
minerals

Article

The System K2CO3–CaCO3–MgCO3 at 3 GPa:
Implications for Carbonatite Melt Compositions in
the Shallow Continental Lithosphere

Anton V. Arefiev 1,2, Anton Shatskiy 1,2,*, Ivan V. Podborodnikov 1,2, Altyna Bekhtenova 1,2 and
Konstantin D. Litasov 1,2

1 Sobolev Institute of Geology and Mineralogy Siberian Branch Russian Academy of Science,
Novosibirsk 630090, Russia; arefievanton@igm.nsc.ru (A.V.A.); podborodnikov@igm.nsc.ru (I.V.P.);
bekhtenova@igm.nsc.ru (A.B.); klitasov@igm.nsc.ru (K.D.L.)

2 Department of Geology and Geophysics, Novosibirsk State University, Novosibirsk 630090, Russia
* Correspondence: shatskiy@igm.nsc.ru; Tel.: +7-(383)-330-75-01

Received: 26 April 2019; Accepted: 14 May 2019; Published: 15 May 2019
����������
�������

Abstract: Potassic dolomitic melts are believed to be responsible for the metasomatic alteration of the
shallow continental lithosphere. However, the temperature stability and range of compositions of
these melts are poorly understood. In this regard, we performed experiments on phase relationships
in the system K2CO3–CaCO3–MgCO3 at 3 GPa and at 750–1100 ◦C. At 750 and 800 ◦C, the system has
five intermediate compounds: Dolomite, Ca0.8Mg0.2CO3 Ca-dolomite, K2(Ca≥0.84Mg≤0.16)2(CO3)3,
K2(Ca≥0.70Mg≤0.30)(CO3)2 bütschliite, and K2(Mg≥0.78Ca≤0.22)(CO3)2. At 850 ◦C, an additional
intermediate compound, K2(Ca≥0.96Mg≤0.04)3CO3)4, appears. The K2Mg(CO3)2 compound disappears
near 900 ◦C via incongruent melting, to produce magnesite and a liquid. K2Ca(CO3)2 bütschliite melts
incongruently at 1000 ◦C to produce K2Ca2(CO3)3 and a liquid. K2Ca2(CO3)3 and K2Ca3(CO3)4 remain
stable in the whole studied temperature range. The liquidus projection of the studied ternary system
is divided into nine regions representing equilibrium between the liquid and one of the primary solid
phases, including magnesite, dolomite, Ca-dolomite, calcite-dolomite solid solutions, K2Ca3(CO3)4,
K2Ca2(CO3)3, K2Ca(CO3)2 bütschliite, K2Mg(CO3)2, and K2CO3 solid solutions containing up to
24 mol % CaCO3 and less than 2 mol % MgCO3. The system has six ternary peritectic reaction points
and one minimum on the liquidus at 825 ± 25 ◦C and 53K2CO3·47Ca0.4Mg0.6CO3. The minimum
point resembles a eutectic controlled by a four-phase reaction, by which, on cooling, the liquid
transforms into three solid phases: K2(Mg0.78Ca0.22)(CO3)2, K2(Ca0.70Mg0.30)(CO3)2 bütschliite, and
a K1.70Ca0.23Mg0.07CO3 solid solution. Since, at 3 GPa, the system has a single eutectic, there is no
thermal barrier for liquid fractionation from alkali-poor toward K-rich dolomitic compositions, more
alkaline than bütschliite. Based on the present results we suggest that the K–Ca–Mg carbonate melt
containing ~45 mol % K2CO3 with a ratio Ca/(Ca + Mg) = 0.3–0.4 is thermodynamically stable at
thermal conditions of the continental lithosphere (~850 ◦C), and at a depth of 100 km.

Keywords: K–Ca carbonates; bütschliite; carbonatite; high-pressure experiments; continental
lithosphere; shallow mantle

1. Introduction

Two possible scenarios of the carbonatite melt formation in the mantle were recently suggested.
The first one is a partial melting of hydrothermally-altered basaltic crust (carbonated eclogites) [1]
and overlying marine sediments (carbonated pelites) [2] subducted to 500–600 km depths, and
stagnating in the transition zone. Partial melting at this depth occurs, owing to destabilization of
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Na-bearing clinopyroxene and the redistribution of Na into a fusible carbonate assemblage, including
Na2Ca4(CO3)5 and magnesite [1].

The melt at this depth has an Na-rich dolomitic composition [1,2]. Natural samples with such melt
composition were found as inclusions in superdeep diamonds [3–5], in olivines from the deepest known
xenoliths of sheared lherzolites and harzburgites [6,7], and in olivine phenocrysts and xenocrysts from
kimberlites [8,9]. Thus, the Na-dolomitic melt could ascend from the mantle transition zone to the
continental lithosphere, contributing to kimberlitic magmatism as a precursor melt (e.g., [10]), and in
diamond formation as a solvent-catalyst and carbon source. These findings emphasize the importance
of studying the Na2CO3–CaCO3–MgCO3 system under mantle pressures, which were performed
recently at 3 and 6 GPa [11,12].

The second scenario of the formation of mantle carbonatite melt involves the partial melting of
carbonated pelite subducted to a 200 km depth [2]. At this depth, Na is compatible, and mainly hosted
by refractory clinopyroxene. In contrast, K is incompatible, and enters potassium feldspar or phengite
if the water is present in the system. These phases readily react with dolomite at the temperature
conditions of “hot” subduction (1100 ◦C) and yield the K-rich dolomitic melt composition [2]. Inclusions
of such melts were found in “fibrous” [13–19] and gem-quality diamonds [20] worldwide, carried out by
kimberlites from the base of subcontinental lithospheric mantle. It was also shown experimentally that
these K-rich dolomitic melts can coexist with peridotite under geothermal conditions corresponding
to the base of the continental lithospheric mantle [21–23], and could be responsible for the diamond
formation as a solvent-catalyst and carbon source [24,25].

The previous works stimulated a systematic study of K-bearing carbonate systems including
K2CO3–CaCO3–MgCO3 at 6 GPa (pressure conditions suggested for diamond and kimberlite
formation) [26–29]. The results of this study reveal the impact of alkalinity on the minimum temperature
stability of K–Ca–Mg carbonate melts at 200 km depth, and clearly indicate that K-rich carbonate melts
are stable at the moderate temperature conditions of a cratonic geotherm.

Upward percolation of alkali- and carbonate-rich melts has been widely invoked to explain
metasomatic enrichment and wehrlitization in the shallower levels of the subcratonic mantle
lithosphere [30–34]. It was also found that high electrical conductivity of these melts measured
experimentally at high pressures [35] can account for the conductivity anomalies observed in the
lithospheric mantle 80–120 km beneath the Slave craton (NE Canada) [36,37] and >120 km beneath
the São Francisco craton (SE Brazil) [38]. Findings of Na–K–Ca–Mg-rich carbonate-dominated melt
inclusions in a spinel harzburgite originating from 110 to 115 km depths, indicate that alkali-carbonatite
melts could also penetrate to the shallow lithospheric mantle [39]. Yet, an exact melt composition
and the possibility of their existence in the shallow continental lithosphere remain unclear. It is
therefore important to know phase relations in alkali-alkaline earth carbonate systems under shallow
mantle pressures.

As a part of a project on phase equilibria studies aimed at the origin of mantle-derived carbonates
and their melts, in this paper, we have determined the subsolidus and liquidus phase relations in
the K2CO3–CaCO3–MgCO3 join at 3 GPa. Based on the results and previous data on this system at
6 GPa [29], the P-T range of stability and general compositional trends for the K-bearing carbonatite
melts ascending through the mantle lithosphere were suggested.

2. Materials and Methods

2.1. High-Pressure Technique

Experiments were run on the “Discoverer-1500” DIA-type multianvil apparatus [40] at IGM SB
RAS in Novosibirsk, Russia. The second-stage anvils consisted of eight “Fujilloy N-05” 26-mm tungsten
carbide cubes with a truncation edge length of 12 mm. A 20.5-mm octahedron with ground edges
and corners made of semi-sintered ZrO2 (OZ-8C, MinoYogyo Co., Ltd., Mizunami, Japan [41]) was



Minerals 2019, 9, 296 3 of 20

employed as a pressure medium. Pyrophyllite gaskets, 4.0 mm in both width and thickness were used
to seal the compressed volume and support the anvil flanks.

The cell assembly design is described by Shatskiy, et al. [42]. The cell contains four graphite
cassettes (i.e., multiple sample holders) allowing simultaneous study of 16 samples in a single run.
The heating was achieved using a tubular graphite heater, 4.5/4.0 mm outer/inner diameter and 11 mm
length. The sample temperature was monitored via a W97Re3-W75Re25 thermocouple inserted in the
heater center via walls and electrically insulated by Al2O3 tubes. No correction for the effect of pressure
on the thermocouple electromotive force was applied.

The temperature gradients in the cell were examined using thermal modeling software [43].
The results of modeling were also verified experimentally [26] using a two-pyroxene thermometer [44].
The maximum temperature gradients within individual samples and across the sample charge varies
from 4–5 to 6–8 ◦C/mm as temperature increases from 800 to 1300 ◦C, respectively. We also found no
difference in the phase composition of identical samples loaded in different cassettes.

Details of pressure calibration were reported previously [42]. Deviation of pressure from the
desirable value during heating to 900 ◦C in the given cell and press load of 3 MN did not exceed
±0.1 GPa, as confirmed by comparison of pressure calibration at room temperature and 900 ◦C.

Our experiments conducted in graphite capsules may correspond to approximate f O2 conditions
close to the graphite–carbon dioxide (CCO) buffer.

The experiments were performed by compression to a load of 3.0 MN (corresponding to a pressure
of 3 GPa), and then heating to a target temperature at a rate of 25–50 ◦C/min. The temperature was
maintained within 2.0 ◦C of the desired value in a temperature control mode at a constant press load.
The experiments were finished by turning off the heater power, resulting in a temperature drop to
ambient in a few seconds, followed by slow decompression.

2.2. Starting Materials

Starting materials were prepared by blending reagent grade K2CO3, CaCO3, and natural magnesite
(<0.1 mol % impurities) or dolomite (<0.3 mol % impurities) from Brumado (Bahia, Brazil) in an agate
mortar with acetone, and loaded as a powder into graphite cassettes. Since K2CO3 is a hygroscopic
material, special attention for sample preparation was given to minimize the amount of moisture in the
sample absorbed from the atmosphere. The loaded cassettes were dried at 300 ◦C for 1–2 h. Prepared
assemblies were stored at 200 ◦C in a vacuum for ≥12 h prior to the experiment. All experiments were
conducted at 15–35% indoor humidity.

2.3. Analytical Technique

After the experiments were completed, the recovered graphite cassettes were immediately filled
with epoxy in a vacuum. Then cassettes were cut using a low-speed diamond saw to get a nearly axial,
vertical cross-sections of samples. The obtained specimens were mounted in a plexiglass holder with
epoxy and polished in low-viscosity oil using 400(37)-, 1000(13)-, and 1500(9)-mesh(µm) sandpaper.
The sample surface was cleaned using an oil spray between each step of polishing. The final polishing
was done on a satin cloth with 3 µm diamond paste and oil spray. We used petroleum benzene to
remove the oil after polishing. The clean samples were stored in petroleum benzene prior to carbon
coating and loading into a scanning electron microscope.

Samples were studied using a MIRA 3 LMU scanning electron microscope (Tescan Orsay Holding,
Brno-Kohoutovice, Czech Republic), coupled with an INCA energy-dispersive X-ray microanalysis
system 450, equipped with the liquid nitrogen-free Large area EDS X-Max-80 Silicon Drift Detector
(Oxford Instruments Nanoanalysis Ltd., High Wycombe, UK) at IGM SB RAS [45]. It is generally
accepted that unlike wavelength dispersive X-ray spectroscopy (WDS), energy dispersive X-ray
spectroscopy (EDS) is a semi-quantitative method. But that is no longer true. Modern energy-dispersive
spectrometers, such as that employed in this study, give a quantitative analysis, whose accuracy
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approaches to WDS in case of routine analysis of rock-forming minerals [45]. We also need to emphasize
that the accuracy of the WDS analysis decreases dramatically in the case of alkali carbonate samples.

Energy-dispersive X-ray spectra (EDS) were collected by using an electron beam-rastering method,
in which the stage is stationary, while the electron beam moves over the surface area, with dimensions
5–50 µm (for mineral phases) and 50–500 µm (for a quenched melt) at 20 kV accelerating voltage
and 1.5 nA beam current. Live counting time for X-ray spectra was 20 s. The correctness of the
EDS measurements was confirmed under the same conditions using post-experimental samples with
known compositions and homogeneous textures obtained below the solidus and above the liquidus
(Tables S1–S21 in Supplementary information).

The use of EDS coupled with the electron beam-rastering method rather than WDS in the stationary
electron beam mode, is due to the following reasons: (1) EDS has much lower beam current than WDS
(1.0–1.5 nA and 15–20 nA, respectively). Therefore, EDS is more suitable for the analysis of alkali-rich
carbonates, which become unstable (i.e., decompose and evaporate) under the strong electron beam.
(2) The defocusing of the electron beam of WDS to minimize sample damage is hardly applicable for
many experimental samples, due to small sizes of carbonate grains and melt segregations. Furthermore,
each change in beam diameter and current requires calibration. (3) EDS allows obtaining the integral
compositions of an area of an irregular shape by scanning it using a thin (0.1 µm) electron beam.
This also reduces the damage (evaporation) to the sample, which unavoidably occurs in case of a
stationary electron beam. In addition, this is important for the analysis of melt, quenched to an
aggregate of dendritic crystals rather than into homogeneous glass.

3. Results

The results of the experiments in the system K2CO3–CaCO3–MgCO3 including compositions
of recovered samples and chemical compositions of obtained carbonate phases, are summarized
in Tables S1–S21. Backscattered electron (BSE) images of post-experimental samples are shown in
Figures 1–5. The isothermal sections of the T-X ternary diagram are shown in Figure 6. A list of
abbreviations is given in the Nomenclature Section.

At 750 ◦C (run D094, 87 h) and 800 ◦C (runs D086, 17 h and D102, 113 h) the diagram contains
six three-phase regions (Figure 6a,b, Tables S1–S3). Four regions are the same: Arg + K2Ca2 + Ca-Dol
(Figure 1a), Ca-Dol + K2Ca2 + Dol (Figure 1b), Dol + K2Ca2 + Mgs (Figure 1c), and K2Ca + K2 + K2Mg
(Figure 1h). However, two of the three-phase regions are different compared to the others. The Mgs +

K2Ca2 + K2Ca (Figure 1d) and Mgs + K2Ca + K2Mg (Figure 1e) regions appear at 750 ◦C, whereas Mgs +

K2Ca2 + K2Mg (Figure 1f) and K2Ca + K2Mg + K2Ca2 regions were established at 800 ◦C (Figure 1g).
These results suggest that the following subsolidus reaction occurs as temperature increases from 750 to
800 ◦C: Mgs + K2Ca→K2Ca2 + K2Mg. The K2Ca2 and K2Ca compounds dissolve up to 16 and 30 mol %
of Mg component, respectively, whereas K2Mg dissolves up to 22 mol % of Ca component (Figure 6a,b).
The compositions of these compounds can be approximated as follows: K2(Ca≥0.84Mg≤0.16)2(CO3)3,
K2(Ca≥0.70Mg≤0.30)(CO3)2, and K2(Mg≥0.78Ca≤0.22)(CO3)2 (Tables S1 and S2). K2CO3 dissolves up to
11 mol % CaCO3 and minor amounts of MgCO3 (Figure 6a,b). The existence of limited solid solutions
yields wide two-phase regions of K2Ca2 + K2Ca (Figure 1k), K2Ca + K2 (Figure 1l), Mgs + K2Mg
(Figure 1i), K2Mg + K2. Although a mutual solubility of K2Mg and K2Ca compounds is noticeable, a
miscibility gap between these phases was clearly observed (Figure 1j).
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Figure 1. BSE images of sample cross sections illustrating subsolidus phase relationships in the system
K2CO3–CaCO3–MgCO3 at 3 GPa. The samples represent three runs: D094 at 750 ◦C and duration of
87 h; D086 at 800 ◦C and 17 h; D102 at 800 ◦C and 113 h. Typically the limiting reagents have been
consumed completely to form stable phases, suggesting that equilibrium has been achieved. However,
in some subsolidus runs, the relicts of Mgs were observed among the run products (g). K2#/Ca#
indicates bulk composition of the starting mixture, K2# = 100·K2CO3/(K2CO3 + CaCO3 + MgCO3),
Ca# = CaCO3/(CaCO3 + MgCO3). In the case of the low-contrast BSE images, we used element mapping
mode combining X-ray intensities of the selected elements (d,e,k).

As temperature increases to 850 ◦C (runs D093, 40 h; D104, 121 h; D109, 15 h; D141, 100 h; D142, 12 h),
the diagram undergoes significant changes, including an appearance of an additional intermediate
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compound, K2(Ca≥0.96Mg≤0.04)3CO3)4, and a partial melt containing 40–60 mol % K2CO3 with Ca#
varying from 0 to 75 mol % (Figure 6c, Tables S4–S8). At this temperature, the diagram contains four
subsolidus three-phase fields: Arg + K2Ca3 + Mg-Cal (Figure 2a), Mg-Cal + K2Ca3 + K2Ca2 (Figure 2b),
Dol + Ca-Dol + K2Ca2 (Figure 2c), and Mgs + Dol + K2Ca2 (Figure 2d); and four liquid-bearing
three-phase fields: Mgs + K2Ca2 + L (Figure 2e), Mgs + K2Mg + L (Figure 2f), K2Ca2 + K2Ca + L
(Figure 2g,h), and K2Ca + K2 + L. The melt field is surrounded by five two-phase fields: K2Mg + L
(Figure 2i), Mgs + L (Figure 2j), K2Ca2 + L, K2Ca + L, and K2 + L (Figure 2k). The subsolidus two-phase
fields adjoined to the K–Ca side of the diagram include Arg + K2Ca3, K2Ca3 + K2Ca2, K2Ca2 + K2Ca,
and K2Ca + K2 (Figure 2l).
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Figure 2. BSE images of sample cross sections illustrating phase relationships in the system
K2CO3–CaCO3–MgCO3 at 3 GPa and 850 ◦C. K2#/Ca# indicates bulk composition of the starting
mixture, K2# = 100·K2CO3/(K2CO3 + CaCO3 + MgCO3), Ca# = CaCO3/(CaCO3 + MgCO3).

At 900 ◦C (runs D082, 15 h; D087, 15 h; D097, 16 h; D105, 14 h; D110, 3 h; and D143, 2h), the K2Mg(CO3)2

compound disappears via incongruent melting to produce magnesite and liquid in accordance with
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phase relations established in the K2CO3–MgCO3 binary [46]. The four subsolidus three-phase fields
remain the same (Figure 6d, Tables S9–S14), but two of them, Arg + K2Ca3 + Mg-Cal and Mg-Cal +

K2Ca3 + K2Ca2 (Figure 3a), become narrow, owing to expanding neighboring two-phase fields,
Mg-Cal + K2Ca3 (Figure 3b) and Mg-Cal + K2Ca2 (Figure 3c). The melt field is surrounded by four
two-phase fields: Mgs + L (Figure 3d), K2Ca2 + L (Figure 3e), K2Ca + L (Figure 3f), and K2 + L; and by
three three-phase fields: Mgs + K2Ca2 + L (Figure 3g), K2Ca2 + K2Ca + L (Figure 3h), and K2Ca + K2 + L
(Figure 3i).
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Figure 3. BSE images of sample cross sections illustrating phase relationships in the system K2CO3–
CaCO3–MgCO3 at 3 GPa and 900 ◦C. K2#/Ca# indicates bulk composition of the starting mixture, K2# =

100·K2CO3/(K2CO3 + CaCO3 + MgCO3), Ca# = CaCO3/(CaCO3 + MgCO3). “Damaged K2” is K2CO3

crystals formed after sample polishing during water evaporation in the vacuum prior carbon coating.
The water was absorbed by the post-experimental sample owing to elevated indoor humidity (~50%).

At 950 ◦C (runs D116, 30 min; D118, 40 h; and D145, 1 h), the diagram contains two subsolidus
three-phase fields Mg-Cal + K2Ca3 + K2Ca2 (Figure 4a) and Arg + K2Ca3 + Mg-Cal. The latter is
inferred from phase relations established in the CaCO3–MgCO3 and K2CO3–CaCO3 binaries [42,47]



Minerals 2019, 9, 296 8 of 20

(Figure 6e, Tables S15–S17). The melt field is surrounded by six two-phase fields: Mgs + L (Figure 4b),
Dol + L, Ca-Dol + L (Figure 4c), K2Ca2 + L (Figure 4d), K2Ca + L, and K2 + L; and by five three-phase
fields: Dol + Mgs + L (Figure 4f), Dol + Ca-Dol + L, Ca-Dol + K2Ca2 + L, K2Ca2 + K2Ca + L, and
K2Ca + K2 + L.
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Figure 4. BSE images of sample cross sections illustrating phase relationships in the system K2CO3–
CaCO3–MgCO3 at 3 GPa and 950 ◦C. K2#/Ca# indicates bulk composition of the starting mixture, K2# =

100·K2CO3/(K2CO3 + CaCO3 + MgCO3), Ca# = CaCO3/(CaCO3 + MgCO3).

As temperature increases to 1000 ◦C, K2Ca(CO3)2 disappears via incongruent melting to produce
K2Ca2(CO3)3 and liquid containing 53 mol % K2CO3 [47]. Besides, aragonite transforms to calcite
at about 960 ◦C [47]. At 1000 ◦C (runs D144, 1 h and D152, 20 min) and 1050 ◦C (run D153, 15 min),
the diagram contains three liquid-bearing three-phase fields: Dol + Mgs + L, Mg-Cal + K2Ca3 + L
(Figure 5a,b), and K2Ca3 + K2Ca2 + L (Figure 5c). The melt field is surrounded by five two-phase fields:
Mgs + L (Figure 5d), Cal-Dol + L, K2Ca3 + L (Figure 5e), K2Ca2 + L (Figure 5f), and K2 + L (Figure 5g,h).
Two subsolidus two-phase fields are still remaining: Cal + K2Ca3 (Figure 5i) and K2Ca3 + K2Ca2

(Figure 6f,g, Tables S18–S20).
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Figure 5. BSE images of sample cross sections illustrating phase relationships in the system
K2CO3–CaCO3–MgCO3 at 3 GPa and 1000 and 1050 ◦C. K2#/Ca# indicates bulk composition of
the starting mixture, K2# = 100·K2CO3/(K2CO3 + CaCO3 + MgCO3), Ca# = CaCO3/(CaCO3 + MgCO3).
In the case of the low-contrast BSE images, we used element mapping mode combining X-ray intensities
of the selected elements (c,h).

At 1100 ◦C (run D155, 10 min), three two-phase fields and one three-phase field were established.
In addition, the narrow two-phase fields of Cal + K2Ca3, K2Ca3 + L, and K2Ca2 + L were inferred from
phase relations established in the K2CO3–CaCO3 binary [47] (Figure 6h, Table S21). The K2Ca3(CO3)4

and K2Ca2(CO3)3 compounds disappear just above 1100 ◦C. The first one melts incongruently to
produce calcite and liquid, whereas the second melts congruently [47].
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Figure 6. Isothermal sections of the ternary K2CO3–MgCO3–CaCO3 T-X diagram at 3 GPa. (a) 750 ◦C,
(b) 800 ◦C, (c) 850 ◦C, (d) 900 ◦C, (e) 950 ◦C, (f) 1000 ◦C, (g) 1050 ◦C, and (h) 1100 ◦C. K2 = Mg–Ca-bearing
K2CO3; K2Ca = K2Ca(CO3)2 (Ca# ≥ 70), K2Ca2 = K2Ca2(CO3)3 (Ca# ≥ 83), K2Ca3 = K2Ca3(CO3)4

(Ca# ≥ 96), K2Mg = K2Mg(CO3)2 (Ca# ≤ 21), Arg = aragonite, Mg-Cal = Mg-bearing calcite, Ca-Dol =

Ca-rich dolomite, Dol = dolomite, Mgs = magnesite, L = liquid. Colored marks denote different runs,
see the legend at the upper-right corner of each figure.

Significant amounts of Ca, and to a lesser extent, Mg in K2CO3, recovered from experiments at
750–1000 ◦C and 3 GPa determined by EDS, suggest dissolution of the CaCO3 and minor MgCO3

components in the K-carbonate as a solid solution under given conditions (Supplementary Tables S1,
S2, S5, S6, S13, S14, and S18). The maximum CaCO3 and MgCO3 solubility in potassium carbonate
of about 20–24 and 1–2 mol%, respectively, was established at 850–900 ◦C (Figure 6, Supplementary
Tables S6 and S13). In contrast, the K2CO3 content in alkaline earth carbonates (aragonite, calcite,
calcite-dolomite solid solutions, and magnesite) does not exceed the detection limit of EDS employed
in our study (i.e., <0.5 mol %), regardless of the composition of the starting mixture, Dol or Mgs + Cal
(Supplementary Tables S1–S21).

Near-liquidus phase relations in the K2CO3–CaCO3–MgCO3 system are illustrated in Figure 7. There are
nine primary phase fields characterized by the initial crystallization of Mgs (Figures 2j, 3d, 4b and 5d), Dol
(inferred), Ca-Dol (Figures 4c and 6e), Cal-Dol solid solutions (Figure 6e–h), K2Ca3 (Figures 5e and 6f–h ),
K2Ca2 (Figures 3e, 4d and 5f), K2Ca (Figure 3f), K2Mg (Figure 2i), and K2 (Figures 2k, 4e and 5g,h ). As can
be seen in Figure 7, the system has no thermal barrier for liquid fractionation toward the K-rich
compositions. The system has six ternary peritectic reaction points, and one minimum on the liquidus
at 825 ± 25 ◦C and 53K2CO3·47Ca0.4Mg0.6CO3, which resemble a K2Mg–K2Ca–K2 eutectic point
(Figure 7).
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Celsius. The phase relations in the corresponding binaries are from [42,46,47].

4. Discussion

4.1. Phase Relations in the Join K2CO3–CaCO3–MgCO3 at 3 and 6 GPa

The main changes in the subsolidus phase relations induced by decreasing pressure from 6 to 3 GPa
result from the CaCO3–MgCO3 and K2CO3–CaCO3 binaries [42,47]. At 6 GPa and 900 ◦C, the ternary
system has five intermediate compounds including K2Ca3(CO3)4 (disordered polymorph), K2Ca(CO3)2

bütschliite, K2Mg(CO3)2, and dolomite [29]. As the temperature increases to 1000 ◦C, K2Ca(CO3)2

disappears to form K8Ca3(CO3)7 and K2Ca3(CO3)4. As pressure decreases to 3 GPa, the low-pressure
K2Ca2(CO3)2 compound appears, whereas K8Ca3(CO3)7 disappears to form Ca-bearing K2CO3 and
K2Ca(CO3)2 bütschliite. At 3 GPa, K2Ca3(CO3)4 (ordered polymorph) appears at ≥850 ◦C [47].

The melting phase relations established at 3 GPa in the present study and 6 GPa [29] are compared in
Figure 8. At 6 GPa, the liquidus projection has eight primary solidification phase regions for magnesite,
dolomite, calcite-dolomite solid solutions, aragonite, K2Ca3(CO3)4, K8Ca3(CO3)7, K2CO3, and K2Mg(CO3)2

(Figure 8b) [29]. As pressure decreases to 3 GPa, the changes in the phase relations along the
CaCO3–MgCO3 and K2CO3–CaCO3 joins yield disappearance of the primary phase regions for
aragonite and K8Ca3(CO3)7, narrowing the region for K2Ca3(CO3)4, and any appearance of the primary
regions for Ca-dolomite, K2Ca2(CO3)3, and K2Ca(CO3)2 bütschliite (Figure 8a).
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Figure 8. Composition of partial melts established at various temperatures in the carbonate-silicate
systems with high K/Na ratio (colored marks) plotted on the liquidus projections of the
K2CO3–MgCO3–CaCO3 ternary (black and white) at 3 GPa (this study) (a) and at 6 GPa [29] (b).
(c–e) Schematic drawings illustrating primary phase fields near ternary eutectics, “A” at 3 GPa, “B” and
“C” at 6 GPa. L13—[48], S94—[49], T92—[33], GS11a—[50], T12—[51], S16—[22], S17b—[52], B11—[23].

At 6 GPa, the system has two minima on the liquidus surface at 37K2CO3·63Ca0.69Mg0.31CO3 and
62K2CO3·38Ca0.74Mg0.26CO3 [29]. Both minima are located at 1000 ◦C. The first minimum (denoted
as “B” on Figure 8b,d) resembles a K2Ca3(CO3)4–K8Ca3(CO3)7–K2Mg(CO3)2 eutectic, whereas the
second minimum (denoted as “C” on Figure 8b,e) is controlled by a K8Ca3(CO3)7–K2CO3–K2Mg(CO3)2

eutectic [29]. At 3 GPa, the system has a single minimum at 53K2CO3·47Ca0.4Mg0.6CO3 and 825 ± 25 ◦C
corresponding to the K2Ca(CO3)2–K2CO3–K2Mg(CO3)2 eutectic (Figure 8a,c).

4.2. Temperature Stability Limit of Carbonate Melt vs. Alkalinity

The lower temperature stability limit of the potassic dolomitic melt inferred from the
liquidus-solidus minima in the K2CO3–CaCO3–MgCO3 (KCM–CO2) system is 1000 ◦C at 6 GPa [29] and
825 ◦C at 3 GPa (Figure 9). A decrease in the K2CO3 content in the carbonatite melt shifts the minimum
temperature of its stability to higher temperatures (Figure 9). Thus, the alkalinity of carbonate melt
must increase as temperature decreases below the CMAS–CO2 solidus achieving 37 mol % K2CO3 at
1000 ◦C and 6 GPa [29] and 53 mol % K2CO3 at 825 ◦C and 3 GPa (at the KCM-CO2 solidus) (Figure 9).
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Figure 9. P-T plot illustrating the stability field of the K–Ca–Mg carbonate melt. Dotted lines
are isopleths with numbers indicating the K2CO3 content in the melt in mol %. The isopleths are
constrained based on the present results at 3 GPa and previous data at 6 GPa [29]. Thick solid
lines indicate solidi of the following systems: CM–CO2 (black)—CaCO3–MgCO3 [42,53]; KCM-CO2

(red)—K2CO3–CaCO3–MgCO3 (this study and [29]); CMAS (grey)—CaO–MgO–SiO2–Al2O3 [54];
CMAS-CO2 (grey)—CaO–MgO–SiO2–Al2O3–CO2 [55]. Carbonated pelite (DG2) (green) solidus [2]
coincides with KCM–CO2. Gr-Dia—The diamond-graphite equilibrium boundary [56]. Continental
geotherms with a surface heat flux of 35, 40, and 45 mW/m2 [57]. Subduction geotherms [58]. P-T fields
for granular and sheared peridotites [59,60].

Recent studies of the Na2CO3–CaCO3–MgCO3 system revealed that Na behaves like K in terms
of melt composition (i.e., alkalinity and Ca#) and minimum melting temperature:

53K2CO3·47Ca0.4Mg0.6CO3 and 825 ◦C at 3 GPa (this study);
52Na2CO3·48Ca0.62Mg0.38CO3 and 850 ◦C at 3 GPa [12];
37K2CO3·63Ca0.69Mg0.31CO3 and 1000 ◦C at 6 GPa [29];
48Na2CO3·52(Ca0.75Mg0.25)CO3 and 1050 ◦C at 6 GPa [11].

Thus, the carbonate melt composition in the systems containing both K and Na should not be
radically different.

4.3. Comparison with Carbonate–Silicate Systems

The present results agree with previous data on the partial melt compositions established in the
model K-rich carbonatite systems [48,49] (Figure 8, Supplementary information Table S22). Sweeney [49]
determined the composition of carbonate melt closest to equilibrium with a phlogopite lherzolite
assemblage established at 1100 ◦C and 3.4 GPa in the KCM system (Figure 8a). Litasov, Shatskiy, Ohtani
and Yaxley [48] have reported experimental data on model K-carbonatite, which is compositionally
similar to a low-degree partial melt in the K-bearing peridotite-CO2 systems at 3–20 GPa.



Minerals 2019, 9, 296 15 of 20

We have reanalyzed the melt composition obtained by Litasov, Shatskiy, Ohtani and Yaxley [48] at
3 and 6.5 GPa using the analytical technique employed in the present study (Table S23). Although
these melts contain both Na and Fe (Table S22), the data show close agreement with the minimum
(near-solidus) melt compositions observed in the present work at 3 GPa (Figure 8a).

The experimentally-determined composition of the K-rich carbonatite melt equilibrated with
phlogopite lherzolite at 3 GPa and 1100 ◦C [33] is consistent within 100 ◦C with corresponding isotherms
on the K2CO3–CaCO3–MgCO3 liquidus surface (Figure 8a, Table S22). This suggests that during its
upward percolation, the K-carbonatite melt should change its composition in the same manner as in
the ternary system in terms of the (K,Na)2CO3/CaCO3/(Mg,Fe)CO3 ratios.

4.4. Origin of K-Rich Carbonatite Melt

Ultrapotassic carbonatite microinclusions have been discovered in diamonds derived by
kimberlites from the lithospheric mantle worldwide [13,16,20,61]. The genesis of this melt remains
enigmatic. Formation of ultrapotassic melt by partial melting of peridotites and eclogites can hardly be
expected, considering the natural abundance of K2O in these lithologies. On the other hand, continental
collision and subduction of sediments (pelites) can introduce significant amounts of K2O and carbonates.
According to the traditional point of view, a granitic crust cannot be subducted into the deep mantle
because of its buoyancy. However, immersion of the continental crust (metasediment, gneiss, marbles)
to depths of 150–250 km has been proven by finding diamondiferous ultrahigh-pressure metamorphic
rocks (Dol marbles, pyroxene-carbonate rocks, and gneisses) from Kokchetav (Kazakhstan) and
Erzgebirge (Germany) [62–64]. The study of nanometer-scale inclusions in microdiamonds from these
rocks revealed the presence of highly potassic carbonate-bearing inclusions, presumably carbonatite
melt or high-density fluid, which resemble those in kimberlitic diamonds [65–67]. Thus, recycled
carbonated material of the continental crust is the most probable source of highly potassic carbonatite
melts entrapped by lithospheric diamonds.

Indeed, the studies of phase relations in carbonated pelites [2,50,51] suggest that continental
collision and low-angle (flat) subduction of the oceanic plates beneath the cratons to depths of
150–250 km (5–8 GPa) and subsequent slab heating to 950–1100 ◦C could trigger partial melting of the
carbonated crustal material and yield potassic dolomitic melt. The obtained melt compositions, plotted
on the liquidus projection of the K2CO3–MgCO3–CaCO3 ternary, show excellent agreement both in
terms of temperature and the (K,Na)2CO3/CaCO3/(Mg,Fe)CO3 ratio (Figure 8b, Table S22). As can be
seen, the pelite-derived melts coincide with the K2CO3–MgCO3–CaCO3 ternary eutectic (Figure 8b).

4.5. The Compositional Trend of Carbonate Melts during Upward Percolation via Lithosphere

An infiltration of K–Ca–Mg carbonate melts into the base of the continental lithosphere is indicated
by findings of ultrapotassic carbonatite inclusions in diamonds from kimberlites worldwide. Carbonate
melts display low viscosities [68–70] and excellent wetting properties [71]. Infiltration experiments
demonstrate that such melts are very mobile and can percolate very quickly in mantle rocks [72].
It was suggested that carbonatitic liquids may segregate from their mantle sources and migrate
upward by infiltration, even at melt fractions less than 1% [73,74]. The pelite-derived melt has Ca#
62–68, and contains about 32–37 mol % K2CO3 (Figure 8b). Infiltration of this melt into lherzolite or
harzburgite yields wehrlitization in accordance with the following exchange reaction [22]:

CaMg(CO3)2 (L) + Mg2Si2O6 (Opx) = CaMgSi2O6 (Cpx) + 2MgCO3 (L). (1)

Reaction (1) shifts the melt composition along the Mgs-K2Mg cotectic toward lower Ca# (Figure 8b).
The K–Ca–Mg carbonate melt with Ca# 30–40 does not react with Opx as follows from the experiments
in the Di+K2Mg system, where this melt appears in equilibrium with Opx and Cpx at 1050–1350 ◦C
at 6 GPa [52]. In contrast, adding K2CO3 + MgCO3 mixture in the lherzolite system yields a reverse
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reaction, consuming Cpx. As a result, lherzolite transforms to harzburgite, while the Ca# of melt
increases to at least 10 [23] (Figure 8b).

Thus, infiltration of pelite-derived carbonatite melt into the continental lithosphere must be
accompanied by wehrlitization and decreases the Ca# of melt from 66 ± 4 to 35 ± 5 (Figure 8b).
The further upward percolation of this melt along the P-T path defined by granular lherzolites must
not change its composition to a depth of at least 100 km corresponding to 800–900 ◦C and 3 GPa
(Figures 8a and 9).

5. Conclusions

1. Phase relations in the K2CO3–CaCO3–MgCO3 system have been studied at 3 GPa and 750–1100 ◦C
using a Kawai-type multianvil press. At 750 and 800 ◦C, the system has five intermediate compounds:
Dolomite, Ca0.8Mg0.2CO3 Ca-dolomite, K2(Ca≥0.84Mg≤0.16)2(CO3)3, K2(Ca≥0.70Mg≤0.30)(CO3)2 bütschliite,
and K2(Mg≥0.78Ca≤0.22)(CO3)2. At 850 ◦C, an additional K2(Ca≥0.96Mg≤0.04)3CO3)4 compound appears.
K2Mg(CO3)2 disappears near 900 ◦C to produce magnesite and a liquid. K2Ca(CO3)2 bütschliite melts
incongruently at 1000 ◦C to produce K2Ca2(CO3)3 and a liquid. K2Ca2(CO3)3 and K2Ca3(CO3)4 remain
stable in the whole studied temperature range.

2. The liquidus projection of the studied ternary system has nine primary crystallization phase
regions for magnesite, dolomite, Ca-dolomite, calcite-dolomite solid solutions, K2Ca3(CO3)4, K2Ca2(CO3)3,
K2Ca(CO3)2 bütschliite, K2Mg(CO3)2, and K2CO3 solid solutions containing up to 24 mol% CaCO3 and less
than 2 mol % MgCO3. The primary solidification regions are separated by five peritectic and four cotectic
monovariant lines. The system has one minimum on the liquidus at 825 ± 25 ◦C, corresponding to ternary
eutectic, where liquid with approximate composition 53K2CO3·47Ca0.4Mg0.6CO3 coexists with three
solid phases, K2(Mg0.78Ca0.22)(CO3)2, K2(Ca0.70Mg0.30)(CO3)2 bütschliite, and the K1.70Ca0.23Mg0.07CO3

solid solution.
3. The established phase relations suggest that carbonatite melt, stable at the temperature

conditions of the continental lithosphere at a depth of 100 km, must be alkali-rich and contains about
45 mol % K2CO3.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/5/296/s1,
Table S1: Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 750 ◦C, 3 GPa and run
duration of 87 h. (run no. D094); Table S2: Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3
join at 800 ◦C, 3 GPa and run duration of 17 h. (run no. D086); Table S3: Compositions (mol %) of the run
products in the K2CO3–CaCO3–MgCO3 join at 800 ◦C, 3 GPa and run duration of 113 h. (run no. D102); Table S4:
Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 850 ◦C, 3 GPa and run duration
of 40 h. (run no. D093); Table S5: Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at
850 ◦C, 3 GPa and run duration of 121 h. (run no. D104); Table S6: Compositions (mol %) of the run products in
the K2CO3–CaCO3–MgCO3 join at 850 ◦C, 3 GPa and run duration of 15 h. (run no. D109); Table S7: Compositions
(mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 850 ◦C, 3 GPa and run duration of 100 h. (run
no. D141); Table S8: Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 850 ◦C,
3 GPa and run duration of 12 h. (run no. D142); Table S9: Compositions (mol %) of the run products in the
K2CO3–CaCO3–MgCO3 join at 900 ◦C, 3 GPa and run duration of 15 h. (run no. D082); Table S10: Compositions
(mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 900 ◦C, 3 GPa and run duration of 15 h. (run
no. D087); Table S11: Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 900 ◦C,
3 GPa and run duration of 16 h. (run no. D097); Table S12: Compositions (mol %) of the run products in the
K2CO3–CaCO3–MgCO3 join at 900 ◦C, 3 GPa and run duration of 14 h. (run no. D105); Table S13: Compositions
(mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 900 ◦C, 3 GPa and run duration of 3 h. (run
no. D110); Table S14: Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 900 ◦C,
3 GPa and run duration of 2 h. (run no. D143); Table S15: Compositions (mol %) of the run products in the
K2CO3–CaCO3–MgCO3 join at 950 ◦C, 3 GPa and run duration of 30 min. (run no. D116); Table S16: Compositions
(mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 950 ◦C, 3 GPa and run duration of 40 h. (run
no. D118); Table S17: Compositions (mol%) of the run products in the K2CO3–CaCO3–MgCO3 join at 950 ◦C,
3 GPa and run duration of 1 h. (run no. D145); Table S18: Compositions (mol %) of the run products in the
K2CO3–CaCO3–MgCO3 join at 1000 ◦C, 3 GPa and run duration of 1 h. (run no. D144); Table S19: Compositions
(mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 1000 ◦C, 3 GPa and run duration of 20 min.
(run no. D152); Table S20: Compositions (mol %) of the run products in the K2CO3–CaCO3–MgCO3 join at 1050
◦C, 3 GPa and run duration of 15 min. (run no. D153); Table S21: Compositions (mol %) of the run products
in the K2CO3–CaCO3–MgCO3 join at 1100 ◦C, 3 GPa and run duration of 10 min. (run no. D155); Table S22:
Compositions of partial melts established at various temperatures in the carbonate-silicate systems with high
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K/Na ratio; Table S23. The results of microprobe analyses (WDS) of quenched carbonate melt from the study
(Litasov et al., 2013) compared with the EDS data obtained from the same samples in this study.
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