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Abstract: First experimental modeling of decarbonation reactions resulting in the formation of
CO2-fluid and Mg, Fe, Ca, and Mn garnets, with composition corresponding to the garnets of
carbonated eclogites of types I and II (ECI and ECII), was carried out at a wide range of lithospheric
mantle pressures and temperatures. Experimental studies were performed on a multi-anvil high-
pressure apparatus of a “split sphere” type (BARS), in (Mg, Fe, Ca, Mn)CO3-Al2O3-SiO2 systems
(with compositional variations according to those in ECI and ECII), in the pressure interval of
3.0–7.5 GPa and temperatures of 1050–1450 ◦C (t = 10–60 h). A specially designed high-pressure
cell with a hematite buffering container—preventing the diffusion of hydrogen into the platinum
capsule—was used, in order to control the fluid composition. Using the mass spectrometry method,
it was proven that in all experiments, the fluid composition was pure CO2. The resulting ECI garnet
compositions were Prp48Alm35Grs15Sps02–Prp44Alm40Grs14Sps02, and compositions of the ECII
garnet were Prp57Alm34Grs08Sps01–Prp68Alm23Grs08Sps01. We established that the composition of
the synthesized garnets corresponds strongly to natural garnets of carbonated eclogites of types I and
II, as well as to garnets from xenoliths of diamondiferous eclogites from the Robert Victor kimberlite
pipe; according to the Raman characteristics, the best match was found with garnets from inclusions
in diamonds of eclogitic paragenesis. In this study, we demonstrated that the lower temperature
boundary of the stability of natural garnets from carbonated eclogites in the presence of a CO2 fluid
is 1000 (±20) ◦C at depths of ~90 km, 1150–1250 (±20) ◦C at 190 km, and 1400 (±20) ◦C at depths of
about 225 km. The results make a significant contribution to the reconstruction of the fluid regime
and processes of CO2/carbonate-related mantle metasomatism in the lithospheric mantle.

Keywords: decarbonation reaction; mantle carbonates; carbonated eclogites; garnet; CO2-fluid;
experimental modeling; high-pressure experiment; mantle metasomatism

1. Introduction

Decarbonation, as well as decomposition and the melting of carbonates (Figure 1a,b),
is one of the most important fluid-generating processes under subduction conditions [1–7].
Experimental modeling of decarbonation reactions is a powerful approach for under-
standing mantle metasomatism, diamond genesis, the fluid regime in the mantle, and
the global carbon cycle [1–7]. CO2-dominated fluid, formed by decarbonation reactions
during the interaction of carbonate-bearing slab rocks with upper mantle silicate or silicate-
oxide assemblages in a wide pressure range, is one of the most powerful agents of mantle
metasomatism. The presence of CO2 fluid in mantle rocks is confirmed by multiple dis-
coveries of inclusions in mantle silicates—olivine, pyroxenes, garnets [8–15], as well as in
diamonds [16–23]. Moreover, CO2 fluid is found to be the predominant component of fluid
inclusions in the minerals of mantle xenoliths from depths of <170 km [24]. Among the
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other indicators for the existence of a CO2-bearing fluid in the mantle, there are mineral as-
semblages, which are interpreted as the products of the carbonation of mantle rocks [25–30].
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[38,40,61–63] (reactions (9)–(10) in Supplementary Materials). 
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Figure 1. Experimentally determined pressure-temperature boundaries of melting and decomposition
regarding both Mg, Ca, and Fe carbonates (a) and decarbonation reaction curves (b): 1, 2–after [31,32];
3–after [33]; 4, 5–after [34]; 6–after [35]; 7–after [36]; 8–after [37–39]; 9–after [40,41]; 10–after [42];
Sd—siderite, Liq sd—liquid FeCO3, Mt—magnetite, Gr—graphite, Mgs—magnesite, Per—periclase,
Liq mgs—liquid MgCO3, Cc—calcite, Liq cc—liquid CaCO3, Co—coesite, Dol—dolomite, Di—
diopside, Opx—orthopyroxene, Fo—forsterite, Ky—kyanite, Prp—pyrope.

Pioneer experimental studies performed to determine the position of carbonation/
decarbonation curves in the P,T-field at mantle pressures and temperatures began in the
1970s. The relevance of these works was due to a number of unresolved issues that ex-
isted at that time and required explanation, in particular: (1) numerous new findings of
CO2 inclusions in mantle minerals [43,44]; (2) the established fact of high CO2 solubil-
ity in silicate melts [45]; and (3) the potential role of CO2 in the genesis of kimberlites
and carbonatites [46,47]. In these experimental studies, the parameters of decarbonation
reactions in CaO-MgO-CO2, CaO-SiO2-CO2, MgO-SiO2-CO2, and CaO-MgO-SiO2-CO2
systems [25–30,36–55] were examined (Figure 1b, list of reactions (1)–(8) is shown in Sup-
plementary Materials). Later (from the mid-1970s to the late 1990s), an experimental
reconstruction of the carbonation reactions of olivine-bearing ultramafic mantle rocks was
performed in a very wide pressure range (up to 50 GPa) [56–60]. It has been found that
in these ultramafic associations, carbonation involves the interaction of olivine/pyroxene
with CO2 to form carbonate, while the resulting carbonate remains stable and does not
decompose [38,40,61–63] (reactions (9)–(10) in Supplementary Materials).

The first experimental modeling of decarbonation reactions associated with the forma-
tion of pyrope and CO2-fluid, and simulating the interaction in eclogite rocks-CO2 systems
under conditions of the upper mantle, was performed in [42] (Figure 1b, reaction (11)
in Supplementary Materials). Later, we carried out systematic experimental studies to
determine the position of decarbonation lines in the P,T field, and established the stability
regions of the CO2-fluid in association with pyrope, pyrope-almandine, pyrope-grossular,
pyrope-almandine-grossular, and spessartine (Figures 1b and 2, reactions (12)–(16) in Sup-
plementary Materials) [64–67]. These experimental works were continued in studies [68,69].

It is impossible not to notice that the systems in which the above reactions were
modeled are greatly simplified relative to natural environments and poorly take into ac-
count variations in the composition of mantle minerals. Among the works mentioned
above, only [67] considers a reaction with the participation of three-component garnet,
while other compositions of silicates are represented by one end-member, and less often
by two-component solid solutions. Considering that garnet group minerals are important



Minerals 2023, 13, 859 3 of 23

components of mantle mafic and ultramafic rocks [70], experimental modeling of decar-
bonation reactions associated with the formation of garnets, corresponding in composition
to natural ones, seems to be very relevant. Study of the multicomponent garnet would
better approximate the expanded stability field of garnets via decarbonation reactions, as
well as the eclogitization of oceanic crust, which is critical for the slab-pull driving force for
plate tectonics.
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Figure 2. P,T-diagram with the results of our previous experimental studies [65–67] and the positions
of decarbonation curves, resulting in the formation of CO2 fluid and garnets of various compositions.

A number of works have experimentally studied phase formation in carbonated
eclogites at pressures of 2–10 GPa and temperatures of 1050–1400 ◦C [71–74], as well as the
reactions of natural eclogite garnet with CO2 fluid in the temperature range of 950–1550 ◦C
(6.3 GPa) [75]. Despite the indisputable significance of the obtained results, in experiments
on the study of model eclogite systems, it is rather difficult to assess the contribution
of individual minerals to the processes of carbonation and/or partial melting with the
formation of carbonate-silicate melts, as well as the boundary conditions for the stability of
eclogite garnets coexisting with CO2. In [71], phase relationships in carbonated eclogites
in the pressure range of 2.5–5.5 GPa were experimentally studied, while the authors
considered two contrasting eclogite systems with compositions based on the averaged
compositions of type I and II model carbonated eclogites (ECI, ECII) (Table 1) [76].

Table 1. Compositions of model carbonated eclogites of type I (ECI) and II (ECII), as well as garnets
and carbonates synthesized in ECI and ECII model systems in [71] (5 GPa, 1100 ◦C).

Rock/Mineral
Mass Concentrations, wt.%

SiO2 Al2O3 FeO MgO CaO Na2O CO2 Total Mg #

Garnet from ECI 40.72 22.08 15.42 12.35 9.20 0.23 - 100.00 58.80
Garnet from ECII 40.36 22.27 13.74 12.55 10.80 0.28 - 100.00 61.96

Carbonate from ECI 1.17 0.59 5.73 13.36 32.67 0.22 46.27 100.00 80.61
Carbonate from ECII 2.01 0.77 5.73 13.76 33.78 0.12 43.83 100.00 80.58

Mg # = Ca/(Ca + Mg + Fe + Mn), mol.

In this paper, we present the experimental reconstruction of the decarbonation curve
positions in the (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3 systems (with the compositional variations
according to those in ECI and ECII [74,76–79]) in the wide range of the lithospheric mantle
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P,T-parameters. The main goal of this study is the estimation of the stability field of garnets
from type I and type II model carbonated eclogites coexisting with CO2-fluid.

2. Materials and Methods
2.1. Experimental Methods and Starting Materials

Experimental modeling of decarbonation reactions resulting in the formation of ECI
and ECII model garnets and CO2-fluid, was performed in the (Mg,Fe,Ca,Mn)CO3-SiO2-
Al2O3 systems using a multi-anvil high-pressure split-sphere apparatus (BARS) [80]. Ex-
periments were carried out at pressures of 3.0, 6.3, and 7.5 GPa, in the temperature range
of 1050–1450 ◦C and durations from 10 to 60 h. The methodological features of the assem-
bly, the design of the high-pressure cell, as well as data on the pressure and temperature
calibration, have been published previously [81–84].

Starting materials were natural carbonates-magnesite (Satka deposit, Urals, Russia),
magnesiosiderite (Mésage Mine, Saint-Pierre-de-Mésage, France), calcite (Tura deposit, Rus-
sia), and rhodochrosite (China, Guangxi Zhuang Autonomous Region, Wuzhou Prefecture,
Cangwu Co., Wutong Mine (Wudong Mine)), as well as synthetic Al2O3 and SiO2 with a
purity of 99.9%. Compositions of the initial reagents and the bulk compositions of the ECI
and ECII systems are given in Table 2, and the Raman spectra of the initial carbonates are
shown in Figure 3. The proportions of the initial carbonates were selected according to the
cationic composition of garnets in model carbonated eclogites of types I and II (Table 1) [71].
The weight proportions were selected stoichiometrically according to the full completion of
decarbonation reaction 3(Mg,Fe,Ca,Mn)CO3 + 3SiO2 + Al2O3 = (Mg,Fe,Ca,Mn)3Al2Si3O12
+ 3CO2. It should be noted that both initial oxides and carbonates are known to be minor
or accessory phases in natural carbonated eclogites. In previous experimental research
devoted to the reconstruction of decarbonation reactions resulting in the garnet + CO2
formation, carbonate + SiO2 + Al2O3 or carbonate + kyanite were used as starting materials.
As evident from our previous experiments [65–67] and from pioneer research [42], the
SiO2 + Al2O3 assemblage is not stable under high pressures and high temperatures. SiO2
reacts with Al2O3 to form kyanite. Thus, the most probable real reaction under natural
conditions will be carbonate + kyanite = garnet + CO2.

Table 2. Compositions of initial carbonates and bulk compositions of (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3

systems, modeling the formation of ECI (S-ECI) and ECII (S-ECII) garnet via decarbonation.

Mineral/
System

Mass Concentrations, wt.%

SiO2 Al2O3 FeO MnO MgO CaO CO2

Mgs - - 0.66 0.02 43.75 3.94 51.63
Cc - - 0.07 0.21 0.00 55.74 43.97

Msd - - 42.12 0.67 13.70 1.27 42.23
Rds - - 0.70 57.23 0.28 3.10 38.69

S-ECI 31.57 17.85 11.05 0.38 11.43 4.44 23.28
S-ECII 31.96 18.08 8.43 0.38 12.98 4.77 23.41

Mgs—magnesite, Cc—calcite, Msd—magnesiosiderite, Rds—rhodochrosite.

The initial reagents were ground into a fine powder using a tungsten carbide mortar
under a layer of alcohol and thoroughly mixed, after which powders were dried at a
temperature of 200 ◦C for at least 24 h. The exception was rhodochrosite, which was dried
and stored in a vacuum oven. The reason for the different procedure for rhodochrosite is
its thermal decomposition is at about 200 ◦C under atmospheric pressure. The weighed
portions of the reaction powders were measured with an accuracy of ±0.1 mg.

Taking into account our previous experience of the studies on carbonate-oxide systems
under high pressures and temperatures [65–67,85–87], platinum was chosen as the capsule
material. The capsule volumes were selected according to the sizes of the high-pressure cell
and to ensure the possibility of a number of modern analytical studies for each sample. For
experiments, the dried reaction mixtures were carefully pressed into platinum capsules,
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which were then sealed by microarc welding. The internal diameter of the Pt capsules for
experiments at 3.0 and 6.3 GPa was 1.5 mm at a length of 6 mm, and at 7.5 GPa, 1.5 mm at
a length of 4 mm.
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Figure 3. Raman spectra of initial carbonates-natural Mg-siderite (Fe0.610Mg0.357Mn0.010Ca0.024)CO3 (a),
magnesite Mg0.932Ca0.060Fe0.008CO3 (b), calcite (Ca0.996Mn0.003Fe0.001)CO3 (c), and rhodochrosite
(Mn0.918Fe0.011Mg0.008Ca0.063)CO3 (d).

2.2. Control of Fluid Composition and Redox Conditions during Experiments

Taking into account the specifics of experiments in CO2-containing media, special
attention should be paid to methodological aspects aimed at maintaining a stable fluid
composition. In the experimental petrological studies, the phenomenon of hydrogen
diffusion into platinum capsules at high pressures and temperatures is well known [88,89].
In this work, to prevent hydrogen diffusion into platinum capsules and a corresponding
decrease of oxygen fugacity in the reaction volume, we used a high-pressure cell with
an external hematite buffering container [84,90]. This technique makes it possible to
maintain the ƒO2 values in a high pressure cell at the level of the magnetite/hematite (MH)
buffer (Figure 4), and thus preserves the extremely low fugacity of hydrogen inside the
buffering container, which ensures the minimum concentration of H2O in the fluid (no
more than 0.1 mol. % [90]). The effective working time of this hematite buffering container
at temperatures below 1200 ◦C is at least 150 h, and at 1500 ◦C, it is about 5 h [84].

When one performs unbuffered high pressure high temperature experiments, there
is constant hydrogen diffusion through the high-pressure cell and the capsule materials
throughout the run’s duration, and the hydrogen content in the fluid cannot be controlled.
An influx of hydrogen (which is a highly reduced fluid component) results in a decrease
of ƒO2 values. Considering the constant hydrogen diffusion through capsule materials
throughout the run duration, the fluid composition will be shifted from pure CO2 to CO2-
H2O. As it was shown in experimental studies (e.g., [42]), carbonation reactions in the
presence of water is shifted far into the lower temperature region. Namely, for pyrope
garnet and fluid composition of 20% CO2 × 80% H2O, this reaction shift is 300 ◦C at 7 GPa
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(relative to the parameters of pyrope carbonation reaction with 100% CO2). Thus, we
believe it is crucial to control fluid composition and ƒO2 values to constrain the adequate
position of decarbonation reaction curves.
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Figure 4. T-ƒO2 diagram with buffer equilibria lines [91–93] and the decarbonation reaction [85].
Magnetite-hematite (MH), fayalite-magnetite-quartz (FMQ), iron-wüstite (IW), CCO—buffer equilib-
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The phase compositions of the buffer containers after the completion of the exper-
iments were analyzed by powder X-ray diffraction. In the entire temperature range of
1050–1450 ◦C, these containers were composed only of hematite and magnetite. For the
studied systems, a control analysis of the resulting fluid was carried out after experiments
in the pressure range of 3.0–7.5 GPa and temperatures of 1050–1450 ◦C using mass spec-
trometry (see for details Section 2.3). The composition of the fluid corresponds to pure CO2,
which confirms the efficiency of the buffer containers.

It should be noted that in previous works on the experimental modeling of decarbona-
tion reactions with the formation of garnet by R. Knohe et al. [42] as well as Yu. Vinogradova
et al. [68,69], either buffering was not used, or details made from boron nitride were present
in the assembly of the experimental setup. Both the uncontrolled diffusion of hydrogen in
the absence of buffering and the presence of BN parts reduce the oxygen fugacity in the
high pressure cell (Figure 4), and thus, despite all the care taken in the preparation of these
experiments, the reliability of the results obtained is rather controversial.

2.3. Analytical Methods

Analytical studies of the obtained samples were carried out at the Analytical Center
for multi-elemental and isotope research SB RAS and at the Institute of Geology and
Mineralogy Siberian Branch of the Russian Academy of Sciences. The obtained samples
were studied using a number of modern methods, including optical and scanning electron
microscopy, energy dispersive spectroscopy, elemental mapping, X-ray phase analysis,
Raman spectroscopy, and mass spectrometry.

After the experiments, platinum capsules with samples were cut into two parts, one
of which was impregnated with warm (42 ◦C) epoxy resin under reduced pressure. After
polymerization of the resin, polished sections were prepared. The compositions of the start-
ing materials and resulting phases, as well as the phase relationships in the samples, were
studied on a MIRA 3LMU scanning electron microscope (TESCAN, Brno, Czech Republic)
combined with an INCA Energy 450 energy-dispersive X-ray microanalyzer (Oxfords In-
struments, High Wycombe, UK). The analysis was carried out at an accelerating voltage of
20 kV, a probe current of 1.6 nA, an exposure time of 20–30 s, and an electron beam diameter
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of 3 µm. Additionally, the chemical analysis of the obtained garnets and the recording
of element distribution maps were carried out on a JXA-8100 microprobe X-ray spectral
microanalyzer (manufactured by JEOL Ltd., Tokyo, Japan). The analyses were carried out
at an accelerating voltage of 20 kV, a probe current of 20 nA, a counting time of 20 s, and
an electron beam diameter of 2–3 µm. Pyrope-O-145 (SiO2, FeO), ferruginous spessartine
(MnO), albite (Al2O3), and diopside (MgO, CaO) were used as standards.

The composition of the fluid phase was qualitatively determined by mass spectrometry.
After each experiment, the platinum capsule was placed in a vacuum device connected
to the sample injection system in the Delta V Advantage mass spectrometer (produced
by Thermo Fisher Scientific, Bremen, Germany) and equipped with a special mechanism
for piercing samples. After preliminary vacuuming of the device with the sample to a
pressure of 2.7 × 10–2 mbar, which guarantees the absence of atmospheric gases in the
device, the capsule was pierced, and the gas released at room temperature was injected
into the analyzer of the mass spectrometer.

The structural features of the initial carbonates and the synthesized phases were
studied using Raman spectroscopy on a Jobin Yvon LabRAM HR800 spectrometer (manu-
factured by Horiba, Tokyo, Japan) equipped with an Olympus BX41 stereomicroscope (man-
ufactured by Olympus, Tokyo, Japan). The excitation source was a Torus diode-pumped
solid-state laser with a wavelength of 532 nm (manufactured by Laser Quantum, Stockport,
UK). The spectra were collected with a spectral resolution of 2 cm−1. Calibration was
carried out using the emission lines of a neon discharge lamp at 540.06 nm and 585.25 nm.
The obtained spectra were interpreted using the RRUFF database (www.rruff.info, accessed
on 15 January 2023); the spectra were processed (noise elimination, baseline correction,
peak identification) using the OPUS software version 5.5.

The contents of Fe, Mg, Mn, and Ca in the initial carbonates were analyzed with atomic
absorption spectrometry using flame atomization (acetylene-air flame and nitrous oxide-
acetylene) on a Solaar M6 spectrometer (produced by Thermo Scientific, Waltham, MA,
USA) equipped with Zeeman and deuterium background correctors (See Supplementary
Materials for details). The phase composition of the buffer containers after the experiments
was analyzed using powder X-ray diffraction on a DRON-8 diffractometer (produced by
Burevestnik, Saint Petersburg, Russia) with CuKα radiation.

3. Results
3.1. Experimental Modeling of Decarbonation Reactions, Resulting in the Formation of ECI Garnets

The experimental conditions and results are given in Table 3 and Figure 5. At a pres-
sure of 3.0 GPa and a temperature of 1050 ◦C, the formation of a polycrystalline aggregate
of recrystallized magnesite, magnesiosiderite, coesite, corundum, as well as newly formed
dolomite and kyanite was established. Corundum and kyanite form specific zonal rounded
aggregates up to 100 µm in diameter (corundum is in the center). The resulting recrystal-
lized phases show some variations in composition relative to the starting materials (Table 4).
In particular, for magnesiosiderite, there was a decrease in the concentrations of CaO by
0.8 wt.% and FeO by 1 wt.%; for magnesite, there was an increase in MgO content by
~4.5 wt.% and a decrease in CaO concentration by ~3.3 wt.%. In the newly formed kyanite,
impurities of FeO (up to 2.7 wt.%), CaO, and MgO (up to 1 wt.%) were found.

At a higher temperature of 1150 ◦C, there was garnet formation in association with
kyanite, ferromagnesite and ferrodolomite; recrystallized coesite, magnesite, magnesiosiderite,
and corundum also occurred. The obtained sample contains a large number of fluid cavities
formed by segregated CO2 fluid as a result of decarbonation reactions. This interpretation of
rounded cavities as “fluid cavities” or “fluid bubbles” is based on the data that CO2 fluid has
high wetting angles, which results in formation of round, almost spherical segregations in
host mineral aggregates under mantle pressures and temperatures. It has been established
that garnet is predominantly present in zonal aggregates, with the central part consisting
of corundum, surrounded by kyanite and covered, in turn, with garnet rims (the latter up
to 30 µm thick) (Figure 6a).

www.rruff.info
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Table 3. The experimental conditions and results in (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3 systems.

Run # System P, GPa T, ◦C t, h Phase Assemblage

1738-I S-ECI 3.0 1050 60 Crn, Dol, Mgs, Msd, Coe
2122-I S-ECI 3.0 1150 60 Grt, Ky, Dol, Mgs, Msd, Fms, Coe
2117-I S-ECI 6.3 1100 40 Ky, Msd, Dol, Coe
2119-I S-ECI 6.3 1200 40 Ky, Crn, Grt, Coe
2115-I S-ECI 6.3 1300 20 Grt, Ky, Crn, Carb
2113-I S-ECI 6.3 1400 10 Grt, Crn, Coe, Carb
2137-I S-ECI 7.5 1150 60 Ky, Coe, Fms, Cal, Msd
2138-I S-ECI 7.5 1250 40 Ky, Coe, Msd, Fms
2142-I S-ECI 7.5 1350 20 Ky, Crn, Coe, Carb
2144-I S-ECI 7.5 1450 10 Grt, Carb, Ky, Coe
1738-II S-ECII 3.0 1050 60 Crn, Fms, Msd, Coe
2122-II S-ECII 3.0 1150 60 Grt, Ky, Coe, Msd, Dol, Fms
2117-II S-ECII 6.3 1100 40 Ky, Coe, Carb
2119-II S-ECII 6.3 1200 40 Ky, Coe, Msd, Fms
2115-II S-ECII 6.3 1300 20 Grt, Ky, Fms, Coe
2113-II S-ECII 6.3 1400 10 Grt, Ky, Crn, Coe, Carb
2135-II S-ECII 7.5 1250 40 Ky, Coe, Msd, Fms
2139-II S-ECII 7.5 1350 20 Ky, Crn, Carb
2140-II S-ECII 7.5 1450 10 Grt, Carb, Ky, Coe

Crn—corundum, Coe—coesite, Carb—Fe,Mg,Ca-carbonate, Grt—garnet, Ky—kyanite, Msd—magnesiosiderite,
Fms—ferromagnesite, Mgs—magnesite, Dol—dolomite, Run #—run number.
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Table 4. Compositions of mineral phases after experiments of S-ECI in the (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3 system at the pressure range from 3.0–6.3 GPa.

Run # P, GPa T, ◦C Phase
Mass Concentrations, wt.%

n(O)
Cations per Formula Unit, p.f.u.

SiO2 Al2O3 FeO MnO MgO CaO CO2 Σ Si Al Fe Mn Mg Ca C Σ

1738-I 3.0 1050 Msd - - 41.2 0.7 14.4 0.5 43.2 100.0 3 - - 0.59 0.01 0.37 0.01 1.01 1.99
Mgs - - 0.8 - 48.1 0.7 50.4 100.0 3 - - 0.01 - 1.03 0.01 0.98 2.03
Coe 98.5 - 1.2 - - - - 99.7 2 1.00 - 0.01 - - - - 1.01

2122-I 3.0 1150 Grt 40.6 22.6 15.1 0.6 14.4 6.2 - 99.5 12 3.00 1.96 0.93 0.04 1.60 0.49 - 8.02
40.1 22.1 17.9 1.1 12.6 5.7 - 99.6 12 3.00 1.95 1.12 0.07 1.42 0.46 - 8.02
39.5 21.5 21.3 1.1 10.8 5.1 - 99.3 12 3.01 1.93 1.35 0.07 1.23 0.42 - 8.01

Ky 36.1 58.5 2.6 - 1.2 1.0 - 99.4 5 1.00 1.91 0.06 - 0.05 0.03 - 3.05
Msd - - 40.5 0.7 15.5 0.5 42.7 100.0 3 - - 0.58 0.01 0.40 0.01 1.00 2.00
Fms - - 19.8 0.8 26.7 6.5 46.2 100.0 3 - - 0.26 0.01 0.63 0.11 0.99 2.00

- - 13.4 0.8 32.8 5.5 47.6 100.0 3 - - 0.17 0.01 0.75 0.09 0.99 2.01
- - 6.7 - 38.8 3.2 51.3 100.0 3 - - 0.08 - 0.84 0.05 1.01 1.98

Dol - - 8.4 0.7 19.0 25.4 46.5 100.0 6 - - 0.22 0.02 0.90 0.86 2.00 4.00
Coe 99.6 - - - - - - 99.6 2 1.00 - - - - - - 1.00

2117-I 6.3 1100 Ky 35.9 63.6 0.4 - - - - 99.9 5 0.97 2.02 0.01 - - - - 3.00
Msd - 1.0 37.1 0.7 15.0 2.2 44.0 100.0 3 - 0.02 0.52 0.01 0.38 0.04 1.01 1.98
Coe 99.6 - - - - - - 99.6 2 1.00 - - - - - - 1.00

2119-I 6.3 1200 Grt 39.7 22.1 18.6 1.1 11.4 6.6 - 99.4 12 3.00 1.96 1.17 0.07 1.29 0.53 - 8.02
40.4 22.6 14.4 0.8 13.7 7.4 - 99.4 12 2.99 1.97 0.89 0.05 1.52 0.59 - 8.01

Ky 36.4 62.5 0.9 - - - - 99.8 5 0.99 2.00 0.02 - - - - 3.01
Fms - - 19.9 0.8 26.7 5.9 46.7 100.0 3 - - 0.26 0.01 0.63 0.10 1.00 2.00
Msd - - 42.7 0.7 13.4 1.1 42.1 100.0 3 - - 0.62 0.01 0.35 0.02 1.00 2.00
Crn - 98.5 0.7 - - - - 99.2 3 - 1.99 0.01 - - - - 2.00

2115-I 6.3 1300 Grt 40.9 22.4 14.0 0.8 16.0 5.2 - 99.4 12 3.01 1.94 0.86 0.05 1.76 0.41 - 8.03
41.1 22.5 10.7 1.3 17.1 6.5 - 99.3 12 3.00 1.93 0.65 0.08 1.87 0.51 - 8.04

Ky 36.4 62.5 0.9 - - - - 99.8 5 0.99 2.00 0.02 - - - - 3.01
Fms - - 11.8 0.8 33.1 7.3 47.0 100.0 3 - - 0.15 0.01 0.76 0.12 0.98 2.02
Crn 0.0 98.5 0.7 - - - - 99.2 3 - 1.99 0.01 - - - - 2.00

2113-I 6.3 1400 Grt 41.9 22.7 12.7 0.7 18.4 3.6 - 100.0 12 3.02 1.92 0.76 0.04 1.99 0.28 - 8.01
41.7 23.0 11.3 0.7 18.0 5.0 - 99.7 12 3.01 1.95 0.68 0.04 1.95 0.39 - 8.02

Fms - - 12.2 - 33.4 3.8 50.6 100.0 3 - - 0.15 - 0.74 0.06 1.02 1.97
- - 9.0 - 36.0 3.8 51.1 100.0 3 - - 0.11 - 0.79 0.06 1.02 1.98

Crn - 98.5 0.7 - - - - 99.2 3 - 1.99 0.01 - - - - 2.00
Coe 99.6 - - - - - - 99.6 2 1.00 - - - - - - 1.00

Msd—magnesiosiderite, Fms—ferromagnesite, Mgs—magnesite, Dol—dolomite, Crn—corundum, Coe—coesite, Grt—garnet, Ky—kyanite, Run #—run number.
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Figure 6. SEM-micrographs (BSE regime) of polished sample fragments, after experiments in the ECI
system: (a) zoned aggregates of kyanite and garnet as well as CO2-fluid cavities in the carbonate
+ coesite matrix (N 2122-I, 3.0 GPa, 1150 ◦C); (b) polycrystalline aggregate of magnesiosiderite,
ferromagnesite, coesite, and kyanite (N 2117-I, 6.3 GPa, 1100 ◦C); (c) zoned aggregates of kyanite and
garnet, CO2-fluid cavities, as well as minor ferromagnesite and coesite crystals (N 2115-I, 6.3 GPa,
1300 ◦C); (d) section of Pt-capsule with a sample and fluid cavities therein (N 2113-II, 6.3 GPa,
1400 ◦C); (e) polycrystalline aggregate of garnet, kyanite, carbonate, and coesite as well as CO2-fluid
cavities therein (N 2113-I, 6.3 GPa, 1400 ◦C); (f) garnet crystals in the polycrystalline aggregate of
kyanite, coesite, and carbonate (N 2144-I, 7.5 GPa, 1450 ◦C); Carb—carbonate (magnesiosiderite or
ferromagnesite), Coe—coesite, Ky—kyanite, Grt—garnet.

The resulting garnet corresponds to a pyrope-almandine-grossular with a composition
varying from (Fe0.93Mg1.60Ca0.49Mn0.04)Al1.96Si3O12 to (Fe1.35Mg1.23Ca0.42Mn0.07)Al1.93Si3O12
(Table 4 and Figure 7a). Raman characteristics of the synthesized garnet are shown in
Figure 8a. The main Raman modes of garnet are 351 cm−1 (librational R(SiO4)4−), 556 cm−1

(internal bending (Si-O)bend, υ2), and 918 cm−1 (stretching (Si-O)str, υ1). Secondary modes
are at 176, 203, 269, 375, 503, 556, 637, 862, and 1043 cm–1 as characteristic bands for
pyrope-almandine-grossular garnet formed as a result of decarbonation reactions.

Kyanite composition is characterized by the presence of FeO, CaO, and MgO impurities
(0.06, 0.03, and 0.05 formula units, respectively); compositions of newly formed carbonates
correspond to the formulas Fe0.08-0.26Mg0.63-0.84Ca0.05-0.11Mn0.01CO3 (ferromagnesite) and
Ca0.86Mg0.90Fe0.22Mn0.02(CO3)2 (ferrodolomite) (Table 4 and Figure 7b).

At the pressure of 6.3 GPa and a temperature of 1100 ◦C, the formation of a poly-
crystalline aggregate of newly formed kyanite (Al2.02(Si0.97,Fe0.01)O5) and ferromagnesite
(Fe0.26Mg1.01Ca0.74Mn0.02CO3), as well as recrystallized magnesiosiderite
(Fe0.52Mg0.38Ca0.04Mn0.01CO3), coesite, and corundum (Figure 6b and Table 4) takes place.
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Figure 8. Raman spectra of the synthesized pyrope-almandine-grossular garnets: (a) S-ECI: 1-N
2122-I, 3.0 GPa, 1150 ◦C, 2-N 2115-I, 6.3 GPa, 1300 ◦C, 3-N 2144-I, 7.5 GPa, 1450 ◦C; (b) S-ECII: 1-N
2122-II, 3.0 GPa, 1150 ◦C, 2–N 2113-II, 6.3 GPa, 1400 ◦C, 3-N 2140-II, 7.5 GPa, 1450 ◦C.

At higher temperatures (1200–1400 ◦C), garnet formation (Figure 6c), in association
with kyanite, ferromagnesite, and recrystallized magnesiosiderite (±corundum and coesite),
was found to occur.

Corundum, kyanite, and garnet form rounded zonal aggregates (Figure 6c), the central
part of which is comprised of kyanite and corundum (crystal size < 5 µm), while garnet
occurs as rims up to 30 µm thick. In the samples, there are a large quantity of CO2 fluid cavi-
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ties (Figure 6c–e), the number of which increases with increasing temperature of the experiments.
The resulting garnet composition varies from Fe0.89-1.17Mg1.29-1.52Ca0.53-0.59Mn0.05-0.07Al1.96Si3O12
(1200 ◦C) to Fe0.68Mg1.95Ca0.39Mn0.04Al1.92Si3O12 (1400 ◦C) (Figure 7a). The features of
the garnet Raman spectra are shown in Figure 8a. They are characterized with 351, 557,
and 919 cm−1 as the main Raman modes. The second-order lines are generally sim-
ilar to those found in the spectra for the pyrope-almandine-grossular synthesized at
3.0 GPa; however, small shifts in the positions of the Raman bands by 1–2 cm–1 and
the absence of several low and middle frequency bands—176, 269, 375, 520 cm−1—are
noted. In the range of 1200–1400 ◦C, the composition of kyanite includes significant
FeO up to 0.9 wt.%, and the compositions of carbonates correspond to the formulas
Fe0.15-0.26Mg0.63-0.74Ca0.06-0.12Mn0.01CO3 (newly formed ferromagnesite) and
Fe0.62Mg0.35Mn0.01Ca0.02CO3 (recrystallized magnesiosiderite) (Figure 7b and Table 4).

At a pressure of 7.5 GPa in the temperature range from 1150–1350 ◦C, the formation
of a polycrystalline aggregate of kyanite (Al1.97-2.02(Si0.97-1.01,Fe0.02-0.04)O5) and Fe,Mg,Ca-
carbonates (± coesite and corundum) (Table 5 and Figure 7b) occurs. At a higher tempera-
ture (1450 ◦C), garnet crystallizes in association with kyanite (Al2.02(Si0.97,Fe0.04)O5), fer-
romagnesite (Fe0.25Mg0.64Ca0.10Mn0.01CO3), and coesite (Figure 6f). CO2-fluid cavities are
present in the sample. The resulting garnet composition corresponds to pyrope-almandine-
grossular Fe1.22Mg1.34Ca0.42Mn0.07Al1.96Si3O12. According to the Raman characteristics, the
garnet synthesized at 7.5 GPa is quite close to the garnet obtained at a pressure of 3.0 GPa
(Figure 8a). The first-order modes are 348, 557, and 917 cm−1, and the second order bands
are 176, 203, 269, 501, 519, 637, 863, and 1042 cm−1. It is also interesting to note the presence
of a second-order band at 318 cm−1, which is not found in the spectra of garnets obtained
at lower pressures.

3.2. Experimental Modeling of Decarbonation Reactions, Resulting in the Formation of ECII Garnets

At a pressure of 3.0 GPa and 1050 ◦C, crystallization of a dense polycrystalline aggregate
of newly formed kyanite (Al2.02(Si0.97,Fe0.01)O5) and ferromagnesite (Fe0.10Mg0.89Ca0.06CO3),
as well as recrystallized coesite and magnesiosiderite (Fe0.60Mg0.41Ca0.01Mn0.01CO3)
(Figure 9a and Table 6), occurs. At a higher temperature (1150 ◦C), the formation of
garnet coexisting with kyanite (Al2.09(Si0.92,Fe0.02)O5), coesite, and carbonates of vari-
ous compositions (magnesiosiderite, ferromagnesite and dolomite) was established in
the system (Figure 9b and Table 6). Kyanite and garnet present as rounded zonal ag-
gregates (20–100 µm), with kyanite in the center (crystals < 5 µm), and a dense gar-
net aggregate in the periphery (rims up to 15 µm thick). Throughout the sample, there
are a large quantity of cavities formed by the CO2 fluid, which was segregated during
the experiment. The composition of the resulting garnet corresponds to the formula
Fe0.78-1.14Mg1.48-1.77Ca0.37-0.46Mn0.04-0.06Al1.95-1.98Si3O12 (Figure 10a and Table 6). The Ra-
man characteristics of the synthesized garnet are shown in Figure 8b. Its main Raman
bands are 358 cm−1 (librational R(SiO4)4-), 561 cm−1 (internal bending (Si-O)bend, υ2), and
920 cm−1 (stretching (Si-O)str, υ1). Secondary modes were recorded at 206, 299, 322, 403, 436,
485, 509, 639, 864, and 1055 cm–1 as characteristic bands for the pyrope-almandine-grossular
garnet.
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Figure 9. SEM-micrographs (BSE regime) of polished sample fragments, after experiments in the
ECII system: (a) polycrystalline aggregate of carbonates (magnesiosiderite and ferromagnesite),
coesite, and kyanite (N 1738-II, 3.0 GPa, 1050 ◦C); (b) zoned aggregates of kyanite and garnet in a
carbonate+coesite polycrystalline matrix (N 2122-II, 3.0 GPa, 1150 ◦C); (c) polycrystalline aggregate
of magnesiosiderite, coesite, and kyanite (N 2119-II, 6.3 GPa, 1200 ◦C); (d) zoned aggregates of
kyanite and garnet as well as CO2-fluid cavities in a ferromagnesite+coesite polycrystalline matrix
(N 2115-II, 6.3 GPa, 1300 ◦C); (e) section of Pt-capsule with a sample and fluid cavities therein (N
2113-II, 6.3 GPa, 1400 ◦C); (f) zoned aggregates of kyanite and garnet as well as CO2-fluid cavities in
a carbonate+coesite matrix (N 2113-II, 6.3 GPa, 1400 ◦C); (g) section of Pt-capsule with a sample (N
2135-II, 7.5 GPa, 1250 ◦C); (h) polycrystalline aggregate of kyanite with minor quantities of coesite
and magnesiosiderite (N 2135-II, 7.5 GPa, 1250 ◦C); (i) zoned aggregates of kyanite and garnet
as well as CO2-fluid cavities (N 2140-II, 7.5 GPa, 1450 ◦C); Carb—carbonate (magnesiosiderite or
ferromagnesite), Coe—coesite, Ky—kyanite, Grt—garnet.
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Table 5. Compositions of mineral phases after experiments of S-ECI in the (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3 system at the pressure of 7.5 GPa.

Run # P, GPa T, ◦C Phase
Mass Concentrations, wt.%

n(O)
Cations per Formula Unit, p.f.u.

SiO2 Al2O3 FeO MnO MgO CaO CO2 Σ Si Al Fe Mn Mg Ca C Σ

2137-I 7.5 1150 Ky 36.0 62.4 0.9 - - - - 99.2 5 0.98 2.00 0.02 - - - - 3.00
Fms - - 19.1 0.8 27.1 6.5 46.6 100.0 3 - - 0.25 0.01 0.64 0.11 1.00 2.01
Msd - - 39.4 0.7 16.0 0.5 43.4 100.0 3 - - 0.56 0.01 0.41 0.01 1.01 2.00
Coe 99.5 - - - - - - 99.5 2 1.00 - - - - - - 1.00

2138-I 7.5 1250 Ky 36.9 61.3 1.8 - - - - 100.0 5 1.01 1.97 0.04 - - - - 3.02
Msd - - 41.0 0.7 14.5 0.5 43.2 100.0 3 - - 0.58 0.01 0.37 0.01 1.00 1.97
Fms - - 17.4 0.7 28.6 7.1 46.2 100.0 3 - - 0.23 0.01 0.68 0.12 1.00 2.04
Coe 98.5 - 1.2 - - - - 99.7 2 1.00 - 0.01 - - - - 1.01

2142-I 7.5 1350 Ky 35.7 63.1 0.9 - - - - 99.7 5 0.97 2.02 0.02 - - - - 3.01
Fms - - 20.8 0.8 25.3 6.0 47.1 100.0 3 - - 0.27 0.01 0.59 0.10 1.00 1.97

- - 14.9 0.8 30.1 6.1 48.0 100.0 3 - - 0.19 0.01 0.69 0.10 1.00 1.99
Crn - 98.5 0.7 - - - - 99.2 3 - 1.99 0.01 - - - - 2.00
Coe 99.6 - - - - - - 99.6 2 1.00 - - - - - - 1.00

2144-I 7.5 1450 Grt 40.0 22.2 19.5 1.1 11.9 5.2 - 99.9 12 3.00 1.96 1.22 0.07 1.34 0.42 - 8.01
Ky 35.3 62.6 1.7 - - - - 99.6 5 0.97 2.02 0.04 - - - - 3.03

Fms - - 19.2 0.8 27.3 6.0 46.9 100.0 3 - - 0.25 0.01 0.64 0.10 1.00 2.00
Coe 99.6 - - - - - - 99.6 2 1.00 - - - - - - 1.00

Msd—magnesiosiderite, Fms—ferromagnesite, Arg—aragonite, Crn—corundum, Coe—coesite, Grt—garnet, Ky—kyanite, Run #—run number.
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Table 6. Phase compositions after experiments of S-ECII in the (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3 system.

Run # P, GPa T, ◦C Phase
Mass Concentrations, wt.%

n(O)
Cations per Formula Unit, p.f.u.

SiO2 Al2O3 FeO MnO MgO CaO CO2 Σ Si Al Fe Mn Mg Ca C Σ

1738-II 3.0 1050 Ky 35.9 63.6 0.4 - - - - 99.9 5 0.97 2.02 0.01 - - - - 3.00
Msd - - 41.4 0.7 15.7 0.5 41.7 100.0 3 - - 0.60 0.01 0.41 0.01 0.99 2.02
Fms - - 8.1 - 40.1 3.8 48.0 100.0 3 - - 0.10 - 0.89 0.06 0.97 2.02
Coe 98.6 0.0 1.2 - - - - 99.8 2 1.00 - 0.01 - - - - 1.01

2122-II 3.0 1150 Grt 40.0 22.3 18.2 0.9 13.2 4.6 - 99.3 12 3.00 1.97 1.14 0.06 1.48 0.37 - 8.02
40.9 22.9 14.5 0.8 14.9 5.7 - 99.8 12 3.00 1.98 0.89 0.05 1.64 0.45 - 8.01
41.3 22.7 12.8 0.6 16.2 5.9 - 99.6 12 3.01 1.95 0.78 0.04 1.77 0.46 - 8.01

Ky 33.7 65.0 0.9 - - - - 99.6 5 0.92 2.09 0.02 - - - - 3.03
Msd - - 40.8 0.7 16.1 0.5 41.8 100.0 3 - - 0.59 0.01 0.42 0.01 0.99 2.02
Fms - - 10.3 0.8 35.3 5.6 48.0 100.0 3 - - 0.13 0.01 0.80 0.09 0.99 2.02

- - 5.0 - 39.0 3.9 52.1 100.0 3 - - 0.06 - 0.84 0.06 1.02 1.98
Dol - - 1.6 - 20.9 29.2 48.3 100.0 6 - - 0.04 - 0.96 0.96 2.02 3.98
Coe 99.5 - - - - - - 99.5 2 1.00 - - - - - - 1.00

2117-II 6.3 1100 Ky 37.0 62.5 0.4 - - - - 99.9 5 1.00 1.99 0.01 - - - - 3.00
Fms - - 11.1 0.8 33.3 6.2 48.6 100.0 3 - - 0.14 0.01 0.75 0.10 1.00 2.00
Msd - - 40.6 0.7 14.8 0.5 43.3 100.0 3 - - 0.58 0.01 0.38 0.01 1.00 1.98
Coe 100.0 - - - - - - 100.0 2 1.00 - - - - - - 1.00

2119-II 6.3 1200 Ky 36.2 62.5 0.9 - - - - 99.5 5 0.99 2.01 0.02 - - - - 3.02
Fms - - 13.4 0.8 31.6 5.5 48.7 100.0 3 - - 0.17 0.01 0.72 0.09 1.01 2.00
Msd - - 40.5 0.7 15.5 0.5 42.7 100.0 3 - - 0.58 0.01 0.40 0.01 1.00 2.00
Coe 99.1 0.9 - - - - - 99.9 2 0.99 0.01 - - - - - 1.00

2115-II 6.3 1300 Grt 40.1 22.1 17.7 1.0 14.1 4.6 - 99.6 12 2.99 1.94 1.10 0.06 1.57 0.37 - 8.03
Ky 35.9 62.9 0.9 - - - - 99.7 5 0.98 2.02 0.02 - - - - 3.02
Coe 99.3 - - - - - - 99.3 2 1.00 - - - - - - 1.00
Fms - - 13.3 0.8 31.8 6.1 48.0 100.0 3 - - 0.17 0.01 0.73 0.10 1.00 2.01

2113-II 6.3 1400 Grt 40.9 21.9 17.7 0.8 15.8 2.8 0.0 99.8 12 3.02 1.90 1.09 0.05 1.75 0.22 - 8.03
Ky 36.3 62.7 0.4 - - - - 99.5 5 0.99 2.01 0.01 - - - - 3.01
Crn 0.0 99.1 0.7 - - - - 99.8 3 - 1.99 0.01 - - - - 2.00
Coe 99.3 - - - - - - 99.3 2 1.00 - - - - - - 1.00
Fms - - 18.0 0.8 30.4 3.0 47.8 100.0 3 - - 0.23 0.01 0.70 0.05 1.00 1.99

- - 14.2 0.8 33.7 3.7 47.7 100.0 3 - - 0.18 0.01 0.77 0.06 0.99 2.01
2135-II 7.5 1250 Msd - - 40.3 0.7 15.8 1.1 42.1 100.0 3 - - 0.58 0.01 0.41 0.02 0.99 2.01

Fms - - 15.6 0.8 28.6 7.3 47.7 100.0 3 - - 0.20 0.01 0.66 0.12 1.00 1.99
- - 10.3 0.8 34.0 6.2 48.6 100.0 3 - - 0.13 0.01 0.77 0.10 1.00 2.01

2139-II 7.5 1350 Ky 32.5 65.8 1.3 - - - - 99.6 5 0.89 2.12 0.03 - - - - 3.04
Msd - - 39.3 0.7 15.7 2.1 42.2 100.0 3 - - 0.57 0.01 0.41 0.04 1.00 2.03
Fms 1.9 5.4 12.2 0.7 25.0 8.3 46.5 100.0 3 0.03 0.10 0.16 0.01 0.59 0.14 1.00 2.03
Coe 99.8 - - - - - - 99.8 2 1.00 - - - - - - 1.00

2140-II 7.5 1450 Grt 42.0 22.6 11.8 0.7 19.5 3.2 - 99.8 12 3.02 1.91 0.71 0.04 2.10 0.25 - 8.03
Ky 35.1 63.0 1.3 - - - - 99.4 5 0.96 2.03 0.03 - - - - 3.02
Coe 99.3 - - - - - - 99.3 2 1.00 - - - - - - 1.00

Msd—magnesiosiderite, Fms—ferromagnesite, Mgs—magnesite, Dol—dolomite, Crn—corundum, Coe—coesite, Grt—garnet, Ky—kyanite, Run #—run number.
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At a pressure of 6.3 GPa, in the temperature range of 1100–1200 ◦C, the formation of
kyanite (Al1.99(Si1.00,Fe0.01)O5), coesite, magnesiosiderite (Fe0.58Mg0.38–0.40Ca0.01Mn0.01CO3),
and ferromagnesite (Fe0.14–0.17Mg0.72–0.75Ca0.09–0.10Mn0.01CO3) was established (Figures 9c
and 10b, Table 6). At higher temperatures (1300 and 1400 ◦C), garnet crystallized in associ-
ation with kyanite, coesite, and ferromagnesite (Fe0.17-0.23Mg0.70-0.73Ca0.05-0.10Mn0.01CO3);
additionally, a large amount of fluid cavities were formed (Figure 9d–f). Silicates formed
rounded zonal aggregates (50–150 µm), with kyanite in the center and garnet in the pe-
riphery (rims up to 30 µm thick) (Figure 9d,f). Garnets obtained in this temperature range
practically do not show variations in iron content, and their composition corresponds to
the formula Fe1.09–1.10Mg1.57–1.75Ca0.22–0.37Mn0.05–0.06Al1.90–1.94Si3O12 (Figure 10a, Table 6).
According to the Raman characteristics, the synthesized garnet is quite close to the garnet
obtained at a lower pressure of 3.0 GPa (Figure 8b). The main Raman bands are at 358,
559, and 918 cm−1, and the second-order lines are at 324, 401, 437, 485, 505, 638, 859, and
1048 cm−1.

At a pressure of 7.5 GPa and in the temperature range of 1250–1350 ◦C, the forma-
tion of a polycrystalline aggregate of kyanite (Al2.12(Si0.89,Fe0.03)O5), coesite, magnesiosiderite
(Fe0.58Mg0.41Ca0.02–0.04Mn0.01CO3), and ferromagnesite (Fe0.13–0.23Mg0.59–0.77Ca0.05–0.12Mn0.01CO3)
(Figures 9g,h and 10b, Table 6) takes place.

As the temperature rises to 1450 ◦C, garnet crystallizes in the system, coexisting with
kyanite (Al2.03(Si0.96,Fe0.03)O5), carbonate, and coesite; in this case, a large number of cavi-
ties formed by the CO2 fluid are observed in the sample. The composition of the resulting
garnet corresponds to the Fe0.71Mg2.10Ca0.25Mn0.04Al1.91Si3O12 formula (Figure 10a). Char-
acteristics of the Raman spectra of garnet are shown in Figure 8b. It was found that the
main bands are at 359, 561, and 921 cm−1. The set of second-order lines generally coincides
with the spectra for garnet synthesized at 3.0 GPa; however, there are shifts in the position
of the Raman peaks by 1–3 cm−1.

4. Discussion and Conclusions

The carbonated eclogite is suggested to be derived from altered oceanic crustal ma-
terial, recycled back into the mantle by subduction, and stored for billions of years in
the mantle before incorporation into the carbonatites source regions. According to the
thermal models of Earth’s interior, the experimentally studied reactions can happen in
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the mantle wedge, close to a downgoing slab. Redox conditions of the experiments corre-
sponded to the oxygen fugacity values of the magnetite/hematite buffer, which are of about
FMQ + 2.5 log units. At mantle depths, the oxygen fugacity in fluids and melts formed in
the slab and migrating in the mantle wedge can reach very high values, up to FMQ + 5 log
units [7,14]. Thus, the redox conditions of ƒO2 values of about FMQ + 2.5 log units do not
contradict the tectonic environment in the mantle wedge, close to the downgoing slab.

As a result of a detailed study of the phase and chemical compositions of the obtained
samples, as well as the structure of zonal aggregates, the phase formation processes in
carbonate-oxide (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3 systems was illuminated. It has been
experimentally established that at temperatures below the onset of decarbonation reactions,
coesite and corundum interaction results in the formation of kyanite (over the entire pres-
sure range of 3.0–7.5 GPa and temperatures of 1050–1450 ◦C). A similar process occurred in
all our earlier experimental studies on the modeling of decarbonation reactions with the
formation of CO2 fluid in association with pyrope, pyrope-almandine, pyrope-grossular,
pyrope-almandine-grossular, and spessartine [65–67], as well as in the carbonate–oxide–
sulfide system (MgCO3–SiO2–Al2O3–FeS system, 6.3 GPa, 1250–1450 ◦C) [94]. Synthesized
kyanite contains FeO impurities (0.4–2.6 wt.%), which indicate exchange reactions of kyan-
ite with magnesiosiderite—the only iron-bearing phase in the reaction volume of the
capsules. It should be emphasized that at 3.0–6.3 GPa, and temperatures insufficient for
the onset of decarbonation, magnesiosiderite and magnesite remain stable in the samples.
These carbonates demonstrate variations in the Mg/Fe contents, and do not undergo phase
transitions, which is confirmed by the results of Raman spectroscopy, and agrees with
modern experimental data (Figure 1a). In the entire range of pressures and temperatures,
the initial calcite and rhodochrosite are unstable; they are completely consumed in decar-
bonation reactions and exchange reactions with other carbonates. At 3.0 GPa, calcium
from the initial calcite is redistributed into newly formed dolomite, and at higher pres-
sures, into ferromagnesite and magnesiosiderite as CaO impurities with concentrations of
0.5–7.3 wt.%.

It has been established that at temperatures above the onset of decarbonation, a number
of processes occur in the reaction volume: (1) crystallization of kyanite; (2) exchange
reactions of carbonates and their partial recrystallization with compositional changes;
(3) interactions of kyanite + coesite + Mg,Fe,Ca,Mn-carbonate and corundum + coesite
+ Mg,Fe,Ca,Mn-carbonate, leading to the crystallization of pyrope-almandine-grossular
garnet and the formation of CO2 fluid. It should be noted that the methodical approach
with an external hematite buffer limits the duration of the experiments; therefore, only
partial rather than complete decarbonation occurs in the samples. In the case of complete
decarbonation, the molar ratio of divalent cations in the initial carbonate and newly formed
garnet will be completely the same. This study demonstrated that the ratio of Fe, Ca, Mg,
and Mn in the synthesized garnets differs from the bulk composition of the initial carbonates
(Figures 7 and 10). However, it is the established features of partially realized decarbonation
reactions that make it possible to reconstruct natural processes. The main patterns were a
decrease in Ca# (Ca# = Ca/(Ca + Mg + Fe + Mn), mol.) and an increase in Fe# (Fe# = Fe/(Ca
+ Mg + Fe + Mn), mol.) in garnets relative to the concentrations of Ca and Fe in the initial
carbonates, and a corresponding increase in Ca# and a decrease in Fe# in the resulting
carbonates relative to the initial ones (Figures 7 and 10, Tables 4–6). Similar patterns were
established by us earlier in the experimental studies on decarbonation reactions involving
ankerite in the Ca(Mg,Fe)(CO3)2-Al2O3-SiO2 system [67], and were described for model
carbonated eclogites of I and II types [71]. In particular, it was shown in [71] that at a
pressure of 5.0 GPa and a temperature of 1100 ◦C, ECI garnet contains 15.4 wt.% FeO and
9.2 wt.% CaO, while ECI carbonate contains 5.7 wt.% FeO and 32.7 wt.% CaO.

We have to discuss the significantly different compositions of garnets crystallized at
7.5 GPa and 1450 ◦C in the ECI system. We believe that the main reason for these different
garnet compositions is the very first stage of the decarbonation reaction. On this stage of
the decarbonation, garnet species are more Fe-rich, since the temperatures needed for the
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crystallization of almandine garnet are much lower than the ones needed for the pyrope
formation. We suppose that for the ECI garnets, either a longer run duration or a slightly
higher temperature is required to stand in line with P,T-arrays of Figure 7a.

Taking into account the existing theoretical and experimental data on the parameters of
the decarbonation of Fe,Ca,Mg-carbonate-oxide associations [42,64–67], the lowest tempera-
tures are required for the formation of almandine garnet, and the highest ones for grossular
garnet. In particular, it was experimentally demonstrated that the dilution of pyrope with
an almandine component causes a decrease in the temperature of decarbonation reactions,
while the addition of a grossular component, on the contrary, increases it. Correspondingly,
CO2-fluid and garnets with decreased Ca# and increased Fe# are formed at temperatures
below those required for complete decarbonation of the Fe,Ca,Mg,Mn-carbonate-oxide
association. This process is accompanied by a change in the composition of carbonates
(an increase in Ca# and a decrease in Fe# relative to the initial ones), which expands the
stability field of these carbonates without a significant change in their structure.

In the present study, for both ECI and ECII series, the compositions of carbonates
after experiments are represented by three trends, and the largest of them corresponds
to ferromagnesite (with variable CaO content). Magnesiosiderite and ferrodolomite are
less pronounced (Figures 7b and 10b). The compositions of garnets correspond to a single
trend with constant proportions of (Alm + Sps)/Grs, and variable concentrations of the
pyrope end-member (Figures 7a and 10a). Moreover, an increase in the pyrope component
in garnets with increasing pressure and temperature was established.

Figure S1 shows the compositional fields of natural type I and II carbonated eclog-
ites [71,72,95–97], garnets from these eclogites [97–99], as well as bulk compositions of
diamondiferous eclogites from the Robert Victor kimberlite pipe [77]. A comparison be-
tween the compositions of the garnets synthesized in the present study and natural garnets
from carbonated eclogites (Figure 11a) shows high coincidence of the ECI composition
fields, and partial coincidence of ECII fields (according to [79]). The composition fields of
the garnets synthesized by us also demonstrate an ~50% overlap with garnet compositions
from xenoliths of diamondiferous eclogites brought to the surface by the Robert Victor
kimberlite pipe [77] (Figure 11b).
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In addition, it is interesting to note that when comparing the Raman characteristics of
the garnets obtained in our study with data on inclusions in diamonds of various parage-
neses [100], the greatest similarity was found with garnets from E-type inclusions (eclogitic
paragenesis). These data indicate that our studies to determine the parameters of decar-
bonation and assess the conditions of stability of garnets from carbonated eclogites in the
presence of CO2 fluid can be considered relevant to a large extent for natural assemblages,
including being used for the reconstruction of natural CO2/carbonate-related metasomatic
processes associated with diamond formation. In addition, the applicability of the re-
sults obtained for the reconstruction of natural processes is also confirmed by information
on inclusions of Ca,Mg,Fe-carbonates (dolomite, magnesiosiderite, ankerite) in natural
diamonds from Mwadui, Tanzania [101]; Juina, Brazil [102]; and Kankan, Guinea [103].

As a result of a detailed study of the obtained experimental data, the position of the
decarbonation reactions leading to the formation of CO2 fluid in association with model
garnets ECI (Figure 5a) and ECII (Figure 5b) was reconstructed in the P,T field. It has been
found that in the (Mg,Fe,Ca,Mn)CO3-SiO2-Al2O3 system simulating ECI compositions, the
decarbonation temperatures at 3.0, 6.3, and 7.5 GPa are 1000, 1150, and 1400 ◦C (±20 ◦C),
respectively. In the system simulating ECII compositions, the decarbonation temperatures
at 3.0, 6.3, and 7.5 GPa are 1000, 1250, and 1400 ◦C (±20 ◦C), respectively. When transposing
the experimental pressures to the natural conditions, one can suppose the correspondence
of 3.0 GPa to the depth of ~90 km, 6.3 GPa to 190 km, and 7.5 GPa to ~225 km. Thus, the
obtained results indicate that the lower temperature limit of stability of natural garnets
from carbonated eclogites in the presence of CO2 fluid is 1000 ◦C at depths of ~90 km,
1150–1250 ◦C at 190 km, and 1400 ◦C at depths of about 225 km.

When comparing the obtained data with previous experimental results
(Figure 2) [42,64–67], it was found that the decarbonation reaction curve designating
the stability boundary of CO2 and model garnet ECI most closely matches the parameters
of the magnesiosiderite + coesite + corundum = Prp30Alm70 + CO2 reaction (Figure 2a,
reaction # 2). The decarbonation line resulting in the formation of model garnet ECII + CO2
association almost consists with the ankerite + coesite + corundum = Grs25Alm40Prp35 +
CO2 reaction curve (Figure 2a, reaction # 3). Summarizing our systematic experimental
studies, in which the reconstruction in the P,T field of seven decarbonation curves was
associated with the formation of garnets of various compositions, one can build a consis-
tent temperature series for the implementation of these reactions. At a constant pressure
of 6.3 GPa and with increasing temperature, decarbonation will sequentially proceed in
carbonate-oxide associations with the participation of rhodochrosite→magnesiosiderite
→ ECI carbonate → ECII carbonate → ankerite → magnesite → dolomite. Thus, these
systematic experimental data on the modeling of decarbonation reactions with the forma-
tion of CO2 and garnets of various compositions, carried out under buffered conditions
with strict control of fluid composition, provide reliable and crucial information in the
framework of the complex problem of reconstructing fluid regime, the global carbon cycle,
and CO2/carbonate-related metasomatism in the lithospheric mantle.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/min13070859/s1: List of reactions (1)–(16); Dissolution procedure for the
carbonate preparation for the atomic absorption; Figure S1: Triangle diagrams of the chemical
compositions of carbonated eclogites and garnets therein.
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