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Abstract—Experimental modeling of decarbonation reactions with the formation of Mg,Fe-garnets and CO, fluid during mantle—crust
interactions was carried out in a wide range of the upper-mantle pressures and temperatures. Experimental studies were performed in the
MgCO;-Al,0,-Si0, and (Mg,Fe)CO;—Al,0,-Si0, systems in the pressure range 3.0—7.5 GPa and temperature range 9501450 °C (= 10—
60 h), using a multianvil high-pressure apparatus of the “split-sphere” type (BARS). Experiments were carried out with a specially designed
high-pressure buffered cell with a hematite container that prevents the diffusion of hydrogen into a Pt-capsule with a sample. It has been
experimentally established that in the MgCO,—Al,0,—Si0, system decarbonation occurs by the schematic reaction MgCO; + SiO, + AL, O,
— Mg;ALSi;0,, + CO, at 1100 = 20 °C (3.0 GPa), 1150 £ 20 °C (6.3 GPa), and 1400 + 20 °C (7.5 GPa) and in the (Mg,Fe)CO;—Al,04—
Si0, system, by the reaction (Mg,Fe)CO; + SiO, + Al,0; — (Mg,Fe)3Al1,S1,0,, + CO, at 1000 + 20 °C (3.0 GPa), 1150 £ 20 °C (6.3 GPa),
and 1400 + 20 °C (7.5 GPa). Based on Raman spectroscopic characterization of the synthesized garnets, the position of the main modes
R, v,, and v, in the pyrope has been determined to be 364, 562, and 924-925 cm!, respectively, and that in pyrope-almandine, 350-351,
556-558, and 918-919 cm™'. The effectiveness of the hematite container was demonstrated by means of mass spectrometry analysis. It has
been found that the fluid composition corresponded to pure CO, in all experiments. The P, 7-positions of decarbonation curves leading to
the formation of a CO, fluid in assemblage with pyrope and pyrope-almandine have been experimentally reconstructed and compared with
the previous calculation and experimental data. It has been established that the experimentally reproduced reaction lines with the formation
of pyrope + CO, or pyrope-almandine + CO, assemblages are shifted to lower temperatures by 50—-150 °C relative to the calculated ones.
When considering the obtained results with regard to the stability of natural carbonates of various compositions in subduction settings, it
has been found that at depths of ~90-190 km Mg,Fe-carbonates react with oxides in the temperature range 1000—1250 °C, and at depths
of ~225 km, at 1400 °C.
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INTRODUCTION The key factors determining the stability of carbonates in
the mantle are pressure, temperature, oxygen fugacity and
environmental composition. Their variations can lead to
phase transitions and changes in the structure of carbonates
(Luth, 1999; Stagno et al., 2019), initiate partial melting
processes (Fig. 1) (Dasgupta and Hirschmann, 2010; Jones
et al., 2013; Shatskiy et al., 2015), decomposition (break
down) of carbonates (Morlidge et al., 2006; Jones et al.,
2013; Shatskiy et al., 2015) or various carbonate-consuming
reactions. The latter include diamond-forming redox reac-

Studies of natural carbonates stability conditions and fea-
tures of the CO, fluid generation during mantle-crust inter-
action are critical for the reconstruction of global carbon
cycle processes, including mantle metasomatism, natural
diamond formation, and the formation and evolution of car-
bonated eclogites and peridotites (Luth, 1999; Shirey et al.,
2013; Plank and Manning, 2019; Stagno et al., 2019). To
date, it has been established that carbonates can be subduct-

ed to depths of more than 600 km (Shirey et al., 2013), while
they are thermodynamically stable at the P—T parameters of
the lower mantle (Oganov et al., 2013). A direct evidence of
the presence of carbonates in mantle rocks is their numerous
findings in inclusions in diamonds (Navon et al., 1988;
Schrauder and Navon, 1994; Bulanova, 1995; Wang et al.,
1996; Sobolev et al., 1997; Stachel et al., 1998; Izraeli et al.,
2001; Brenker et al., 2007; Kaminsky et al., 2013).
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tions between carbonates and highly reduced phases (metal-
lic iron, carbides, sulfides, reduced fluids and melts) (Gunn
and Luth, 2006; Palyanov et al., 2007, 2013; Bataleva et al.,
2016) and decarbonation reactions occurring during the in-
teraction of carbonates with silicates and/or oxides, which
lead to the formation of a CO, fluid and crystallization of
newly formed silicates.

Decarbonation is one of the most common fluid-generat-
ing processes that occur during the interaction of the mate-
rial of a subducting slab with mantle oxides or silicates, and
determine the stability of carbonates in carbonate-oxide or
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Fig. 1. Experimentally determined P-7 parameters of melting and decomposition of magnesian-ferrous carbonates, according to Kang et al.
(2015) and Tao et al. (2013) (a, siderite); Kang et al. (2016) (b, siderite-magnesite solid solution); Katsuro and Ito, (1990) (¢, magnesite). Sd,
siderite; Ly, liquid FeCO;; Mt, magnetite; Gr, graphite; Ms, magnesite; Per, periclase; Ly, liquid MgCO;; Ms sSd, s, siderite magnesite solid

solution in the ratio 50/50; Ly ssq0.5» Mg sF€ysCO; melt.

carbonate-silicate media. Depending on the composition of
carbonates, as well as the host rocks, the P—T parameters of
decarbonation can vary in a very wide range. For example,
subducted MgCO; and CaCO, can be thermodynamically
stable to the depths of the lower mantle (Brenker et al.,
2007; Boulard et al., 2011; Merlini et al., 2012; Oganov et
al., 2013), while the introduction of iron or manganese im-
purities in carbonates, as well as the presence of oxide min-
erals in the host rocks, can reduce the temperature of the
onset of decarbonation reactions by several hundred degrees
and 1-2 GPa (Berman, 1991; Martin and Hammouda, 2011).

8

7

P, GPa

In addition to the generation of CO, fluid, the implementa-
tion of decarbonation reactions in the mantle wedge/slab
interaction zones leads to the formation of various mantle
silicates — olivine, pyroxenes and garnet, which composi-
tions depend on the chemical characteristics of the subduct-
ed carbonates and host rocks involved in the reaction.

In the majority of published experimental works, the
modeling of decarbonation reactions was carried out in car-
bonate-oxide and carbonate-silicate systems, with the for-
mation of forsterite, diopside, enstatite, as well as the forste-
rite + diopside assemblage (Fig. 2):
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Fig. 2. P-T diagram with experimentally determined decarbonation reactions associated with the formation of CO,-fluid and a, Orthopyroxene
(Wyllie, 1979; Eggler, 1978; Wyllie et al., 1983; Pal’yanov et al., 2005); b, olivine (Newton and Sharp, 1975; Koziol and Newton, 1998); c,
periclase (Shatsky et al., 2015) and d, garnet (Knoche et al., 1999), as well as the calculated position of the reaction Ms + Co + Ky = Prp + CO,
(Knoche et al., 1999) (e). The graphite-diamond direct transition line (f) is given according to Kennedy and Kennedy (1976). Ms, magnesite; Pc,
periclase; Opx, orthopyroxene (enstatite); Ol, olivine (forsterite); Co, coesite; Ky, kyanite; Prp, pyrope; Dm, diamond; Gr, graphite.
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MgSiO, + MgCO, « Mg,SiO, + CO,
(Newton and Sharp, 1975; Koziol and Newton, 1998); (1)

MgCO, + SiO, <> MgSiO, + CO, (Wyllie et al., 1983;

Pal’yanov et al., 2005); 2)
CaMg(CO,), + 2Si0, « CaMgSi,0, + 2CO,

(Luth, 1995); 3)
(CaMg(CO,), + 4MgSiO; <> 2Mg,Si0, + CaMgSi,O, +
2CO, (Wyllie, 1979; Eggler, 1978). 4)

However, experimental studies in carbonate-oxide and
carbonate-silicate systems aimed at determining the forma-
tion parameters of the garnet + CO, assemblage under mant-
le P-T parameters are still scarce, only decarbonation para-
meters of MgO—Al,0,—Si0,~CO, system were experimen-
tally determined, with the formation of pyrope by following
reactions:

3MgCO; + ALSiO; + 2Si0, < Mg;ALSi,0,, + 3CO,
(Knoche et al., 1999); %)

3MgCO; + AL 0, + 3Si0, <> Mg,ALSi,0,, + 3CO,
(Pal’yanov et al., 2002, 2005). (6)

Moreover, the decarbonation reactions with the forma-
tion of ferrous or magnesian-ferrous silicates have not been
studied experimentally, but their theoretical position was
calculated in (Berman, 1991; Ogasawara et al., 1997). Thus,
it seems relevant to determine the P—T regions of the stabil-
ity of natural Mg,Fe-carbonates in assemblage with oxides,
to perform experimental modeling of decarbonation reac-
tions associated with the formation of garnets characteristic
of mantle assemblages (pyrope and pyrope-almandine) and
the formation of CO, fluid, and to determine the position of
the corresponding decarbonation curves in a wide range of
pressures and temperatures of the upper mantle as well.

METHODS

High-pressure, high-temperature experiments. Exper-
imental modeling of decarbonation reactions resulting in the
formation of Mg,Fe-garnets and CO, fluid was performed in
MgCO0,-Si0,-Al,0; and (Mg,Fe)CO,;-Si0,-Al,0; systems

Table 1. Weights of initial reagents
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Fig. 3. Raman spectra of the starting natural magnesite and magnesio-
siderite.

using a split-sphere multi-anvil high-pressure apparatus
(BARS) (Palyanov et al., 2010, 2017), at pressures of 3.0,
6.3 and 7.5 GPa, in the temperature range of 9501450 °C
and durations from 10 to 60 hours. Starting materials were
natural carbonates — magnesite Mg, o;Ca, ,cFe, ,,CO; (Sat-
ka, Chelyabinsk Region, Russia) and magnesiosiderite
Fe, Mg, 1,Ca, ,Mn, ,,CO; (Saint Pierre de Mazaj, France)
(Fig. 3), as well as synthetic oxides — SiO, and Al O,
(99.99% purity). Before experiments, starting materials
were powdered, thoroughly mixed and then dried at a tem-
perature of 200 °C for more than 24 hours. Weight propor-
tions of the starting materials are given in Table 1. The sys-
tems compositions were used based on the stoichiometry of
the schematic reaction: 3Me**CO, + Al,0, + 3SiO, — Me;"
Al(Si0,), + 3CO, (Me = Fe, Mg).

Methodological features of the assembly, the design of
the high-pressure cell, as well as data on the features of the
calibration were described elsewhere (Palyanov and Sokol,
2009; Sokol et al., 2015a,b). Considering the previous expe-
rience of experimental studies in carbonate-oxide systems
(Pal’yanov et al., 2000, 2005), coupled with the generation
of fluid in the initial solid-phase matrix, platinum was cho-
sen as the material of the reaction ampoules. The volume of

Weight, mg
System P, GPa -
Ms MgSd SiO, AlLO,
MgCO,;-Si0,~Al,04 3.0 4.8 - 33 1.9
6.3 4.8 - 33 1.9
7.5 3.8 - 2.7 1.5
(Mg,Fe)CO4-Si0,~AlL 0, 3.0 0.9 43 3.1 1.8
6.3 0.9 43 3.1 1.8
7.5 0.7 3.4 2.4 1.4

Note: Ms, natural magnesite; MgSd, magnesiosiderite.
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Fig. 4. T-f,, diagram (a) with lines of buffer equilibria, according to Robie et al. (1978); Holland and Powell (1990); Wendlandt et al. (1982), as
well as the decarbonation reaction (Bataleva et al., 2012), and the P-T diagram (b) with the calculated theoretical positions of the decarbonation
reactions to form pyrope, almandine and pyrope-almandine (Berman, 1991; Ogasawara et al., 1997). MH, magnetite-hematite; FMQ, fayalite-mag-
netite-quartz, IW, iron-wustite, CCO, buffer equilibria; Ms, magnesite, Coe, coesite, Crn, corundum, Prp, pyrope, Mgt, magnetite, Dm, diamond.

reaction ampoules is selected to ensure the implementation
of the complex of necessary analytical studies, taking into
account the size of the high-pressure cell. The internal size
of the Pt ampoules for experiments at 3.0 and 6.3 GPa was
1.5 mm diameter with a length of 6 mm, and at 7.5 GPa it
was 1.5 mm diameter with a length of 4 mm.

In the of high-temperature high-pressure experiments,
the problem of hydrogen diffusion through the cell details
and walls of reaction ampoules is well known (Boettcher et

U

Fig. 5. Scheme of a high pressure cell: /, ZrO,; 2, talc ceramics;
3, CsCl; 4, graphite heater; 5, MgO; 6, hematite container; 7, ZrO,;
8, CsCl; 9, platinum ampoules; /0, thermocouple PtRh/PtRh,,; 71, Mo
current leads.

\ 10 mm |

al., 1973; Luth, 1989). The result of this diffusion is a sig-
nificant decrease in the oxygen fugacity in the reaction vol-
ume, leading to a shift of the decarbonation curves (Fig. 4a).
In this study, to prevent the effect of hydrogen diffusion in
the course of the experiments, we used a specially designed
high-pressure cell with a hematite container (buffer) (Sokol
et al., 2015b) (Fig. 5a,b). The effective working time of this
container at temperatures below 1200 °C is at least 150
hours, and at 1500 °C it is about 5 hours. The duration of the
experiments for each temperature is selected based on the
time of effectiveness of the hematite container. After the ex-
periments, control studies of the chemical composition of
the hematite buffer container were carried out. In all cases,
the material of the buffer container was represented by he-
matite and magnetite (+ wustite), which indicates the effec-
tive work of the hematite container throughout the experi-
ments. It should be noted that previous experiments on
decarbonation with the formation of garnet (Knoche et al.,
1999) were performed using boron nitride as a cell element,
which sharply reduces oxygen fugacity in the samples
(Fig. 4a) (Wendlandt et al., 1982; Luth, 1989), and does not
allow adequately interpret the results.

The optimal P and T parameters of the experiments for
both systems were selected based on published data of ther-
modynamic and thermochemical calculations, as well as ex-
perimental results (Berman, 1991; Ogasawara et al., 1997;
Knoche et al., 1999; Pal’yanov et al., 2005). The theoretical
position of decarbonation curves with the formation of al-
mandine, pyrope-almandine and pyrope, calculated in this
work, is shown in Fig. 4b.

Analytical research. The samples after the experiments
were mounted in epoxy resin, sawn and polished. The phase
and chemical compositions of the samples, as well as phase



654

relationships, were studied by optical methods (Carl Zeiss
Axio Imager 2), electron scanning microscopy, and energy
dispersive spectroscopy (TESCAN MIRA 3 LMU). Silicate
phases were analyzed at an accelerating voltage of 20 kV, a
probe current of 20 nA, a counting time of 10 seconds on
each analytical line, and a probe diameter from an electron
beam of 2-3 um. The structural features of the obtained gar-
net crystals were studied by Raman spectroscopy (Jobin
Yvon LabRAM HRS800 spectrometer equipped with an
Olympus BX41 stereo microscope). An He-Cd laser with a
wavelength of 325 nm was used as an excitation source. To
control the effectiveness of the hematite buffer, the composi-
tion of the fluid phase was qualitatively determined by mass
spectrometry. For this, the platinum ampoule after the ex-
periment was placed in a vacuum device connected to a
sample injection system in a Delta V Advantage mass spec-
trometer and equipped with a special mechanism for pierc-
ing samples. After preliminary evacuation 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 ampoule
was punctured and the gas released at room temperature was
let into the mass spectrometer analyzer. Analytical studies
were performed at the Analytical Center for multi-elemental
and isotope research SB RAS.

EXPERIMENT RESULTS

The parameters and results of the experiments are pre-
sented in Table 2. The chemical compositions of the mineral

Table 2. Experimental parameters and results
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phases are shown in Tables 3 and 4. Based on the previ-
ously developed approach and published results (Knoche et
al., 1999), the most important criterion for the realization of
the decarbonation reaction was considered to be garnet and
CO, fluid formation accompanied either by a decrease in the
amount of carbonate, or its complete consumption. It must
be emphasized that the partial preservation of carbonate and
oxides in the samples is a consequence of incomplete decar-
bonation reaction during the time of effective work of the
hematite container (buffer).

MgCO,;-Si0,-AlL 0, system. Experimental studies in
the MgCO,—Si0,~Al, O, system were carried out in the tem-
perature ranges of 1050-1150 °C (3.0 GPa), 1100-1400 °C
(6.3 GPa) and 1150-1450 °C (7.5 GPa). It has been demon-
strated that in this system decarbonation occurs at 1100 £
20 °C (3.0 GPa), 1150 =20 °C (6.3 GPa), and 1400 =+ 20 °C
(7.5 GPa). At the temperatures below the decarbonation re-
actions, the final samples are represented by recrystallized
magnesite and oxides, as well as a small amount of newly
formed kyanite (Fig. 6a). The formation of kyanite is estab-
lished locally, at the contacts of corundum and coesite. At the
temperatures above the decarbonation reaction (Fig. 6b-e),
polycrystalline aggregates of pyrope, kyanite, and recrystal-
lized starting materials are formed in the samples. Corun-
dum, kyanite and pyrope form zonal aggregates of a round-
ed shape. In the central part of these aggregates, corundum
is surrounded by kyanite crystals, and garnet forms rims in
the peripheral part. Fluid cavities are commonly observed in
the structure of samples. The composition of the obtained
garnet in all experiments corresponds to the formula Mg, ¢ , o

Run N System P, GPa T, °C t,h. Final mineral phases Fluid composition*
1738-M MgCO4-Si0,Al 0,4 3.0 1050 60 Ms, Crn, Coe, Ky -
2122-M MgCO,-Si0,Al,0,4 3.0 1150 60 Prp, Ky, Crn, Ms, Coe CO,
2117-M MgCO4-Si0,Al 04 6.3 1100 40 Ms, Crn, Coe, Ky -
2119-M MgCO4-Si0,Al 0, 6.3 1200 40 Ms, Crn, Coe, Ky -
2115-M MgCO4-Si0,AlL0, 6.3 1300 20 Prp, Coe, Ky, Crn, Ms CO,
2113-M MgCO4-Si0,AlL 0, 6.3 1400 10 Prp, Coe, Ky, Crn, Ms n/a
2134-M MgCO4-Si0,AlL 04 7.5 1150 60 Mgs, Coe, Ky -
2139-M MgCO4-Si0,Al, 0, 7.5 1350 20 Ky, Coe, Crn, Ms -
2140-M MgCO4-Si0,Al 0, 7.5 1450 10 Prp, Coe, Ky, Crn, Ms CO,
1744-MF (Mg,Fe)CO,-Si0,-AlL, 04 3.0 950 60 Ky, Ms, Fms, MgSd, Coe -
1738-MF (Mg,Fe)CO,-Si0,-Al,04 3.0 1050 60 Prp-Alm, Coe, Ky, Crn, Carb CO,
2117-MF (Mg,Fe)CO,-Si0,-Al,04 6.3 1100 40 Ky, Carb, Coe -
2119-MF (Mg,Fe)CO,-Si0,-Al,04 6.3 1200 40 Prp-Alm, Ky, Carb, Crn CO,
2134-MF (Mg,Fe)CO,-Si0,-Al,0;4 7.5 1150 60 Carb, Crn, Coe, Ky -
2136-MF (Mg,Fe)CO4-Si0,-Al,04 7.5 1250 40 Carb, Crn, Coe, Ky -
2141-MF (Mg,Fe)CO,-Si0,~-Al,04 7.5 1350 20 Carb, Crn, Coe, Ky -
2144-MF (Mg,Fe)CO,-Si0,-Al,04 7.5 1450 10 Prp-Alm, Ky, Carb, Crn CO,

Note: Ms, magnesite; Fms, ferromagnesite; Carb, Mg,Fe-carbonates; MgSd, magnesiosiderite; Coe, coesite; Crn, corundum; Ky, kyanite; Prp, pyrope;

Alm, almandine; n/a, not analyzed.
* analyzed by mass-spectrometry.
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Table 3. Compositions of mineral phases in the MgCO;-SiO,-Al,O; system

Run P, T,°C Phase Mass concentrations, wt.% n(O) Cations per formula unit
N GPa SiO, ALO; FeO MgO CaO CO,* Total Si Al Fe Mg Ca c* X cat
1738 3.0 1050 Ms - - 0.5, 44.05 084 54, 100.0 3 - - - 0.95,, 0.02,, 1.02, 1.99
Coe 100.0 — - 0 - - 100.0 2 1.00,, - - - - - 1.00
2122 1150 Grt 444, 247, 029 28, 3, - 99.6 12 3.01, 197, - 2814, 0205 — 8.00
Ky 34 66, - - - - 100.0 5 0885, 224 — - - - 3.04
Ms - - 0.5, 441, 0945 54, 100.0 3 - - - 0.95,, 0.02,, 102, 1.99
Crn - 100.0, — - - - 100.0 3 - 2.004, - - - - 2.00
Coe 100.0, — - - - - 100.0 2 1.00, — - - - - 1.00
2117 63 1100 Ky 36.05 6385 - - 0.2, - 1002 5 1.00, 2.004, — - - - 3.01
Ms - - 050 42, 124 551, 100.0 3 - - 0.01, 0.88, 0.02,, 1.01, 1.96
Coe 100 - - - - - 100.0 2 .00 - - - - - 3.00
2119 1200 Ky 350 61 - - - - 99.3 5 0984, 204 - - - - 3.03
Ms - - 0.75 4355 0.5, 553, 100.0 3 - - 0.01, 0.90, 0.01, 1.04, 1.96
Coe 100, — - - - - 100.0 2 1.00,, - - - - - 3.00
2115 1300 Grt 444, 242, 165 275, 1.7 99.5 12 3.03;, 195, 0.09, 2.80, 0.12, - 8.00
Ky 3594 63.64 — - - - 99.5 5 0.98,, 2.04, - - - - 3.01
Crn - 100.0 — - - - 1000 3 - 2.00 - - - - 2.01
Coe 100.0, — - - - - 100.0 2 1.00g ~— - - - - 1.00
Ms - - 0.6 4345 125 548, 1000 3 - - 0.01, 0.90, 0.02, 1.01, 1.96
2113 1400 Grt 4504 244, 04, 245, 19, - 1002 12 3.03,, 194, 0.02, 2.86, O0.14, - 8.02
Ky 350 64, - - - - 99.4 5 0.965, 2.055 - - - - 3.02
Crn - 9 - - - 99.4 3 - 1.99, - - - - 1.98
Ms - - 0.5, 4324, 14, 550, 1000 3 - - - 0.97,, 0.02,, 103, 197
Coe 100.0, — - - - - 100.0 2 1.00g — - - - - 1.00
2134 7.5 1150 Ms - - 0.62;5) 475 2.1 Sly 100.0 3 - - 0.01, 0.984 0.03, 098, 2.01
Ky 3790, 61.8, - 03y - 100.0 5 1.02g 197, - - 0.01, - 3.00
Coe 100.0 — - - - - 100.0 2 1.00,, - - - - - 1.00
2139 1350 Ky 350 65, - - - - 99.4 5 094, 2.084 - - - - 3.02
Ms - - 085 435 124 54, 100.0 3 - - 0.01, 091, 0.02, 1.03, 1.96
Crn - 100.0, — - - - 100.0 3 - 2.004 - - - - 2.00
Coe 100.0, — - - - - 100.0 2 1.00g — - - - - 1.00
2140 1450 Grt 4504, 2455 0.6, 28145 1.5, - 99.6 12 3.05, 194, 003, 2864, O0.11; - 7.97
Ky 373, 62, - - - - 99.5 5 101, 204 - - - - 3.01
Crn - 100.0 — - - - 1000 3 - 2.00, — - - - 2.00
Coe 100.0, — - - - - 100.0 2 Lo, - - - - 1.00
Ms - - 0.4, 4334 124 5504 1000 3 - - 0.01, 0.89, 0.02, 1.04, 1.96

Note: Ms, magnesite; Coe, coesite; Crn, corundum; Ky, kyanite; Grt, pyrope.

* calculated after sum deficit.

Cay 5.0 12F€0 05.0.00AL1 95515 0301,. With increasing pressure in
the synthesized garnets, the number of formula units of sili-
con increases from 3.03 at 6.3 GPa to 3.05 at 7.5 GPa (when
converted to 12 formula units of oxygen). Together with
this, an increase in the deficit of aluminum cations in the
octahedral position is observed: from 1.95 (6.3 GPa) to 1.94
(7.5 GPa). Based on these facts, we can say that the garnet
obtained contains a majoritic component, the proportion of
which increases with increasing pressure from 2.5 to
3 mol.%. In the Raman spectra of the resulting pyrope, the
main modes are 364, 562, 924-925 cm ! (Fig. 7a; Table 5).

(Mg,Fe)CO,-Si0,-Al,0; system. Experimental studies
in the (Mg,Fe)CO;—Si0,~Al,O; system were carried out in
the temperature ranges of 950-1050 °C (3.0 GPa), 1100—
1200 °C (6.3 GPa) and 1150-1450 °C (7.5 GPa). It has been
experimentally demonstrated that decarbonation occurs in
this system at 1000420 °C (3.0 GPa), 1150+£20°C (6.3 GPa),
and 1400 £ 20 °C (7.5 GPa). At the temperatures below the
implementation of the decarbonation reactions, the obtained
samples are represented by the assemblage of Mg,Fe-carbo-
nates of various compositions (magnesite, ferromagnesite,
magnesiosiderite (Table 4)), recrystallized starting oxides
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Table 4. Compositions of mineral phases in the (Mg,Fe)CO;-SiO,-Al,O; system

Run N P, T,°C Phase Mass concentrations. wt.% n(O) Cations per formula unit
GPa Si0, ALO; FeO MnO MgO CaO CO,* Total Si Al Fe Mn Mg Ca C* Ycat
1744-MF 3.0 950 Ky 36.2, 62.5, L4, - - - - 100.0 5 0.99, 2.00y, 0.03,, - - - - 3.02
Ms - - 1.02, — 44.84, 0.6, 53.64 100.0 3 - - 0.0l - 0.94, 0.01, 1.03,, 1.98
Fms — - 19 054, 325 255 47, 1000 3 - - 0.2, 0.014 0.724 0.04,, 0.97; 2.01
MgSd 0.2, 03, 41, 08, 15, 04, 422, 1000 3 - - 0.604 0.014, 0.395 0.014, 0.99,, 2.01
Coe  99.85 - 085 - - - - 100.6 2 1.00, — - - - - - 1.00
1739-MF 3.0 1050 Grt = 39, 2243 283, — 826 2.0 - 1003 12 3.0, 2.0, 1.83,; - 0.94 0.174 — 8.01
Carb — - 32, 0.6, 24, 1.0, 43, 1000 3 - - 0435 0.014 0.58,, 0.02,, 0.97,, 2.02
Cm - 98.602) 2.0, — - - - 100.6 3 - 1.98, 0.03, - - - - 2.00
Coe 99.6 - 08 - - - - 100.4 2 lgy - 0.0l - - - - 1.00
2117-MF 6.3 1100 Ky 3455 65, 1.04 - - - - 100.3 5 0.94,, 2.07,, 0.02, - - - - 3.03
Carb — - 41, 074 15, 04, 4184 100.0 3 - - 0.604 0.014, 0.405 0.014 0.99., 2.01
Coe 994, - 0.6 — - - - 100.0 2 1.00, — - - - - - 1.01
2119-MF 6.3 1200 Grt  38.7; 21.55 2834 0.7, 8.8, 1.8, - 99.8 12 3.00, 1.97, 1.84, 0.05, 1.0l 0.15, — 8.02
Ky 3594 625 174 - - - - 99.5 5 0.99,, 1.995, 0.04, - 0.01,, — - 3.02
Carb — - 28.75 0.514 24, 1.2, 44.64, 100.0 3 - - 0.39,, 0.014, 0.59, 0.02 0.99,, 2.01
Cm — 9By 1.2 — - - - 1003 3 - 1.954 0.02,, — - - - 2.00
2136-MF 7.5 1250 Ky 364, 619, 1.2, - - - - 99.5 5 0.99, 1.994, 0.03, - - - - 3.01
Carb — - 386 0.8y 185 — 43, 100.0 3 - - 0.494, 0.01 045, — 0.97,, 2.01
Coe 1000y — 0.7g) — - - - 100.7 2 1.00, — 001, - - - - 1.00
2141-MF 7.5 1350 Ky 3644 61.05 3.2 - - - - 100.6 5 1.00,, 1.96(, 0.07,, — - - - 3.03
Carb — - 345 0.6, 205 1.0, 44, 1000 3 - - 0485, 0.014 0.50, 0.02, 1, — 2.00
Cm - 95.1 345 - - - - 994 3 - 1.954, 0.05,, — - - - 2.01
Coe  99.64) — 0.6, — - - - 100.2 2 1.00, — 001y - - - - 1.01
2144-MF 7.5 1450 Grt 389, 21.2, 2874 0.7, 894 L4, - 100.1 12 3.02, 194, 1.864 0.05, 1.03, 0.11; — 8.01
Ky 365, 60.7, 3.5, - - - 100.7 5 0.99) 1.954, 0.08¢, - - - - 3.02
Carb — - 284, 0.5, 239, 1.1, 46, 100.0 3 - - 0.38, 0.014, 0.57;, 0.02; 1.02; 1.99

Note: Ms, magnesite; Carb, Mg,Fe-carbonate; Coe, coesite; Crn, corundum; Ky, kyanite; Grt, pyrope-almandine;

* calculated after sum deficit.

and newly formed kyanite (Fig. 8a-c). At the temperatures
of the onset of decarbonation reactions and higher, the for-
mation of pyrope-almandine garnet and kyanite, as well as
recrystallized starting oxides and Mg,Fe-carbonates, was es-
tablished in the samples (Fig. 84-f). As in the MgCO,—Si0,—
Al O, system, corundum, kyanite, and pyrope form zonal
aggregates. A large number of fluid cavities were found in
the samples. The composition of the pyrope-
almandine corresponds to the formulas (Fe, ;Mg ,, Ca, ;)
AL(Si0,); (3.0 GPa), (Fe, 4 Mg, ,Cag ;s Mnyg5) Al o
(8i0,); (6.3 GPa) and (Fe, 4 Mg, (;Cag;Mng 5)Al g,
(Si; ,0,,) (7.5 GPa). An increase in the number of formula
units of silicon is noted — from 3.0 (6.3 GPa) to 3.03
(7.5 GPa), accompanied by an increase in the deficiency of
Al cations in the octahedral position: from 1.97 (6.3 GPa) to
1.94 (7.5 GPa) were established with pressure. Based on
these data, it was found that the proportion of majoritic com-
ponent in the synthesized garnets increases with increasing
pressure from 0 to ~ 3 mol.%. However, it should be noted
that the deficiency of aluminum in the garnets of this system
can be also caused by the entry of ferric iron. The Raman

spectra of pyrope-almandine are characterized by the most
intense modes 350-351, 556-558, and 918919 cm™
(Fig. 7b, Table 5).

The formation of CO, fluid. As shown above, in
MgCO0;-Si0,-Al,0; and (Mg,Fe)CO;-Si0,—Al, 05 systems
at temperatures exceeding the temperature of the onset of
decarbonation, the fluid cavities (Figs. 6f, 8e,f) formed as a
result of segregation CO, fluid. The cavity sizes are from 10
to 300 microns. It should be noted that coesite crystals with
their own faceting were found on the walls of some fluid
cavities (Fig. 6f). In previous studies, during which decar-
bonation reactions were experimentally reproduced (Paly-
anov et al., 2007; Bataleva et al., 2016), it was demonstrat-
ed that CO, fluid at mantle pressures and temperatures is
capable of dissolving and transporting oxides, carbonates
and silicates. In the present study, in a number of experi-
ments, the composition of the fluid in the obtained samples
was controlled by mass spectrometry. During the study,
scanning the mass range from 12 to 46 a.e.m. revealed the
presence of peaks at masses 44, 45, and 46, which corre-
spond exclusively to CO, (signals at other masses did not
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Fig. 6. SEM micrographs of polished fragments (a-e) and cleaves (e) of samples obtained in the MgCO;—SiO,—AL 0O, system: a, Polycrystalline
aggregate of newly formed kyanite and recrystallized coesite and magnesite (6.3 GPa, 1100 °C); b, a platinum ampoule with a sample after the
experiment at 1150 °C and 3.0 GPa; ¢, polycrystalline aggregate of newly formed garnet and kyanite and recrystallized starting oxides and mag-
nesite (1150 °C, 3.0 GPa); g—d, garnet crystals and rims (1400 °C, 6.3 GPa); e, crystals of coesite and garnet on the wall of the fluid cavity
(1400 °C, 6.3 GPa); Ms, magnesite; Coe, coesite; Crn, corundum; Ky, kyanite; Grt, pyrope.

exceed background values). Thus, it was found that in all  rities of hydrogen or H,O. These data indicate the effective-
samples, both in relatively low and high temperature, the ness of the hematite buffer and adequate experimental re-
fluid composition corresponded to pure CO,, without impu-  sults.
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Fig. 7. Representative Raman spectra of the obtained pyrope (a), 7,2, No. 2113-M, 3, No. 2140-M and pyrope-almandine (), /,2, No. 1738-MF,
3, No. 2119-MF.
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Table 5. Raman spectroscopic characteristics of synthesized Mg,Fe—garnets

Raman spectroscopic characteristics (wavenumber, cm™)
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1038 -

916
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500 -

475

342 370 -

314 323

216 256

171

Alm*

Note: * Kolesov, Geiger, 1998; Prp, pyrope; Alm, almandine.

DISCUSSION

Features of the obtained Mg,Fe garnets. Currently,
there are a large number of studies of garnet-bearing mantle
rocks. Garnets from xenoliths of kimberlites, Mg-enriched
peridotites, Fe-enriched peridotites and pyroxenites, eclog-
ites, megacrysts, and inclusions in P- and E-type diamonds
have been studied in most detail (Sobolev et al., 1969, 1973,
1998, 2016, 2019; Sobolev, 1970, 1977; Gurney and Swit-
zer, 1973; Gurney et al., 1979, 1991; Gurney and Harte,
1980; Harris, 1987, 1992; Meyer, 1987; Harte and Hawkes-
worth, 1989; Boyd et al., 1993; Griffin et al., 1999; Kopy-
lova et al., 1999; Pearson et al., 2003; Kalugina and Zed-
genizov, 2019). Moreover, harzburgite and eclogite garnets
are often associated with diamond (Sobolev et al., 1973,
1998; Pokhilenko et al., 1993). The garnets obtained by us
in terms of Me?" contents are the closest to pyropes and py-
rope-almandines of Fe-enriched peridotites and pyroxenites,
as well as carbonated eclogites.

Using the Raman spectroscopy method, the obtained
crystals of pyrope and pyrope-almandine were character-
ized, as well as a comparative study of these garnets was
performed (Fig. 7; Table 5). A comparison of the obtained
spectra with each other, as well as a comparison with the
available literature data, made it possible to reveal the key
spectroscopic characteristics of garnets obtained as a result
of decarbonation reactions at mantle pressures and tempera-
tures. The main characteristic of the Raman spectra of natu-
ral pyrope and almandine are the modes near 350, 550, and
900 cm’!, which are related to librational (R(Si04)*), intrin-
sic deformation ((Si-O),.» V,), and valence ((Si-O),,, v,)
vibrations of the SiO, tetrahedron, respectively (Kolesov
and Geiger, 1998). In particular, the Raman spectra of
chemically pure pyrope show the most intense peaks of 364,
563, 928 cm™', and peaks of 342, 556, and 916 cm ~' are
characteristic of almandine (Kolesov and Geiger, 1998). In
the present study, it was experimentally established that the
most intense peaks in the spectra of pyrope formed as a re-
sult of decarbonation reactions are 364, 562, 924-925 cm!,
and in the spectra of pyrope-almandine — 350-351, 556-558
and 918-919 cm’! (Table 5).

In the studies (Kolesov and Geiger, 1998; Kalugina and
Zedgenizov, 2019) it was demonstrated that garnet solid so-
lutions are characterized by successive unilateral shifts of
the main modes with an increase in the concentration of one
of the minals. The shifts of the R, v,, and v, modes to the
higher-frequency region relative to the pyrope by 13—
14 cm™, 4-6 cm™, and 6 cm’!, respectively, were established
in the pyrope-almandine obtained by us. Secondary peaks
116-118, 144, 173-178, 269-277, 300, 325-328, 398 should
be noted as secondary modes characteristic of pyrope
formed as a result of decarbonation reactions and not estab-
lished in the Raman spectra of chemically pure pyrope 403
and 647 cm’. For pyrope-almandine, these are peaks 117,
150, 350, 426, and 736 cm ~!. When comparing the Raman
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Fig. 8. SEM micrographs of polished fragments of samples obtained in the system (Mg,Fe)CO,—SiO,~Al,O;: a—c, Polycrystalline aggregate of
newly formed kyanite and recrystallized coesite and carbonates (a, 3.0 GPa, 950 °C; b, 6.3 GPa, 1100 °C; ¢, 7.5 GPa, 1250 °C); g, platinum am-
poule with the sample after the experiment at 1050 °C and 3.0 GPa; d, a polycrystalline aggregate of newly formed garnet and kyanite and recrys-
tallized starting oxides and magnesiosiderite (1050 °C and 3.0 GPa); f, garnet crystals and rims (1400 °C, 7.5 GPa); Ms, magnesite; Carb, Mg,
Fe-carbonate of variable composition; MgSd, magnesiosiderite; Coe, coesite; Crn, corundum; Ky, kyanite; Grt, pyrope-almandine garnet.

characteristics of the obtained pyrope and almandine pyrope
with inclusions of different paragenesis in diamonds (Kalu-
gina and Zedgenizov, 2019), the greatest similarity was
found with E-type garnets, with the main modes in the inter-
vals 0f 355.9-361.2 cm™! for R, 554.5-558.7 cm™! for v, and
907.5-918.1 cm™! for v,.

Reconstruction of decarbonation reactions with the
formation of the association of Mg,Fe-garnets + CO, in
the P-T field. According to modern concepts, under condi-
tions of subduction of crustal material to great depths, oxi-
dized slab is a source of carbonates, carbonate melts and the
CO, fluid (Plank and Manning, 2019). Information on the
conditions for the formation of the CO, fluid is very impor-
tant, since its presence, even in small amounts, can lead to
sharp changes in melting parameters and initiation of mantle
metasomatic processes (Kadik and Lukanin, 1986; Pal’yanov
et al., 2000; Foley, 2010; Perchuk et al., 2019). It is under
subduction conditions that the most characteristic are decar-
bonation reactions that occur during the interaction of a car-
bonate material with mantle oxides or silicates. However,
subducted Mg—Ca carbonates can be stable to the depths of
the lower mantle (Brenker et al., 2007; Boulard et al., 2011;
Merlini et al., 2012; Oganov et al., 2013). As shown in (Ber-

man, 1991; Martin and Hammouda, 2011; Bataleva et al.,
2016), the presence of iron can significantly reduce the tem-
perature of the onset of decarbonation reactions and trigger
the formation of CO, fluid and ferruginous silicates. In this
study, it was demonstrated that magnesiosiderite at pres-
sures of 3.0 and 6.3 GPa enters the decarbonation reaction at
temperatures 100 °C lower than magnesite, and at a pressure
of 7.5 GPa decarbonation parameters involving Mg and Mg,
Fe carbonates almost identical. Thus, when considering the
results obtained with regard to the stability of natural car-
bonates of various compositions under subduction condi-
tions, it was found that at depths of ~ 90-190 km Mg,Fe-
carbonates react with oxides in the temperature range 1000—
1250 °C, and at depths ~ 225 km — at 1400 °C.

As a result of a detailed study of the obtained experimen-
tal data, the position of the decarbonation curves was recon-
structed, leading to the formation of a CO, fluid in associa-
tion with pyrope (Fig. 9a) and pyrope-almandine (Fig. 9b)
in a P-T field. A comparison of the positions of the calcu-
lated decarbonation curves and the experimental results
showed that the experimentally reproduced reaction lines
are predominantly shifted to lower temperatures relative to
the calculated ones, and in some cases practically coincide
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with them. The difference between the calculated and ex-
perimentally determined decarbonation temperatures for the
MgCO,-Si0,-AL,0; system can be 50150 °C, and for the
(Mg,Fe)CO,;—Si0,-Al,0; system, it can be from 0 to 100 °C.

The experimentally determined specific stability temper-
atures of carbonate-oxide associations and the boundary
crystallization conditions of Mg,Fe-garnets in a P-T field
make it possible to understand the conditions for the genera-
tion of fluid in the initial solid-phase matrix, as well as to
evaluate the P-T stability regions of natural Mg,Fe-carbon-
ates in association with oxides. When comparing the avail-
able data on the melting points of natural magnesite and
magnesiosiderite (Sds;Mgs,) (Fig. 1) (Tao et al., 2013;
Shatskiy et al., 2015; Kang et al., 2016; Shatskiy et al.,
2018) with the decarbonation temperatures of Mg,Fe-car-
bonate-oxide associations, the following laws were estab-
lished. Magnesite enters the decarbonation reaction at tem-
peratures 400 °C (3.0 GPa), 650 °C (6.3 GPa) and 500 °C
(7.5 GPa) below its melting points. Decarbonation reactions
involving magnesiosiderite occur at temperatures 300 °C
(3.0 GPa), 450 °C (6.3 GPa) and 200 °C (7.5 GPa) below its
melting points. Thus, the data obtained demonstrate that de-
carbonation reactions can lead to the formation of CO, fluid,
one of the most powerful metasomatic agents, at tempera-
tures hundreds of degrees lower than the temperatures of
formation of carbonate melts, which is critical information
in the framework of the complex problem of reconstruction
of fluid processes, global carbon cycle, and mantle metaso-
matism under subduction conditions.

CONCLUSIONS

1. Experimental modeling of decarbonation reactions
coupled with the formation of Mg,Fe-garnets and a CO,

fluid was carried out at the P—T parameters of the upper
mantle. In an experimental study using a specially designed
high-pressure cell with a hematite container that prevents
hydrogen diffusion into the sample, it was found that in the
MgCO,;-Si10,-Al,0; system decarbonation occurs at 1100 +
20 °C (3.0 GPa), 1150 + 20 °C (6.3 GPa), and 1400 + 20 °C
(7.5 GPa), and in the system (Mg,Fe)CO,—Al,0,-SiO, — at
1000 20 °C (3.0 GPa), 1150 £ 20 °C (6.3 GPa), and 1400 +
20 °C (7.5 GPa).

2. Using the method of mass spectrometry, the effective
work of the hematite container was demonstrated, and it was
found that in all experiments the composition of the fluid
corresponded to pure CO,.

3. The Raman spectroscopic characterization of the gar-
nets obtained was performed and the position of the main
modes R, v, and v, in the pyrope was determined — 364, 562,
924-925 cm!, and pyrope-almandine — 350-351, 556558
and 918-919 cm™'.

4. An experimental reconstruction of the position of the
decarbonation curves, leading to the formation of a CO,
fluid and pyrope or pyrope-almandine, was carried out. It
was found that experimentally determined reaction lines
with the formation of the pyrope + CO, or pyrope-alman-
dine + CO, are 50-150 °C lower than the calculated ones.
The results obtained indicate that natural Mg,Fe-carbonates
under subduction conditions at depths of ~ 90 km react with
oxides in the temperature range 1000-1100 °C, ~ 190 km —
1150-1250 °C, and at depths of ~ 225 km — at 1400 °C.

The authors of the article thank A.G. Sokol for consulta-
tions on the methodology of high-pressure, high-tempera-
ture experiments with a hematite buffer container. This work
was supported by the Russian Foundation for Basic Re-
search (project No. 18-35-20016), and was performed on
state assignment of the IGM SB RAS.
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