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Abstract

Phase relations in the K,CO3-MgCOj; system have been studied in high-pressure
high-temperature (HPHT) multianvil experiments using graphite capsules at 6.0+0.5
GPa pressures and 900-1450 °C temperatures. Subsolidus assemblies comprise the
fields K,CO; + KoMg(COs3), and KoMg(COs), + MgCOs with the transition boundary

near 50 mol% MgCOj in the system. The K,CO3-K,Mg(COs), eutectic is established

at 1200 °C and 25 mol% MgCO;. Melting of K,COj3 occurs between 1400 and 1450°C.

We propose that K,;Mg(COs), disappears between 1200 and 1300 °C via congruent
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melting. Magnesite is observed as a subliquidus phase to temperatures in excess of
1300 °C.

At 6 GPa, melting of the K,;Mg(COs;), + MgCO; assemblage can be initiated
either by heating to 1300 °C under “dry” conditions or by adding a certain amount of
water at 900-1000 °C. Thus, the K;Mg(COs3), could control the solidus temperature of

the carbonated mantle under “dry” conditions and cause formation of the K- and Mg-

rich carbonatite melts similar to those found as microinclusions in “fibrous” diamonds.

The K;Mg(COs), compound was studied using in situ X-ray coupled with a
DIA-type multianvil apparatus. At 6.5 GPa and 1000 °C, the structure of K;Mg(COs3),
was found to be orthorhombic with lattice parameters a = 8.8898(7), b = 7.8673(7)

and ¢ = 5.0528(5), V' = 353.39(4). No structure change was observed during pressure

decrease down to 1 GPa. However, recovered K,Mg(COs3), exhibited a trigonal R3m

structure previously established at ambient conditions.

Introduction

Alkalis (Na, K) and carbonates play a key role in diamond formation (Schrauder
and Navon 1994; Pal'yanov et al. 1999a, 2002, 2007), mantle metasomatism (Green
and Wallace 1988; Haggerty 1989), and deep magma generation (Wallace and Green
1988; Sweeney 1994; Dobretsov and Shatskiy 2012). They are major components of
carbonatite melts entrapped by mantle minerals such as “fibrous” diamonds and
olivines from kimberlite pipes (Navon 1991; Izraeli et al. 2004; Tomlinson et al.
2006; Golovin et al. 2007; Klein-BenDavid et al. 2009; Korsakov et al. 2009;
Logvinova et al. 2011; Sharygin et al. 2013; Weiss et al. 2009; Zedgenizov et al.
2011). Experimental data on the conditions under which K enters the pyroxene

structure (Harlow 1997) leads us to hypothesize that clinopyroxenes from inclusions
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in diamonds and diamond-bearing metamorphic rocks with up to 1 wt% K,O
(Sobolev et al. 1972; Sobolev and Shatsky 1990; Harlow and Veblen 1991; Sobolev et
al. 1991; Shatsky et al. 1995) are crystallized from ultrapotassic carbonate-silicate
melts containing 15-28 wt% K,0O. Numerous mantle xenoliths from different localities
display the petrographic and geochemical signatures of carbonatite metasomatism
(Yaxley et al. 1991; Shatsky et al. 2008). Alkali carbonates would be essential
components, which control melting in subducting slab and upwelling mantle. Minor
amounts of alkalis and CO, drastically reduce, by ~1000 °C, the solidus of
lithospheric mantle and subducted rocks (peridotites, eclogites, and pelites (Brey et al.
2011; Grassi and Schmidt 2011; Litasov 2011)). Melting at 3-21 GPa yields alkali-
rich Ca-Mg carbonate melts (Litasov et al. 2013). It has been shown experimentally
that kimberlitic magma should have an alkali-rich carbonatite composition under
conditions existing in the lithospheric mantle (Litasov et al. 2010; Sharygin et al.
2013). It is thus essential to understand phase relations in simple alkali-alkaline earth
carbonate systems under mantle conditions. As part of an investigation of those
systems, K,CO3-MgCOj has a particular importance, due to the abundance of K and
Mg in carbonatite melts from continental sublithospheric mantle entrapped by
diamonds (Schrauder and Navon 1994; Klein-BenDavid et al. 2009; Zedgenizov et al.
2009).

The K,CO3-MgCO; system (Data and Tuttle 1964; Sharma and Simons 1980;
Simons and Sharma 1982; Genge et al. 1995), has been studied previously at P(CO,)

= 0.0034 GPa (Eitel and Skaliks 1929) and 0.1 GPa (Ragone et al. 1966). Studies

showed that a K,Mg(COs3), compound, with space group R3m, is stable in this system
at lower temperatures, near 300 °C and at pressures of 0.025 GPa (Hesse and Simons

1982), but it is replaced with the K,CO; + MgCOs assemblage at higher temperatures.
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In this paper, we present experimental data on phase relations in the system K,COs-
MgCO; at 6 GPa and 900-1450 °C under nominally “dry” and hydrous conditions and
highlight our results of in situ X-ray diffraction of the K,;Mg(CO3), compound at high

pressure.

Experimental methods

In this study we have conducted three sets of HP-HT multianvil experiments:
Kawai experiments to study phase relations in the K,CO3;-MgCOs; system, BARS
experiments (a transliteration of a Russian abbreviation of a pressless split-sphere
apparatus) along the K,CO3-hydromagnesite join to examine the effect of water on the
phase relations in the K-Mg carbonate system, and X-ray diffraction (XRD)
experiments to identify the K,Mg(COs), crystal structure in situ at HPHT conditions.
Below we present the details of each set of experiments.

Kawai experiments were performed using 3000- and 1500-ton presses with

DIA- (Osugi et al. 1964) and wedge-type guide blocks (Lloyd et al. 1963; Kawai et al.,
1973) at Tohoku University (Sendai, Japan). We chose Ca-doped ZrO, ceramics as
the pressure medium (PM) (Fig. 1), the material specification of which is given in
Shatskiy et al. (2010a). The ZrO, ceramics were shaped as 20.5-mm octahedra with
ground edges and corners, fired with other ceramic parts at 950 °C for 2 hours and
than stored in a drying oven prior to cell assembly preparation. The high-pressure cell
was compressed by 12-mm anvil truncations. We used unfired pyrophyllite gaskets,
4.0 mm in both width and thickness to seal the compressed volume and support the
anvil flanks.

Room-temperature pressure calibration of a given cell was performed for both

DIA- and wedge-type apparatuses by monitoring the resistance changes in Bi at 2.5
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GPa and 7.7 GPa (Decker et al. 1972) and Ba at 5.5 GPa (Haygarth et al. 1967) using
the four-wire method (Shatskiy et al. 2011). Ba wire was covered by a Si-based
vacuum grease to prevent its oxidation. Pressure calibration at HT was carried out
using known phase transitions in SiO, (quartz-coesite) at 1100 °C (Bohlen and
Boettcher 1982) and CaGeOs at 1100 °C (Ono et al. 2011) (Fig. 2). Deviation of
pressure from the desirable value during heating to 900-1500 °C in the given cell and
press load did not exeed £ 0.5 GPa, as confirmed by in situe X-ray diffraction
experiments at the BLO4B1 beamline of the SPring-8 synnhrotron radiation facility.
The design of the cell assemblage is shown in Figure la. The cell assembly
contains four graphite cassettes (i.e., multiple sample holders). Each cassette contains
four holes. To study the present system we used two upper cassettes (i.e. eight holes
with different sample compositions shown in Table 1). The remaining holes were
employed to study alternative carbonate systems. Neighboring compositions were
loaded in different cassettes to avoid systematic error related to thermal gradients, e.g.
90, 60, 40, 20 mol% K,COs in the lower high-temperature (HT) cassette and 75, 50,
30, 10 mol% K,COs in the upper low-temperature (LT) cassette. Graphite heater,
4.5/4.0 mm in outer/inner diameter and 11 mm in length, was used to heat samples. A
WRe(3/25) thermocouple was inserted in the center of the PM, through the heater
walls and electrically insulated by Al,Os tubes. No correction was made for the effect
of pressure on the thermocouple electromotive force. Maximum radial and axial
thermal gradients across the sample charges were examined using a two-pyroxene
thermometer (Brey and Kohler 1990) and thermal modeling software (Hernlund et al.
2006) and were found to be about 5 and 10°C/mm, respectively (Fig. 3). Thus, the

maximum temperature difference between samples did not exceed 20 °C.
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Mixtures of synthetic K;COs and natural magnesite from Bahia, Brazil, with a
composition of Mg o75sFep.015Mng 00sCa0.004CO3 were used as starting materials. The
mixtures were ground in an agate mortar under acetone and loaded as a powder into
the cassettes. The loaded cassettes were dried at 300°C for 3-5 hours and stored in a
drying oven. Prepared assemblies were stored at 130°C in a vacuum for >12 hours
prior to experiment. During opening the vacuum oven was filled with dry air from a
drying oven.

All experiments were performed as follows: the assemblies were compressed at
room temperature to 6.0 MN (600 ton) in a DIA press, or to 4.5 MN (450 ton) in a
wedge press, corresponding to a pressure of 6 GPa. Then the samples were heated to
temperatures ranging from 900 to 1400 °C for 1-43 hours. The temperature was
maintained within 0.5 °C of the desired value using the temperature controlling
program (written by T. Katsura). Experiments were terminated by turning off the
electrical power to the heater, followed by slow decompression.

BARS' experiments were carried out using a pressless split-sphere apparatus

(BARS) developed in IGM SB RAS (Novosibirsk, Russia) (Malinovskii et al. 1989;
Palyanov et al. 1990; Palyanov et al. 2010). We employed ZrO,-based ceramics as a
PM shaped into a tetragonal prism (20.4x20.4x25.2 mm). The PM was compressed by
two anvils with 18x18 mm square truncations and four anvils with 18x23 mm
rectangular truncations. The sample pressure was controlled by varying the oil
pressure in the hydraulic system of the BARS apparatus. Sample heating was
achieved using a tubular graphite heater, 13.0/12.0 mm in outer/inner diameter and
19.0 mm in height. The sample temperature was controlled using a PtRh(6/30)
thermocouple. = Mixtures  of  synthetic  K,COs and  hydromagnesite,

Mgs(CO3)4(OH),-4H,0, were used as starting materials (Table 2). The mixtures were
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ground in an agate mortar under acetone, loaded into graphite cassettes as a powder,
and dried at 100°C for 12 hours.

The in situ XRD experiments were conducted at the SPing-8 synchrotron

radiation facility (Japan), using a Kawai-cell and DIA-type press, “SPEED-MKII”,
installed at a bending magnet beam line BLO4B1 (Katsura et al. 2004). The incident
X-rays were collimated to form a thin beam with dimensions of 0.05 mm in the
horizontal direction and 0.2 mm in the vertical direction by WC slits and directed to
the sample through a boron-epoxy window in pyrophyllite gaskets and a MgO insert
in the ZrO, PM. A Ge solid-state detector with a 4096 channel analyzer was used. The
analyzer was calibrated by using characteristic x-rays of Cu, Mo, Ag, La, Ta, Pt, Au,
and Pb. The diffraction angle was approximately 5.98°, calibrated before compression
using the known d-values of XRD peaks of MgO, with an uncertainty of less than
0.0005°. The dimensions of the high-pressure cell and sample preparation procedure
for the XRD experiments were the same as for the quenched experiments. The cell
assembly contains two graphite cassettes. Each cassette contains three holes filled
with carbonate mixtures. In the present paper we present XRD data from one of the
six samples, namely K>CO3;-MgCO; mixtures loaded in a lower middle hole (Fig. 1b
and 4). Pressures were calculated from the Au and MgO unit cell volumes using
equation of states (Dorogokupets and Dewaele 2007; Sokolova et al. 2013) with the
temperature indicated by the thermocouple.

Study of post-experimental samples. The K,COs;-bearing samples are very

hydroscopic and adsorb large amounts of water within minutes under atmosphere
conditions. Therefore, a special care was taken to minimize the amount of time the
samples are exposed to the air. Recovered samples were mounted into petro-epoxy

and polished in low-viscosity oil using 400-, 1000- and 1500-mesh sandpapers and 3-
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um diamond past. The sample surface was cleaned using an oil spray between each
step of polishing. The samples were always covered by a film of oil during polishing
the sample surface, which was checked under binocular microscope. Finally we used
petroleum Benzene to remove oil after polishing immediately prior to coating and
loading the sample into a scanning electron microscope. Samples were studied using a
JSM 5410 scanning electron microscope equipped with Oxford Instruments Link ISIS
Series 300 energy-dispersive X-ray spectroscopic (EDS) microanalysis system at
Tohoku University (Sendai, Japan). EDS spectra were collected by rastering the
electron beam over a surface area available for the analysis with linear dimensions
from 10 to 300 um at 15 kV accelerating voltage and 10 nA load current. No beam
damage or change in measured composition with time was observed at these settings.
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.

Experimental results

The system K,CO;-MgCQO;. Selected backscattered electron (BSE) images of
sample cross-sections in the system K,CO3;-MgCO; are shown in Figure 5. The
subsolidus samples displayed homogeneous aggregates of carbonate phases with grain
size varying from several micrometers to several tens of micrometers (Fig. 5a,d,e,g).
In non-stoichiometric mixtures the limited reagents, i.e. MgCOs at X(MgCO;) < 40
mol% (Fig. 5a) and K,COj3 at X(MgCO3) > 60 mol% (Fig. Se,g), have been consumed
completely (Table 1). In stoichiometric mixture, X(MgCOs) = 50 mol%, both reagents,

K,CO; and MgCOs, were completely consumed to form K,Mg(COs), (Fig. 5d, Table
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1). This suggests that reactions have gone to completion and equilibrium has been
achieved.

A dome-shaped volume of carbonate crystals up to 500 pm in size in the cool
region and a quenched melt segregated to the hot region were observed in the run
products below the liquidus (Fig. 5b,c,f,h,i). Although at low pressure the K,COs-
MgCO; join is a well known glass-forming system (Data and Tuttle 1964), in our
high-pressure experiments the melts quenched from 1400 to 200°C with a rate of
about 60°C/sec and formed dendritic aggregates rather than glass (Fig. 5b,c,f,h,1). The
liquid-crystal interface has a rounded outline coinciding with the typical shape
expected for an isotherm in a high-pressure cell (Fig. 3b, 5b,c,f,h,i). The formation of
the dome-shaped interface has been discussed in our previous study (Shatskiy et al.
2010b).

Alkali-carbonate melts are known as very mobile and extremely reactive
compounds which are difficult to seal in a high-pressure cell. To overcome this
encapsulation problem we used tightly closed graphite capsules (Fig. 1a). Since our
multicharge experiments also contained carbonate samples with different cation
compositions such as Na-Ca, Na-Mg, or K-Ca, which in some cases were loaded into
the same cassette, it was easy to monitor the performance of those capsules at given
P-T conditions and run durations in terms of proper carbonate melt sealing. EDS
analysis did not show any alien cations in our post-experimental samples.

Both K,CO; and K;Mg(COs), melts are known as solvent catalysts for the
graphite-to-diamond transformation (Taniguchi et al. 1996; Borzdov et al. 1999).
Although our experiments were performed in the field of thermodynamic stability of
diamond (Kennedy and Kennedy 1976), no diamonds were found in the run products

even after sample annealing at 1400 °C and 6 GPa for 6 hours. This is consistent with
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previous results for the system K,COs-C in which no diamonds appeared even after
40 hours at 5.7 GPa and 1420 °C (Pal'yanov et al. 1999a), while diamond nucleation
was established at 6.3 GPa, 1650 °C with the same run duration (Shatskii et al. 2002).
This can be explained by the long time required for diamond to nucleate in the K and
Na carbonate systems, which diminishes with increasing temperature and pressure
from >40 hours at 5.7 GPa and 1420 °C to 20 minutes at 7 GPa and 1700-1750 °C
(Pal'yanov et al. 1999b).

Phase relations established in the system K,CO3-MgCOs at 6 GPa are illustrated
in Figure 6. An intermediate phase, K,Mg(COs),, was observed between 900 and
1200°C in association with K,COs in the range of 10 — 40 mol% MgCO; (Fig. 5a) and
in association with magnesite in the range of 60 — 90 mol% MgCOs (Fig. Se,g). The
first melt with nearly eutectic composition (~25 mol% MgCOs) appeared at 1200°C at
X(MgCOs3) < 50 mol% (Fig. 5b), whereas at X(MgCOs3) > 50 mol% the first melt was
formed at 1300°C (Fig. 5f,h).

The K,CO3-MgCOs join has two eutectics: near 25 mol% MgCOs and 1200 °C
and near 52 mol% MgSiO; and 1250 °C (Fig. 5, 6). As shown in Table 1, K;COs does
not melt up to 1400 °C. Melting of K,CO; was established in additional run in the
pure K,COj3 system at 1450 °C. The established melting temperature at 6 GPa is about
250 °C higher than that at 3.2 GPa reported by (Liu et al. 2006). Therefore, the
flattening of K,CO3; melting curve reported by Liu et al. at 2.5 GPa ceases at higher
pressure. This might occur due to the pressure induced phase transition.

Magnesite, whose melting temperature exceeds 1800°C at 6 GPa (Katsura and
Ito 1990), was observed in its subliquidus phase at 1300 °C and X(MgCOs) > 50
mol%. Potassium solubility in magnesite does not exceed the detection limit of EDS

employed in our study (i.e. <0.5 mol% K,COs3) (Table 1). In a recent study by Enggist
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et al. (2012), authors employed a electron-microprobe analysis and reported the
K,COs solubility in magnesite of about 0.04 mol% at 4-7 GPa and 1150-1200 °C in
the system phlogopite-magnesite (90:10; wt%). Therefore, it is assumed that there is
very little, if any, solid solution of K,CO3 in the MgCOs at 6 GPa.

The K;Mg(COs), phase remains in a solid state at 1200 °C and melts
congruently at 1300°C (Fig. 6). A similar compound was also reported in a near

solidus mineral assemblage in K-rich carbonated peridotite system at 6-10 GPa below

1400 °C (Brey et al. 2011). This compound with space group R3m (Hesse and Simons
1982) was previously identified by X-ray diffraction in quenched products of
carbonate, carbonate-silicate, and hydrous-carbonate-silicate melts recovered from 9-
24 GPa and 1400-1750 °C (Taniguchi et al. 1996; Shatskiy et al. 2007; Shatskiy et al.
2009). A (Ko.9-0.6sNag.1-0.35)2Mg(CO3), compound with similar stoichiometry was also
reported as a separate crystal phase above the solidus of alkaline carbonatite at 10-21
GPa (Litasov et al. 2013).

The system K,COs-hydromagnesite. Phase relations established in the system
K,COs-hydromagnesite at 6 GPa are illustrated in Figures 7 and 8 and summarized in
Table 2. A consecutive increase of hydromagnesite content in the system at 900 °C
leads to a change in the phase composition from K,CO; + K,;Mg(COs), assembly at 7
< X(MgCO3) < 19 mol% to KoMg(COs), + liquid at 33 < X(MgCOs3) < 42 mol% and
magnesite + liquid/fluid at 52 < XMgCOs;) < 87 mol%, where
X(MgCO3)=MgCO3/(MgCO3+K,CO3). The absence of liquid/fluid phase at
X(MgCOs3) < 19 mol % suggests that K,COs can dissolve certain amount of water in
its crystal structure at high-pressure (Fig. 7a). An additional spectroscopic study is
needed to clarify this possibility. An increase in temperature to 1000 °C causes

complete melting in the range of 19 < X(MgCO3) < 52 mol% and disappearance of the
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K>,Mg(COs), compound in the entire compositional range. Melts/fluids in equilibrium
with magnesite have K—Mg carbonate compositions with K,CO3;/MgCO3; mole ratio
up to 1.1 and shift with increasing hydromagnesite content toward hydrous-carbonate

fluid or melt (Fig. 7g, 8).

The structure of KxMg(COj3),. Although the R3m structure of the K,Mg(COs),
compound recovered from HP-HT experiments has been confirmed in several studies,
the in situ X-ray diffraction of this phase has yet to be reported. In the current study
we collected several XRD patterns from the K-Mg carbonate mixture during sample
heating to 1000°C at 6.5 GPa and decompression at room temperature down to 1
atmosphere. The experimental P-T pathway and obtained XRD patterns are shown in
Figures 9 and 10. As can be seen, no major change in XRD patterns occurred during
sample annealing and pressure decrease from 6.5 to 1.0 GPa. In addition to main peak
all diffraction patterns contain a peak of graphite used as a sample capsule and peaks
of magnesite. After the experiment, we confirmed by EDS that in addition to
K;Mg(COs), the sample contains magnesite but does not contain K,COs, which
suggests a deviation of the starting mixture from K,;Mg(COs3), stoichiometry rather
than a kinetic problem. Remaining peaks, including the most intense one, should be
attributed to the K,;Mg(COs3), compound. Moreover, those peaks shift in the same

manner with temperature and pressure. Yet, the positions of those peaks are different

from the K-Mg carbonate with R3m structure (Hesse and Simons 1982). The
combination of those peaks remained even after sample heating to 400 °C at 1.3 GPa.
However, these peaks disappeared after sample decompression at room temperature to

1 atmosphere. The last XRD pattern taken at ambient conditions exhibits peaks of the

K,Mg(COs), compound with known R3m structure (Hesse and Simons 1982).

Consequently, another polymorph of K-Mg carbonate would be stable at pressure
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ranging from 1 to 6.5 GPa. The X-ray diffraction patterns were analyzed using
“PDIndexer” software developed by Y.Seto (Seto et al. 2010). To determine crystal
lattice parameters and autoindex diffraction pattern, we chose five definite peaks of
the new polymorph (Fig. 10). For this set of data there is only one chemically
plausible model showing a good fit with obtained patterns — orthorombic system with
lattice parameters shown in Table 3. The unit cell volume of this phase is nearly 10%

less than that of lower pressure polymorph.

Discussion

The water-bearing silicate phases, phlogopite and K-amphibole, are major
storage sites for K in the Earth’s upper mantle under hydrous conditions (Konzett and
Fei 2000; Harlow and Davies 2004; Sobolev et al. 2009; Enggist et al. 2012). On the
other hand, K-wadeite (K,Si40O9) and phase X (K,Mg,Si,07) were reported to be
stable at 6-16 and 8-23 GPa, respectively, under “dry” conditions (Kanzaki et al.
1998; Shatskii et al. 2002; Harlow and Davies 2004; Shatskiy et al. 2009; Matsuzaki
et al. 2010; Brey et al. 2011). Although K-wadeite can not be important for the
peridotite mantle because it is not stable in an ultramafic environment, phase X can be
a potential host for K in peridotite mantle (Harlow and Davies 2004; Brey et al. 2011).
The stability field of phase X in the carbonated peridotite environment, however, is
restricted by near solidus temperatures, whereas the stability field of the K.Mg(COs3),
is up to 200 °C wider (Brey et al. 2011). According to the present experimental results
and recent data (Brey et al. 2011; Litasov et al. 2013), K,;Mg(COs), could be a
potential host phase of K in cold oxidized domains of the upper and lower mantle (e.g.
subducted slabs) under anhydrous conditions. Assuming a typical mantle C and K

abundances of 100 ppm and 260 ppm, respectively (Palme and O'Neill 2003), and
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assuming all K and C form carbonates, the average contents of K,Mg(COs), and
MgCOs in the oxidized mantle domains are estimated to be 740 and 141 ppm,
respectively. This phase assemblage could control the solidus temperature of the
carbonated mantle under “dry” conditions and cause formation of the ultrapotassic
carbonatite melts similar to those found as microinclusions in “fibrous” diamonds
(with 15-24 wt% K,0 and 17-28 wt% MgO) (Klein-BenDavid et al. 2007; Klein-
BenDavid et al. 2009).

Although some carbonatitic melts in sublithospheric mantle were essentially
anhydrous (e.g. parental melt of Udachnaya-Earst kimberlite (Kamenetsky et al. 2004;
2012)), the carbonate/(carbonatet+water) molar ratio of the K- and Mg-rich hydrous
carbonatite melt/fluid in diamond inclusions ranges from 0.5 to 0.7 indicating that
measurable amounts of water are generally present in diamond forming carbonatitic
melts (Klein-BenDavid et al. 2007). On the basis of obtained experimental results
such melts could be formed as a result of partial melting of K,Mg(COs), and MgCO;

bearing mineral assemblage in presence of water at 900-1000 °C.
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Table 1. Compositions (in mol% K,COs3) of the run products in the system K,CO;-MgCOj; at 6 GPa.

Run, Run X(K,COs3) in the system, mol%
T,z Product 90 75 60 50 40 30 20 10
ES346  K,COj3 100.0° X X X — — — —
1400°C  K,;Mg(CO3), - X X X - - - -
6h MgCO; - X X X - 0.0 0.1 0.1
Liquid — X X X 41.1 35.0 36.3(8) 33.5(8)
T2020 K,CO;3 99.5 - - - - - - -
1300°C  K,;Mg(CO3), - - - - - - - -
4h MgCO; - - - - 0.3 0.1 0.0 0.0
Liquid 84.7(1.2) 73.5(7) 59.8 48.4 43.6  452(1) 42.6(5) 43.909)
ES342  K,COj3 100.1  99.9(02) 100.0(9) - - - - -
1200°C  K,;Mg(CO3), 50.2 50.7 49.8 50.0 51.0 50.5 50.7 50.2
12h MgCO; - - - - 0.0 0.1 0.1 0.2
Liquid 75.5(2) 72.8(9) 70.8(1.0) - - - - -
ES347 K,COj3 98.6(1.9) 99.2(8) 100.1 - - - - -
1150°C  K,;Mg(CO3), 51.0 49.8 50.7 49.3 50.7 50.3 49.2 47.9(1.5)
18 h MgCO; - - - - 0.2 0.2 0.3 0.0
Liquid - - - - - - - -
T2022 K,CO;s 100.1(5) 99.4 99.8 - - - - -
1100°C  K,;Mg(CO3), 49.8 49.9 51.6 50.5 51.4  49.2(1.) 50.2(2) 49.8
16 h MgCO; - - - - 0.2 0.1(01) 0.1 -0.1
Liquid - - - - - - - -
ES343  K,CO; 100.1 99.8 100.2 - - - - -
1000°C  K,Mg(CO3), 50.5 49.8 50.6 49.1 48.8 50.9 47.7 50.1
19h MgCO; - - - - 0.2 0.1 0.2 0.0
Liquid - - - - - - - -
T2021 K,COj3 97.8 100.0  100.1 - - - - -
900°C K,Mg(COs3), 50.4 50.1 49.7 51.3 50.0 49.4 51.1 51.9
43 h MgCO; - - - - 0.2 0.0 0.2 0.1
Liquid - - - - - - - -

Note: * — It is pure K,COs system; T — run duration; x —no data. Standard deviations are given in

parentheses, where the number of measurement is more than one. Letters in the run number, ES and T

denote the type of press, wedge and DIA, respectively.
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Table 2. Conditions and results of experiments in the system K,CO3-hydromagnesite at 6 GPa.

Run Initial compositions, MgCO3/K,CO5/H,0, mol%

T,t Phases 7/89/4  17/73/10 28/57/15 31/52/17 34/47/19 40/37/23 46/28/26 58/9/33
. K2C03a 97.8 - — — X — — —
ﬂf, MgCO5* - - - - X 0.2 0.1(1) 0.1(D)
E 8 Mole fract. <0.1 1* 1* 1* X 0.94(3) 0.80(7) 0.50(14)
% S E MgCO; X 17 28 31 X 38.8(7) 41.0(2.3)41.2(8.2)

% 5 K,CO; X 73 57 52 X 38.2(5) 30.4(1.2)12.7(1.8)
H,O X 10 15 17 X 23.0(3) 28.6(1.1)46.0(6.4)

K,CO5* 99.7 99.9(5) - - - _ . _

= KoMg(COs)," 49.7(1.2) 49.7(1.5) 49.8(8) 50.8(7) 49.3(1.1) - - -

=% MgCO5* - - - - - 0.1(2) 0.4 0.1
é %5 - Mole fract. 0 0 X 0.4(1) 0.50(7) 0.87(7) 0.65(7) 0.3(1)
- g g MgCO; - - X 19.5(3.7)25.7(1.6) 37.0(2.0) 36.1(2.5) 29.6(8.7)
@ 35 KyCOs - - X 53.3(4) 45.6(3) 39.3(1.2)33.0(1.3)15.2(1.9)
H,O - - X 27.2(3.3)28.7(1.9) 23.7(7) 31.0(1.2)55.1(6.8)

Note: * — composition is given in mol% K,COs; (—) — no phase; x — no data; t — run duration. Standard
deviations are given in parentheses, wherever the number of measurement is more than one. CO, and
H,O contents in the liquid were calculated from mass balance using the compositions of starting

material and analyses of phases..

Table 3. Lattice parameters of orthorhombic K;Mg(COs),. Volumes are in A 3 , pressures are in GPa.

oTé Vau Pau Vmeo Pyigo a b c V

500 66.67(1) 6.37(4) 73.30(3)  5.93(7) 8.7600(6) 7.7764(7) 4.9684(5) 338.45(3)
500 /- /- /- /)~ 8.7642(6) 7.7760(7) 4.9737(5) 338.96(3)
800 67.393) 6.57(8) 73.91(2)  6.39(5) 8.8355(6) 7.8365(7) 5.0158(5) 347.29(4)
1000 67.98(2) 6.54(5) 74.43(2)  6.50(5) 8.8898(7) 7.8673(7) 5.0528(5) 353.39(4)
55 67.28(3) 4.39(8) 72.65(12) 4.90(30) 8.7837(6) 7.8246(7) 4.9774(5) 342.09(4)
27 66.74(5) 2.90(14) 7334(2)  3.09(5) 8.8569(6) 7.8480(7) 5.0211(5) 349.02(4)
27 67.493) 092(8) 7421(2) 1.104) 8.8885(7) 8.0555(8) 5.0783(6) 363.62(4)
27 67.403) 1.15@8) 74.18(2)  1.17(5) 9.0235(7) 8.0148(8) 5.1259(6) 370.71(4)
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Figure 1. Kawai-type cell assembly employed to study phase relations in
carbonate systems at 6 GPa using a uniaxial press with DIA- and wedge-type guide
blocks. (a) Cell design employed in quenched experiments at 900-1450 °C. (b) Cell
design used in X-ray diffraction experiments at 27-1000 °C. The K,CO3-MgCO;

mixture was loaded in a lower middle hole. Dimensions are in millimeters.

Figure 2. Pressure calibration curves for ZrO, high-pressure cell (PM edge
length 20.5 mm, TEL 12.0 mm, and pyrophyllite gaskets, 4 mm in width and
thickness) compressed by the wedge- and DIA-type apparatuses. Qz — quartz, Co —

coesite, Grt — garnet, Pv — perovskite.

Figure 3. Temperature distribution along the sample chamber in the Kawai-type
high-pressure cell with 20.5 mm edge length of ZrO, PM and TEL = 12 mm. (a)
Results of sample chamber mapping using the two-pyroxene thermometer (Brey and
Kohler 1990). The average temperatures and standard deviation are shown at the left
side of the figure. The obtained data do not show systematical temperature change in
horizontal (radial) direction. (b) The sample chamber examined by the thermal
modeling software (Hernlund et al. 2006). An upper-left square encloses a modeled
assembly area at 900 and 1400 °C. Isotherms through the sample charge and adjacent

assembly parts overlie the cartoon.

Figure 4. Radiographic image of sample charge before compression (a) and that
under press load of 6 MN, corresponding to the sample pressure of about 6 GPa (b)

( run # M1250).
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Figure 5. Representative BSE images of sample cross-sections illustrating phase
relations in the systems K,CO3-MgCOs; at 6 GPa. K, = K,COs; KoMg = KoMg(COs),;
Mgst = MgCOs; L = quenched liquid. Gravity vector is directed from right to left in

each image. High-temperature side is located at the left side of each image.

Figure 6. Phase relations in K,CO3;-MgCO; system at 6 GPa. K; = K,COs;
KoMg = KoMg(COs),; Mgst = MgCO;; L = liquid. Grey circles mark melt
composition measured by EDS. Grey areas in circles denote phases observed in lower

temperature side of partially molten samples.

Figure 7. Representative BSE images of sample cross-sections illustrating phase
relations in the systems K,COs-hydromagnesite at 6 GPa. K,ss = H,O and/or MgCOs
solid-solutions in K,CO3; KoMg = KoMg(CO3),; Mgst = MgCOs; L = quenched liquid
or fluid. Gravity vector is directed from right to left in each image. The cassettes with
samples were placed in the center of a sample charge of a BARS cell, where axial
thermal gradient is negligibly small. Therefore, melt segregates in accordance with

radial thermal gradient.

Figure 8. Ternary diagrams illustrating the water effect on melting phase

relations in the K,CO3-MgCOs3 system at 6 GPa and 1000 °C (a) and 900 °C (b).

Figure 9. P-T pathway of the run M 1250 on the in situ X-ray diffraction study of
K>Mg(COs3),. Grey circles with numbers above denote the conditions at which X-ray

data from the sample were collected.
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Figure 10. Representative diffraction profiles of K,CO3;-MgCO; sample in the
run M1250. (a) A new orthorhombic polymorph of K;Mg(COs), was established
during sample heating up to 1000 °C at pressure exceeding 6 GPa. (b) During

decompression the new polymorph persists to at least 1 GPa. (¢) Recovered

K,Mg(COs), exhibits a trigonal R3m structure previously established at ambient

conditions.
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