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Revision of the CaMgSi2O¢—CO:z P-T phase diagram at 3-6 GPa
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Abstract

In the present work, we reexamined the phase relationships in the system diopside—COz2 in the
range of 3-6 GPa and 850-1500 °C in multianvil experiments including reversal ones lasting up to 169
hours. The reaction CaMgSi2Os (clinopyroxene) + 2CO2 (fluid) = 2SiO2 (quartz/coesite) +
CaMg(CO3)2 (dolomite) passes through 3 GPa/950 °C with a slope of 6 MPa/°C and terminates at an
invariant point near 4.5 GPa/1200 °C, where carbonate liquid coexists with clinopyroxene, coesite,
dolomite and CO:z fluid. The newly determined boundary has the equation P(GPa) = 0.006xT(°C) —
2.7. As temperature increases to 1250 °C at 4.5 GPa, liquid, dolomite, and coesite disappear and
clinopyroxene coexists with CO2 fluid. As pressure increases to 6 GPa, the solidus temperature
increases to 1300 °C revealing a slope of 15 MPa/°C. At 4.5 and 6 GPa, solidus melts contain about
1 wt% Si02. As temperature increases to 1400 and 1500 °C at 6 GPa, the silica contents in the

carbonate melt increase to 6 and 13 wt%, respectively. Our data combined with that of Luth (2006)
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indicates that above 4.5 GPa the liquidus reaction involving clinopyroxene and CO2 sweeps down
through 350 °C via a pressure maximum near 5.3 GPa to meet the invariant point at 4.5 GPa. The
shape of the diopside-COz solidus resembles that of lherzolite-CO2 (Wyllie and Huang 1975) but
shifted by 2 GPa to higher pressure. Thus, the deep depression along the solidi in the system CaO—
MgO-SiO>—CO: is a fundamental feature of both ultramafic and mafic assemblages at depths of 70-

150 km.

Keywords: CO: fluid, carbonation, clinopyroxene, phase relations, high pressure, multianvil

experiments, Earth’s mantle

Nomenclature

Ca# 100-Ca/(Cat+Mg) F fluid

Cal calcite Fo forsterite

Coe coesite Gr graphite

Cpx clinopyroxene L liquid

Di diopside Mgs magnesite

Dia diamond Ol olivine

Dol dolomite Opx orthopyroxene
Qz quartz

Introduction

The relative stability of the CO: fluid, carbonates, and their melts, controlled by the reactions of
carbonation-decarbonation and melting, are of key importance for the understanding genesis of CO:-
rich magmas (kimberlites, carbonatites), diamond-forming fluids, and the deep carbon cycle. The
system CaO-MgO—Si02—CO2 (CMS-COy) is a basis for studying these reactions (Wyllie and Huang
1975b). The carbonation of peridotites in the CMS-COz system is controlled by the reaction,

2Mg>Si04 (Ol) + CaMgSi206 (Cpx) + 2CO2 (F) = 2Mg2Si206 (Opx) + CaMg(COs3)2 (Dol), (1)
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which lowers the solidus from 1600 to 1200 °C at 2.5 GPa (Wyllie and Huang 1975a) (Fig. 1). Solidus
ledges are observed not only for the model CMS-CO:z2 system but are specific for complex peridotite-
COz systems (Wallace and Green 1988; Falloon and Green 1989).

In a mafic suit modeled by the CMS-CO: system, the carbonation reaction,

CaMgSi206 (Cpx) + 2CO2 (F) = 2S102 (Qz/Coe) + CaMg(COs3)2 (Dol), (2)
occurs 1.5-2 GPa higher (Wyllie et al. 1983; Luth 1995; 2006) (Fig. 1). However, the effect of
carbonation on the mafic suit solidus remains unclear. The solidus ledge in the carbonate-bearing
mafic system has been detected by Hammouda (2003) for the eclogite-CO2 system. He found a
significant drop (by ~250 °C) in the solidus temperature at ~ 6 GPa. Based on the study (Luth 2006),
no solidus drop occurs at pressures above the carbonation reaction in the CaMgSi206-CO2 system
(Fig. 1). Yet, following the experiments by (Luth 1995; 2006), reaction 2 stabilizes dolomite at
temperatures 150-200 °C higher than dolomite melting reported by (Buob et al. 2006; Miiller et al.
2017; Shatskiy et al. 2018) (Fig. 2). To clarify this discrepancy, additional experiments in the
CaMgSi206-CO2 system at 4.5-6 GPa are needed.

In all previous works, the reaction was investigated only from the side of decarbonation in the
experiments with a duration of 24 h and less (Fig. 2), which might be insufficient to achieve
equilibrium at temperatures 800-1000 °C. Therefore, reverse experiments on diopside carbonation are
needed to resolve this uncertainty.

We present new data on phase relations in the CaMgSi206—COz system at 3-6 GPa. To clarify
the issues mentioned above we studied both carbonation and decarbonation reactions at 3 GPa in
longer experiments (up to 169 h) and reexamined phase relations at 4.5 and 6 GPa to clarify the

position of solidus in the CaMgSi1206-CO2 system.

Experimental procedure
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Synthetic diopside, reagent grade SiO2, Ag2C204, CaCO3, and natural magnesite (< 0.1%
impurity) from Brumado (Bahia, Brazil) were employed as components of starting mixtures. Two
starting compositions were prepared. The first one is carbonate-silica mixture: CaCO3 + MgCOs +
28102, corresponding to CaMgSi20¢ + 2CO2. The mixture was prepared by blending starting powders
with alcohol in an agate mortar. The prepared mixtures were dried at 300 °C for 1 h and then stored
at 150 °C until use. The second starting composition, 4CaMgSi2O¢ + Ag2C204, was prepared by layer-
by-layer loading where diopside and oxalate powders were placed as multiple layers (Fig. 3a). The
ratio of components in the second starting composition is approximate. The second starting material
was not blended and dried to avoid the decomposition of the silver oxalate. Besides, in one run, the
mixture CaCOs3 + MgCOs + SiOz, corresponding to 1/2CaMgSi20¢ + 1/2CaMg(CO3)2 + CO2 was
employed.

Experiments were conducted using graphite capsules. We also performed one experiment using
both graphite and platinum capsules to verify if there was any effect of capsule material on the results.
The experiments were run in a multianvil 1500-ton DIA-type press ‘Discoverer’. The experimental
procedure is identical to that described earlier by (Shatskiy et al. 2021).

The temperature was measured using a W97Re3-W75Re25 thermocouple. No correction of the
pressure effect on the electromotive force was applied. During the experiment, the sample temperature
was controlled automatically in a thermocouple mode within 2 °C of the set value. The temperature
distribution in the cell was examined using thermal modeling software (Hernlund et al. 2006). The
results of modeling were also verified experimentally (Shatskiy et al. 2013) using a two-pyroxene
thermometer (Brey and Kohler, 1990). The maximum temperature gradients within individual
samples and across the sample charge vary from 4 to 8 °C/mm as temperature increases from 800 to
1300 °C, respectively (Podborodnikov et al. 2019). The modeling reveals that the maximum

temperature difference between the thermocouple junction and samples is < 25 °C (Shatskiy et al.
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2022). Pressure calibration was performed at room temperature by monitoring the resistance changes
in Bi and Ba and at high temperatures using known phase transitions in SiO2 and CaGeOs (Shatskiy
et al. 2018). Uncertainty in the temperature and pressure measurements in the present study are
estimated to be < 25 °C and < 0.5 GPa, respectively.

Samples were studied using a MIRA 3 LMU scanning electron microscope (Tescan Orsay
Holding, Brno-Kohoutovice, Czech Republic), coupled with an INCA energy-dispersive X-ray
microanalysis system 450, equipped with the liquid nitrogen-free Large area EDX X-Max-80 Silicon
Drift Detector (Oxford Instruments Nanoanalysis Ltd., High Wycombe, UK) (Lavrent’ev et al. 2015).
Energy-dispersive X-ray spectra (EDS) were collected by using an electron beam-rastering method,
in which the stage is stationary while the electron beam moves over the surface area, with dimensions
3—10 pum (for silicate minerals) and 20-100 um (for a quenched melt) at 20 kV accelerating voltage
and 1.5 nA beam current. The live counting time for X-ray spectra was 20 s. The silicon drift detector
energy-dispersive X-ray spectrometry (SDD-EDS) enables accuracy and precision equivalent to that
of WDS in the case of routine analysis of rock-forming silicate minerals (Lavrent’ev et al. 2015;
Newbury and Ritchie 2015).

Silica polymorphs were identified using a Horiba Jobin Yvon LabRAM HR800 Raman
microspectrometer equipped with a multi-channel LN/CCD detector with a resolution of 1024 pixels

and 532.1 nm solid-state laser.

Experimental results

Experiment at 6 GPa, 1100 °C in the Pt and graphite capsules
In the experiment at 1100 °C (D238, 147 h), the starting assemblies CaCO3 + MgCO3 + 2Si0O2
and 4CaMgSi206 + Ag2C204 in Pt capsules and CaCOs3 + MgCOs + 28102 in graphite capsule were

simultaneously loaded. The cross-sections of the samples are shown in Fig. 3. In the starting assembly

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8588. http://www.minsocam.org/

4CaMgSi206 + Ag2C204, the original oxalate layers were converted into thin layers of silver
surrounded by a newly formed layer of coesite-dolomite aggregate (Fig. 3a, b). Coesite forms
isometric euhedral crystals 3-5 um in size embedded in a dolomite matrix. Among the crystals of
dolomite (Ca# 50) minor amounts of magnesite (Ca# 5) and aragonite (Ca# 100) crystals <5 um in
size appear (Fig. 3b, Table 1). The appearance of minor amounts of magnesite and aragonite is due to
the proximity of the reaction boundary MgCO3 (Mgs) + CaCOs (Arg) = CaMg(COs)2 (Dol) (Luth
2001). The newly formed layers are sandwiched by layers of clinopyroxene (stoichiometric diopside)
with a grain size of 10-30 um (Fig. 3a). The presence of clinopyroxene is consistent with its initial
excess in the 4CaMgSi206 + Ag2C204 starting composition. In the CaCOs + MgCOs + 2Si0z starting
mixture in both Pt and graphite capsules, the samples are represented by a homogeneous aggregate of
dolomite and coesite with minor amounts of magnesite and aragonite, like that in the newly formed
layers in the starting composition with oxalate (Fig. 3c-f). In the sample in the graphite capsule, a
grain of clinopyroxene 4x6 um in size was observed (Table 1). The similarity of the obtained results
allows us to conclude that for the studied starting compositions, the capsule material, platinum or

graphite, does not have a decisive effect on the phase relationships.

Experiments with the CaCO; + MgCOj + 2SiO; mixture at 6 GPa

At 1300 °C (D225, 21 h), approximately half of the sample from the low-temperature (LT) side
is represented by an aggregate of coesite and dolomite (Fig. 4a, Table 1). Dolomite and coesite appear
as isometric euhedral to subhedral grains with sizes of 10-15 pum and 2-5 pm, respectively (Fig. 4b).
The sample also contains a minor amount of short prismatic crystals of clinopyroxene 2-5 um in size
(Fig. 4b). The other half of the sample, from the high-temperature (HT) side, consists of isometric

euhedral coesite crystals, up to 50 um in size, and products of quenched carbonate melt, represented

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8588. http://www.minsocam.org/

by fibrous crystals of dolomite and containing clinopyroxene needles (Fig. 4a, c). The melt has Ca#
58 and contains 0.7 wt% Si02 (0.6 mol%) (Table 1).

At 1400 °C (D221, 9 h), the sample mainly consists of coesite and quenched carbonate melt.
The melt forms a separate pool adjacent to the HT side of the capsule. The quenched melt consists of
dolomite and minor clinopyroxene (Fig. 4d). The melt has Ca# 54 and contains 6 wt% SiO2 (5 mol%)
(Table 1). Most of the sample consists of isometric euhedral coesite crystals with a size varying from
5 to 80 pm and interstitial melt. A narrow (40 um) lens of an aggregate of isometric crystals of
magnesite (Ca# 10) (5-15 um in size), coesite (5-8 um in size), and clinopyroxene (Ca# 41) (3-5 um
in size) adjoin the LT capsule end (Fig. 4d, e).

At 1500 °C (D222, 4 h), the sample consists of quenched melt and coesite which forms well-
shaped short-prismatic crystals, up to 100 um in size, at the LT sample side. The quenched melt
consists of a dendritic aggregate of dolomite and clinopyroxene (Fig. 4f). The melt has Ca# 48 and
contains 13 wt% SiO2 (10 mol%) (Table 1). Graphite flakes, 4-8 um in size, are present in the melt at
the boundary with the graphite capsule. Given the low solubility of elemental carbon in carbonate
melt, 0.3 wt% at 6.8 GPa and 1700 °C (Sokol et al. 1998) and the spatial confinement of graphite
flakes to the walls of the capsule, we believe that the observed graphite is not a product of melt
quenching, but was formed during the experiment as a result of recrystallization of the graphite of the

capsule.

Experiments with the CaCO; + MgCOs; + 2SiO: mixture at 4.5 GPa
At 1000 (run D234, 115 h) and 1100 °C (runs D226, 35 h and D233, 73 h), the samples are
represented by a homogeneous aggregate of euhedral to subhedral crystals of coesite and dolomite,

with a minor amount of clinopyroxene. The phases form isometric euhedral to subhedral grains with
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a size of up to 5-10 um (Fig. 5a). The apparent amount of clinopyroxene does not change when the
duration of the experiment is doubled (Table 1).

At 1200 °C (run D248, 25 h), the sample is predominantly represented by a homogeneous
aggregate of clinopyroxene crystals and a quenched carbonate melt filling the interstitial space
between clinopyroxene crystals (Fig. 5Sb). The melt contains numerous graphite flakes (Fig. 5d). The
quenched melt forms a fine aggregate of dolomite crystals and contains 1.4 wt% SiO2 (1.1 mol%) and
has Ca# 64 (Table 2). Clinopyroxene has Ca# 45 and grows to isometric euhedral crystals, 10-15 pm
in size (Fig. 5d, Table 2). A lens of an aggregate of coesite and dolomite (Ca# 60) adjoins the LT end
of the capsule (Fig. 5b, ¢).

As temperature increases to 1250 °C (run D219, 24 h), carbonate melt, coesite, and dolomite
disappear and the sample is represented by a homogeneous aggregate of isometric clinopyroxene

grains, 5-10 um in diameter, and graphite flakes (Fig. Se, f).

Carbonation and decarbonation at 3 GPa

In the carbonation experiments conducted at 850 (run D254, 169 h) and 900 °C (run D312, 150
h) with the 4CaMgSi206 + Ag2C204 sandwiches in graphite capsules, the dolomite-coesite aggregate
appears at the interface between Ag metal and clinopyroxene (Fig. 6a, b). Unlike that, in the same
starting composition at 1000 °C (run D249, 118 h) only a minor amount of quartz and dolomite was
formed (Fig. 6¢, d, Table 3).

In the decarbonation experiment at 1000 °C and duration of 87 h (run D228) in the CaCO3 +
MgCOs + 2810z starting mixture, the sample mainly consists of dolomite-quartz aggregate, which
also contains newly formed clinopyroxene crystals with irregular shape (Fig. 6e, f, Table 3).
Clinopyroxene crystals grow at the interface between dolomite and quartz grains (Fig. 6g). The

distribution of clinopyroxene crystals in the sample volume is inhomogeneous. The crystals are
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concentrated along the walls of the graphite capsule, while the center part contains a lesser amount of
clinopyroxene (Fig. 6e, f, Table 3). The formation of coesite at 900 °C and quartz at 1000 °C, identified
by Raman spectroscopy, is consistent with the position of the quartz-coesite transition reported by
(Hemingway et al. 1998) (Fig. 7).

It was also found that when the duration is doubled at 1000 °C in the CaCO3 + MgCOs3 + 258102
starting mixture (run D205, 163 h), the sample is almost completely converted to clinopyroxene (Fig.
6h, Table 3). The sample looks shrank and contains many voids (Fig. 6h), which indirectly indicate
the presence of CO2 fluid during the experiment. Clinopyroxene forms subhedral prismatic crystals
10-30 um in size (Fig. 61). The sample also contains a small amount of Mg-bearing calcite and quartz
separated by clinopyroxene crystals (Fig. 6j, Table 3).

As the temperature increases to 1100 °C (run D207, 77 h), the CaCO3 + MgCO3 + SiOz starting
mixture transforms to clinopyroxene-orthopyroxene-dolomite aggregate with numerous voids of
presumably COz2 fluid with irregular outlines (Fig. 6k, 1, Table 3). Clinopyroxene grows to isometric
euhedral crystals up to 15 um in size, whereas dolomite forms subhedral isometric grains up to 30 um
in diameter (Fig. 61). Ca# of clinopyroxene and dolomite differ from 50. Clinopyroxene is more
magnesian with Ca# 44, while dolomite is more Ca-rich with Ca# 68 (Table 3). The sample also
contains numerous graphite flakes, which are mainly concentrated in voids in the LT sample part,
whereas its HT part is almost free of graphite (Fig. 6k 1). This can be explained by the recrystallization
of graphite of the capsule from the HT to LT side via CO2 fluid driven by the graphite solubility

difference in CO: fluid at a high and lower temperature.

Discussion

Comparison with previous data
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The experimental results obtained are plotted in the P-T space in Figure 7. The formation of
coesite and dolomite in the 4CaMgSi20¢ + Ag2C204 starting composition at 6 GPa and 1100 °C
indicates that the given parameters correspond to the stability field of Coe + Dol. At 6 GPa, the system
began to melt at 1300 °C, where the Coe + Dol (Ca# 42) + L (Ca# 58, 0.7 wt% SiO2) assemblage
appears. The melt Ca# is similar to the peritectic of the CaCO3—MgCOs system (Shatskiy et al. 2018),
which is situated 100 °C higher. The invariant point Is is located at 4.5 GPa and 1200 °C where Coe,
Dol, Cpx, L(C), and F(CO2) coexist (Figs. 5b-d, 7). At 6 GPa, the melting begins at 1300 °C, where
the subsolidus Coe + Dol assemblage coexists with the suprasolidus Coe + L(C) assemblage (Figs.
4a-c, 7). Thus, the coesite-dolomite solidus with a slope of 15 MPa/°C is located at 1200 °C/4.5 GPa
and 1300 °C/6 GPa. The position of the invariant point Is and the solidus line in the range of 4.5-6
GPa differ markedly from those reported by Luth (2006) (Fig. 8). Methods for determining pressure
and temperature employed by Luth (2006) are similar to that in the present study. Therefore, the
discrepancy due to the difference in the inter-laboratory calibrations of pressure and temperature is
unlikely. Alternatively, this discrepancy may be a result of a misinterpretation of the carbonate texture.

From the lower pressure side, the dolomite-coesite field is limited by reaction 2. Following the
present results, reaction 2 is situated at 3 GPa and 1000 °C and terminates at an invariant point I (Fig.
7). An experimental determination of univariant reaction 2 at 3.0 and 4.5 GPa in the range 950-1200
°C yields an average pressure effect on the equilibrium of 6 MPa/°C (Fig. 7). The established line of
reaction 2 has the same Clapeyron slope but is situated 50-90 °C lower as that in the earlier studies

(Wyllie et al. 1983; Luth 1995) (Fig. 8).

Comparison of the Ol-Di—CO; and Di—-CO; systems

10
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Above 5 GPa, the solidus of carbonated peridotite and its simple model — the Ol-Di—COz
system, is controlled by the reaction of clinopyroxene with magnesite producing orthopyroxene and a
carbonate melt (Dalton and Presnall 1998; Shatskiy et al. 2021) (Fig. 9):

CaMgSi206 (Cpx) + 2MgCO3 (Mgs) = Mg2Si206 (Opx) + CaMg(CO3)2 (L). 3)
At lower pressure, the Cpx + Mgs assemblage is replaced by Opx + Dol as a result of the Ca-Mg
exchange reaction (Brey et al. 1983) (Fig. 9):
CaMgSi206 (Cpx) + 2MgCO3 (Mgs) = Mg2Si206 (Opx) + CaMg(COs3)2 (Dol). 4)
The melting of the Opx + Dol assemblage also yields the formation of a carbonate melt (Shatskiy et
al. 2021). As the pressure decreases to 2.5 GPa, the Opx + Dol solidus intersects with decarbonation
reaction 1, which results in the stabilization of the Ol + Cpx + F(CO2) assemblage (Fig. 9). The melting
of this assemblage occurs at a temperature 400 °C higher than Opx + Dol and is accompanied by the
formation of a silicate melt (Eggler and Rosenhauer 1978; Luth 2006).

At 4.5-8 GPa, the solidus of the Di—COz system — a simple model of a mafic suite, is situated
~100 °C lower than that of the ultramafic suite (Fig. 9). The melting is controlled by the Coe + Dol
solidus assemblage. The low silica content in the near-solidus melt, ~ 1 wt%, indicates that liquid is
produced primarily at the expense of carbonate. The Coe + Dol solidus is located 100 °C below the
melting beginning in the CaCO3—-MgCO3 system (Shatskiy et al. 2018) revealing the fluxing effect of
silica on carbonate melting. The solidus crosses decarbonation reaction 2 at the invariant point Is
situated at 4.5 GPa and 1200 °C (Fig. 9). At lower pressures and higher temperatures, the Cpx +
F(CO2) assemblage becomes stable. The solidus of this assemblage is 350 °C higher than that of Coe
+ Dol (Fig. 9).

As can be seen in Figure 9, in the presence of CO2, both the solidus of the ultramafic and mafic
systems are characterized by a ledge due to carbonation-decarbonation reactions. To the left of this

ledge, at low pressures, CO2 has a minor fluxing effect, and near-solidus melts have a basaltic

11
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composition with dissolved CO2 (Eggler and Rosenhauer 1978; Luth 2006). To the right of the ledge,
at high pressures, the situation changes dramatically. Carbonation reactions stabilize dolomite
characterized by low melting temperatures (Shatskiy et al. 2018). This causes a sharp decrease in the
solidus temperature of both systems. The resulting melts have a dolomitic composition. The silica
content in the near-solidus melt does not exceed 2-4 wt% in the Ol-Di—COz2 system, and 1 wt% in the
system Di—COz2 (Fig. 10). As temperature increases to 1500 °C at 6 GPa, the melt retains a carbonate
composition with 6 and 13 wt% solute SiOz in the systems Ol-Di—CO2 and Di—COz, respectively (Fig.
10). The near-solidus melts are Ca-rich with Ca# 56 and 58-64 in the Ol-Di—CO2 and Di—COz
systems, respectively (Fig. 11). The Ca# of the melt would be controlled by Ca-Mg partitioning with
pyroxene and carbonate. The melt Ca# decreases with the increasing temperature approaching the

bulk Ca# of the corresponding system (Fig. 11).

Implication

The shape of the diopside-COz solidus resembles that of lherzolite solidus in the system CMS—
CO2 (Wyllie and Huang 1975a) but shifted by 2 GPa to higher pressure. Thus, the ledge on the solidus
owing to carbonation-decarbonation reactions is a fundamental feature of both ultramafic and mafic
systems. At pressure less than 4.5 GPa, corresponding to < 140 km depths, melting of the mafic suite
modeled by the CMS—COz system is accompanied by the formation of CO2-bearing basaltic melts
(Luth 2006). The formation of these melts is possible at temperatures exceeding mantle adiabat (Fig.
10). Given our results at pressures greater than 4.5 GPa, the Di-COz solidus decreases dramatically,
by 350 °C, and melting produces carbonate melt with < 1 wt% SiO2 (Fig. 10). This melt is stable at
depths exceeding 160-170 km along both continental geotherm of 45 mW/m? (Hasterok and Chapman

2011) and mantle adiabat (Katsura 2022) (Figs. 10). A recent experimental study (Xu et al. 2020)
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shows that the presence of carbonate-rich melts in the deep upper mantle is consistent with seismic
observations.

On the other hand, the obtained results indicate that the stability field of CO: fluid in a mafic
suite in the system CMS-CO: is limited by pressures below the diamond stability field (Fig. 10). Yet,
carbon dioxide inclusions were found in natural diamonds. Schrauder and Navon (1993) reported
inclusions of solid carbon dioxide entrapped at depths of about 220-270 km. Tomilenko et al. (2001)
described liquid inclusions of CO2 containing nitrogen and methane in diamonds with a mosaic-block
structure belonging to the variety V according to the classification by Yu.L. Orlov (Orlov 1977). Later
it was found that these diamonds belong to the eclogitic suite since they contain inclusions of
omphacite, pyrope-almandine-grossular garnet, coesite, rutile, and potassium feldspar (Ragozin et al.
2002; Ragozin et al. 2009). Following the classification of Taylor and Neal (1989), the garnets and
omphacites from these diamonds belong to eclogite Group C, i.e. garnets are pyrope poor, whereas
omphacites are rich in jadeite component (74 mol% jadeite). Temperature estimate assuming pressure
5 GPa based on the garnet-clinopyroxene thermometer (Ellis and Green 1979) corresponds to 1043
°C (Ragozin et al. 2009). Recently, omphacite with similar jadeite content (77 mol%) was obtained in
equilibrium with COz fluid in the carbonated pelite system at 6 GPa and 1050 °C (Shatskiy et al.
2019). Thermodynamic analysis of the reaction of CO2 fluid with eclogite minerals indicates that the
jadeite component in clinopyroxene should extend the field stability of clinopyroxene + CO2
assemblage to lower temperatures (Vinogradova et al. 2021). In this regard, the next goal is to
experimentally study the effect of the jadeite component on the phase relationships in the pyroxene-

COz2 system.
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Figure captions

Fig. 1. Previous data on phase relations in mafic (black) and ultramafic (green) suits in presence of
COz2, modeled by the CMS-CO:z system. NS75 — (Newton and Sharp 1975), WH75 — (Wyllie and
Huang 1975b), W83 — (Wyllie et al. 1983), B83 — (Brey et al. 1983), H98 — (Hemingway et al.

1998), L95 — (Luth 1995), L06 — (Luth 2006). (Color online)

Fig. 2. Previous experimental data on phase relations in the pyroxene-COz system, established using
the oxide-silicate-carbonate starting mixtures: CaCO3+MgO+2Si02 (Eggler and Rosenhauer 1978;
Luth 2006), CaCO3+MgCO3+2S102 (Wyllie et al. 1983), and CaMg(CO3)+CaMgSi206+4Si102
(Luth 1995). The numbers denote run durations in hours. Red segments denote the presence of
dolomite above its melting temperature established in the CaCO3—MgCO3 system (Buob et al. 2006;

Miiller et al. 2017; Shatskiy et al. 2018). (Color online)

Fig. 3. BSE images of sample cross-sections from experiment D238 at 6 GPa, 1100 °C, and 147 h
with the starting compositions Ag2C204+4CaMgS20s (a, b) and CaCO3+MgCO3+28Si02 (c, d) in Pt
capsules and CaCO3+MgCO3+2Si0z2 in graphite (Gr) capsule (e, f). Color images (b, d, f) were
obtained in the element mapping mode. HT — high-temperature and LT — low-temperature capsule
ends. The gravity vector is directed downward. The numbers on the upper-right side of each image

are the sample numbers. (Color online)

Fig. 4. BSE images of sample cross-sections from experiments at 6 GPa with the
CaCO3+MgCO3+2Si0:2 starting mixture in graphite capsules: run D225 at 1300 °C with a duration

of 21 h (a-c); run D221 at 1400 °C 9 h long (d, e); and run D222 at 1500 °C and a duration of 4 h (f).
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HT — high-temperature and LT — low-temperature capsule sides. The gravity vector is directed

downward. The numbers on the upper-right side of each image are the sample numbers.

Fig. 5. BSE images of sample cross-sections from experiments at 4.5 GPa with the
CaCO3+MgCO3+28Si0: starting mixture in graphite capsules: run D234 at 1000 °C with a duration
of 115 h (a); run D248 at 1200 °C 25 h long (b-d); and run D219 at 1250 °C and a duration of 24 h
(e, f). HT — high-temperature and LT — low-temperature capsule sides. The gravity vector is directed

downward. The numbers on the upper-right side of each image are the sample numbers.

Fig. 6. BSE images of sample cross-sections from experiments at 3 GPa in graphite capsules with
the starting compositions Ag2C204+4CaMgS20s (a-d), CaCO3+MgCO3+2Si02 (e-j), and
CaCO3+MgCO3+Si02 (k, 1). Run number, temperature, and duration are given above each image.
Color images (b, g) were obtained in the element mapping mode. HT — high-temperature and LT —
low-temperature capsule sides. The gravity vector is directed downward. The numbers on the upper-

right side of each image are the sample numbers. (Color online)

Fig. 7. P-T plot illustrating phase relations in the CaMgSi20¢ + 2CO2 system. The numbers are run
durations in hours. The filled segment of a hexagon denotes the presence of a phase. Color denotes
starting material: CaCO3+MgCO3+2Si0:z is green and 2-3CaMgSi206+Ag2C204 is blue. The grey
segment denotes a minor phase. The melting boundaries for the CaCOs + MgO + 2810z starting
mixture are from Eggler and Rosenhauer (1978) (circles) and Luth (2006) (triangles). The Arg +
Mgs = Dol reaction boundary is from Luth (2001) and that of the Qz-Coe transition from

Hemingway et al. (1998). (Color online)
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Fig. 8. Comparison of the present and previous data on phase relations in the system CaMgSi206 +
2C0Oz. IR78 — (Eggler and Rosenhauer 1978), W83 — (Wyllie et al. 1983), L95 — (Luth 1995), H98 —

(Hemingway et al. 1998), L01 — (Luth 2001), L06 — (Luth 2006). (Color online)

Fig. 9. Comparison of phase relations in mafic (black) and ultramafic (green) suits in presence of

CO2 modeled by the CMS-COz system. (Color online)

Fig. 10. SiO2 content (wWt%) in the melt in the systems Ol-Di—COx2 (green) (Shatskiy et al. 2017;
Shatskiy et al. 2021) and Di—COx2 (black) (this study). Gr/Dia — graphite-to-diamond transition (Day
2012). Continental geotherms (35, 40, 45 mW/m?) after Hasterok and Chapman (2011) and rift

margin geotherm (~ 60 mW/m?) after Tappe et al. (2007). (Color online)

Fig. 11. Ca# (mol%) of the melt in the systems Ol-Di—CO2 (green) (Shatskiy et al. 2017; Shatskiy et

al. 2021) and Di—CO:z (black) (this study). (Color online)
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Table 1. Compositions (wt%) of run products at 6 GPa.

Run# T,°C tth # Initial composition Capsule  Phase n SiO, MgO CaO COy(calc)  Total Ca# WFP
D238 1100 147  3-3 AgrCr04+4CaMgS,0s Pt Bulk - 504 16.9 23.5 9.22 100 50 -
Coe 5 100.2(3) b.dl b.d.l - 100.2(3) - 13

Dol 3 bdl 21.9 304 47.7 52.1 50 19

r-Cpx 3 558 19.0 26.0 - 100.8 50 68

Arg(m) 2 b.dl b.d.l 54.9 45.1 54.9 100 -

Mgs(m) 5 2.89(16) 46.1(0) 3.46(0) 47.6(1) 52.5(0) 5(0) -

4-3 CaCO5;tMgCO;5+2Si0, Pt Bulk - 395 13.2 18.4 28.9 100 50 -

Coe 2 100.6 b.d.L b.d.L - 100.6 - 40

Dol 5 1.77095) 21.7(8) 30.6(4) 47.7(8) 53.8(8) 50(1) 61

Argm) 2 0.2l b.d.l 54.7 45.1 54.9 100 -

Mgs(m) 1 - + + - + — —

2-2 —//- Gr Coe 5 100.3(3) b.dl b.d.l - 100.3(3) - 39

Dol 5 bdl 22.8(0) 29.3(1) 47.9(2) S1.1(1) 48(0) 61

Argm) 1 - + + - + - -

Mgs(m) 1 - + + — + - -

Cpx(m) 1 547 18.4 23.7 - 97.4 48 -

D225 1300 21 2-2 —//- Gr Coe 3 100.1 b.d.L b.d.L - 100.1 - 39
Dol 7 bdl 25.9(09) 25.6(5) 48.4(9) 51.58(9) 42(1) 29

L(C) 5 0.67(7) 17.92) 34.6(2) 46.8(3) 55.6(3) 58(0) 32

Cpx(m) 5 56.7(9) 20.4(5) 23.5(4) - 100.7(1.6)  45(0) -

D221 1400 9 2-2 /- Gr Coe 5 99.6(1.0) b.dl b.d.l - 99.6(1.0) - 35
Mgs 5 - 38.1(5) 5.78(25) 56.1(3) 43.9(3) 10(1) 5

L(C) 5 7.09(60) 18.7(4) 30.2(4) 44.1(1.1)  50.4(1.0) 54(0) 60

Cpx(m) 2 577 20.1 19.6 - 97.6 41 -

D222 1500 4 2-2 —//- Gr Coe 8 100.6(9) b.dl b.d.L - 100.6(9) - 31
L(C) 6 12.9(1.0) 19.1(6) 26.5(4) 41.6(1.9)  59.7(1.9) 50(1) 69

Notes: b.d.l. — below detection limit; m — minor phase; n — number of EDS-SDD analyzes; the numbers in parentheses are standard deviations; WFP — weight fraction
of phases estimated using last square method; standard deviations of WFP are < 0.5 wt%; CO,(Calc) = MgO + CaO.
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Table 2. Compositions (wt%) of run products at 4.5 GPa.

Run# T,°C tth # Phase SiO, MgO CaO CO,(Calc)  Total Catt WFP
Bulk - 395 13.2 18.4 28.9 100 50 -
D234 1000 115 2-2 Coe 5 99.509) b.d.l b.d.l. - 99.5(9) - 40(0)
Dol 5 0.694) 21.7(3) 30.53) 47.1(0) 52.9(0) 50(1)  60(0)
Cpx(m) 3 557 18.8 254 - 99.9 49 -
D226 1100 35 3-1  Coe 4 99.8 b.d.l. b.d.l - 99.8 - 39(1)
Dol 7 bdl 23.0(7) 29.1(8) 47.9(8) 52.1(8) 48(1)  61(1)
Cpx(m) 5 55.7(2) 19.6(2) 25.1(1) - 100.3(7) 48(0) -
D233 1100 73 22 Coe 4 99.6 b.d.l b.d.L - 99.6 - 40(0)
Dol 5 bdl 22.5(2) 29.7(6)  47.8(9) 51.009) 49(1)  60(1)
Cpx(m) 6 55.5(3) 19.3(2) 25.1(2) - 99.9(6) 48(0) -
D248 1200 25 4-1 Coe 3 100.5 b.d.l b.d.l. - 100.5 - 11
Cpx 7 56.0(4) 20.8(3) 23.44) - 100.3(5) 45(1) 51
Dol 5 bdl 17.3(1)  35.8(3) 46.9(5) 52.7(5) 60(0) —
L(C) 5 1.52(48) 152(4) 37.3(9) 45909 50.6(7) 64(0) 17
CO, - - - - 100 100 - 21
D219 1250 24 3.1 Cpx 5 56.2(4) 18.7(1) 259(2) - 100.7(7)  50(0) 71(0)
CO, - - - - 100 100 - 29(0)

Notes: the experiments were carried out using the CaCO;+MgCO;+2Si0, starting mixture in graphite capsules; see also Table 1
for other notes.
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Table 3. Compositions (wt%) of run products at 3 GPa.

Run# T,°C th # Initial composition Phase n SiO, MgO CaO COy(calc) Total Catt WFP
D254 850 169 44  AgC04+4CaMgS,0s  Bulk - 50.4 16.9 235 9.22 100 50 -
Coe 2 100.1(2) b.d.l b.d.l. - 100.1(2) - 11(2)
Dol 3 b.d.L 20.8 31.7 47.6 523 52 20(1)
r-Cpx 5 56.2 19.3 24.6 - 100.1 48 69(2)
D312 900 150 2-1 /- Coe 2 100.0 b.d.l b.d.l - 100.0 - 12(2)
Dol 3 b.d.l 20.7 31.7 47.5 53.5 52 19(2)
r-Cpx 6 55.8(4) 19.6(7) 24.4(7) - 99.709) 47(2) 69(3)
D249 1000 118 2-3 —/l- Qz 3 100.2 b.d.l b.d.l. - 100.2 - 3(0)
Cal 5 b.d.L 4.34(14) 50.9(2) 44.7 54.8(1) 89(0) 4(0)
Cpx 7 55.8(6) 19.4(6) 24.8(7) - 100.1(6) 48(1) 86(0)
CO, - - - - 100 100 - 7(0)
D228 1000 87  2-2  CaCOs;+tMgCO;+2SiO, Bulk - 395 13.2 18.4 28.9 100 50 -
Qz 5 100.7(9) b.d.l b.d.l - 100.7(9) - 39(0)
Dol 8 b.d.l 21.8(4) 30.409) 47.7 51.6(1.3) 50(1) 61(0)
Cpx(m) 7 54.9(0) 19.7(1) 25.1(2) - 99.7(0) 48(0) -
r-Mgs 1 b.d.l 47.4 0.43 52.1 46.3 1 -
D205 1000 163  3-1 /- Qz 5 100.4(5) b.d.L b.d.l - 100.4(5) - 3
Cal 12 bdl 7.36(26) 47.4(8) 45.24 53.6(4) 82(1) 4
Cpx 17 55.7(7) 19.5(6) 24.7(4) - 100.0(1.2)  48(1) 66
CO, - - - - 100 100 - 27
D207 1100 77  3-1 CaCO;+MgCO5+Si0,  Bulk - 246 16.5 22.9 36.0 100 50 -
Dol 8 b.d.l 13.7(1.6) 40.02.0) 463 52.8(6) 68(4) 39
Cpx 12 558(7) 20.9(6) 22.7(5) - 99.5(1.1) 44(1) 31
Opx 3 58.2 37.9 2.25 - 98.3 4 12
CO, - - - - 100 100 - 18

Notes: the experiments were performed in graphite capsules; b.d.l. — below detection limit; m — minor phase; n — number of EDS-SDD analyzes; the numbers in
parentheses are standard deviations; WFP — weight fraction of phases estimated using last square method; standard deviations of WFP are < 0.5 wt%; CO(Calc) =
MgO + CaO.
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Figure 3
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Figure 4

System: CaCO,+MgCO,+2Si0.,.
Pressure: 6 GPa, Gr capsules. Run #; temperature; duration.
a. D225; 1300 °C; 21 h. b. D225; 1300 °C; 21 h.
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Figure 5

System: CaCO,+MgCO,+2Si0.,.
Pressure: 4.5 GPa, Gr capsules.
a. D234; 1000 °C; 115 h.
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Figure 5

Systems: Ag,C,0,+>4CaMgSi,0O, (a-d), CaCO,+MgCO,+2Si0, (e-j), CaCO,+MgCO,+SiO, (k-I).
Pressure: 3 GPa, Gr capsules. Run #; temperature; duration.
a. D312; 900 °C; 150 h. b. D312; 900 °C; 150 h. c. D249; 1000 °C; 118 h.
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Figure 7
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Starting compositions: CaCO,+MgCO,+2SiO, (green),
Ag,C,0, + 4CaMgSi,O, (blue), CaCO,+MgCO,+SiO, (brown).
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Figure 10
Depth, km
100 140 180 220
T.°C | | L S R |
. . wt% SiO, in liquid
1600 —_ 16
i \\

|7
1500 \/ \) /6/13'
1400 /A 4/6J|’
/ ey
1300 1 — /]
2 .

\\'\‘ \ \
yi
LA

e
— / 1]
| i 7
1200 b 741 . s ]
m ./’ Vs - X - PR -
1100 / A// 40 P
4 7 / 7 L rd
i / /7 Gr , / - 35
/ 45 Dia .~
1000 ~ - /. e
./ 7 Rd -
IRy A |
N7 7 -~ systems: OI-Di-CO,,
900 7 o 7 =
| 7 / Ry DI—CO,
800 +44 L= L l
2 3 4 5 6 7 P, GPa

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8588. http://www.minsocam.org/

Figure 11
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