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ABSTRACT

Phase relations in the system Na,CO;-CaCO; have been studied in the compositional range,
X(Na,COs), from 100 to 10 mol%, at 6.0 GPa and 900-1400 °C. Below 1100 °C, the system has
three intermediate compounds: Na,Ca(COs);, Na,Cas(CO;),, and Na,Ca,(CO;)s. The Na,Ca(COs); and
Na,Ca;(COs), compounds melt congruently slightly above 1200 and 1300 °C, respectively. The eutectics
were established at 70 and 52 mol% near 1200 °C and at 21 mol% near 1300 °C. The Na,Ca,(CO;)s
compound decomposes to the Na,Ca;(COs), + aragonite assembly at 1100 °C. Maximum solid solu-
tion of CaCO; in Na,COj; is 6—-8 mol% at 1100-1300 °C. Melting of Na,CO; occurs between 1350
and 1400 °C. Na solubility in aragonite does not exceed the detection limit (<0.5 mol%). Aragonite

remains a liquidus phase at 1300 and 1400 °C.

Keywords: Na-Ca carbonate, high-pressure, aragonite, natrite, shortite, nyerereite, natrocarbon-

atite, Earth’s mantle

INTRODUCTION

It has been shown that the presence of CO, substantially low-
ers the melting temperature of mantle rocks (Wyllie and Huang
1975; Dalton and Presnall 1998; Dasgupta and Hirschmann 2006;
Litasov and Ohtani 2009, 2010; Dasgupta et al. 2013), and plays
an essential role in mantle metasomatism (Green and Wallace
1988; Haggerty 1989; Yaxley et al. 1991; Walter et al. 2008)
and diamond formation (Akaishi et al. 1990; Kanda et al. 1990;
Pal’yanov et al. 1999, 2002; Shatskii et al. 2002; Palyanov et al.
2007). According to studies of the melt inclusions in diamonds
(Navon 1991; Schrauder and Navon 1994; Klein-BenDavid et
al. 2009; Weiss et al. 2009; Logvinova et al. 2011; Zedgenizov
et al. 2011) and melting experiments (Wallace and Green 1988;
Brey et al. 2011; Grassi and Schmidt 2011; Litasov et al. 2013),
the specific feature of these melts is high alkali contents. It is,
therefore, essential to know the phase relations in simple alkali-
alkaline earth carbonate systems under mantle conditions.

As part of an investigation of those systems, Na,CO;-CaCO,
is important, given the Na and Ca abundances in natrocarbonatite
lavas (Dawson 1962; Hay 1983; Zaitsev and Keller 2006) and in
the groundmass of fresh kimberlites (Watkinson and Chao 1973;
Cooper and Gittins 1974; Kamenetsky et al. 2004, 2007). The
given system is also important in view of the Na and Ca abun-
dances in carbonatite melts entrapped by olivine and Cr-spinel
from kimberlites (Kamenetsky et al. 2009, 2012), sheared perido-
tite xenoliths (190-220 km depth) (Korsakov et al. 2009; Golovin
et al. 2012), and some “fibrous” diamonds (Klein-BenDavid et
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al. 2004, 2007; Kaminsky et al. 2009).

Although phase relations in alkali-earth carbonate systems
were studied extensively from upper down to lower mantle condi-
tions, e.g., (Ono et al. 2005, 2007; Buob et al. 2006; Merlini et al.
2012a, 2012b; Spivak et al. 2012), the studies of alkali-bearing
carbonate systems and in particular the system Na,CO;-CaCO;
(Fig. 1), were limited by 0.1 GPa (Eitel and Skaliks 1929; Coo-
per et al. 1975). In this study we extended an available pressure
range for this system and studied phase relations at 6 GPa and
900-1400 °C.

EXPERIMENTAL METHODS

In this study we conducted multi-anvil experiments to constrain phase rela-
tions in the system Na,CO;-CaCOj; using DIA- and wedge-type presses at Tohoku
University (Sendai, Japan) (Shatskiy et al. 2011b) and BARS apparatus at V.S.
Sobolev’s IGM SB RAS (Novosibirsk, Russia) (Palyanov et al. 2010; Shatskiy
et al. 2011a). All experiments were performed using graphite sample capsules,
which are conventionally employed to seal alkali-carbonate melts in long duration
experiments (up to 20-40 h) under 6.0 + 0.5 GPa pressures and temperatures up
to 1650 °C (Kanda et al. 1990; Shatskii et al. 2002). The experimental methods
employed in the present study were the same as in our recent manuscript (Shatskiy
etal. 2013). Here, we will only focus on peculiarities of measurement of chemical
composition of carbonate phases in the Na,CO;-CaCO; system using energy-
dispersive scanning electron microprobe.

Samples were studied using a JSM 5410 scanning electron microscope
equipped with Oxford Instruments Link ISIS Series 300 energy-dispersive X-ray
spectrometer (EDS) at Tohoku University (Sendai, Japan). The EDS spectra were
collected by rastering the electron beam over a surface area available for the analy-
sis with linear dimensions from 10 to 300 um at 15 kV accelerating voltage and
10 nA beam current. The EDS was calibrated at the same conditions by rastering
the electron beam over a sample cross-section area, up to 0.5-0.8 mm in linear
dimensions. For that purpose, we employed post-experimental samples with known
compositions and a homogeneous texture (i.e., samples that underwent complete
melting and samples synthesized well below eutectic temperatures). We also
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FIGURE 1. Phase relations in the system Na,CO;-CaCO; at 0.1
GPa, modified after Cooper et al. (1975). Na, = Na,COs; Nayss = Na
carbonate solid solutions; Na,Ca = Na,Ca(COs), (nyerereite); Na,Ca,
= Na,Ca,(CO;3); (shortite), Ca = calcite; Ca(Il) = calcite II; L = liquid;
V = vapor.

confirmed that the size of the analyzed region has no effect on the resulting data,
as long as the area is significantly larger than the grain size. We found significant
deficit of Na relative to the actual composition. The deficit systematically increases
from the end-member sides (Na,CO; and CaCO;) toward the apparent compositions
near 30-40 mol% Na,CO;. The results of calibration are shown in Figure 2. The
best fit of the data is described by following polynomial expression: k = 0.86671
+0.02681 x X — 7.63271 x 107 x X > + 8.60987 x 107 x X3 — 3.55568 x 10~*
x X* where X is the measured content of Na,CO, and £ is the correction factor.

EXPERIMENTAL RESULTS

Selected backscattered electron (BSE) images of sample cross
sections in the system Na,CO;-CaCO; are shown in Figures 3 and
4. The subsolidus samples were represented by homogeneous
aggregates of carbonate phases, with grain size varying from
several micrometers to several tens of micrometers (Figs. 3a, 3d,
3g, 3j, 4a, 4b, 4d, 4e, 4g, 4j, 4k, and 41). In non-stoichiometric
mixtures, the limiting reagents, i.e., CaCO; at X(Na,CO;) > 30
mol% (Fig. 3j) and Na,COj; at X(Na,CO;) < 60 mol% (Fig. 3d),
have been consumed completely (Table 1). In stoichiometric
mixture, X(Na,CO;) = 60, 50, and 25 mol%, both reagents,
Na,CO; and CaCO;, were completely consumed to form the
Na,Ca,(CO;)s phase after 19 h at 1050 °C (Fig. 4f), while relicts
of'aragonite and intermediate Na,Ca;(CO;), compound remained
at 950 °C even after 36 h (Figs. 4d and 4e, Table 1). This suggests
that reactions have gone to completion and equilibrium has been
achieved in all experiments above 950 °C.

A monophase aggregate of carbonate crystals up to 500 um
in size in the cool region and a melt quenched to a dendritic ag-
gregate and segregated to the hot region were observed in the run
products below liquidus (Figs. 3b, 3c, 3e, 31, 3k, 4h, and 4i). In
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the case of near eutectic compositions and temperatures, a two-
phase aggregate coexisting with liquid was observed (Figs. 3h
and 4c). The melts quenched with a rate of about 60 °C/s, were
represented by dendritic aggregates rather than glass (Figs. 3b,
3¢, 3e, 3h, 31, 3k, 31, 4c, 4h, and 4i). Usually, the liquid-crystal
interface has a rounded outline coinciding with an ordinary shape
of the isotherm in a high-pressure cell (Figs. 3 and 4).

Phase relations established in the system Na,CO;-CaCOs; at 6
GPa are illustrated in Figure 5. The system has three intermedi-
ate compounds: Na,Ca(COs);, Na,Ca;(COs),, and Na,Ca,(COs)s.
The latter has an upper stability limit between 1050 and 1100
°C, where it undergoes subsolidus breakdown to aragonite
and Na,Ca;(CO;), according to the reaction: Na,Ca,(CO;)s =
Na,Ca;(COs), + CaCOs (Figs. 4a and 4b). The distinct liquid
compositions at 1200 °C below and above 67 mol% Na,CO,
and at 1300 °C below and above 25 mol% Na,CO; suggest a
eutectic type phase diagram (Table 1, Fig. 5). This is also sup-
ported by a coexistence of liquid with two solid phases in near
eutectic compositions at 50 mol% and 1200 °C and 20 mol%
and 1300 °C (Figs. 3h and 4c). The topology of the phase dia-
gram implies congruent melting of Na,Ca(COs); above 1200 °C
and Na,Ca;(CO;), above 1300 °C (Fig. 5). The eutectics were
established at X(Na,CO;) = 70 and 52 mol% near 1200 °C and
at X(Na,CO;) = 21 mol% near 1300 °C.

The carbonate Na,CO; does not melt up to 1350 °C as it was
confirmed in separate run in pure Na,CO; system. Melting of
Na,CO; was established at 1400 °C. The established melting
temperature is about 500 °C higher than that at ambient pressure
(Reisman 1959). Measurable amounts of Ca in Na,CO; suggest
an existence of Na,COs solid solutions at given experimental
conditions (Fig. 5, Table 1). The maximum CaCO; solubility
in Na-carbonate of about 6-8 mol% was established in the
temperature range of 1100-1300 °C.
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FIGURE 2. EDS correction factor, k£ = Xy/X, vs. measured
concentration of Na,COs, X, in mol% for the system Na,CO;-CaCO;.
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X(Na,CO,), mol%, temperature, run duration
a. 90 1050°C; 19h. b. 90; 1200°C; 12 h. ¢. 90; 13OOC 4 h.

FIGURE 3. Representative BSE images of sample cross sections illustrating phase relations in the system Na,CO;-CaCO; at 6 GPa and X(Na,CO;)
varying from 90 to 30 mol%. Na,ss = CaCO; solid solution in Na,COs; Na,Ca = Na,Ca(CO,);; Na,Ca; = Na,Ca;(COs),; Na,Ca, = Na,Ca,(CO;)s;
Art = CaCOs; L = quenched liquid. High-temperature side is located at the right side of each image.
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FIGURE 4. Representative BSE images of sample cross sections illustrating phase relations in the system Na,CO;-CaCO; at 6 GPa and X(Na,CO;)
=20 and 10 mol%. Legend is the same as in Figure 3.
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TaBLE 1. Compositions (in mol% Na,CO;) of the run products in the system Na,CO,-CaCO; at 6 GPa

Run no., X(Na,COs) in the system, mol%
T, time Phases 90 75 67 60 50 40 30 25 20 10
ES346 Na,CO, A X X X X X - X - -
1400 °C CaCo, - X X X X X - X - 0.0
6h Liquid + X X X X X + X + 16.1(6)
ES344 Na,CO; 93.2(2) - X - - - - X - -
1300 °C Na,Ca3(CO;), - - X - - 25.0(2.3) X 24.9(2.8) -
4h Aragonite - - X - - - - X 0.0(3) 0.3
Liquid 78.6(5) + X + + 31.3(1) X 21.1(1.8) 20.9(1.8)
T2024 Na,CO; 93.1(1.7) X X - - X X 3 X X
1250 °C Na,Ca;(CO;), - X X - - X X X X X
10h Liquid 73.2 X X + + X X X X X
ES341 Na,CO; 92.3(1) 93.8(4) X - - - - X - -
1200 °C Na,Ca(CO;); 67.9 68.2(1.8) 3 66.0(0) 62.1(1.5) - - X - -
12h Na,Ca;(COs), - - X - 25.8(2.5) 25.1(2) 26.4(5) X 24.8(2.8) 25.1(3)
Aragonite - - X - - - - X 0.4(2) 0.3
Liquid 70.4 - 3 58.7(3) 51.7(3) 50.9(3.8) 50.4(8) X - -
ES352 Na,CO, X X X - X X X X - X
1150°C Na,Ca(CO;), X X X 66.1(3) X X X X - X
25ht Na,Cas(CO;), X X X 25.2(6) X X X X 20.1(3)* X
T2005 Na,CO; 93.9(0) 93.8(1.4) 3 - - - - X - -
1100 °C Na,Ca(CO;); 68.6 66.9 X 64.7(4) 65.2 64.8 65.0 X - -
15h Na,Ca3(CO;), - - X 25.3(2.9) 255 24.3(2.7) 253 X 259 257
Aragonite - - X - - - - X 0.1 0.3
ES330 Na,CO, 97.3(2) 97.7(3) x - - - - x - -
1050 °C Na,Ca(CO,); 68.7(4) 68.6 3 65.3(3) 66.5(1) 66.3(4) 62.9(9) X - -
19h Na,Ca;(COs), - - X 26.3(1.5) 25.1(2.5) 25.2(8) 26.0(9) X - -
Na,Ca,(CO5)s - - X - - - - X 20.0(2) 20.8(3)
Aragonite - - - - - - X - 0.0(3)
B1032/1 Na,Ca(CO;); - - 67.4(5) - - - - - - -
1000 °C Na,Ca;(COs), - - - - - - - 25.8(3) - -
30h
T2004 Na,CO; 99.9(2) 99.6(2) 3 - - - - X - -
950 °C Na,Ca(CO;); 68.1(4.3) 68.1(3) X 66.4 65.5(1) 64.5(2) 64.5 X - -
36 h Na,Ca3(CO;), - - X 26.5(3.1) 25.2(1.1) 25.9(2.5) 25.5(1) X 25.7(3) -
Na,Ca,(CO5)s - - X - - - - X 20.7(1) 20.2(6)
Aragonite - - X - - - - X 0.2(0) 0.1(2)
B1000/1 Na,CO; 100.0(0) 99.6(2) 3 - - - - X - -
900 °C Na,Ca(CO;); 67.7(1.9) 67.3(7) X 65.6(1.6) 66.3(3) 64.8(1) 61.1(9) X - -
38h Na,Ca,(COs), - - x 27.9(3) 26.2(7) 25.7 26.1(2) x 25.4 247
Na,Ca,(COs)s - - X - - - - X - 19.3(2.1)
Aragonite - - X - - - - X 0.1(1) 0.1(2)
X
B1032/1 Na,Ca(CO,); X X 67.5(4) X X X X - X X
900 °C Na,Ca;(COs), X X - X X X X 25.5(4) X X
41h
Notes:"-" = phase was not established in the run products; “+" = complete melting; x = no data. Standard deviations are given in parentheses, where the number

of measurements is more than one. Letters in the run number, ES, T, and B denote the type of multi-anvil apparatus, wedge, DIA and BARS, respectively. * = The

Na,CO; system.
*The Na,C0O5(25)-CaCO5(75) system.
1 Slow cooling from 1400 to 1150 °C for 2.5 h.

CaCO;, whose melting temperature is about 1700 °C at 6
GPa (Suito et al. 2001), was observed as a subliquidus phase
at 1300 °C and X(CaCO;) > 50 mol% and identified by Raman
spectroscopy as aragonite. The Na solubility in aragonite does
not exceed the detection limit of EDS employed in our study
(i.e., <0.5 mol% Na,CO;) (Table 1). Therefore, it is suggested
that there is very little, if any, solid solution of Na,COj in ara-
gonite at 6 GPa.

DiISCUSSION

Based on the phase relations in the system Na,CO;-CaCOs,
we suggest that shortite [Na,Ca,(CO;);] and nyerereite/zemkorite
[Na,Ca(CO;),], the double carbonates observed at 0.1 GPa pres-
sures, are not stable at the pressure conditions of sublithospheric
mantle. Moreover, according to our experimental results all Na-
Ca carbonates should melt at the temperature conditions of the
average mantle adiabat and temperatures expected for ascending

kimberlite magma (Kavanagh and Sparks 2009). Therefore,
findings of the high-pressure Na-Ca carbonates can hardly be
expected in mantle inclusions from kimberlites.

Binary Na-Ca carbonate, shortite, occures in the groundmass
of a hypabyssal-facies kimberlites from the Upper Canada
Gold Mine, Ontario (Watkinson and Chao 1973), Venkatam-
palle, Andhra Pradesh, India (Parthasarathy et al. 2002), and
Udachnaya-East pipe, Yakutia, Russia (Yegorov et al. 1988).
Cooper and Gittins (1974) interpreted them as products of the
subsolidus breakdown of nyerereite, which precipitated from
residual liquid during crystallization of kimberlite magma. The
Udachnaya occurrence is extremely interesting because of its
implications regarding the nature of magma involved in the
kimberlite emplacement and possible relation to the alkali-rich
carbonatite magma. For instance, abundant carbonates (cal-
cite, zemkorite/nyerereite and shortite, up to 30 vol%) in the
groundmass assemblage of Udachnaya-East kimberlite resemble
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FIGURE 5. Phase relations in Na,CO;-CaCOj; system at 6 GPa. Na, = Na,COj;; Na,ss = CaCO; solid-solution in Na,CO;; Na,Ca = Na,Ca(CO3);;
Na,Ca; = Na,Ca;(COs),; Na,Ca, = Na,Ca,(CO;)s; Art = CaCOj;; L = liquid. Gray circles indicate melt composition measured by EDS. White circles
mark composition of Na,COj; solid solution. Insufficient sample drying (at 100 °C instead of 300 °C) lowers Na,Ca-Na,Ca; eutectic temperature to
1150 °C and expands the Na,COj; solid-solution field at lower temperature (gray lines). The gray-hatched area at 900 °C and X(Na,COs) = 10 mol%
bulk composition marks the presence of relicts of the intermediate Na,Ca;(CO;), compound. The gray-hatched area at 1200 °C and X(Na,CO;) =
90 mol% bulk composition marks the presence of Na,Ca(CO;); in the cool region.

1100

modern natrocarbonatite lavas from Oldoinyo Lengai volcano  sentially Na-Ca-carbonatite melt [<15 wt% SiO,, Na,0+K,0 =
(Kamenetsky et al. 2007). As follows from experimentally ob-  5-18 wt%, Na/K~2, Ca/(Cat+tMg+Fe) = 0.6-0.8] (Sharygin et
tained phase diagram (3—6.5 GPa, 900-1500 °C) of Udachnaya-  al. 2013). Possible existence of Na-rich carbonatite precursor
East kimberlite, the proto-kimberlitic magma, which originates  of kimberlite magma was also assumed to explain formation of
from more than 220 km depth (Agashev et al. 2008), was es-  “EngDiyJd,,” and “NaPxEn” inclusions in diamonds (Gasparik
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and Hutchison 2000) and confirmed by direct findings of Na-Ca
carbonate-bearing melt inclusions, which may have originated in
the lower mantle and/or transition zone (Kaminsky et al. 2009).

IMPLICATIONS

The present results suggest that possible Na-bearing phases
in the H,O-poor carbonated mantle are sodium-calcium carbon-
ates Na,Ca;(CO;), and Na,Cay(COs)s. Eutectic temperature of
the Na,Ca;(CO;),-CaCOs join is between the 40 and 45 mW/m?
geotherms of Pollack and Chapman (1977) at 6 GPa. This means
that Na-rich carbonated mantle rocks will produce carbonate
melts even at a relatively cold cratonic geotherm. Yet, under these
conditions sodium tends to dissolves into clinopyroxene structure
as NaAlSi, Oy, rather than into carbonates (Grassi and Schmidt
2011). Consequently, the stability of Na-Ca carbonates would
be restricted by the alumina-depleted ultramafic compositions
such as carbonated-dunite or harzburgite. Once Na,Ca;(COs), is
a stable subsolidus phase, it could play a major role in control-
ling both the temperature of melting and the composition of the
melt produced.
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