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Abstract: Liquid immiscibility plays an important role in the formation of carbonatites and associated
alkaline Si-undersaturated magmas. Experiments in the sodium carbonate-aluminosilicate systems
suggest that the carbonate-silicate miscibility gap is limited by crustal and shallow mantle pressures
(up to 2.5 GPa). Unlike in the potassium-rich carbonate-aluminosilicate systems, the carbonate-silicate
miscibility gap was established at pressures of 3.5–6 GPa. It is therefore interesting to elucidate the
immiscibility range under intermediate pressures, corresponding to 100–200 km depths. Here we
conducted experiments over 3–6 GPa and 1050–1500 ◦C in the systems corresponding to immiscible
melts obtained by partial melting of carbonated pelite (DG2) at 6 GPa and 1200 ◦C. We found that
partial melting begins with the alkali-rich carbonatite melt, while immiscible phonolite melt appears
over 1050–1200 ◦C at 3 GPa, 1200 ◦C at 4.5 GPa, and 1200–1500 ◦C at 6 GPa. As pressure decreases
from 6 to 3 GPa, Na becomes less compatible, and the concentration of the jadeite component in
clinopyroxene decreases by a factor of 1.5–6. As a result, the compositions of the immiscible phonolite
and carbonatite melts evolve from ultrapotassic (K2O/Na2O weight ratio = 10–14) resembling silicic
and carbonatitic micro-inclusions in diamonds from kimberlites and placers worldwide to moderately
potassic (K2O/Na2O = 1–2), which may correspond to phonolitic and associated carbonatitic melts of
the spinel facies of the shallow mantle.

Keywords: liquid immiscibility; phonolite; carbonatite; high-pressure experiment; Earth’s mantle

1. Introduction

Liquid immiscibility is an important mechanism of magmatic differentiation of alkaline
carbonatite complexes. Carbonate-silicate liquid immiscibility has been observed in the
sodium aluminosilicate systems under P–T conditions of the crust and shallow mantle
(0.1–2.5 GPa) [1–6]. The experiments both in model systems, for example, Di + Jd + 2Mgs
at 3–6 GPa [7,8], and in the carbonate-eclogite systems [9–12] indicate that the immiscibility
between sodic carbonate and aluminosilicate melts ceases above 2.5–3 GPa. There is also
a report on a carbonate-silicate miscibility gap in the Opx + Na2CO3 system established
at a higher pressure of 4 GPa and 1140 ◦C [13]. Yet, this system is difficult to classify as
an aluminosilicate. Another experimental study of the kamafugite–carbonatite system
at 1.7 GPa revealed that liquid immiscibility may also occur in the potassium carbonate–
aluminosilicate systems [14]. Findings of ultrapotassic aluminosilicate and carbonatite
melt/fluid inclusions in diamonds from kimberlites and placers worldwide led to the
assumption that the carbonate-silicate liquid immiscibility extends to the base of the
subcontinental lithospheric mantle [15]. Recent experiments at 2.5–6 GPa in the K-rich
carbonate-aluminosilicate systems modeling recycled carbonated sediments, metapelites,
support this hypothesis [16–20]. The studies of dehydrated carbonated metapelite (DG2)
have revealed that at 5.5–6.5 GPa, the partial melting begins with a K-rich dolomite-ankerite
melt [16,21]. The carbonate melt is stable from 1000 to 1180 ◦C [16,21], while the second
immiscible CO2-bearing phonolite melt appears at 6 GPa and 1200 ◦C [16]. It was found
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that at 6 GPa, K-rich Ca-Mg-Fe carbonate and conjugate K-rich aluminosilicate (CO2-
bearing phonolite) melts coexist over 1200–1500 ◦C [16] (Figure 1). At the next stage, it is
interesting to fundamentally determine the P–T field of liquid immiscibility and trends in
the composition of melts at intermediate pressures corresponding to depths of 100–200 km.
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Figure 1. P-T plot illustrating phase relationships in anhydrous carbonated pelite systems.
GS11a—[22], GS11b—[21], TD11—[23]. Ecl—eclogitic assemblage: Cpx + Grt + Ky + Coe + Rt.
Dol-in—Dol = Arg + Mgs [24]. Kfs-in—2Kfs = Wad + Ky + Coe [25–28]. Dol-out/Kfs-in—The
upper-temperature stability limit of Dol+Kfs in pelite under nominally anhydrous conditions. See
the Abbreviations section for mineral and phase symbols.

Here, we carried out multi-anvil experiments over the range of 3–6 GPa and 1050–1500 ◦C.
Since the abundance of refractory crystalline phases restricts the fraction of liquid phases,
which complicates their detection and analysis, the experiments were carried out in the
systems corresponding to the immiscible carbonate and silicate melts established in car-
bonated pelite (DG2) at 6 GPa and 1200 ◦C by Shatskiy et al. [16]. Two systems were
studied. The first one, L(S) + L(C), corresponds to a mixture of two immiscible melts,
CO2-bearing phonolite and K-rich carbonate (Table 1). The second one, L(S), corresponds
to the composition of the CO2-bearing phonolite melt from the same experiment (Table 1).

Table 1. Compositions (wt%) of starting mixtures normalized to 100%.

System SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O CO2

L(S) + L(C) 27.8 2.20 7.95 5.65 3.56 12.9 2.76 15.8 21.4
L(S) 52.4 2.14 13.3 1.57 1.19 3.23 2.99 15.2 8.0

2. Methods

We conducted a set of experiments over 3–6 GPa and 1050–1500 ◦C using a multianvil
DIA-type press, «Discoverer-1500» [29]. Eight 26 mm tungsten carbide cubes, “Fujilloy
N-05” (Fuji Die Co., Ltd., Tokyo, Japan), with 12 mm truncations were used as inner-stage
anvils. ZrO2 pressure media (OZ-8C, MinoYogyo Co., Ltd., Nagoya, Japan, [30] were
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shaped as 20.5 mm octahedra with ground edges and corners. Pyrophyllite gaskets, 4.0 mm
in both width and thickness, were used to seal the compressed volume and support the
anvil flanks. A multi-charge assembly was employed, which allows simultaneous loading
of up to 16 cylindrical samples of 0.9 mm in size in a single run. Depending on the location
of the sample relative to the center of the heater, the hot temperature zone is located at the
top or bottom of the sample. A description of the assembly and experimental procedures
are given in [31]. The sample temperature was measured by a W97Re3-W75Re25 thermo-
couple and controlled automatically within 2 ◦C of the desired value. No correction of the
effect of pressure on emf was applied. The maximum temperature gradients within the
sample charge vary from 5 to 8 ◦C/mm as temperature increases from 1000 to 1500 ◦C,
respectively. High-temperature pressure calibration was carried out using known phase
transitions in SiO2 (quartz-coesite) [32] and CaGeO3 (garnet-perovskite) [33]. Uncertainties
in the temperature and pressure measurements were less than 20 ◦C and 0.5 GPa, respec-
tively [34]. The experiments were run in graphite capsules. Thus, the redox condition of
the experiments should approximately correspond to the graphite–carbon dioxide (CCO)
buffer [35].

Two starting mixtures were prepared: L(S) + L(C) and L(S) (Table 1). Starting materials
were prepared using reagent-grade oxides, carbonates, synthetic KAlSi3O8 glass, natural
magnesite (<0.1% impurity), and dolomite (<0.3% impurity) from Brumado (Bahia, Brazil).
The starting materials were blended in an agate mortar under acetone and loaded as
a powder into graphite capsules. The loaded capsules were dried at 300 ◦C for 1–2 h.
Prepared assemblies were stored at 200 ◦C in a vacuum for ≥12 h before the experiment.
All experiments were conducted at 15%–35% indoor humidity. Despite these efforts,
phlogopite was detected in two L(S) + L(C) samples synthesized at 3 GPa (Table 2), which
indicates their contamination with atmospheric water.

Table 2. Summary of run conditions and calculated phase proportions (mol%) in the system
L(S) + L(C).

Run# P, GPa T, ◦C t, h #
Run Products

L(C) L(S) Kfs Wad Phl Coe Grt Cpx Rt Sum r2

D328 3.0 1050 98 3-2 41 – 53 – 4 – – – 3 0.71
D260 3.0 1200 20 4-3 37 37 – – 7 – – 20 – 0.50
D255 4.5 1200 20 1-2, 2-2 55 32 4 – – – 1 8 – 0.04
D261 6.0 1100 113 4-1, 4-3 57 – – 3 – 8 10 22 – 0.44
D210 6.0 1200 72 4-1, 4-4 58 – 9 – – 2 – 24 tr. 0.04
D211 6.0 1300 64 1-4 44 26 – – – – 7 23 – 0.11
D214 6.0 1400 25 4-2 49 39 – – – – 1 12 – 0.10
D217 6.0 1500 5 4-4 26 74 – – – – – – – 0.94

Notes: t—duration; L(C)—carbonate melt; L(S)—phonolitic melt; Kfs—potassium feldspar; Wad—K2TiSi3O9
wadeite; Coe—coesite; Cpx—clinopyroxene; Rt—rutile; #—sample number; tr.—trace amount. Modal abundance
(mol%) is determined by mass balance calculations using all the oxide concentrations of constituent phases; “Sum
r2” is the sum of squares of residuals obtained by using mineral modes, phase compositions, and the composition
of the starting materials. The mass balance calculations in both mol% and wt% are given in Tables S1–S3.

The recovered samples were polished using an anhydrous lubricant, WD-40, and
cleaned using benzine before carbon coating [34]. The composition and phase relations of
the recovered samples were studied using a MIRA 3 LMU scanning electron microscope
(Tescan Orsay Holding) coupled with an INCA energy-dispersive X-ray microanalysis
system [36]. The Raman spectra of the quench products of carbonate and silicate melts
were collected using a Horiba Jobin Yvon Lab-RAM HR800 spectrometer equipped with
a multi-channel LN/CCD detector with a resolution of 1024 pixels and a solid-state laser
wavelength of 532.1 nm.
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3. Results

The compositions of the starting mixtures, L(S) + L(C) and L(S), are given in Table 1.
Experimental conditions and phase proportions for the systems L(S) + L(C) and L(S) are
listed in Tables 2 and 3, respectively. BSE images of the run products and phase proportions
inferred from mass-balance calculations are shown in Figures 2–5. Corresponding BSE
images and phase proportions for the L(S) system are presented in Figures 6–9, respectively.
The compositions of minerals and melts are given in Tables 4–8, Table S1 and S4 and plotted
in Figures 10–13. The mineral symbols are given in the abbreviations section at the end of
the manuscript just before the reference section.

3.1. Phase Assemblages and Textures
3.1.1. The System L(S) + L(C)

At 3 GPa and 1050 ◦C (run D328, 98 h), the sample mainly consists of Kfs (53 mol%)
and melt (41 mol%) (Table 2). The melt is segregated as a separate layer adjacent to the
high-temperature (HT) capsule end (Figure 2a). Kfs makes up the majority of the sample.
Kfs forms isometric grains, 10–30 µm in size, with irregular roundish outlines (Figure 2b).
The Kfs aggregate contains interstitial melt, whose fraction decreases toward the low-
temperature (LT) side. The layer of Phl + Kfs aggregate is adjacent to the LT capsule end
(Figure 2a). Phl forms isometric euhedral crystals 15–25 µm in size (Figure 2c). In addition,
the sample contains Rt adjacent to the Phl + Kfs layer in the LT zone (Figure 2a, Table 2). Rt
forms clusters of anhedral grains 10–20 µm in size (Figure 2c).

As temperature increases to 1200 ◦C at 3 GPa (run D260, 20 h), Kfs completely melts
to form phonolite melt with a fraction of 37 mol%, while the fraction of carbonate melt
slightly decreases (from 41 to 37 mol%) (Table 2). The layer of carbonate melt is adjacent to
the HT sample side (Figure 2a,d,g). Quenched silicate melt (glass) with suspended Cpx
crystals appears in the central part of the sample. Cpx forms well-shaped prismatic crystals
40–50 µm in length. L(S) also contains sporadic beads of L(C) up to 50 µm in diameter
(Figure 2f). In addition, a few large (50–150 µm) euhedral Phl crystals appear near the
capsule walls in the middle and LT zones (Figure 2d). In the BSE images, Phl crystals are
distinguished by perfect cleavage (Figure 2e).

As pressure increases to 4.5 GPa at 1200 ◦C (run D255, 20 h), the melt fractions change
as follows: 37 → 54 mol% L(C) and 37 → 32 mol% L(S). A layer of L(C) appears as a
separate pool on the HT side. The L(S) pool is located in the central part of the sample and
has a dome-shaped interface with L(C) (Figure 2g). A few euhedral Grt crystals of up to
40 µm in diameter are suspended in L(S) (Figure 2g–i). In addition, silicate melt contains
sporadic carbonate melt beads 20–50 µm in diameter (Figure 2g–i). Cpx crystals a few
micrometers in size are concentrated in the LT region (Figure 2g,i).

The further pressure increase to 6 GPa at 1200 ◦C (run D210, 72 h) is accompanied
by the disappearance of L(S) and the crystallization of Kfs. The fraction of L(C) increases
from 54 to 57 mol% (Figure 3, Table 2). The carbonate melt fills the upper, hotter half of the
sample, while the LT half of the sample consists mainly of Cpx (Figure 4d). Carbonate melt
contains numerous graphite flakes (Figure 4d,e) and impregnates the overlying graphite
cap to a depth of up to 150 µm (Figure 4d). Cpx forms an aggregate of euhedral short
prismatic crystals 3–7 µm in size (Figure 4d,f). K-feldspar fills the interstitials between Cpx
crystals and appears as separate grains with irregular outlines up to 100–200 µm in size
at the Cpx-L(C) interface (Figure 4d,e). Isometric crystals of Grt and Coe are present in
the Cpx aggregate, as inclusions in Kfs grains, and also as a suspension in the carbonate
melt in the central part of the sample near the surface of the aggregate of crystalline phases
(Figure 4d–f).



Minerals 2023, 13, 443 5 of 32
Minerals 2023, 13, x FOR PEER REVIEW 5 of 33 
 

 

 

Figure 2. BSE of sample cross-sections in the system L(S)+L(C) at 3–4.5 GPa: (a–c) 3 GPa, 1050 °C 

(run D328, 98 h); (d–f) 3 GPa, 1200 °C (run D260, 20 h); (g–i) 4.5 GPa, 1200 °C (D255, 20 h). HT—

high-temperature, and LT—low-temperature sample sides. The gravity vector is directed down-

ward. See the Abbreviations section for mineral and phase symbols. 

As temperature increases to 1200 °С at 3 GPa (run D260, 20 h), Kfs completely melts 

to form phonolite melt with a fraction of 37 mol%, while the fraction of carbonate melt 

slightly decreases (from 41 to 37 mol%) (Table 2). The layer of carbonate melt is adjacent 

to the HT sample side (Figure 2a,d,g). Quenched silicate melt (glass) with suspended Cpx 

crystals appears in the central part of the sample. Cpx forms well-shaped prismatic crys-

tals 40–50 µm in length. L(S) also contains sporadic beads of L(C) up to 50 µm in diameter 

(Figure 2f). In addition, a few large (50–150 µm) euhedral Phl crystals appear near the 

capsule walls in the middle and LT zones (Figure 2d). In the BSE images, Phl crystals are 

distinguished by perfect cleavage (Figure 2e). 

As pressure increases to 4.5 GPa at 1200 °C (run D255, 20 h), the melt fractions change 

as follows: 37 → 54 mol% L(C) and 37 → 32 mol% L(S). A layer of L(C) appears as a sepa-

rate pool on the HT side. The L(S) pool is located in the central part of the sample and has 

a dome-shaped interface with L(C) (Figure 2g). A few euhedral Grt crystals of up to 40 

µm in diameter are suspended in L(S) (Figure 2g–i). In addition, silicate melt contains 

sporadic carbonate melt beads 20–50 µm in diameter (Figure 2g–i). Cpx crystals a few 

micrometers in size are concentrated in the LT region (Figure 2g,i). 

Figure 2. BSE of sample cross-sections in the system L(S) + L(C) at 3–4.5 GPa: (a–c) 3 GPa, 1050 ◦C
(run D328, 98 h); (d–f) 3 GPa, 1200 ◦C (run D260, 20 h); (g–i) 4.5 GPa, 1200 ◦C (D255, 20 h). HT—high-
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As temperature decreases to 1100 ◦C at 6 GPa (run D261, 113 h), the carbonate melt
fraction remains unchanged (Figure 5, Table 2), while Kfs disappears to produce Ti-wadeite
with an approximate composition of K2TiSi3O9 similar to that synthesized previously at
2 GPa and 1200–1400 ◦C [37]. A phase with an apparent formula K(Si, Ti)9O20 was also
obtained from Kfs-Phl lamproite in experiments at 6–7 GPa and 1000–1400 ◦C [38] and
was detected among groundmass minerals in lamproites from Middle Table Mountain,
Leucite Hills, Wyoming [39]. In our experiment, Ti-wadeite coexists with Cpx, Grt, and Coe,
which form an aggregate of euhedral to subhedral crystals a few micrometers in diameter
(Figure 4a–c).
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Figure 5. Calculated modes in mole fractions (Table 2) of the phases in the system L(S) + L(C) as a
function of temperature at 6 GPa.

At 1300 ◦C and 6 GPa (run D211, 64 h), the upper, hotter half of the capsule is filled
with carbonate melt. The melt contains numerous graphite flakes (Figure 4g). The melt also
infiltrated the overlying graphite cap to a depth of 200 µm (Figure 4g). An aggregate of Cpx
crystals with a few Grt crystals adjoins the LT part of the sample (Figure 4g,h). The crystals
are isometric in shape, and their size varies from 3 to 70 µm (Figure 4g–i). Quenched silicate
melt (glass) appears as a separate layer at the Cpx-L(C) interface (Figure 4g). L(S) contains
sporadic beads of L(C) up to 35 µm in diameter (Figure 4i).

As the temperature increases to 1400 ◦C (run D214, 24 h) and then to 1500 ◦C, the
fraction of L(C) decreases, while the fraction of L(S) increases at the expense of Cpx and
Grt (Figure 5; Table 2). At 1400 ◦C, the sample consists of a layer of L(C) adjacent to the
HT capsule end, a layer of L(S) in the middle, and prismatic Cpx crystals up to 150 µm in
length at the LT sample side. In addition, euhedral Grt crystals appear as a minor phase in
the LT region (Figure 4j).

At 1500 ◦C (run D217, 5 h), the sample undergoes complete melting and consists of
the products of quenching two melts: a carbonate melt stuffed with graphite flakes and a
silicate melt forming 100 µm beads in a carbonate melt (Figure 4k). The quench products of
silicate melt are glass with numerous carbonate beads of 1–7 µm in size or less (Figure 4l).
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3.1.2. The System L(S)

At 3 GPa and 1050 ◦C (run D328, 98 h), the sample mainly consists of Kfs (71 mol%),
L(C) (22 mol%), and L(S) (5 mol%) (Table 3 and Table S5). One-third of the sample from
the HT side consists of Kfs and interstitial silicate melt (glass) (Figure 6a,c). L(S) appears
in triple junctions of Kfs grains (Figure 6b,c). The rest of the sample consists of Kfs, Cpx,
rutile, interstitial carbonate, and silicate melts (Figure 6a,b). Cpx forms short, prismatic
hopper crystals up to 40 µm in size with large interior hollows filled with Kfs (Figure 6a).
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D328, 98 h); (d–f) 4.5 GPa, 1200 ◦C (D255, 20 h). See the Figure 1 caption for other details.

As pressure and temperature increase to 4.5 GPa and 1200 ◦C (run D255, 20 h), the
fraction of L(S) drastically increases from 5 to 68 mol% at the expense of Kfs, whose
fraction decreases from 71 to 17 mol% (Figure 7 and Table 3). Such a significant increase
in the fraction of L(S) containing CO3

2− (see further subsections) is accompanied by a
decrease in the fraction of L(C) from 22 to 9 mol% (Figure 7). The quenched-silicate melt
forms a homogeneous glassy mass in the lower half of the sample, located in the HT zone
(Figure 6d). An aggregate of Kfs + Cpx fills the upper half of the sample, located in the HT
zone. The carbonate melt forms a thin layer adjacent to the bottom of the graphite capsule
in the HT zone (Figure 6d). The carbonate melt is also present in the form of beads with a
diameter of 30–50 µm suspended in L(S) and embedded in the crystalline aggregate in the
LT zone. Cpx appears as clusters of euhedral short-prismatic crystals 1–10 µm in size and
individual 20–30 µm crystals embedded in Kfs. The latter forms cracked grains 20–70 µm
in size (Figure 6d–f).
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Table 3. Summary of run conditions and calculated phase proportions (mol%) in the system L(S).

Run# P, GPa T, ◦C t, h #
Run Products

L(C) L(S) Kfs Wad Coe Ky Cpx Rt Sum
r2

D328 3.0 1050 98 3-1 22 5 71 – – – 1 1 0.04
D255 4.5 1200 20 1-1, 2-1 9 68 17 – – – 7 – 0.05
D261 6.0 1100 113 4-2, 4-4 22 – 7 21 15 8 26 – 0.01
D210 6.0 1200 72 3-4 8 61 8 – 2 – 22 – 0.13
D211 6.0 1300 64 2-2 1 80 – – – – 19 – 0.51
D214 6.0 1400 25 3-2 – 89 – – – – 12 – 0.64
D217 6.0 1500 5 3-4 – 100 – – – – – –

Notes: same as in Table 2. The mass balance calculations in both mol% and wt% are given in Tables S5–S7.
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An increase in pressure to 6 GPa at 1200 ◦C (run D210, 72 h) is not accompanied by a
fundamental change in the phase composition and ratio (Figure 7, Table 3). The sample
consists of 61 mol% silicate glass located in the upper HT zone (Figure 8d). At the interface
with the capsule walls, L(S) contains graphite flakes (Figure 8d). Most of the melt pool is
clogged with 1–7 µm euhedral short-prismatic Cpx crystals (Figure 8d–f). Nevertheless,
the Cpx-free regions are present at the HT and LT edges of the capsule (Figure 8d). The
identity of the composition of silicate glass from areas without crystallites and from areas
with crystallites indicates the equilibrium, rather than quenching, nature of the latter, and
that the composition of the silicate glass corresponds to the composition of L(S). In addition
to Cpx, silicate glass contains beads of quenched-carbonate melt whose size varies from
10 to 70 µm (Figure 8d,f). L(C) forms a mat of acicular carbonate crystals on quenching.
In the LT zone of the sample, in addition to Cpx and L(S), there are also Kfs crystals
adjoining the capsule bottom and short-prismatic Coe crystals. Kfs forms cracked grains
with irregular outlines, while Coe appears as well-shaped short prismatic crystals 10–50 µm
in size (Figure 8e).

As the temperature decreases to 1100 ◦C at 6 GPa (run D261, 113 h), L(S) disap-
pears, whereas Ti-wadeite and Ky appear in addition to Kfs, Cpx, and Coe (Figure 9;
Table 3). The carbonate melt is segregated as a 50 µm layer adjacent to the upper HT
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capsule end, whereas most of the sample is represented by a homogeneous aggregate of
Cpx + Wad + Coe + Ky + Kfs (Figure 8a). Cpx, Wad, and Ky form clusters consisting of
1–3 µm isometric grains, while Coe appears as isometric grains of up to 7 µm in size with
irregular outlines (Figure 8c). At the interface with L(C), Coe grows to 10–30 µm short
prismatic crystals (Figure 8b). L(C) is quenched into a mat of fibrous crystals of K2CO3,
K2Ca(CO3)2, bütschliite, K2Ca3(CO3)4, and Mg-calcite (Figure 8b).

Minerals 2023, 13, x FOR PEER REVIEW 11 of 33 
 

 

 

Figure 8. BSE of sample cross-sections in the system L(S) at 6 GPa: (a–c) 1100 °C (run D261, 113 h); 

(d–f) 1200 °C (run D210, 72 h); 1300 °C (run D211, 64 h); (g–h) 1300 °C (D211, 64 h); (i) 1400 °C (D214, 

25 h). The color image (c) was taken in element mapping mode. See the Figure 1 caption for other 

details. 

At 1300 °C and 6 GPa (run D211, 64 h), Kfs and Coe disappear, and only Cpx remains 

among the solid phases. The L(S) fraction increases from 61 to 80 mol%, while the L(C) 

fraction decreases from 8 to 1 mol% (Figure 9; Table 3). L(S) is quenched into a homoge-

neous glass containing graphite flakes at the interface with the capsule walls (Figure 8g). 

Beads of carbonate melt 10–25 µm in size are located along the Cpx-L(S) interface (Figure 

8g,h). Cpx forms euhedral short prismatic crystals 5–15 µm in size (Figure 8h). 

As the temperature increases to 1400 °C at 6 GPa (run D214, 24 h), L(C) disappears, 

the Cpx fraction decreases, and the L(S) fraction increases (Figures 8i and 9). At 1500 °C 

and 6 GPa (run D217, 5 h), the sample melts completely and quenches to a homogeneous 

glass (Table 3). 

Figure 8. BSE of sample cross-sections in the system L(S) at 6 GPa: (a–c) 1100 ◦C (run D261, 113 h);
(d–f) 1200 ◦C (run D210, 72 h); 1300 ◦C (run D211, 64 h); (g–h) 1300 ◦C (D211, 64 h); (i) 1400 ◦C
(D214, 25 h). The color image (c) was taken in element mapping mode. See the Figure 1 caption for
other details.

At 1300 ◦C and 6 GPa (run D211, 64 h), Kfs and Coe disappear, and only Cpx remains
among the solid phases. The L(S) fraction increases from 61 to 80 mol%, while the L(C)
fraction decreases from 8 to 1 mol% (Figure 9; Table 3). L(S) is quenched into a homogeneous
glass containing graphite flakes at the interface with the capsule walls (Figure 8g). Beads of
carbonate melt 10–25 µm in size are located along the Cpx-L(S) interface (Figure 8g,h). Cpx
forms euhedral short prismatic crystals 5–15 µm in size (Figure 8h).
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As the temperature increases to 1400 ◦C at 6 GPa (run D214, 24 h), L(C) disappears,
the Cpx fraction decreases, and the L(S) fraction increases (Figures 8i and 9). At 1500 ◦C
and 6 GPa (run D217, 5 h), the sample melts completely and quenches to a homogeneous
glass (Table 3).
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3.2. Phase Compositions

In this section, we summarize the compositions of the minerals and melts observed in
our experiments in the systems L(S) + L(C) and L(S) at 3–6 GPa.

3.2.1. Clinopyroxene

Cpx compositions are given in Table 4 and plotted in Figure 10. At 6 GPa and
1100–1400 ◦C, Mg# varies a little from 72 to 75 in the L(S) + L(C) system and increases with
temperature from 72 to 81 in the L(S) system (Table 4 and Table S8). Ca# varies from 49 to
52 in both systems (Table S8), where Ca# = Ca/(Ca + Mg + Fe) × 100 mol%. Cpx contains
7–10 wt% Na2O, 0.3–1.3 wt% K2O, and 0.2–0.6 wt% TiO2 (Table 4). With the decreasing
temperature at 6 GPa, K2O contents increase from 0.3–0.5 to 1.1–1.3 wt% but are then
reduced to 0.3 wt% as pressure decreases to 3 GPa (Table 4). With decreasing pressure,
Na2O and Al2O3 contents decrease steadily from 10 to 19–21 wt% at 6 GPa to 2–6 and
4–8 wt% at 3 GPa, respectively (Figure 10, Table 4). As the pressure decreases to 3 GPa,
TiO2 concentrations increase to 2 and 6 wt% at 1200 and 1050 ◦C, respectively (Figure 10,
Table 4). At 1050 ◦C and 3 GPa, Cpx contains (in mol%): 4.1 TiO2, 2.3 Al2O3, and 6.0
Na2O (Table S8). These observations suggest coupled substitution Na+Ti3+ → Ca2+Mg2+,
which has been investigated previously (see [40] and references therein). At 6 GPa and
1100–1400 ◦C, the compositions of Cpx in both systems correspond to the range of Group C
eclogites according to the classification in [41] (Figure 11b).
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Table 4. Composition of clinopyroxene.

Conditions wt%, Normalized to 100% mol%

Run System P, GPa T, ◦C SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Mg# Jd NTS

D260 L(S) + L(C) 3 1200 49.7 1.7 7.7 5.9 12.2 21.1 1.5 0.3 79 1 6
D255 L(S) + L(C) 4.5 1200 53.3 0.9 14.1 4.7 7.3 12.9 6.2 0.6 73 28 4
D261 L(S) + L(C) 6 1100 57.3 0.7 18.9 2.2 3.7 6.7 9.9 0.6 75 56 3
D210 L(S) + L(C) 6 1200 55.8 0.7 15.4 3.8 5.6 10.6 7.1 1.1 72 39 3
D211 L(S) + L(C) 6 1300 55.4 0.4 15.9 3.8 5.8 10.9 7.4 0.5 73 40 2
D214 L(S) + L(C) 6 1400 54.3 0.5 16.4 3.7 6.0 11.5 7.1 0.5 74 38 2
D328 L(S) 3 1050 56.2 5.5 3.9 6.2 9.8 11.7 6.3 0.3 74 9 18
D255 L(S) 4.5 1200 56.7 1.3 15.8 2.7 5.5 8.0 9.4 0.6 79 43 5
D261 L(S) 6 1100 58.1 0.3 20.7 1.7 2.5 5.1 10.3 1.3 72 66 1
D210 L(S) 6 1200 57.3 0.7 18.9 2.2 3.7 6.7 9.9 0.6 75 56 3
D211 L(S) 6 1300 57.6 0.5 19.8 1.7 3.4 6.2 10.3 0.5 78 60 2
D214 L(S) 6 1400 57.2 0.5 20.2 1.4 3.5 6.5 10.4 0.3 81 60 2

Notes: Mg# = Mg/(Mg + Fe) × 100 mol%; Jd—NaAlSi2O6 content in Cpx; NTS—NaTiSi2O6 content in Cpx. The
recalculation of the composition of clinopyroxene into components is given in Supplementary Table S8. Standard
deviations are given in Supplementary Tables S1 and S5.
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Figure 11. Compositions of Grt (a) and clinopyroxene (b) form the present experiments. (a) Ca-Mg-Fe
diagram. Group A, B, and C according to the classification of Coleman et al. [42]. (b) Na2O vs. MgO
in clinopyroxenes. Group A, Group B, and Group C according to the classification of Taylor and
Neal [41].

3.2.2. Garnet

Grt was formed only in the L(S) + L(C) system at 6 GPa in the range of 1100–1400 ◦C
and 4.5 GPa at 1200 ◦C (Figures 3 and 5, Table 2). Compositions of Grt fall in the range
Prp24–30Alm30-36Grs38–44 (Table 5 and Table S8), which correspond to Group C eclogites
according to the classification of Coleman et al. [42] (Figure 11a). At 1300, 1400 ◦C, and
6 GPa, Grt contains 1.4 wt% TiO2. As temperature decreases to 1100 ◦C, TiO2 content
increases to 2.1 wt%, while as pressure decreases from 6 to 4.5 GPa at 1200 ◦C, that varies
very little from 1.7 to 1.8 wt% (Table 5 and Table S8).

Table 5. Composition of garnet in the system L(S) + L(C).

Conditions wt%, Normalized to 100% mol%

Run P, GPa T, ◦C SiO2 TiO2 Al2O3 FeO MgO CaO Na2O Prp Alm Grs

D255 4.5 1200 39.4 1.8 21.0 15.4 7.9 14.1 0.4 30 32 38
D261 6 1100 39.2 2.1 21.5 14.7 6.3 15.7 0.5 24 32 44
D210 6 1200 40.1 1.7 20.4 16.7 6.1 14.4 0.6 24 36 40
D211 6 1300 39.3 1.4 21.1 15.1 6.7 16.1 0.3 25 32 43
D214 6 1400 39.5 1.4 21.1 14.5 7.5 15.7 0.3 28 30 42

Notes: standard deviations are given in Supplementary Tables S1 and S5.

3.2.3. Other Minerals

Rutile was detected at 3/1050 and 6/1200 GPa/◦C. EDS analysis of Rt indicates the
presence of 0.2–0.9 wt% SiO2, 0.2–1.0 wt% Al2O3, and 0.7–1.0 wt% FeO (Tables 2 and 4).
Two samples synthesized in the L(S) + L(C) system at 3 GPa include phlogopite as a minor
phase. Phl contains 9 and 11 wt% TiO2 at 1050 and 1200 ◦C, respectively (Table S8). In
both systems, the samples recovered from the experiment at 6 GPa and 1100 ◦C contain
Ti-wadeite with an approximate composition of K2TiSi3O9 (Table S8). Among the run
products, there are also crystalline phases with a concentration of impurities, if any, below
the detection limit. The composition of these phases is close to the ideal stoichiometry of
Coe, Ky, and Kfs.

3.2.4. Carbonate Melt

In both systems, the carbonate melt is characterized by high concentrations of al-
kalis, 1–12 wt% Na2O and 13–37 wt% K2O (Figure 12g,h). Ca# of the melt varies be-
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tween 55–68, and Mg#—45–64 (Table 6 and Table S9). In molar ratios, the composition
of the carbonate melt can be expressed as follows: 24-58(K0.44–0.91Na0.09–0.66)2CO3·42-
76CaO0.23–0.46MgO0.09–0.20FeO0.08–0.12CO3 + 1–16 mol% SiO2 + 3–7 mol% TiO2 + 1–4 mol%
Al2O3. With increasing temperature, the content of SiO2 in the melt increases from 1–3 to
6–10 wt%, while the content of Al2O3 does not exceed 3 wt% (Figure 12a,c). Carbonate
melt coexisting with titanium phases (rutile, Ti-wadeite, and Ti-phlogopite) at 3/1050,
3/1200, and 6/1100 GPa/◦C contains 1–2 wt% TiO2 (Figure 12b, Table 6). As the temper-
ature increases to 1200 ◦C at 4.5 and 6 GPa, the Ti-minerals disappear (Figures 3, 5 and 9,
Tables 2 and 3), and the content of TiO2 in the melt increases to 3–4 wt%. (Figure 12b,
Table 6). An increase in temperature to 1500 ◦C is accompanied by a decrease in the TiO2
concentration in the melt to ~2 wt% at 6 GPa (Figure 12b, Table 6). With increasing pressure,
the content of Na2O in the melt decreases from 6 to12 wt% at 3 GPa and 1050 ◦C to 1 wt%
at 6 GPa and 1100 ◦C (Figure 12g, Table 6). The minimum K2O content of 12–14 wt% was
found in the melt coexisting with phlogopite at 3 GPa and 1050 ◦C (Figure 12h, Table 6).
With an increase in temperature to 1200 ◦C at 3 and 4.5 GPa, the K2O content in the car-
bonate melt increases to 18–20 wt% (Figure 12h). An increase in pressure to 6 GPa and a
decrease in temperature to 1100 ◦C are accompanied by the disappearance of the silicate
melt and phlogopite, which leads to an increase in the K2O content in the carbonate melt
to 26–37 wt% (Figures 7, 9 and 12h). With a further increase in temperature at 6 GPa, the
content of K2O in the melt gradually decreases to 18 wt% at 1500 ◦C (Figure 12h). The
content of CO2 in a form of CO3

2− in the melt varies within 32–41 wt% (Figure 12h, Table 6).

Table 6. Compositions (wt%) of carbonate melts.

P, GPa/T, ◦C System n SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O
CO2 Content K2O/

Na2O Ca# Mg#
Calc BD

Starting Mixture L(S) + L(C) 27.8 2.20 7.95 5.65 3.56 12.9 2.76 15.8 21.4 6 58 53
3/1050 L(S) + L(C) 9 0.97(37) 1.22(49) 0.42(06) 8.20(31) 6.72(19) 24.4(6) 5.70(44) 12.5(2) 39.8 42.1(1.0) 2 61 59
3/1200 L(S) + L(C) 6 4.71(1.10) 0.99(15) 0.98(13) 7.42(22) 7.30(50) 21.3(1.0) 2.89(23) 18.8(8) 35.6 38.4(2.0) 7 57 64

4.5/1200 L(S) + L(C) 7 4.59(1.53) 2.57(29) 1.51(27) 7.79(47) 4.84(38) 21.3(1.1) 3.32(29) 17.9(8) 36.3 39.5(1.7) 5 62 53
6/1100 L(S) + L(C) 9 0.72(08) 1.90(06) 1.13(04) 6.00(11) 3.79(11) 18.6(3) 1.04(07) 27.1(2) 39.6 42.8(4) 26 65 53
6/1200 L(S) + L(C) 15 2.93(19) 2.94(09) 1.35(07) 6.72(18) 3.06(19) 17.1(7) 1.76(22) 25.0(5) 39.1 41.0(1.2) 14 64 45
6/1300 L(S) + L(C) 1 3.08 1.95 0.70 6.30 2.90 18.0 1.74 25.7 39.7 43.2 15 67 45
6/1400 L(S) + L(C) 14 9.89(17) 2.39(05) 3.00(04) 7.25(22) 4.00(04) 18.8(0) 2.72(07) 19.6(1) 32.4 34.6(1) 7 63 50
6/1500 L(S) + L(C) 7 6.31(96) 1.77(58) 2.00(17) 7.63(60) 5.12(83) 22.3(1.3) 3.86(28) 18.4(1.2) 32.6 38.6(2.8) 5 63 54

Starting mixture L(S) 52.4 2.14 13.3 1.57 1.19 3.23 2.99 15.2 − 8.0 5 53 57
3/1050 L(S) 6 3.04(30) 1.53(12) 0.43(15) 6.28(09) 5.73(11) 16.0(1) 11.8(3) 14.1(1) 41.1 42.3(4) 1 55 62

4.5/1200 L(S) 18 1.89(1.27) 2.74(26) 0.72(21) 5.38(31) 4.83(51) 20.8(8) 7.52(61) 19.9(6) 36.3 42.6(1.7) 3 66 62
6/1100 L(S) 10 2.43(55) 0.86(05) 2.85(46) 5.31(41) 2.56(45) 9.02(68) 0.93(08) 36.7(8) 39.3 45.3(1.6) 39 54 46
6/1200 L(S) 20 2.97(91) 3.98(13) 1.99(11) 5.57(18) 3.66(26) 15.8(6) 3.51(54) 31.0(4) 31.6 41.9(1.3) 9 63 54
6/1300 L(S) 15 4.04(78) 2.79(09) 1.69(13) 5.01(16) 3.88(30) 19.5(7) 3.63(18) 27.0(5) 32.5 42.9(1.1) 7 68 58

Notes: n—the number of EDS analysis, standard deviations are given in parents, K2O/Na2O is a weight ratio,
Ca# = Ca/(Ca + Mg + Fe) × 100 mol%, Mg# = Mg/(Mg + Fe) × 100 mol%.

3.2.5. Quench Products of Carbonate Melt

At 3 GPa and 1200 ◦C, the products of melt quenching are K2Ca(CO3)2 (Ca# 50) and
Mg-bearing calcite (Ca# 70) (Figure 2e, Table 7). The Raman spectrum of the melt contains
bands at 66, 168, and 226 cm−1, which correspond to bütschliite-R32/m [43] synthesized
at 1 atm, 3 and 6 GPa [44,45], and bands at 289 and 720 cm−1, which correspond to calcite
containing 20–30 mol% MgCO3 [46] (Figure 13c). Bütschliite and Mg-bearing calcite were
previously found in the quench products of an alkaline carbonate melt obtained at 3 and
6 GPa in systems K2CO3-CaCO3 and K2CO3-CaCO3-MgCO3 [47,48].
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Figure 12. Compositions of carbonate melt as a function of temperature. (a) SiO2, (b) TiO2, (c) Al2O3,
(d) FeO, (e) MgO, (f) CaO, (g) Na2O, (h) K2O, (i) CO2. FeO* = total Fe as Fe2+.

Table 7. Composition of quench products of carbonate melt.

Run# P, GPa T, ◦C System Phase
wt%, Normalized to 100% Ca#

mol%SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O CO2 (Calc)

D260 3 1200 L(S) + L(C) Bu 2.4 0.3 0.7 7.2 5.0 12.9 2.7 33.5 35.4 50
Mg-Cal 1.9 0.3 0.7 5.4 7.9 35.3 0.8 6.3 41.4 70

D255 4.5 1200 L(S) + L(C) Kfs 62.3 2.2 17.8 0.6 0.1 0.2 0.2 16.6 – –
Phl 47.1 4.8 14.1 11.6 6.2 1.4 0.8 14.0 – –
K2 2.6 1.5 0.6 2.9 1.0 7.4 3.7 49.1 31.2 67
Bu 3.1 1.3 0.8 7.3 3.8 15.2 3.5 30.9 34.1 58

Mg-Cal 3.5 1.8 1.2 8.8 7.3 32.6 0.7 6.1 38.1 66
D261 6 1100 L(S) + L(C) Bu 0.7 1.2 1.8 8.6 6.0 19.3 0.6 24.8 37.0 56
D255 4.5 1200 L(S) Mg-Cal 0.8 2.5 0.2 7.7 6.9 33.3 1.5 6.7 40.5 68
D261 6 1100 L(S) Bu 1.5 0.7 1.1 7.7 4.5 10.9 0.7 38.3 34.6 47

K2 2.8 2.1 6.2 2.1 0.5 5.9 1.4 52.6 26.2 72
K2Ca3 2.3 0.5 6.4 6.9 2.5 30.8 0.6 15.8 34.2 78

Notes: K2—Ca-bearing K2CO3, Bu—bütschliite K2Ca(CO3)2, K2Ca3—K2Ca3(CO3)4, Mg-Cal—Mg-bearing cal-
cite. The number of EDS analysis and standard deviations are given in Supplementary Tables S1 and S5.
Ca# = Ca/(Ca + Mg + Fe) × 100 mol%.
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(a) run D210 at 6 GPa and 1200 ◦C, (b) run D255 at 4.5 GPa and 1200 ◦C, and (c) run D260 at 3 GPa
and 1200 ◦C.

At 4.5 GPa and 1200 ◦C, K2CO3, K2Ca(CO3)2 (Ca# 56), Mg-bearing calcite (Ca# 66),
Ti-phlogopite, and potassium feldspar (Table 7). In addition to bütschliite and Mg-bearing
calcite, the Raman spectrum of the melt contains bands at 685 and 1029 cm−1, which
correspond to γ-K2CO3, stable at 1 atm and 3 GPa [44,49] (Figure 13b).

Microprobe analysis of the quenched-carbonate melt recovered from 6 GPa and 1100 ◦C
revealed the presence of K2CO3, K2Ca(CO3)2 (Ca# 47), and K2Ca3(CO3)4 (Ca# 78) (Figure 8b,
Table 7). The Raman spectra did not reveal peaks corresponding to the above phases;
however, the established bands are close to K2Mg(CO3)2 and eitelite (Figure 13a) [50].

3.2.6. Silicate Melt

The obtained silicate melts are alkali-rich (19–24 wt% Na2O + K2O) and contain
12–19 wt% K2O (calculated on a volatile-free basis) (Tables S4 and S9). The content of SiO2
in the melt (calculated on a volatile-free basis) varies from 42 to 60 wt% (Tables S4 and S9).
The compositions of the resulting silicate melts fall within the phonolite region on the TAS
diagram (Figure 14). In the L(S) system, the melt contains 7–10 wt% CO2 and 51–55 wt%
SiO2, which do not change with temperature (Figure 15a,i) and are close to the bulk
concentrations of 8 wt% CO2 and 52 wt% SiO2 (Table 8). At the same time, in the L(S) + L(C)
system, the silicate melt coexisting with the carbonate melt shows an increase in CO2 from
8 to 18 wt% and a decrease in SiO2 from 50 to 35 wt% as temperature increases from 1200
to 1500 ◦C (Figure 15a,i and Table 8).
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Table 8. Compositions (wt%) of silicate melt.

P, GPa/T, ◦C System n SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O CO2 K2O/Na2O

Starting mixture L(S) + L(C) 27.8 2.20 7.95 5.65 3.56 12.9 2.76 15.8 21.4 6
3/1200 L(S) + L(C) 6 44.2(4) 1.71(10) 17.1(3) 5.33(17) 2.61(10) 3.74(18) 1.54(03) 17.9(2) 5.9(4) 12

4.5/1200 L(S) + L(C) 9 49.7(7) 2.82(06) 14.2(2) 2.96(09) 1.05(09) 2.49(18) 1.54(09) 16.9(1) 8.4(9) 11
6/1300 L(S) + L(C) 7 38.7(2) 3.15(05) 9.39(08) 4.01(08) 1.45(05) 5.77(12) 1.38(06) 18.1(3) 18.0(3) 13
6/1400 L(S) + L(C) 9 39.4(6) 2.95(06) 10.2(1) 4.48(16) 1.84(07) 6.69(12) 1.71(1) 16.7(2) 16.1(8) 10
6/1500 L(S) + L(C) 5 34.5(3.1) 2.74(19) 9.5(8) 4.97(52) 2.70(41) 9.23(1.44) 2.14(12) 16.1(3) 18.1(1.9) 8

Starting mixture L(S) 52.4 2.14 13.3 1.57 1.19 3.23 2.99 15.2 8.0 5
3/1050 L(S) 4 54.1(3) 6.11(15) 5.83(24) 3.59(10) 1.67(07) 1.87(09) 4.51(27) 12.2(1) 10.1(3) 3

4.5/1200 L(S) 10 55.2(1.7) 2.96(27) 13.3(4) 1.42(17) 0.67(22) 1.58(42) 2.38(45) 15.7(8) 6.9(1.8) 6
6/1200 L(S) 16 52.6(1.0) 3.34(12) 12.0(2) 1.27(06) 0.49(06) 1.18(11) 0.87(06) 18.8(5) 9.3(1.3) 22
6/1300 L(S) 10 52.3(5) 2.61(07) 11.9(2) 1.39(04) 0.67(05) 2.06(09) 1.37(1) 17.7(1) 10.1(7) 13
6/1400 L(S) 3 51.4(2) 2.54(01) 12.5(1) 1.56(03) 0.91(04) 3.03(08) 2.20(06) 16.4(1) 9.5(1) 7
6/1500 L(S) 4 51.6(2) 2.16(10) 12.9(1) 1.59(05) 1.09(03) 3.26(10) 2.87(05) 14.9(0) 9.6(3) 5

Notes: n—the number of EDS analysis, standard deviations are given in parents, K2O/Na2O is a weight ratio.
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study, S20—[18], S21—[17]. Kfs + Dol, and Kfs + Jd + Dol, and Kfs + Jd + Di + Dol are the system 

compositions expressed in mineral mole ratios. 

The content of Na2O in the melt successively decreases from 4.5 to 2.4 and 0.9 wt% as 

pressure increases from 3 to 4.5 and 6 GPa at 1050 and 1200 °C (Figure 15g, Table 8), which 

correlates with the simultaneous increasing Na2O in Cpx (Figure 11b). The subsequent 

increase in temperature at 6 GPa is accompanied by an increase in Na2O in the silicate 
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Figure 14. Silicate-melt compositions are plotted on the total alkali versus SiO2 diagram (TAS). Fields
for volatile-poor rocks are taken from [51]. The concentrations are from the volatile-free compositions
normalized to 100 wt%. Silicate melts from experiments [16,18], diamond inclusions [52–56], mantle
xenoliths [57,58] and alkaline complexes [59–61] are shown for comparison. TS—this study, S20—[18],
S21—[17]. Kfs + Dol, and Kfs + Jd + Dol, and Kfs + Jd + Di + Dol are the system compositions
expressed in mineral mole ratios.

The content of Na2O in the melt successively decreases from 4.5 to 2.4 and 0.9 wt% as
pressure increases from 3 to 4.5 and 6 GPa at 1050 and 1200 ◦C (Figure 15g, Table 8), which
correlates with the simultaneous increasing Na2O in Cpx (Figure 11b). The subsequent
increase in temperature at 6 GPa is accompanied by an increase in Na2O in the silicate melt
(Figure 15g) due to an uptake of omphacite (Figure 9). With an increase in pressure from 3
to 4.5 and 6 GPa at 1050 and 1200 ◦C, the concentration of K2O increases from 12 to 16 and
19 wt%. As the temperature increases from 1200 to 1500 ◦C at 6 GPa, the melting degree
increases, and the concentration of K2O in the silicate melt decreases from 19 to 15 wt%
(Figure 15h, Table 8).
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The maximum TiO2 content of 6 wt% in the silicate melt was recorded in the L(S)
system at 3 GPa and 1050 ◦C. At 6 GPa, the TiO2 concentration decreases from 3.2–3.3 to
2.2–2.7 with an increase in temperature from 1200 to 1500 ◦C (Figure 15b, Table 8). With an
increase in temperature and degree of melting, the concentrations of FeO, MgO, and CaO
in the silicate melt increase (Figure 15d–f).
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Figure 15. Compositions of silicate melt versus temperature. (a) SiO2, (b) TiO2, (c) Al2O3, (d) FeO,
(e) MgO, (f) CaO, (g) Na2O, (h) K2O, (i) CO2. The volatile-bearing compositions normalized to 100%.
FeO* = total Fe as Fe2+.

3.2.7. Raman Spectra of Silicate Melt

The Raman spectra of glass-quenched silicate melt are shown in Figure 16. The Raman
spectra contain bands at 485–490 cm−1, which correspond to the delocalized vibrational
mode of symmetric stretching vibrations of bridging oxygens in T-O-T bonds νs (T-O-
T)] [62]. The spectra are characterized by the presence of bands at 1080 and 720–740 cm−1,
which correspond to the modes of symmetric stretching vibrations (ν1) and the mode of in-
plane bending vibrations (ν4) of CO3

2− anionic groups, respectively [49,63]. Similar peaks
were found in the spectra of CO2-bearing NaAlSi3O8 and NaCaAlSi2O7 glasses synthesized
at 1–3 GPa [64,65]. The intensity of the CO3

2− bands, 1081–1083 cm−1, increases with
increasing CO2 concentration in the glass (Figure 16). The most intense band of the
carbonate group was observed in the glass containing 18 wt% CO2 (Figure 15a), and the
less intense one in the glass containing 8 and 6 wt% CO2 (Figure 15b,c). The Raman spectra
also contain a broad band in the region of 3500–3600 cm−1, which is characteristic of OH
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groups [61]. Raman spectra do not contain peaks corresponding to molecular CO2 at 1280
and 1380 cm−1, however, they have broad bands at 1340 (Figure 15b,c) and 1360 cm−1

(Figure 15a). A band near 1340 cm−1 was previously observed in the Raman spectra of
carbonate-silicate glass obtained in the CaCO3-CaSiO3 system at 6 GPa and 1650 ◦C [66].
In addition, the spectra of glasses synthesized at 4.5 and 6 GPa contain bands in the
range 912–922 cm−1 (Figure 15a,b). Similar bands were observed earlier in the Raman
spectra of glasses obtained in the carbonized pelite system and the Kfs-dolomite system at
6 GPa [16,18].
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Figure 16. Representative Raman spectra of silicate glass in the system L(S) + L(C). (a) run D211 at
6 GPa and 1300 ◦C, (b) run D255 at 4.5 GPa and 1200 ◦C, and (c) run D260 at 3 GPa and 1200 ◦C.

The Raman spectra show that, at 3–6 GPa, CO2 dissolves in the phonolite melt as a
carbonate anion. The intensity of the CO3

2− bands decreases with decreasing pressure,
which is consistent with the decrease in the CO2 concentration estimated from the total
deficit of microprobe analyses (Figures 15i and 16).
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3.2.8. Capsule Integrity

Any capsules are characterized by the time during which they can ensure the closeness
of the system concerning certain elements. This time is determined by the composition of
the sample, the thickness of the capsule, and the temperature. In this work, capsules made
of high-density grades of graphite with a grain size of <<1 µm were used, while upper
plugs were made of less dense graphite. In long-term experiments at high temperatures,
infiltration of the melt into graphite to a depth of up to 200 µm was found in the direction of
the HT zone located above the sample (Figure 4a,d,g,j). As can be seen, as the temperature
increases, the infiltration depth increases, while the run duration decreases. The presence
of graphite flakes in the bulk of the sample (mainly in the carbonate melt) indicates that the
infiltration was realized by the dissolution-precipitation mechanism [67,68]. The direction
of infiltration towards the HT zone indicates that the driving force of this process was the
difference in solubility of metastable graphite in a carbonate melt in the field of temperature
gradient [31,34]. Since the thickness of the walls of the capsules above the sample was
600 µm, the integrity of the capsules was not violated.

3.2.9. Approach to Equilibrium

At 4.5 and 6 GPa, the samples in the L(S) + L(C) system contain Grt and Cpx. This
allowed the use of geothermometers based on the exchange of Mg-Fe2+ between Cpx and
Grt to assess the degree of equilibrium achieved in the experiments. The calculations
were performed using the PTEXL code developed by Thomas Koehler and Andrei Girnis
(personal communication). In our calculation, we used Fetotal = Fe2+ without taking into
account the presence of Fe3+. In most cases, the deviation from the nominal temperature of
the experiment does not exceed 50 ◦C, although in the experiment at 4.5 GPa and 1200 ◦C,
the deviation is greater and varies within +89–128 ◦C (Table 9). Thus, in the experiments
carried out, the system was close to reaching equilibrium. Because garnet is absent from all
products of the L(S) system and products of the L(S) + L(C) system at 3 GPa, we could not
use the Cpx-Grt thermometer for these experiments.

Table 9. Temperature estimates using Cpx-Grt geothermometers in the system L(S) + L(C).

Run# P, GPa T, ◦C EG79 P85 K88 K00

D255 4.5 1200 1290 1289 1328 1323
D210 6 1200 1215 1207 1223 1285
D211 6 1300 1318 1316 1330 1394
D214 6 1400 1367 1367 1394 1444

Notes: EG79—[69], K88—[70], P85—[71], K00—[72].

4. Discussion
4.1. Discussion of Experimental Data

According to the data obtained, the melting of the studied systems begins with the
formation of a K-rich Ca-Mg-Fe carbonate melt (Figure 17). This is in good agreement with
the experiments in the carbonated pelite system (DG2), in which melting begins with a
K-rich dolomite-ankerite melt at 5.5–6.5 GPa [16,21]. The carbonate melt is stable from 1000
to 1180 ◦C [16,21], while the second immiscible CO2-bearing phonolite melt appears at
6 GPa and ≥1200 ◦C [16].
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Figure 17. Phase relations in the systems L(S) + L(C) (a) and L(S) (b). The KCM-CO2 solidus
after [73–75]. The shield geotherms with a surface heat flow of 37, 40, and 43 mW/m2 after [76]. Rift
margin geotherm with the heat flow of 60 mW/m2 after [77].

The compositions of the obtained carbonate melts are in good agreement with the
composition and the P-T-X field of stability of the carbonate melt in the K2CO3-CaCO3-
MgCO3 ternary [73–75] and multicomponent carbonate systems [78]. The compositions
of melts obtained at 1050 ◦C and 3 GPa fall within the field of complete melting on the
corresponding T-X diagram (Figure 18a) [74]. At 6 GPa, the minimum temperature of
our experiments was only 50–100 ◦C higher than the temperatures of the eutectics in the
K2CO3-CaCO3-MgCO3 ternary [73,75]. As can be seen in Figure 18b, carbonate melts are
close to the compositions of the K2CO3-CaCO3-MgCO3 ternary eutectics in terms of the (K,
Na)2CO3:CaCO3:(Mg, Fe)CO3 ratio. In the L(S) + L(C) system, the melt is close to the E1

eutectic, and in the L(S) system, it is close to the E2 eutectic (Figure 18b).
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We have previously shown [18] that the solidus of potassium carbonate-aluminosilicate
systems is controlled by the melting reaction of the Kfs + Dol assemblage:

6KAlSi3O8 (Kfs) + 6CaMg(CO3)2 (Dol) = 2(Can,Mg1-n)3Al2Si3O12 (Grt) + Al2SiO5 (Ky)
+ 11SiO2 (Coe) + 3K2(Ca1-n,Mgn)2(CO3)3 (L) + 3CO2 (F and/or L).

(1)

According to the data obtained, in addition to Kfs, another potassium phase, Ti-
wadeite, crystallizes in the studied system at 6 GPa and 1100 ◦C. The Ti-wadeite was also
established in the carbonated pelite DG2 system at 6 GPa and 1000 ◦C [16]. The formation
of Ti-wadeite at 6 GPa and 1100 ◦C suggests the following reaction limiting Kfs stability at
high pressures:

2KAlSi3O8 (Kfs) + TiO2 (Rt) = K2TiSi3O9 (Wad) + Al2SiO5 (Ky) + 2SiO2 (Coe). (2)

Reaction (2) is shifted to lower pressures relative to the pressure-induced decomposi-
tion of Kfs [25–28] (Figure 17):

K2Si4O9 (Wad) + Al2SiO5 (Ky) + SiO2 (Coe) = 2KAlSi3O8 (Kfs). (3)

Reaction (2) is consistent with the experiments of Mitchell [38], who studied a Kfs-
Phl-lamproite and found that Kfs observed at 4–5 GPa and 1100–1250 ◦C is replaced by
K4(Si, Ti)9O20-bearing assemblages at 6–7 GPa and 1000–1400 ◦C, but disagrees with the
experiments by Grassi and Schmidt [21,22], where almost pure Kfs appears in DG2 at
8 GPa and 900–1000 ◦C. The formation of Kfs from KAlSi3O8 glass (a component of the
starting mixture of the DG2 system) out of the Kfs stability field was also observed by
Shatskiy et al. [16] at 900 ◦C, 6 GPa, and a run duration of 96 h and was attributed to the
kinetic problem.

The stabilization of titanium wadeite as well as the destabilization of dolomite, accord-
ing to the reaction:

CaMg(CO3)2 (Dol) = CaCO3 (Arg) + MgCO3 (Mgs), (4)

suggests that with an increase in pressure to 6 GPa and higher, the melting reaction of
potassium carbonate-aluminosilicate systems is controlled by the following reaction [18]:

3K2Si4O9 (Wad) + 2Al2SiO5 (Ky) + 6CaCO3 (Arg) + 6MgCO3 (Mgs) =
2(Can,Mg1-n)3Al2Si3O12 (Grt) + 8SiO2 (Coe) + 3K2(Ca1-n,Mgn)2(CO3)3 (L)

+ 3CO2 (F and/or L),
(5)

The formation of a conjugate, immiscible silicate melt was recorded at 3/1050 and
6/1200 GPa/◦C (Figure 17b). The appearance of a silicate melt is associated with the
disappearance of potassium feldspar, which is its main component. With increasing
temperature, the mutual solubility of the silicate and carbonate melts increases; however,
even at 1500 ◦C and 6 GPa, i.e., at a temperature exceeding the temperature of the convective
mantle, the potassium carbonatite and phonolite melts are far from complete miscibility
(Figures 12 and 15). The disappearance of the carbonate melt in the L(S) system with
increasing temperature (Figure 17b) is explained by the limited amount of the carbonate
component in the bulk composition of the L(S) system, which at 1400 and 1500 ◦C is
completely absorbed by the silicate melt due to an increase in mutual solubility.

We also found that as the pressure decreased, the K2O/Na2O weight ratio in both
carbonate and silicate melts decreased from 22–38 at 6 GPa and 1100 ◦C to 1–3 at 3 GPa
and 1050 ◦C. (Figure 19). This decrease correlates with a decrease in the sodium content of
Cpx (Table 4). This supports the assumption [21] that with decreasing pressure, sodium
becomes less compatible with Cpx and the coexisting melt becomes more sodic. This trend
is consistent with the ultrapotassic composition of carbonatite and silicate inclusions in
natural diamonds and the more sodic composition of melt pockets from spinel-facies mantle
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xenoliths [79]. At the same time, it should also be noted that with increasing temperature,
more and more sodium is redistributed both into silicate and carbonate melts, and at mantle
adiabatic temperatures of 1400–1500 ◦C at 6 GPa [80], the K2O/Na2O ratio decreases to 5–8
(Figure 19).
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4.2. Comparison with Natural Data

Little is known about the nature of liquid immiscibility in potassium aluminosilicate
systems. The task of the first approximation is to establish the area of this immiscibility, the
features of the composition of protoliths, and the resulting melts over the entire range of
depths where manifestations of this immiscibility occur. To address this problem, it seems
important to compare the available natural and experimental data. Among the natural
manifestations of the immiscibility of potassium aluminosilicate and carbonatite melts,
alkaline carbonatite complexes, melt inclusions in spinel-facies mantle xenoliths, and melt
inclusions in diamonds should be noted. These objects reflect the phenomenon of immisci-
bility between potassium aluminosilicate and carbonatite melts at depths varying from the
crust to the base of the cratonic mantle. Below, we compare these natural observations with
our experimental data.

4.2.1. K-Alkaline Carbonatite Complexes

In many K-alkaline complexes, silicate and silicate-carbonate magma layering take
place [60,61,81–84]. The complexes contain paragenetic associations of carbonatites and K-
alkaline silicate rocks such as ultramafic lamprophyres [85–90]. Alkaline silica-undersaturated
rocks and carbonatites have similar ages and similar geochemical characteristics [81]. Tex-
tural and compositional criteria, melt inclusions, geochemical, and isotopic data show that
the complexes are formed by the liquid immiscibility of a carbonate-saturated parental
silicate melt [81–83].

Reconstruction of the initial composition of immiscible carbonatite and aluminosilicate
melts is complicated by serious post magmatic changes, including the recrystallization
of silicate melts and their inclusions as well as the removal of alkalis, REE, and Nb with
alkali-rich aqueous fluids that metasomatize the surrounding country rocks, forming fen-
ites [91–95]. One of the most important sources of information on the primary composition
of immiscible ultrapotassic melts are melt inclusions in magmatic minerals.

Silicate glasses were found in inclusions in diopsides and apatites from lamprophyres
of the alkaline ultrabasic carbonatite complex of the Tomtor massif, Russia [60]. The core
of the massif consists of carbonatites, surrounded by a discontinuous ring of ultramafic
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rocks and foidolites [96]. The mineralization of carbonatites varies from dolomite-ankerite,
dolomite-siderite, and calcite-ankerite (late) to dolomite-calcite and calcite (early) [60]. The
Tomtor massif was formed between 800 and240 Ma [97]. It is thought that the last episode
developed under the influence of the Vilyui plume in an environment of active rifting [98].
The potassic glasses in the inclusions contain (normalized to 100% on a volatile-free basis)
53–56 wt% SiO2 and 10–14 wt% K2O + Na2O and fall in the field of tephriphonolites and
phonolites on the TAS diagram (Figure 14). Measured compositions of K-glasses contain
50–53 wt% SiO2, 1–2 wt% TiO2, 15–18 wt% Al2O3, 3–7 wt% FeO, 1–2 wt% MgO, 2–8 wt%
CaO, 3–7 wt% Na2O, and 4–10 wt% K2O [60]. The total deficit of microprobe analyses is up
to 9 wt%, and the presence of a gas phase in heated inclusions may indicate the presence of
CO2. The K2O/Na2O weight ratio of K-glasses varies from 0.6 to 3.4, which approaches
this ratio in the glasses obtained in our experiment at 3 GPa and 1050 ◦C (K2O/Na2O = 3)
(Figure 19b). The glasses from the inclusions coincide within 1–2 wt% with the silicate
melt obtained at 3 GPa and 1050 ◦C in the content of SiO2, FeO, MgO, Na2O, and K2O
and the total deficit (presumably CO2), but are richer in Al2O3 (15–18 vs. 6 wt%) and CaO
(2–8 vs. 2 wt%) but depleted in TiO2 (1–2 vs. 6 wt%) (Figure 15, Table 8). It is interesting
to note that the Cpx-containing K-glass inclusions are similar in Na2O ~1 wt% and MgO
11–13 wt% to the ones in our experiment at 3 GPa (Figure 10, Table 4). These pyroxenes
contain 1–3 wt% TiO2, similar to the pyroxenes obtained in our experiments at 3 GPa and
containing 1–6 wt% TiO2 (Figure 10a; Table 4). In addition to K-glass, diopside contains the
inclusions Kfs, mica, and calcite. Kfs contains 0.3–0.9 wt% Na2O, which is comparable to
that in the experimental Kfs, 0.3–0.7 wt% Na2O (Tables S1 and S5). Mica has a lower Mg#
(23–44 vs. 61–67) and contains up to 3 wt% TiO2 vs. 11 wt% in our experiments at 3 GPa
(Table S8).

Recently, Berndt and Klemme [59] presented results from a study of hauyne-hosted
conjugate silicate–carbonate melt inclusions from the phonolitic Laacher See volcano
(13,006 ± 9 years BP), located in the alkaline continental intraplate East Eifel Volcanic
Field, Germany. The phonolitic glass contains 55–57 wt% SiO2, ≤1 wt% TiO2, 20 wt%
Al2O3, 2 wt% FeO, 0.3–0.6 wt% MgO, 0.4–0.7 wt% CaO, 6 wt% Na2O, 8–9 wt% K2O, and
has a K2O/Na2O weight ratio of 1.4–1.6. A melt with similar contents of FeO (4 wt%), MgO
(2 wt%), CaO (2 wt%), Na2O (4 wt%), and K2O (12 wt%) was obtained in our experiment
at 3 GPa and 1050 ◦C. However, unlike the natural ones, it has higher TiO2 (1–6 wt%),
lower Al2O3 (6 wt%), and a weight ratio of K2O/Na2O = 3 (Table 8). The conjugate car-
bonatite melt inclusions are enriched in CaO (47–51 wt%), SiO2 (15 wt%), and less alkaline
(4 wt% Na2O, 0.5–0.7 K2O). In contrast, the carbonate melts in our work contain less CaO
(≤24 wt%) and SiO2 (≤10 wt%) and incomparably more K2O (up to 37 wt%) (Figure 12,
Table 6).

4.2.2. Mantle Xenoliths

Yaxley et al. [58] observed glass patches in carbonate-bearing spinel peridotite xenoliths
from Western Victoria, Australia. Glass compositions vary over a wide range: 47–72 wt%
SiO2, 16–25 wt% Al2O3, 1–12 wt% Na2O, 1.2–6.4 wt% K2O, and 0.1–2.9 wt% TiO2. Some of
them fall into the field of phonolites and tefriphonolites on the TAS diagram (Figure 14).
Recently, Loges et al. [57] described inclusions of tephriphonolitic glass and Ca-Mg-Fe
carbonates (presumably former carbonate melt) in ultramafic xenoliths from a basanite
from Spitzberg, Cotta, Germany. The silicate glass contains 55–56 wt% SiO2, 20 wt% Al2O3,
≤1 wt% TiO2, 3–4 wt% FeO, ≤1 wt% MgO, 1–2 wt% CaO, 7–9 wt% Na2O, and 5 wt% K2O.
The low K2O/Na2O ratios in the glasses are consistent with the shallow formation depths
of these xenoliths.

4.2.3. Melt Inclusions in Diamonds

Silicic melt micro inclusions in diamonds from kimberlites and placers around the
world fall in the range of 37–60 wt% SiO2, 5–17 wt% Al2O3, 0.6–5 wt% TiO2, 1–18 wt%
FeO, 0.8–20 wt% CaO, 0.2–17 wt% MgO, 0.6–10 wt% Na2O, and 1–23 wt% K2O [54,98–102].
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Some of them contain inclusions of Kfs, rutile, and eclogitic minerals and fall into the
range of phonolites and trachytes on the TAS diagram [53,54,56,99] (Figure 14). Nov-
gorodov et al. [54] found ultrapotassic aluminosilicate inclusions in a diamond from the
Mir pipe. The diamond also contains inclusions of Kfs, Rt, Coe, and Gr. The glass con-
tains 61 wt% SiO2, 15 wt% Al2O3, 2 wt% TiO2, 2 wt% Na2O, and 16 wt% K2O, with a
total deficit of 4 wt%. The K2O/Na2O weight ratio of nine falls in the range observed
in the present experiments at 4.5 and 6 Γ∏a (Figure 19b). Trachyandesite glass + om-
phacite + rutile inclusions were found in two alluvial diamonds from the Kholomolokh
placer, northeastern Siberian Platform [56]. The glasses contain 60–61 wt% SiO2, 1 wt%
TiO2, 20 wt% Al2O3, 2 wt% FeO, 1 wt% MgO, 1 wt% CaO, 5–7 wt% Na2O, and 5 wt%
K2O, and have a K2O/Na2O weight ratio of 0.6–1. The glasses are similar in composition
to the phonolite melts obtained by us but have a lower K2O/Na2O ratio. In terms of
the (SiO2 + Al2O3 + TiO2):(CaO + MgO + FeO + MnO):(K2O + Na2O) ratio, the conjugate
phonolite and carbonate melts established in our experiments fall in the range of silicic
and carbonatitic micro inclusions in diamonds from kimberlites and placers worldwide
(Figure 20).
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Figure 20. Pseudo-ternary projection of conjugate carbonatite and phonolite melts obtained in our
experiments was compared with inclusions of melt or high-density fluids (HDFs) in diamonds,
phonolite glasses in diamonds from Mir pipes [54], silicate glasses in spinel peridotite xenoliths
from Spitzberg, Germany [57] and Victoria, Australia [58], as well as alkaline carbonatite-bearing
complexes from Eifel, Germany [59], Tomtor, Russia [60], and Mushugai-Khuduk, Mongolia [61]. The
compositions of melt/fluid diamond inclusions and corresponding references are summarized in
Tables S8–S10 from [16].

The abundant precipitation of graphite flakes in carbonate melt and their minor
amount in silicate glass indicate the limited ability of silicate melt to dissolve and transport
elementary carbon. This is in agreement with a failed attempt to dissolve graphite and
grow diamond in the molten KAlSi3O8, even at 7 GPa, 1700–1750 ◦C, and a run duration of
18 h [100].

The problem of crystallization of natural diamonds is beyond the scope of this work,
so here we only note that diamonds with a fibrous internal structure [101–104] and some
monocrystalline diamonds [54,99,105] contain alkaline K-rich inclusions of melts or so-
called high-density fluids (HDFs) [106] varying in composition from silicate [99] to carbon-
ate [100] and chloride [107]. The compositions of these inclusions were recently reviewed by
Weiss et al. [108], and the effect of the composition of those HDFs has been experimentally
studied [109–111] and discussed in the review by Luth et al. [112].
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4.3. P-T-X Region of Carbonate-Silicate Immiscibility

The present experiments show that carbonate-silicate liquid immiscibility can be re-
alized not only in the conditions of the crust and shallow mantle but also at depths of
100–200 km (Figure 17). It was previously shown that immiscibility between natroalumi-
nosilicate (nephelinite) and Na-Ca carbonate (natrocarbonatite) melts occurs at depths of
<100 km (<3 GPa) [4,5,113,114]. With increasing depth, pressure-induced freezing of the
silicate melt occurs owing to the stabilization of refractory jadeite. This is probably why
carbonate-silicate immiscibility has not been established in natroaluminosilicate systems at
pressures of 3–6 GPa [7,8]. In aluminosilicate systems, under nominally anhydrous condi-
tions, potassium is concentrated in the Kfs. According to the data obtained, in the presence
of a carbonate melt, Kfs enters a silicate melt at relatively moderate temperatures, 1200 ◦C at
6 GPa (Figure 17b). The addition of water lowers the appearance temperature of the silicate
melt to lower temperatures, which leads to the simultaneous formation of carbonate and
silicate melts [16,17]. The experimentally obtained silicate (phonolitic) and ultrapotassic
dolomite (low-magnesian carbonatite) melts resemble inclusions in natural diamonds from
kimberlites and placers around the world [108]. Like natural diamonds, the K2O/Na2O
weight ratio in these melts exceeds 20. A decrease in pressure is accompanied by a decrease
in sodium compatibility with Cpx, which leads to a decrease in the K2O/Na2O ratio to 1–3,
which coincides with those in phonolitic glasses from spinel-facies xenoliths.

It has been experimentally shown [16,19] that potassic dolomite and phonolite melts
can be formed during partial melting of carbonate-bearing material of the continental
crust (carbonated metapelites) subducted to a depth of 120–180 km as part of sediments
overlying oceanic slabs or in the form of blocks of continental crust during the collision
of continents.

Our previous results indicate that the CO2-bearing phonolite melt, derived by the
partial melting of carbonated pelite, reacts with peridotite according to the following
reaction [115]:

2[K2O + 5SiO2 + Al2O3 + CO2] (L(S)) + 10Mg2SiO4 (Ol) =
2K2CO3 (L(C)) + 7Mg2Si2O6 (Opx) + 2Mg3Al2Si3O12 (Prp).

(6)

Reaction (6) increases the SiO2 and Al2O3 contents in the peridotite, decreases olivine,
and increases orthopyroxene and Grt contents. Considering similar CO2-bearing
trachyandesitic-phonolitic compositions of siliceous melt, derived by partial melting of
carbonated K-bearing altered mid-ocean ridge basalts [116], this melt would also react
with peridotite according to reaction (6). Unlike the siliceous melt, the carbonate melt
remains in coexistence with Grt lherzolite. However, its composition evolves from low-Mg
to high-Mg [115].

Thus, low-Mg ultrapotassic carbonatite and potassium phonolitic melts are not stable
in the ultramafic mantle, and their emplacement into peridotites is accompanied by the
disappearance of the phonolitic melt and the transformation of the ultrapotassic low-Mg
(Ca# > 35) carbonatite melt into a high-Mg (Ca# < 35). These data are in good agreement
with experiments on the melting of potassium-carbonated peridotite and phlogopite-
bearing carbonated peridotite. According to these data, the partial melting of these systems
at 6 GPa is accompanied by the formation of an ultrapotassic, high-Mg carbonatite melt.

In contrast, according to the obtained data at 4.5–6 GPa, conjugate potassium phonolitic
and low-Mg carbonatitic melts are stable with eclogites of Groups B and C according to
the classification of Taylor and Neal [41] (Figure 11). In our experiments at 3 GPa, garnet
is absent. The lack of multiphase saturation in our experiments may indicate that the
immiscible, K-rich aluminosilicate and carbonate melts cannot be in equilibrium with
eclogites. However, in water-bearing carbonated pelites, silicate and carbonate immiscible
melts were established in equilibrium with both Grt and Cpx at 3.5 and 5 GPa and 1100 ◦C,
while at 2.5–4 GPa the carbonate melt disappears while the potassium aluminosilicate melt
continues to coexist with garnet and clinopyroxene [19,20] (see Figure 1a,b in [16]), the same
as at 3 GPa under dry conditions [23] (Figure 1). Possibly, with decreasing pressure, the
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low-Mg potassium carbonate melt reacts with garnet. Under conditions of excess garnet,
this leads to the disappearance of the carbonate melt, as occurs in the carbonated pelite
system. Unlike that, when excess carbonate melts in our experiments, garnet disappears.
This may indicate the instability of the carbonate melt conjugated with the potassium
aluminosilicate melt in eclogite in the shallow mantle.

However, Thomsen and Schmidt [19] reported the formation of immiscible Na-bearing
but K-poor carbonatite and K-rich phonolite melts coexisting with Cpx + Grt + Ky in
the system of carbonated pelite at 3.7 GPa and 1100 ◦C. Kiseeva et al. [116] observed the
formation of immiscible K-rich trachyandesite and less alkaline potassic carbonatite melts
in equilibrium with garnet and clinopyroxene in the carbonated eclogite system at 3.5 GPa
and 1100 ◦C. It is likely that in eclogite, under the pressures of the shallow mantle, the
carbonate melt conjugated with the potassium aluminosilicate melt evolves towards a less
potassium one, since the latter, being coupled with alumina and silica from garnet, enters
the silicate melt. The latter, however, requires further study.

5. Conclusions

The immiscibility gap between K-rich dolomite-ankerite and CO2-bearing phonolite
melts was established above 1050 ◦C at 3 GPa and 1200 ◦C at 6 GPa. The mutual solubility
of the melts does not exceed 10% even as temperatures increase to 1200 ◦C at 3 GPa and
1500 ◦C at 6 GPa. The conjugate melts coexist with garnet Prp24–30Alm30–36Grs38–44 and
omphacite, which correspond to eclogites Groups B and C. As pressure decreases from 6 to
3 GPa, the K2O/Na2O weight ratio in the immiscible melts decreases from that correspond-
ing to carbonatitic and silicic micro inclusions in diamonds from kimberlites and placers
worldwide to that approaching phonolite glasses in carbonated spinel peridotite xenoliths.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min13030443/s1. Table S1: Summary of run conditions, composition of
phases (in mol% and wt%), and mole/weight fraction of phases (MFP/WFP) in the system L(S) + L(C)
at 3.0, 4.5, and 6.0 GPa; Table S2: Calculations of mole fraction of phases (MFP) in the experiments in
the system L(S) + L(C); Table S3: Calculations of weight fraction of phases (WFP) in the experiments
in the system L(S) + L(C); Table S4: Compositions of carbonate and silicate that melt in the system
L(S) + L(C); Table S5: Summary of run conditions, composition of phases (in mol% and wt%), and
mole/weight fraction of phases (MFP/WFP) in the system L(S); Table S6: Calculations of mole
fraction of phases (MFP) in the experiments in the system L(S); Table S7: Calculations of weight
fraction of phases (WFP) in the experiments in the system L(S); Table S8: Summary of run conditions
and compositions of Cpx, Grt, Wad, Rt, and Phl (in mol% and wt%) in the systems L(S) + L(C) and
L(S); Table S9: Compositions of carbonate and silicate melts in the system L(S).

Author Contributions: Conceptualization, A.S.; methodology, A.S. and K.D.L.; formal analysis,
A.B., and A.S.; investigation, A.V.A., resources, A.V.A., K.D.L.; data curation, A.V.A. and A.B.;
writing—original draft preparation, A.V.A. and A.S.; writing—review and editing, A.S.; visualization,
A.V.A. and A.S.; supervision, A.S.; project administration, A.S.; funding acquisition, A.V.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (project No 21-77-10057).

Data Availability Statement: MDPI Research Data Policies at https://www.mdpi.com/ethics (ac-
cessed on 1 February 2023).

Acknowledgments: We are grateful to A.G. Sokol and two anonymous referees for their constructive
reviews; N.S. Karmanov, A.T. Titov, and M.V. Khlestov for assistance in the analytical works; and I.R.
Prokopyev for discussion.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/min13030443/s1
https://www.mdpi.com/article/10.3390/min13030443/s1
https://www.mdpi.com/ethics


Minerals 2023, 13, 443 28 of 32

Abbreviations

Alm almandine Kfs potassium feldspar
Ank ankerite Ky kyanite
Arg aragonite L(C) carbonate melt
Cal calcite L(S) aluminosilicate melt
Coe coesite Mgs magnesite
Cpx clinopyroxene Qz quartz
Crn corundum Phl phlogopite
Dia diamond Prp pyrope
Dol dolomite Rt rutile
F(CO2) CO2 fluid Wad K2SiSi3O9 or K2TiSi3O9 wadeite
Gr graphite Ca# = Ca/(Ca + Mg + Fe) × 100 mol%
Grt garnet Mg# = Mg/(Mg + Fe) × 100 mol%
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