 8 8 24 8 6 4
N 18 8 13 18 3 13 20
Wt.%
SiO, 55.69 (0.51) 54.42 (1.54) 54.80 (0.53) 54.91 (0.19) 54.04 (0.44) 54.63 (0.51) 54.92
0.37)
CaO 21.10 (1.65) 24.66 (0.84) 25.35(0.15) 24.41 (0.18) 24.74 (0.25) 23.63 (0.78) 21.01
(1.03)
MgO 22.51 (1.27) 19.15 (0.52) 19.55 (0.21) 19.78 (0.10) 20.24 (0.36) 21.08 (0.60) 23.18
(0.83)
Total 99.30 (0.32) 98.22 (0.57) 99.71 (0.40) 99.11 (0.28) 99.02 (0.48) 99.34 (0.49) 99.11

(0.31)
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Expt# 1693 1611 1610 1661 1598 1597 1595
Cations/6 oxygens

Si 1.9945 1.9934 1.9817 1.9911 1.9680 1.9745 1.9744

Ca 0.8096 0.9677 0.9824 0.9485 0.9653 0.9149 0.8092

Mg 1.2015 1.0455 1.0541 1.0694 1.0986 1.1360 1.2420

Total 4.0055 4.0066 4.0183 4.0089 4.0320 4.0255 4.0256

N number of analyses. Numbers in parentheses are 1 s.d. of the mean

Table 3 Microprobe analyses of carbonates

Expt# 1673 1691 1705 1706 1642 1644 1692 1643

P (GPa) 55 5.5 5.5 5.5 6 6 7 7

T (°C) 1,400 1,400 1,400 1,450 1,400 1,450 1,300 1,350

¢ (h) 8 8 24 8 24 24 24 24

N 21 11 22 15 13 15 21 13

Wt.%

MgO 19.68 (0.78) 18.59 (0.25) 19.80 (0.53) 18.40 (1.40) 19.47 (1.02)  20.01 (0.54)  21.35(0.79)  20.23 (0.55)
CaO 34.94 (1.00)  36.73 (0.50)  34.67 (1.02) 3586 (2.40) 3571 (1.24)  34.59 (0.81)  32.00 (0.81)  34.19 (1.09)
CO, 4538 (0.96)  44.68 (0.56)  45.54 (0.85)  45.74 (1.25)  44.81 (0.84)  45.39 (0.52)  46.65 (0.66)  45.58 (0.95)
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Expt# 1618 1611 1611 1610 1661 1661

P (GPa) 7 8 8 8 8 8

T (°C) 1,400 1,200 1,200 1,300 1,350 1,350

t (h) 8 8 8 8 24 24

N 14 3 11 8 18 13

Wt.% (Low Ca) (High Ca) (Low Ca) (High Ca)

MgO 21.15 (0.53) 43.00 (1.25) 21.10 (2.01) 23.15 (1.01) 39.77 (0.68) 27.25 (0.55)

CaO 33.64 (0.83) 5.65 (1.52) 32.94 (2.73) 31.09 (1.40) 9.39 (0.69) 24.82 (0.64)

CO, 45.21 (0.88) 51.34 (0.28) 45.96 (1.79) 45.76 (1.12) 50.84 (0.34) 47.93 (0.50)

Total 100.00 100.00 100.00 100.00 100.00 100.00

N number of analyses averaged. Numbers in parentheses are 1 s.d. of the mean

dissolution into the CO, vapor, as outlined above for
subsolidus conditions. An alternative (or supplemental)
explanation is that the clinopyroxene dissolves incon-
gruently into the liquid, consistent with reaction of the
CO, to form calcium and magnesium carbonate com-
plexes. The changing composition of the liquid with
pressure has textural effects as well: at 3 GPa, the melt
quenches to glass (Fig. 7a), but at higher pressures, the
liquid quenches into dendritic crystals (Fig. 7b, ¢, d) that
progressively coarsen with increasing pressure. By
6 GPa, the quenched liquid is comprised of blades of
carbonate-rich material with interstitial thin stringers of
pyroxene (Fig. 7e, f). Broad-beam microprobe analyses
confirm a gradual change in the composition of the li-
quid at pressures above 3 GPa. The silica content of the
liquid near the solidus drops from 49 wt.% at 3 GPa to
27 wt.% at 4 GPa to 2 wt.% at 5.5 GPa (Fig. 8). Based
on the calculated CO, content as well as the silica con-
tent, the liquid changes from a silicate melt with
~10 wt.% dissolved CO, at 3 GPa through a transi-
tional stage with 2640 wt.% CO,, to a bona fide car-
bonatitic melt with very low SiO, content and CO, near

44 wt.% at 5.5 GPa, where the subsolidus carbonation
reaction intersects the solidus (Fig. 9). This change is
accompanied by an increase in the Ca# (100xCa/
(Ca+Mg)molar) of the near-solidus melt from 60 at
3 GPa to 74 at 4 GPa, then a decrease to 65 by 5.5 GPa
(Fig. 10). With further increase in pressure, the Ca#
gradually increases to 68 at 8 GPa. The evolution in the
composition of the near-solidus melts with pressure may
be illustrated by projecting them onto the CaO-MgO—
SiO, face of the CaO-MgO-SiO,—CO, tetrahedron
(Fig. 11). This projection also graphically illustrates the
reduction of silica content of the liquid with increasing
pressure.

At several pressures, the evolution of the composi-
tion of the melt with increasing temperature can be
documented (Fig. 12). The 4 and 5 GPa trends con-
verge at the highest temperature points in Fig. 12,
because those experiments contained only quenched
liquid (Fig. 3). The SiO, content of the initial melts
systematically decreases with increasing pressure as
outlined above. Interestingly, the two melt composi-
tions at 8 GPa differ only in Ca/Mg; both contain little
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Table 4 Microprobe analyses of quench liquids

Expt# 1686 1632 1688 1633 1689 1687 1660 1635
P(GPa) 3 4 4 4 4 4 5 5

T (°C) 1,650 1,600 1,600 1,650 1,650 1,700 1,550 1,600

1 (h) 8 4 8 4 8 4 8 4

N 17 10 5 13 15 15 12 6

Wt.%

MgO 13.27 (0.29)  14.65(0.54) 931 (1.53) 1347 (0.94)  10.03(1.52)  16.81 (0.11)  11.42(0.59)  15.71 (0.77)
CaO 28.03 (0.20)  26.03 (1.06)  37.66 (2.35)  26.27 (1.70)  31.98 (2.00)  23.71 (0.14)  40.47 (0.98)  34.79 (0.56)
Si0, 49.30 (0.34)  50.17 (2.02)  27.16 (4.70)  49.95 (2.64)  41.74 (1.79)  50.03 (0.28)  8.01 (2.97)  17.73 (1.10)
Total 90.60 (0.55)  90.85 (1.43)  74.13 (3.86)  89.69 (1.94)  83.75 (1.31)  90.55(0.32)  59.91 (2.53)  68.23 (1.48)
CO3 9.40 (0.55)  9.15(1.43)  25.87(3.86)  10.31 (1.94) 1625 (1.31)  9.45(0.32)  40.09 (2.53)  31.77 (1.48)
Expt# 1613 1614 1675 1644 1637 1615 1616 1617
P(GPa) 5 5 5.5 6 6 6 6 6

T (°C) 1,650 1,750 1,500 1,450 1,500 1,600 1,650 1,700

t (h) 2 1 8 24 8 4 2 2

N 7 12 12 12 16 10 13 12

Wt.%

MgO 17.79 (0.4)  15.76 (0.28) 1526 (0.65)  15.55(0.53)  16.77 (0.36)  18.62 (0.44)  18.46 (0.63)  18.25 (0.45)
CaO 2733 (0.36)  23.07(0.32)  38.78 (0.83)  37.87 (1.13)  36.03 (0.52)  32.24 (0.30)  31.59 (0.55)  25.86 (0.41)
Si0, 3430 (0.40)  48.28 (0.25)  2.35(0.74)  2.34(0.83)  3.77(0.76)  17.08 (0.97)  19.16 (1.97)  38.17 (1.12)
Total 79.42 (0.84)  87.12(0.60)  56.39 (0.72)  55.77(0.79)  56.57 (0.65)  67.94 (1.15)  69.21 (1.38)  82.28 (0.47)
CO3 20.58 (0.84)  12.89 (0.60)  43.61 (0.72)  44.23 (0.79)  43.43 (0.65)  32.06 (1.15)  30.79 (1.38)  17.72 (0.47)
Expt# 1618 1693 1661 1595

P (GPa) 7 7 8 8

T (°C) 1,400 1,500 1,350 1,600

t (h) 8 6 24 4

N 4 13 6 10

Wt.%

MgO 14.61 (1.09) 17.12 (0.22) 13.75 (1.39) 18.8 (2.73)

CaO 40.20 (1.70) 34.27 (0.39) 40.37 (1.44) 36.03 (4.19)

Si0, 0.57 (0.32) 5.17 (0.98) 0.51 (0.25) 0.77 (0.88)

Total 55.38 (0.43) 56.56 (0.82) 54.64 (1.06) 55.59 (2.08)

CO3 44.62 (0.43) 43.44 (0.82) 45.36 (1.06) 44.41 (2.08)

N number of analyses averaged. Numbers in parentheses are 1 s.d. of the mean
1CO, was calculated as the difference between the analysis total and 100%

SiO, (1%, Fig. 8), despite the fact that the higher
temperature experiment being ~275°C above the soli-
dus. Over a similar temperature range, the liquids at
6 GPa change composition much more dramatically,
especially with respect to the silica concentrations (2—
38 wt.%). Even more extensive changes from carbon-
atite to silicate melts are seen over smaller temperature
ranges at 4 and 5 GPa, although the near-solidus melt
at these lower pressures contains more silica than those
at higher pressures.

The divergence of the compositions of the clinopy-
roxenes, carbonates, and especially the liquids from a
molar Ca:Mg of unity means that the system cannot be
considered as a three-component system (CaMgO,—
Si0,—CO,) for chemographic purposes, but must be
considered in the full quaternary (CaO-MgO-SiO,—
CO,). This conclusion in turn means that the solidus
assemblage of clinopyroxene + carbonate + coesite +
liquid is divariant, rather than univariant, and the phase
relationships determined in this study are valid strictly
for only this bulk composition.

Discussion
Comparison with previous studies

Eggler and Rosenhauer (1978) experimentally deter-
mined the phase relationships in the CaMgSi,Og—H,O—
CO; system from 2 to 4 GPa, including the CaMgSi,Os—
CO; sideline (Fig. 3). They found the Di + CO, = Liq
reaction at 1,565° at 2 GPa. At 3 GPa, an experiment at
1,620° contained crystalline diopside and crystals inter-
preted to have quenched from a melt, whereas an
experiment at 1,640°C contained glass and quench
crystals. At 4 GPa, a 1,660° experiment contained
crystalline diopside and quench crystals, whereas an
experiment 20°C higher contained only quench crystals.
In both cases, the authors interpreted the lower-tem-
perature experiment to be subsolidus. They attributed
the presence of quench crystals in subsolidus experi-
ments to result from temperature gradients across the
sample, incongruent melting of diopside, and/or the
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Table 5 Calculated modal

proportions of phases present Expt# P (GPa) T (°C) T (h) Cpx Carb Cst qLiq Vapor
(Weight %)

1686 3 1,650 8 58 0 0 28 14
1688 4 1,600 8 73 0 3 10 14
1689 4 1,650 8 74 0 3 11 15
1660 5 1,550 8 66 0 8 15 11
1635 5 1,600 4 55 0 11 25 9
1613 5 1,650 2 20 0 14 62 4
1673 5.5 1,400 8 38 37 25 0 0
1705 5.5 1,400 24 38 37 25 0 0
1706 5.5 1,450 8 39 37 24 0 0
1675 5.5 1,500 8 47 0 20 30 4
1642 6 1,400 24 37 37 26 0 0
1644 6 1,450 24 38 28 25 10 0
1637 6 1,500 8 38 0 24 39 0
1615 6 1,600 4 24 0 24 52 0
1616 6 1,650 2 23 0 23 54 0
1617 6 1,700 2 3 0 14 81 3
1692 7 1,300 24 40 36 24 0 0
1643 7 1,350 24 38 37 25 0 0
1618 7 1,400 8 38 37 25 0 0
1693 7 1,500 6 39 0 22 39 0
1611 8 1,200 8 39 36 25 0 0
1610 8 1,300 8 38 37 25 0 0
1661 8 1,350 24 40 14 24 22 0

Calculated with MIXING sub- 1595 8 1,600 4 36 0 26 38 0

program of IGPET (Carr 2002)

presence of H,O. The 3 GPa results of the present study
define a solidus consistent with that of Eggler and Ro-
senhauer (1978), but the 4 GPa results appear to be
inconsistent (Fig. 3). If the 4 GPa results of Eggler and
Rosenhauer are interpreted to constrain the location of a
liquidus, however, their results agree with the location of
the liquidus determined in the present study. This
interpretation means that the quench crystals in their
lower-temperature experiments at 3 and 4 GPa quen-
ched from an equilibrium liquid. They did not report
coesite in their subliquidus experiment, however, sug-
gesting there is still a discrepancy between the results of
the two studies. It is possible that coesite was overlooked
in their run products, given its low modal abundance
(~3 wt.%) at these conditions (Table 5). Alternatively,

Fig. 6 Calculated range of composition of vapor in three experi-
ments containing Cpx + Cst + V, plotted in the CO,-rich corner
of the CaO-MgO-CO, ternary (wt.%). Each band is calculated
based on the range of composition of the clinopyroxene as
determined by electron microprobe analyses. Horizontal dashed
lines 4 GPa, 1,500°C experiment; diagonal ruled lines 4 GPa,
1,550°C experiment; Vertical ruled lines 5 GPa, 1,500°C

this discrepancy may be a result of differences in the
pressure calibrations of the two experimental apparatus,
given that 4 GPa is the lowest pressure at which coesite
was observed in the present study.

Eggler and Rosenhauer (1978) also studied the solu-
bility of diopside in both H,O and CO, vapor at 2—
3 GPa. They found in both cases that diopside dissolved
congruently, with substantially higher solubility in H,O
than in CO,. The solubility of CaMgSi,Og4 in H,O vapor
1 9.5+ 1.5 wt.% at 2 GPa and 1,200°C, and increases to
11.2+£ 1.5 wt.% at 3 GPa and 1,180°C. In contrast, they
found the solubility of CaMgSi,Og4 in CO, vapor to be
0.2£0.2 wt.% at 2 GPa and 1,300°C. The present study
does not offer any quantitative constraints on the solu-
bility of diopside in the vapor, but does show that the
dissolution becomes incongruent at higher pressures as
described above.

The 6 GPa results of Luth (1995) for the reaction Dol
+ 2 Cst = Di + 2 CO, are not consistent with the
present study, as they should have produced melting
rather than a bracket on the decarbonation reaction. I
attribute this discrepancy to a combination of the use of
powder XRD to monitor reaction progress in my pre-
vious study, and my inability to recognize quenched
carbonate melt in grain mounts of those experiments
with the ARL SEMQ microprobe used for that study. In
the present study, a longitudinal slice through the entire
capsule was examined with the JEOL 8900R electron
microprobe, which has much better backscatter electron
imaging capabilities. It is worth noting that the Ca/
(Ca+Mg) of the ‘“‘carbonate” at 6 GPa, 1,500°C re-
ported in Luth (1995) is consistent with the composition
of quenched carbonate-rich melt from the same condi-
tions in the present study.
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Fig. 7 Backscattered electron
images of textures of experiments
with quenched liquid as a function
of increasing pressure. a 3 GPa
experiment with crystalline
clinopyroxene (lower third of
figure), quenched liquid as
homogeneous glass above. b

4 GPa experiment with granular
crystalline clinopyroxene in lower
portion of figure with quenched
glass, showing dendritic quench

crystals, above. ¢ 5 GPa

experiment showing quench liquid

rim (lower right) adjacent to
clinopyroxene (light gray) and
coesite (medium gray). Black areas
are voids. d Higher temperature
experiment at 5 GPa showing
development of quench texture in
liquid. e 6 GPa experiment with
development of two phases in
quench liquid (lighter stringers are
pyroxene). Crystalline phases are
coesite (dark gray) and
clinopyroxene (light gray). f
Coarse quench crystallization in
quench liquid from 7 GPa.
Crystalline phases as in (e)

The shape of solidi: the peridotite case

The gradual decrease in the temperature of the solidus in
the Di—-CO, system contrasts markedly with the much
more abrupt decrease in the solidus temperature in the
lherzolite + CO, system (Fig. 13). It has been known
since the pioneering studies in the 1970s (Eggler 1974,
1976, 1978; Wyllie and Huang 1975, 1976) that the
temperature of the solidus in lherzolite-CO, systems

decreases dramatically at ~2.5 GPa. This decrease has
been attributed to a marked change in the nature of the
near-solidus melt, from “basaltic’’—silicate-rich melts
with <10 wt.% CO, at pressures of 2 GPa to “‘car-
bonatitic” or  ‘“‘calcio-carbonatitic” melts with
>40 wt.% CO, at the point I;5 in Fig. 1 where the
subsolidus carbonation reaction intersects the solidus
(White and Wyllie 1992). This change in the composition
of the near-solidus melt reflects a rapid change in the
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liquidus phase relationships over this pressure interval,
such that carbonatitic melts, which are stable at lower
pressures coexisting with olivine and clinopyroxene,
become stable coexisting with olivine and both pyrox-
enes (cf. review by Moore and Wood 1998). White and
Wyllie (1992) emphasized that viewing this change as
merely an increase in solubility of CO, in the low-pres-
sure liquid is not appropriate because of the radical
change in the composition of the liquid.

Subsequent studies have confirmed the carbonate-
rich nature of melts above the point I;,. Moore and
Wood (1998) found that a liquid in equilibrium with Ol
+ Opx + Cpx in the CaO-MgO-SiO,—CO, system at
3 GPa contains 36 wt.% CaO, 15 wt.% MgO, 4 wt.%

wt. % COy, in liquid
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Fig. 9 Calculated CO, content of the liquid (in wt.%). CO,
calculated by difference
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Si0,. Assuming the remainder is CO, yields ~44 wt.%
CO,. In the CaO-MgO-Al,03-SiO,—CO, study of
Dalton and Presnall (1998), liquid in equilibrium with Ol
+ Opx + Cpx + Grt + Dol at 3 GPa, 1,245°C con-
tains 33 wt.% CaO, 17 wt.% MgO, <1 wt.% Al,Os;,
5wt.% SiO,, and 44 wt.% CO,. The liquid remains
carbonate-rich and silicate-poor well above the solidus:
Gudfinnsson and Presnall (2005) found similar liquids at
1,400 and 1,450°C at 3.2 GPa, and only at 1,550°C did
they find a more silicic liquid, with 19 wt.% CaO, 24%
MgO, 6 wt.% Al,O3, 35 wt.% SiO,, and only 15 wt.%
CO,.

The melting reactions of volatile-free lherzolite and
carbonated lherzolite are quite different. Although much
of the work on solidus melting reactions of lherzolite has
focused on spinel lherzolites, Walter (1998) determined

CaO

Fig. 11 Composition of near-solidus melts projected into the CaO—
MgO-SiO, ternary (molar units). Number next to each symbol is
the pressure in GPa. Unnumbered symbol between 5 and 6 is the

5.5 GPa melt; unnumbered symbol between 6 and 8 is the 7 GPa
melt
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CaO

MgO SiO,

Fig. 12 Trends of liquid composition with increasing temperature
projected into the CaO-MgO-SiO, (molar units) system. The
number next to each trend is the pressure in GPa; the arrows point
in the direction of increasing temperature

the melting reactions in a natural lherzolite at 3 and
7 GPa. Wallace and Green (1988), Dalton and Wood
(1993), Sweeney (1994), and Hirose (1997) all studied
aspects of the melting of carbonated peridotite, but no
data are available on the compositions of subsolidus
minerals to constrain melting reactions. Therefore, the
results of Walter (1998) must be compared to those of
Dalton and Presnall (1998) in the CaO-MgO-Al,O5—
Si0,—CO, system (Table 6). In the absence of carbonate,
clinopyroxene and garnet dominate the minerals react-
ing to produce melt, whereas carbonate and orthopy-
roxene dominate in the carbonated case. Once carbonate
becomes stable in the subsolidus, it plays a major role in
the melting reaction, and consequently in the nature of
the melt produced.

The shape of solidi: Di—CO,

The Di—CO, system differs from the carbonated lherz-
olite systems by a more gradual decrease in the tem-
perature of the solidus in the former system, which

Di+CO,
solidus
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Fig. 13 Comparison of solidus for CMAS model lherzolite + CO,
(heavy dashed lines, after Gudfinnsson and Presnall 2005) to solidus
for Di + CO; (solid lines, this study)

continues above the point where the solidus intersects
the subsolidus carbonation curve (Fig. 13). The near-
solidus melts (Figs. 8, 9) change from relatively sili-
ceous, with CO, contents near 10 wt.% at 3 GPa pro-
gressively to lower silica, higher CO, until by 5.5 GPa,
where the carbonation reaction intersects the solidus, the
melt is carbonatitic, with SiO, contents <5 wt.%. As
pressure increases further, the near-solidus melt remains
carbonatitic, with a systematic shift to more Ca-rich
compositions from 5.5 to 8 GPa.

Why is there a gradual change in the temperature of
the solidus in this system, rather than something more
abrupt as in the model lherzolitic system? The higher
pressure of the transition from silicic to carbonatitic

Table 6 Solidus melting reactions of garnet lherzolite and carbonated garnet lherzolite

P (GPa) Reaction Reference
Natural garnet lherzolite

3 0.81 Cpx + 0.30 Grt + 0.08 Ol = 1 Liq + 0.19 Opx 1
7 0.50 Cpx + 0.26 Ol + 0.24 Grt = 1 Liq 1
Carbonated garnet lherzolite in CMAS-CO,

3 0.95 Dol + 0.43 Opx + 0.01 Grt = 1 Liq + 0.26 Cpx + 0.11 Ol 2
3.5 0.94 Dol + 0.44 Opx + 0.01 Grt = 1 Liq + 0.25 Cpx + 0.14 Ol 2
4 0.95 Dol + 0.29 Opx + 0.01 Grt = 1 Liq + 0.13 Cpx + 0.13 Ol 2
S 1.08 Cpx + 0.88 Mgs = 1 Liq + 0.77 Opx + 0.14 Ol + 0.06 Grt 2
6 1.10 Cpx + 0.86 Mgs = 1 Liq + 0.78 Opx + 0.14 Ol + 0.02 Grt 2
7 1.07 Cpx + 0.88 Mgs + 0.01 Grt = 1 Liq + 0.86 Opx + 0.10 Ol 2

1 Walter 1998; 2 Dalton and Presnall 1998. Reactions recalculated to 1 g Liq
Cpx clinopyroxene, Dol dolomite, Grt garnet, Lig liquid, Mgs magnesite, O/ olivine, Opx orthopyroxene
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Fig. 14 Concentration of CO, dissolved in diopside liquid coexis-
ting with CO,-rich vapor. Small circles from summary of Rai et al.
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(1983); 2.8 GPa, 1,650°C from Mysen et al. (1976); 3 GPa, 1,700°C
from Brey and Green (1976). Large squares this study, calculated
by difference

melts may mean that the increasing solubility of CO; in
the silicate melt with increasing pressure may play more
of a role in this system than in lherzolitic systems. For
example, CO, solubilities in basaltic melts just below the
solidus ‘ledge’ are ~2—4 wt.% (cf. review by Holloway
and Blank 1994). So in the case of melts produced from
the partial melting of lherzolite, the pressure where the
change from basaltic to carbonatitic melts occurs is
sufficiently low that solubility of CO, is low below the
‘ledge’, and there is an abrupt change in the nature of the
melt once a carbonate mineral is a stable subsolidus
phase that participates in the melting reaction.

The solubility of CO, in liquid of diopside composi-
tion is higher even at 3 GPa (~6 wt.%, Fig. 14), and is
inferred to become significantly higher with increasing
pressure. However, the composition of the near-solidus
melts in the present study at P>3 GPa is not CaM-
gSi,Og, but is more calcic. In order to understand how
this shift in melt composition will affect the solubility of
CO,, we have to understand how CO, dissolves in CaO-
MgO-SiO; melts.

Fine and Stolper (1986) proposed that CO, dissolved
into diopside melt exclusively as carbonate, complexed
with Ca and/or Mg. This solution mechanism has also
been observed for other depolymerized melts (e.g., Fine
and Stolper 1986; Brooker et al. 2001a, b). In contrast,
CO, dissolves in more polymerized melts as both
molecular CO, and carbonate (e.g., Fine and Stolper
1985; King and Holloway 2002), or (in the most poly-
merized) only as molecular CO, (Fogel and Rutherford
1990). If CO, dissolves in these melts as carbonate
complexes, then the structural role of Ca and Mg will
affect the relative stability of these complexes and hence
the solubility of CO,. Calcium is a network modifier,
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Table 7 Melting reactions calculated from modes of sub- versus
supersolidus experiments in the present study, normalized to 1 g
liquid

P (GPa) Reaction

5.5 1.23 Dol + 0.13 Cst = 1 Lig + 0.27 Cpx + 0.13 V
6 0.90 Dol + 0.10 Cst = 1 Lig + 0.10 Cpx

7 0.95 Dol + 0.08 Cst = 1 Liq + 0.03 Cpx

8 1.05 Dol + 0.05 Cst = 1 Liq + 0.09 Cpx

Abbreviations: As in Table 6, and V' vapor

bonded to six oxygens, but Mg is surrounded by a more
distorted arrangement of oxygens, with four oxygens
being distinctly closer than an additional two (Angell
et al. 1987; Matsui 1996; George and Stebbins 1998;
Brooker et al. 2001a, b; Barbieri et al. 2004; Bonamartini
Corradi et al. 2005). This difference has been taken to
indicate that Mg plays a role more akin to a network
former, at least for the purposes of understanding trends
in CO, solubility (Brooker et al. 2001a, b), and these
authors conclude that Mg is less reactive in terms of
forming carbonate complexes compared to Ca.
Therefore, increasing Ca/Mg should increase CO,
solubility, as has been observed at lower pressures by
Holloway et al. (1976). The increasing Ca# in the melt as
pressure increases from 3 to 5 GPa would increase CO,
solubility, even if the pressure effect on solubility was
absent. Thus the gradual decrease in solidus tempera-
tures results from a more progressive evolution in melt
composition from silicic to carbonatitic than in the
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Fig. 16 Comparison of inferred phase relations for the CaCO;—
MgCOs; system at 6 GPa (Buob et al. 2005) with the compositions
of carbonates (solid symbols) and melts (open symbols) in more
complex projected onto the binary. Circles 6 GPa carbonate and
melt compositions in Di—CO, (this study). Triangles carbonate and
melt coexisting with olivine, orthopyroxene, clinopyroxene, and
garnet in the CaO-MgO-Al,0;3-Si0,—CO, system (Dalton and
Presnall 1998). Squares coexisting carbonate and melt in carbon-
ated eclogite at 5 GPa (Yaxley and Brey 2004). Phase relations for
the CaCO3;-MgCO; binary shown as dashed where inferred by
Buob et al.

lherzolite case. At higher pressures, the melt becomes
dominated by such complexes, as is witnessed by the low
silica content.

The change in modal abundances with increasing
temperatures at P>5.5 GPa clearly shows that liquid is
produced primarily at the expense of carbonate, rather
than clinopyroxene (Fig. 15). The modal abundances
from the experiments that bracket the solidus at each
pressure provide a basis to write melting reactions as a
function of pressure (Table 7). These melting reactions
verify the overwhelming contribution of carbonate to
forming the melt, although the compositional change in
the clinopyroxene across the solidus (Fig. 4) at 5.5 and
6 GPa requires that the clinopyroxene contribute Ca to
the melt as well.

Comparison with carbonate melting

If carbonate is the dominant contributor to the melting
reaction in this system, it is of interest to compare these
results with those in the silicate-free CaCO;-MgCO;
system, particularly in light of recent suggestions that
the melting relationships in this system strongly influ-
ence the solidus of carbonate-bearing eclogites (Yaxley
and Brey 2004; Dasgupta et al. 2005). Buob (2003) and
Buob et al. (2005) studied the CaCO3;—MgCO; join at
6 GPa. This study focused on the subsolidus phase
relationships, but some supersolidus experiments were
conducted to constrain the melting relationships
(Fig. 16). Buob et al. comment on the ambiguities in the
interpretation of the melting relationships because of

Pressure (GPa)

1000 1200 1400

Temperature (°C)

Fig. 17 Solidi for carbonate-bearing eclogites from three recent
experimental studies compared to the solidus determined for the
CaMgSi,06—CO, system in the present study (L). H Hammouda
(2003), D Dasgupta et al. (2004), YB Yaxley and Brey (2004)



Table 8 Melting reactions for
carbonated eclogites,
normalized to 1 g liquid

Abbreviations: As in Table. 6
and 7, with additions of Cal
calcite, Arg Aragonite, Carb
carbonate
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P (GPa)

Reaction

Hammouda (2003)
5

6

6.5

7

10

Yaxley and Brey (2004)
2.5

5.0
Dasgupta et al. (2004)
3

8.5

4.13 Grt +3.48 Cal + 3.09 Cst = 8.17 Cpx + 1.48 V + 1 Liq
1.51 Cal + 1.23 Grt + 0.41 Cst = 1.9 Cpx + 1 Lig + 023 V
0.97 Cal + 0.39 Grt + 0.27 Cst = 1 Lig + 0.63 Cpx

0.51 Arg + 0.49 Dol + 0.20 Grt = 1 Liq + 0.14 Cpx + 6 Cst

0.68 Arg + 0.35 Mgs + 0.26 Grt + 0.04 Cst = 1 Liq + 0.33 Cpx

0.95 Carb + 0.19 Grt = 1 Liq + 0.14 Cpx

0.91 Carb + 0.10 Grt = 1 Lig + 0.02 Cpx

0.90 Carb + 0.20 Grt = 1 Liqg + 0.10 Cpx

0.86 Carb + 0.08 Cpx + 0.06 Grt = 1 Li

0.92 Carb + 0.11 Grt + 0.07 Cst = 1 Liq + 0.10 Cpx

0.89 Carb + 0.33 Cpx = 1 Lig + 0.22 Grt + 0.11 Ilm
1.00 Mgs + 0.40 Cpx = 1 Lig + 0.40 Grt

quench modification of these melts. Their data, com-
bined with previous work at lower pressures (Byrnes and
Whyllie 1981; Irving and Wyllie 1975), document a shift
in the minimum melt in this system to progressively
more magnesian compositions with increasing pressure,
from Ca# = 67 at 1 GPa, 58 at 2.7 GPa to 49 at 6 GPa.

The composition of the melt at the solidus in the
present study at 6 GPa has distinctly higher Ca# (64)
compared with the minimum melt in the silicate-absent
system (Fig. 16). Given that the Mg/Ca of the melt
would be controlled by partitioning with clinopyroxene
and carbonate, this difference is not surprising. This
experiment contains a more magnesian carbonate
(Ca#=>55) as a selvage at the bottom of the capsule
(Table 1). If the melt and carbonate were in equilibrium,
the partitioning of Ca and Mg are reversed from that
predicted by binary phase relations. The melting phase
relations inferred by Buob et al. (2005) have a minima
on the solidus near Ca# = 50, so a melt more calcic than
50 should coexist with a carbonate that is even more
calcic. Another puzzling difference is the minimum was
constrained by Buob’s experiments to be between 1,350
and 1,400°C. Melting in the present study was not de-
tected until 1,450°C. Part of this difference may be ex-
plained by a carbonate composition different from that
coexisting with the minimum melt. However, either
small amounts of silicate suffice to change the phase
relationships markedly from the carbonate endmember
system, which seems implausible given the low silica
content of melts (Table 4), or the near-solidus phase
relationships in both systems merit further study. Given
the difficulty in identifying near-solidus melts unambig-
uously in carbonate (and carbonate-bearing) systems (cf.
discussions in Lee et al. 1994; Dalton and Presnall 1998;
Yaxley and Brey 2004; Dasgupta et al. 2005), such a
study may require a new experimental approach.

The correlation between phase relations in the
CaCO5-MgCOj; system and silicate-bearing systems that
is very good at 3 GPa (e.g., Fig. 3 of Dasgupta et al.
2005) seems to become more problematic at higher
pressure based on other studies as well. The composi-
tions of coexisting carbonate and melt in the CMAS—

CO; study of Dalton and Presnall (1998) are consistent
with the binary data in the sense that the Ca/Mg of the
melt is greater than that of the coexisting carbonate, but
the liquid is more calcic than expected from the binary
phase relations (Fig. 16). The 5 GPa results of Yaxley
and Brey (2004), also illustrated in Fig. 16, are difficult
to reconcile with the melting relations in the CaCO;—
MgCOj; system at either 3 or 6 GPa. The similarity in
Ca/Mg of the melt and carbonate at both 1,300 and
1,340°C, and the reversal in Ca/Mg partitioning between
melt and carbonate with increasing temperature, is not
consistent with the form of the melting relationships in
the binary at 3 or 6 GPa.

Comparison with carbonated eclogite solidi

There have been several recent studies of the melting
behavior of carbonate-bearing eclogites (Hammouda
2003; Yaxley and Brey 2004; Dasgupta et al. 2004,
2005), using a variety of basaltic bulk compositions and
a range of CO, contents. The location and overall shape
of these solidi are quite variable, for reasons discussed
by Yaxley and Brey (2004) and Dasgupta et al. (2004,
2005). Compared to the solidus determined in the pres-
ent study (Fig. 17), all of the eclogite solidi are at lower
temperatures, although that of Dasgupta et al. (2004)
may approach the Di—CO, solidus at >8 GPa. This
difference undoubtedly reflects the influence of addi-
tional constituents on the melting temperatures. The
carbonate plays a major role in the melting reactions
(Table 8), although to different extents depending on the
bulk composition.

Conclusions

The temperature of the solidus in the CaMgSi,Os—CO,
system decreases with increasing pressure from 3 to
8 GPa. This decrease is accompanied by a gradual
change in the nature of the near-solidus melt from a
silicate liquid with some dissolved CO, at 3 GPa to a
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carbonatitic liquid with minimal SiO, by 5.5 GPa. In
contrast to the peridotitic case, this evolution in melt
composition is gradual and is not accompanied by an
abrupt drop in solidus temperature at the pressure where
the carbonation reaction intersects the solidus. This
difference is explicable because of the higher pressure of
this carbonation reaction relative to that for a lherzolite
system, allowing the increasing solubility of CO, in the
liquid with increasing pressure to produce a more
gradual transition. In the Di-CO, system, as well as in
the lherzolitic and eclogitic systems, once carbonate is a
stable subsolidus phase, it plays a major role in the
melting reaction at the solidus.
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