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Introduction

Deeper mantle diamonds of the transition zone and lower-
mantle origin are rare but important “strangers” at the 
Earth’s surface carrying crucial information about deep 
interiors. The diamonds contain primary inclusions of 
Mg–Fe–Al- and Ca–Fe-silicates as well as Mg–Fe- and 
Si-oxides which are expected in the Earth’s lower mantle 
due to experimental estimates (Akaogi 2007; Harte 2010). 
Moreover, the diamonds have primary mineral inclusions 
of different (Mg, Fe, Ca, Na)-carbonates (McCammon 
et  al. 1997; Brenker et  al. 2007; Kaminsky 2012). This 
indicates that carbonate components are presented in the 
diamond-parental media of the Earth’s transition zone and 
lower mantle and can be inferred from primary inclusions.

Previous experimental works showed that solid carbon-
ates of magnesium, calcium, iron, and sodium are stable 
at a wide interval of PT conditions along the mantle geo-
therm (Fiquet et al. 2002; Santillan and Williams 2004a, 
b; Isshiki et al. 2004; Skorodumova et al. 2005; Dasgupta 
and Hirschmann 2010; Stagno et  al. 2011; Merlini et  al. 
2012). It is assumed that carbonates could be a significant 
compounds at the conditions of the Earth’s deep inte-
riors (Fiquet et  al. 2002; Isshiki et  al. 2004; Dasgupta 
and Hirschmann 2010; Stagno et al. 2011; Boulard et al. 
2011).

Mineralogical data on primary inclusions in deeper man-
tle diamonds provide information about a general chemi-
cal composition of diamond-parental medium but could not 
reveal the substance responsible for diamonds origin. The 
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chemical composition of parental medium and mechanism 
of diamonds formation may be understood based on results 
of physicochemical experiments and a syngenesis criterion 
of diamonds and inclusions (Litvin 2007). The criterion 
demands parental medium to provide conditions for joint 
formation of diamonds and complete set of paragenetic 
inclusions as well as make the possibility for the presence 
of xenogenetic phases.

The main objectives of this work are experimental stud-
ies: (1) melting phase relations of multicomponent carbon-
ate MgCO3–FeCO3–CaCO3–Na2CO3 system and its ternary 
MgCO3–FeCO3–Na2CO3 boundary join (with representa-
tive carbonate components of primary inclusions in deeper 
mantle diamond), in particular to determine the solidus and 
liquidus boundaries, (2) a diamond-forming efficiency of 
the multicomponent carbonate melts, mechanisms of for-
mation of diamonds and paragenetic carbonate minerals in 
carbonate–carbon melt solutions under conditions of partial 
and complete melting, and correspondence of results to the 
syngenesis criterion.

Methods

Experimental study on melting of multicomponent carbon-
ate systems was carried out using high-pressure, high-tem-
perature 1200 t (Sumitomo) multianvil hydraulic press at 
pressures between 12 and 26  GPa and temperatures from 
800 to 1800  °C at BGI (Bayerisches Geoinstitute, Bay-
reuth, Germany). The conditions and result of the experi-
ments are summarized in Tables  1 and 2. Standard 14/8, 
10/5, 10/4, and 7/3 cell assemblages for pressures of 12, 18, 
23, and 26 GPa, respectively, were used. The experimental 
assemblages and procedures have been earlier described by 
Frost et  al. (2004). We used synthetic magnesite MgCO3 
(99.9 % purity), calcite CaCO3 (99.9 %), Na2CO3 (99.9 %), 
and natural siderite with composition (Fe0.98 Mn0.02)CO3 as 
starting materials. All starting carbonates have been dried 
for at least 24 h at temperature 250 °C. A starting mixture 
was placed into a capsule made of a rhenium foil. High 
temperature was generated using a LaCrO3 heater. Immedi-
ate quenching was applied after heating regime. Accuracies 

Table 1   Conditions and results of experiments with multicomponent carbonate FeCO3–MgCO3–Na2CO3 system

a  Uncertainty in pressure and temperature is ±0.5 GPa and ±50 °C, respectively. Phase composition of the experimental products expressed in 
mole %. Sid—FeCO3, Mgs—MgCO3, Nc—Na2CO3

Experimental run P, GPaa T,  °Ca Duration of  
heating, min

Products of the experiments

Phase Sid (mol%) Mgs (mol%) Nc (mol%)

H3774 12 1000 30 (Nc·Sid·Mgs)s.s. 0.24 0.13 0.63

(Nc·Sid·Mgs)s.s. 0.09 0.34 0.57

(Sid·Mgs)s.s. 0.46 0.53 0.01

(Sid·Mgs)s.s. 0.60 0.39 0.01

H3781 12 1150 30 L 0.26 0.11 0.63

(Nc·Sid·Mgs)s.s. 0.13 0.30 0.57

(Sid·Mgs)s.s. 0.39 0.58 0.03

(Sid·Mgs)s.s. 0.47 0.49 0.04

H3770 12 1300 20 L 0.17 0.19 0.64

H3796 18 800 60 (Nc·Sid·Mgs)s.s. 0.12 0.41 0.48

(Nc·Sid·Mgs)s.s. 0.19 0.03 0.77

(Nc·Sid·Mgs)s.s. 0.39 0.07 0.54

(Sid·Mgs)s.s. 0.37 0.59 0.04

(Sid·Mgs)s.s. 0.57 0.35 0.08

H3794 18 1000 30 (Nc·Sid·Mgs)s.s. 0.32 0.12 0.56

(Sid·Mgs)s.s. 0.26 0.71 0.03

(Sid·Mgs)s.s. 0.54 0.44 0.02

S5816 18 1300 30 L 0.35 0.11 0.54

(Sid·Mgs)s.s. 0.44 0.53 0.02

S5905 18 1650 20 L 0.26 0.26 0.48

(Sid·Mgs)s.s. 0.70 0.29 0.01

H3937 18 1800 10 L 0.36 0.24 0.40
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of pressure and temperature determination were estimated 
as ±0.5 GPa and ±50 °C, respectively.

Chemical compositions of starting carbonate systems 
used for melting phases relation studies were prepared by 
mixing of: (1) FeCO3—35; MgCO3—35; Na2CO3—30 wt% 
and (2) FeCO3—26; MgCO3—26; CaCO3—25; Na2CO3—
23 wt%. The model compositions take into account miner-
alogical data of representative carbonate minerals within the 
primary inclusions in diamonds, especially, from the upper 
part of the lower mantle (Kaminsky 2012).

Mixtures of the compositions (Mg, Fe, Na-
carbonates)60carbon40 and (Mg, Fe, Ca, Na-
carbonates)60carbon40 were used for study of diamond 
crystallization Elemental carbon is graphite that is a 
metastable phase in experimental conditions of diamond 
crystallization in carbonate–carbon systems at 18 GPa and 
1800  °C (transition zone conditions) as well as 26  GPa 

Table 2   Conditions and results of experiments with multicomponent carbonate FeCO3–MgCO3–CaCO3–Na2CO3 system

a  Uncertainty in pressure and temperature is ±0.5 GPa and ±50 °C, respectively. Phase composition of the experimental products expressed in 
mole %. Sid—FeCO3, Mgs—MgCO3, Cal—CaCO3, Nc—Na2CO3

Experimental run P, GPaa T,  °Ca Duration of  
heating, min

Products of the experiments

Phase Sid (mol%) Mgs (mol%) Cal (mol%) Nc (mol%)

S5857 12 800 120 (Nc·Cal·Sid)s.s. 0.11 0.04 0.30 0.55

(Cal·Sid·Nc)s.s. 0.10 0.03 0.67 0.21

(Sid·Mgs)s.s. 0.58 0.40 0.01 0.01

(Sid·Mgs)s.s. 0.71 0.27 0.02 0.01

S5906 12 1000 120 L 0.09 0.05 0.40 0.43

(Nc·Cal·Sid)s.s 0.11 0.06 0.21 0.62

(Cal·Nc·Sid)s.s. 0.10 0.05 0.62 0.23

(Sid·Mgs)s.s. 0.31 0.66 0.03 0.01

S5860 12 1150 30 L 0.10 0.06 0.38 0.46

(Cal·Nc·Sid)s.s. 0.15 0.08 0.37 0.39

(Sid·Mgs)s.s. 0.34 0.61 0.04 0.01

S5872 12 1300 10 L 0.12 0.06 0.31 0.50

(Sid·Mgs)s.s. 0.33 0.62 0.04 0.01

S5870 12 1400 10 L 0.15 0.09 0.41 0.35

(Sid·Mgs)s.s. 0.28 0.67 0.04 0.01

S5871 12 1650 5 L 0.19 0.26 0.27 0.29

S5885 23 1050 30 (Nc·Cal·Sid)s.s 0.10 0.02 0.53 0.36

(Cal·Nc·Sid)s.s 0.10 0.04 0.66 0.20

(Sid·Mgs)s.s. 0.54 0.45 0.01 0.01

S5893 23 1250 20 L 0.11 0.06 0.43 0.40

(Nc·Cal·Sid)s.s. 0.12 0.07 0.20 0.60

(Cal·Nc·Sid)s.s 0.12 0.05 0.61 0.22

(Sid·Mgs)s.s. 0.47 0.50 0.02 0.02

S5892 23 1450 20 L 0.10 0.05 0.33 0.51

(Sid·Mgs·Cal·Nc)s.s. 0.24 0.39 0.20 0.17

(Sid·Mgs)s.s. 0.30 0.66 0.03 0.01

S5877 23 1650 10 L 0.16 0.07 0.21 0.56

(Sid·Mgs)s.s. 0.33 0.63 0.04 0.01

S6024 23 1800 5 L

Fig. 1   PT phase diagram of MgCO3–FeCO3–Na2CO3 system. Black 
diamonds experimental points, dashed lines curves of phase fields, 
black line equilibrium boundary diamond/graphite (Bundy et  al. 
1996), thick gray line geotherm (Stacey 1992)
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and 1900  °C (lower-mantle conditions). Metastability of 
graphite under these conditions is demonstrated by exper-
imental carbon phase diagram for both stable and meta-
stable solid carbon phases (Bundy et  al. 1996). The dia-
gram and corresponding experimental data demonstrate 
that the metastable graphite is not capable to transform 
into diamond by mechanism of direct transition in spite 
of the conditions belong to the diamond thermodynamic 
stability field. Under experimental PT conditions used in 
this work, carbonate liquids play a key role in diamond 
formation because they are capable to dissolve elemental 

carbon. The parental carbonate  +  graphite (and/or dia-
mond formed) mixes and resulted melts form strong 
buffer couples with fO2 close to the FeO/Fe buffer (Litvin 
et al. 2008).

Compositions of experimental phases and textural rela-
tionships were characterized using a scanning electron 
microscope Tescan Vega II XMU equipped EDS (INCAx-
sight), at an accelerating voltage of 20  kV, beam current 
up to 450 pA, the size of the electron beam 210 nm at the 
Institute of Experimental Mineralogy of the RAS in Cher-
nogolovka, Moscow region.

Fig. 2   SEM images of experimental samples of melting relations of multicomponent carbonate system FeCO3–MgCO3–CaCO3–Na2CO3: a 
1300 °C, 12 GPa (# H3770); b 1650 °C, 18 GPa (# S5905); c 1150 °C, 12 GPa (# H3781); d 1000 °C, 18 GPa (# H3794)
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Results and discussion

Melting relations in the systems MgCO3–FeCO3–Na2CO3 
and MgCO3–FeCO3–CaCO3–Na2CO3 were experimentally 
studied at 12–23 GPa and 800–1800 °C. Experimental con-
ditions and results are presented in Tables 1 and 2 for the 
multicomponent carbonate FeCO3–MgCO3–Na2CO3 and 
MgCO3–FeCO3–CaCO3–Na2CO3 systems, respectively.

Melting relations of the system MgCO3–FeCO3–
Na2CO3 are shown in Fig. 1. The PT phase fields are lim-
ited by a lower temperature boundary (1100 °C at 12 GPa) 
of eutectic melting of the multiphase carbonate system 
and a higher boundary of complete melting at temperature 
1700 °C at 18 GPa. The experimental data are extrapolated 
within 11–24  GPa. Single-phase field of completely mis-
cible Mg–Fe–Na-carbonate melt is restricted by the liqui-
dus line. The quenched melts (Fig. 2b–c) are composed of 
relatively high contents of Na (0.64–0.40 mol% Na2CO3), 
Fe (0.36–0.17  mol% FeCO3), and Mg (0.24–0.19  mol% 
MgCO3) components. Liquidus phase is presented by 
solid solution phase of (Mg, Fe)-carbonate (Mg, Fe)CO3 
(Fig.  2b) with composition 0.47–0.39  mol% FeCO3 and 
0.58–0.24 mol% MgCO3 and admixtured 0.01–0.04 mol% 
Na2CO3. The quenched melts are characterized by FeCO3 
(0.35–0.26 mol%), MgCO3 (0.26–0.11 mol%), and increas-
ing Na2CO3 (0.63–0.54  mol%) contents. At lower tem-
peratures, a solid solution of Na–Mg–Fe-carbonate is 
formed composed (mol%) of Na2CO3 (0.56–0.77), FeCO3 
(0.09–0.32), and MgCO3 (0.41–0.03). Herewith, an invari-
ant eutectic assemblage of (Mg, Fe)-carbonate + Na–Mg–
Fe-carbonate + melt (L) is resulted (Fig. 2c). A subsolidus 
assemblage consists of (Mg, Fe)- and (Na2Mg, Na2Fe)-car-
bonate phases (Fig. 2d).

Melting relations of the multicomponent carbonate 
system MgCO3–FeCO3–CaCO3–Na2CO3 are demon-
strated in Fig. 3. A partial melting field is located between 
the boundaries of low-temperature eutectics (900  °C at 
12  GPa) and complete melting (1700  °C at 23  GPa) at 
higher temperature. One-phase field of completely mis-
cible multicomponent carbonate melt is next to the liqui-
dus line (Fig.  4a). In partial melting fields, the composi-
tions (mol%) of quenched melts are variable as 0.26–0.19 
FeCO3, 0.26–0.24 MgCO3, 0.27 CaCO3, and 0.29–0.24 
Na2CO3. Mg–Fe-carbonate solid solutions is the liquidus 
phase of compositions (mol%) 0.33–0.28 FeCO3 and 0.67–
0.63 MgCO3 with admixtured CaCO3 up to 0.4 mol% and 
Na2CO3 up to 0.1 mol% (Fig. 4b). At lower temperatures, 
the assemblage (Mg, Fe)-carbonate  +  Ca–Na–Fe–Mg-
carbonate + melt appears (Fig.  4c). In this case, Ca–Na–
Fe–Mg-carbonates are characterized by contents (mol%) 
of CaCO3 (0.66–0.61), Na2CO3 (0.22–0.20), and FeCO3 
(0.12–0.10) and admixtured MgCO3 (less than 0.5). An 
invariant eutectic assemblage (Mg, Fe)-carbonate +  (Ca, 

Na, Fe, Mg)-carbonate + (Na2Ca, Na2Fe, Na2Mg)-carbon-
ate +  melt (Fig.  4d) which is determining for subsolidus 
assemblage (Mg, Fe)CO3 + (Ca, Na2, Fe, Mg) CO3 + Na2 
(Ca, Fe, Mg)(CO3)2 is formed (Fig.  4e). Compositions 
(mol%) of Na2 (Ca, Fe, Mg)(CO3)2-carbonates are variable 
within 0.62–0.60 for Na2CO3, 0.21–0.20 for CaCO3, 0.12–
0.11 for FeCO3 with about 0.07 for MgCO3.

Crystallization of the deeper mantle diamonds in par-
tially and completely melted carbonate systems MgCO3–
FeCO3–Na2CO3–C and MgCO3–FeCO3–CaCO3–Na2CO3–
C (with dissolved elementary carbon) was experimentally 
realized at 18–26  GPa and 1800–1900  °C (Fig.  5). The 
dissolution of metastable graphite leads to the formation of 
carbon oversaturated in respect to diamond carbonate–car-
bon melt solution. The carbon-oversaturated state of car-
bonate–carbon melt is responsible for nucleation and mass 
crystallization of diamond (Litvin 2007). Experimental 
samples were liked as light gray solid aggregates consist-
ing of diamond crystals (up to 34–40 vol %) in quenching 
carbonatic array. It should be noted that metastable graph-
ite was sometime formed by similar mechanism as lami-
nar single crystals together with diamonds (by SEM and 
Raman-spectroscopy data). Diamond crystals usually are 
bright, translucent octahedral individuals with flat faces 
and have a size of up to 30 µm. Size of diamond crystals is 
reduced to first microns with increasing pressure. Clusters 
of diamond crystals up to 10 individuals were observed. In 
some cases, spinel twins and splices were found.

Growth of diamonds occurs in sectors of the octahedron 
faces (like natural diamonds). The rate of spontaneous crys-
tallization of diamond is essential and sensitive to changes 
in pressure and temperature. The maximum rate of diamond 

Fig. 3   PT phase diagram of MgCO3–FeCO3–CaCO3–Na2CO3 sys-
tem. Black diamonds experimental points, dashed lines curves of 
phase fields, black line equilibrium boundary diamond/graphite 
(Bundy et al. 1996), thick gray line geotherm (Stacey 1992)
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Fig. 4   SEM images of experi-
mental samples of multicompo-
nent carbonate system FeCO3–
MgCO3–CaCO3–Na2CO3: a 
1650 °C, 12 GPa (# S5871); b 
1650 °C, 23 GPa (# S5877); c 
1150 °C, 12 GPa (# S5860); d 
1250 °C, 23 GPa (# S5893); e 
800 °C, 12 GPa (# S5857)
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spontaneous crystallization is observed at very high pres-
sures. The rate is decreased with a pressure decreasing; it 
is accompanied by a decrease in both the nucleation density 
and growth rates of single crystals, increasing their size.

Carbonate–carbon parental melts provide a simultaneous 
formation of deeper mantle diamonds and paragenetic car-
bonate minerals. Diamond nucleation and crystal growth 
are conditioned by generation of completely miscible car-
bonate melts oversaturated with dissolved carbon in respect 
of diamond. Hence, the oversaturated carbon is source for 
diamond, whereas the paragenetic carbonate minerals are 
crystallized from the melted carbonate solvents.

Carbonatitic (carbonate–silicate) composition of the 
upper-mantle parental media for majority of diamonds and 
their primary inclusions was proven based on experimen-
tal studies and field observations (Litvin 2007, 2009; Litvin 
et al. 2012). Based on the syngenesis criterium of diamond 
and inclusions, parental (growth) media of deeper mantle 
diamonds are postulated as carbonate–oxide–silicate–car-
bon systems in partially molten state at conditions of the 
lower mantle (Litvin et al. 2014). This is compatible with 
the mantle-carbonatite version of the upper-mantle dia-
mond genesis.

Study of melting phase relations of the multicomponent 
carbonates trapped into deeper mantle diamonds is of fun-
damental importance for characterization of their genesis. 
Congruent melting of simple carbonates CaCO3, MgCO3, 
and Na2CO3 and stability of their melts over a wide PT 
range of the transition zone and lower mantle was earlier 

revealed by experimental investigations (Spivak et al. 2011, 
2012, 2013; Solopova et al. 2013; Litvin et al. 2014). It was 
also found that molten carbonate–carbon systems are very 
effective as diamond-forming media. At the same time, the 
carbonate melts are effective solvents and growth media 
for oxide and silicate minerals of the transition zone and 
lower mantle. Multicomponent carbonate melts studied in 
this work are composed of components of all the carbon-
ate minerals included into deeper mantle diamonds and 
thus may be considered as representatives of carbonatitic 
constituents of parental media for the transition zone and 
lower-mantle diamonds. This is supported by preliminary 
experiments on diamond crystallization in multicomponent 
oxide–silicate–carbonate–carbon melts within lower-man-
tle pressures of 23–26 GPa (Litvin et al. 2014).

Concluding remarks

High-pressure high-temperature experiments on the 
MgCO3–FeCO3–Na2CO3 and MgCO3–FeCO3–CaCO3–
Na2CO3 systems demonstrate (Figs.  1, 3) that multicom-
ponent carbonate melts are completely miscible and stable 
under the transition zone and lower-mantle conditions. The 
PT parameters of the partial melting of the system are com-
patible with the transition zone conditions: The melts starts 
to form at temperatures noticeably lower than the geother-
mal ones. The positive superposition of geothermal and 
primary melting conditions is determining in the formation 

Fig. 5   SEM images of experimental samples with synthesised of 
diamond in a MgCO3–FeCO3–Na2CO3–C system at 18  GPa and 
1800  °C; b MgCO3–CaCO3–FeCO3–Na2CO3–C system at 26  GPa 

and 1900 °C. Crystals of diamond (D) and graphite (G) in quenched 
carbonate melt (L) are clearly visible
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of the transition zone and lower-mantle diamond-parental 
melts, nucleation, and mass crystallization of deeper man-
tle diamonds in the parental carbonatite–silicate–oxide–
carbon melts (Litvin et al. 2014).

The multicomponent Mg–Fe–Na- and Mg–Fe–Ca–Na-
carbonatitic melts provide perfect environment for deeper 
mantle diamond formation. As shown in Figs.  1 and 3, 
carbonates and diamonds may form paragenetic associa-
tions at conditions of partial carbonates melting. Thus, it 
was revealed that temperatures of partial melting of mul-
ticomponent systems of carbonate minerals are even lower 
than the geothermal ones. This may not limit a generation 
of carbonatite parental media of deeper mantle diamonds. 
High capability for nucleation and mass crystallization of 
the multicomponent carbonatite–carbon melts studied for 
the formation of deeper mantle diamonds is demonstrated 
in high-pressure high-temperature experiments.
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