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Abstract. The most profound consequences of the presence of Ca–Mg carbonates (CaCO3–MgCO3) in the
Earth’s upper mantle may be to lower the melting temperatures of the mantle and control the melt composition.
Low-degree partial melting of a carbonate-bearing mantle produces CO2-rich, silica-poor melts compositionally
imposed by the melting relations of carbonates. Thus, understanding the melting relations in the CaCO3–MgCO3
system facilitates the interpretation of natural carbonate-bearing silicate systems.

We report the melting relations of the CaCO3–MgCO3 system and the partition coefficient of trace elements
between carbonates and carbonate melt from experiments at high pressure (6 and 9 GPa) and temperature (1300–
1800 ◦C) using a rocking multi-anvil press. In the absence of water, Ca–Mg carbonates are stable along geother-
mal gradients typical of subducting slabs. Ca–Mg carbonates (∼Mg0.1–0.9Ca0.9–0.1CO3) partially melt beneath
mid-ocean ridges and in plume settings. Ca–Mg carbonates melt incongruently, forming periclase crystals and
carbonate melt between 4 and 9 GPa. Furthermore, we show that the rare earth element (REE) signature of
Group-I kimberlites, namely strong REE fractionation and depletion of heavy REE relative to the primitive man-
tle, is resembled by carbonate melt in equilibrium with Ca-bearing magnesite and periclase at 6 and 9 GPa. This
suggests that the dolomite–magnesite join of the CaCO3–MgCO3 system might be useful to approximate the
REE signature of carbonate-rich melts parental to kimberlites.

Highlights.

– We report the melting relations of Ca–Mg carbonates in the
upper mantle up to 9 GPa.

– Between 4 and 9 GPa, Ca–Mg carbonates melt incongruently,
producing periclase.

– Carbonate–melt partitioning coefficients are established.

1 Introduction

Ca–Mg carbonates in the Earth’s mantle are present in
spinel-peridotite xenoliths (1 GPa) (Ionov et al., 1993), as
inclusions in olivine from leucitite lava flows (∼ 3–4 GPa)
(Humphreys et al., 2010), in high-pressure calc–silicate rocks
(4.5–7.5 GPa) (Korsakov and Hermann, 2006; Shatsky et al.,
2006) and as inclusions in kimberlitic diamonds (Zedgeni-
zov et al., 2014; Brenker et al., 2007; Wang et al., 1996).
Experimental studies have shown that carbonates are stable
in the subsolidus phase in locally oxidized zones of the up-
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per mantle. For example, dolomite is stable up to 3 GPa in
anhydrous peridotite assemblages (Falloon and Green, 1989)
and Ca-rich carbonates are stable in eclogitic assemblages
(Yaxley and Brey, 2004; Yaxley and Green, 1994). With in-
creasing pressure (P ), magnesite is likely to become the
dominant carbonate species because Ca and Fe are prefer-
entially incorporated into mantle silicate minerals (Dasgupta
and Hirschmann, 2006).

The presence of solid carbonates with specific chemical
composition in the mantle may initiate partial melting and
influences the composition of CO2-rich magmas formed by
very low-degree partial melting of carbonated eclogites and
carbonated peridotites (e.g., Hammouda and Keshav, 2015;
Yaxley et al., 2019, and references therein). Carbonate melts
form in a variety of tectonic settings, including subduc-
tion zones beneath volcanic arcs, in the upwelling carbona-
ceous mantle beneath mid-ocean ridges, beneath ocean is-
lands in intraplate environments and in the cratonic litho-
spheric mantle (summarized in Yaxley et al., 2019). Despite
the tectonic setting, the presence of carbonates reduces the
solidus of peridotite by about 350–480 ◦C at 6 GPa, and the
near-solidus melts of carbonated peridotite and carbonated
eclogite are dolomitic with enrichments in Na2O and K2O
(Ghosh et al., 2009; Wallace and Green, 1988; Dasgupta and
Hirschmann, 2010, 2006; Dalton and Presnall, 1998). Be-
cause of the very small fractions of CO2-rich melts, accu-
rately determining the chemical composition of near-solidus
melts is problematic in experimental studies, and mass bal-
ance calculations are subject to large uncertainties. The situa-
tion is even more profound for the trace element composition
of initial CO2-rich melts, and few studies have reported the
trace element composition of near-solidus melts from high
pressures (≥ 6 GPa) (Brey et al., 2007; Dasgupta et al., 2009).

Allowing detailed understanding of the subsolidus and
melting relations, minimum melting temperature (T ), and
chemical composition of initial carbonate melts, experimen-
tal studies have established the phase and melting rela-
tions of the K-, Na-, Fe-, Mg- and Ca-carbonate systems
(e.g., Litasov, 2011; Shatskiy et al., 2016, 2013; Müller et al.,
2017; Buob, 2006). Melting and phase relations are known
up to 6 GPa for Ca–Mg carbonates (Sieber et al., 2020,
and references therein). The melting curve of end-member
MgCO3 is constrained between 2.7 and 6 GPa (Irving and
Wyllie, 1975) and is loosely bracketed up to 15 GPa (Katsura
and Ito, 1990). For CaCO3, the melting curve is constrained
up to 21 GPa (Li et al., 2017; Suito et al., 2001). Incongru-
ent melting of calcite and magnesite has been suggested be-
low 0.7 and 2.3 GPa, respectively (Irving and Wyllie, 1975;
Huang and Wyllie, 1976). At higher pressures Ca–Mg car-
bonates are supposed to melt congruently (Shatskiy et al.,
2018; Buob, 2006), but the occurrence of periclase in ex-
perimental studies on the Na2CO3–MgCO3-CaCO3 system
at 6 GPa (Shatskiy et al., 2016; Podborodnikov et al., 2018)
and on the Na2CO3–MgCO3 system at 3 GPa calls the melt-
ing relations into question.

Here, we extend the known CaCO3–MgCO3 melting rela-
tions to 9 GPa and argue for incongruent melting of Mg-rich
carbonates producing periclase at pressures between 4 and
9 GPa. Periclase is sometimes found only in high-resolution
transmission electron microscopy (TEM) images, implying
that previous studies may have missed small periclase grains
in experimental run products. Furthermore, we determine
partition coefficients between Ca-magnesite and dolomitic
melt and between Mg-calcite and dolomitic melt at 9 GPa,
extending our previous results at 6 GPa (Sieber et al., 2020).
The trace element signature of dolomitic melt in equilibrium
with Ca-magnesite and periclase could be used to approxi-
mate CO2-rich liquids parental to kimberlite magmas.

2 Experimental setup

Table 1 gives an overview of the experimental condi-
tions. Starting mixtures (labeled CM5–CM9) consist of
milled natural or synthetic magnesite and laboratory-
grade, synthetic CaCO3 establishing molar Mg proportions
(XMg=Mg/(Mg+Ca)) of 0.1, 0.2, 0.45 and 0.85 (Table 1).
Natural magnesite with 0.7±0.1 wt % FeO, 0.35±0.05 wt %
MnO and 0.18± 0.5 wt % CaO from Brumado, Brazil, was
used in the mixtures CM7–CM9, and synthetic magne-
site (MgCO3) was used in CM5–CM6. Minor quantities of
laboratory-grade Li, Na, K, Ba and Sr carbonates; Pb, Nb
and Y oxides; and rare earth elements (REEs) as oxides (pu-
rities≥ 99.9 %, except for La2O3 with a purity of 94 %) were
added into the starting mixtures, establishing concentrations
listed in Table S1 (Supplement). The bulk compositions of
the starting materials were analyzed on cold-pressed pellets
of the starting mixtures.

Ground starting mixtures were dried at ∼ 120 ◦C for sev-
eral days to minimize adsorption of water before being
loaded in cold-sealed Pt capsules. Experiments at 9 GPa and
between 1450 to 1800 ◦C were performed using a 14/8 as-
sembly, a Re foil as the heater and a LaCrO3 jacket (Fig. 1a).
A double-stepped graphite heater and ZrO2 jacket were used
in experiments at 1300 ◦C (run 121, 9 GPa) and in run 133
at 6 GPa (Fig. 1b). The latter were performed in an 18/11
assembly. All experiments were performed in a Walker-type
multi-anvil press at the GFZ German Research Centre for
Geosciences. Temperature was monitored throughout the run
with a type-C thermocouple (WRe5%–WRe26% wires) sur-
rounded by BN powder to create reduced conditions prevent-
ing temporal drift of the measured temperature (Watenphul
et al., 2009). Run durations were 6 h, except for experiments
performed at the highest and lowest temperatures (Table 1).
The press was rotated 180◦ on its axis at 5◦ s−1 because con-
tinuous mixing of the liquid and solid phase promotes equi-
librium (Schmidt and Ulmer, 2004). Rotation was started
after compression and before heating. Steady rotation was
stopped only 0.5 min before power to the heater was turned
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off. Run 121 conducted at the lowest investigated tempera-
ture (1300 ◦C) was run for 168 h but without rotation.

To test the melting reaction using an approach previ-
ously followed by Huang and Wyllie (1976), run 150 (9 GPa,
1600 ◦C, CM5) was performed in excess of CO2. To ensure
CO2 saturation, a small inner Pt capsule containing the start-
ing material (CM5) was enclosed by a larger Pt capsule con-
taining Ag-oxalate (Fig. 1c). The inner capsule was closed
but not sealed. Ag-oxalate was synthesized from solutions
of Ag-nitrate and oxalic acid. Ag-oxalate formed a deposit
that was air-dried and stored in a desiccator for several days
before being loaded into the experimental cargo. Ag-oxalate
decomposes upon heating, producing ∼ 15 wt % CO2 in the
bulk composition. The released Ag is alloyed with the metal
of the capsules, minimizing contamination of the experimen-
tal charge.

Two additional samples were kindly provided by
Jan Müller (sample MA 507) and Hans-Josef Reichmann
(sample MA 523). Both samples contained only magnesite
and were earlier performed to investigate the melting point
of magnesite under high pressure at the GFZ. MA 507 was
run at 6 GPa and 1775 ◦C for 2 h and MA 523 at 4 GPa and
1770 ◦C for only 2 min (Table 1). Here we report unpublished
TEM images and measurement of these samples to discuss
the melting reactions (see Discussion).

3 Analytical methods

After the multi-anvil experiments, the recovered capsules
were mounted in epoxy and polished.

Raman spectroscopy (HORIBA Jobin Yvon LabRAM HR
800) was used for phase identification and to ensure the ab-
sence of hydrous phases. Raman spectra over a spectral range
of 100–1200 and 3000–4000 cm−1 were accumulated over
20 s using an Nd:YAG (532 nm) laser with a 50× objective
lens.

Quantitative wavelength-dispersive spectrometry (WDS)
was performed on C-coated mounts using a field-emission
electron probe micro-analyzer (FE-EPMA; JEOL Super-
Probe JXA-8230). Laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) was carried out using the
Analyte Excite 193 nm ArF∗ excimer-based laser ablation
system (Teledyne Photon Machines, Bozeman, MT, USA),
coupled to the quadrupole ICP-MS iCAP from Thermo Sci-
entific. Spot sizes were varied depending on grain size.
Quenched melt and cold-pressed pellets of the starting mix-
tures were measured with a defocused beam with a diameter
of 40 µm (FE-EPMA) and 50 µm (LA-ICP-MS). Measure-
ments details and chemical data are available in the open-
access data publication of Sieber et al. (2022).

TEM measurements on samples MA 507 and MA 523
were performed on a FEI Tecnai G2 F20 X-Twin transmis-
sion electron microscope and a FEI FIB200TEM focused ion
beam (FIB) device for specimen preparation (Wirth, 2004). Ta
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Figure 1. Technical drawing of experimental setup: (a) 14/8
Re heater (run 112, 111, 120, 149, 109, 110, 151, 115, 116), (b) 14/8
graphite heater (run 121, 133), and (c) 14/8 Re heater with an inner
capsule containing the start material and an outer capsule containing
Ag-oxalate to establish CO2 (run 150).

Chemical compositions were analyzed by energy-dispersive
X-ray (EDX) spectroscopy. Crystal structures were char-
acterized by fast Fourier transform (FFT) diffraction pat-
terns from high-resolution transmission electron microscopy
(HREM) images.

4 Results

4.1 Textures and composition of post-run phases

All experiments were conducted above the solidus because
quenched liquid is always present. The quenched carbonate
melt forms dentritic aggregates and contains small bubbles,
indicating the presence of a vapor phase (Fig. 2). Post-run
assemblies contain quenched liquid and carbonate and peri-
clase crystals (Table 1). At temperatures above the liquidus,
only quenched carbonate melt and rounded periclase crystals
are observed (run 111, 115; Table 1).

Liquid accumulates at the hottest part of the capsule,
which is located close to the thermocouple in experiments

using Re foil as the heater (Fig. 2a, b) and in the center of
the capsule in experiments using a double-stepped graphite
heater (Fig. 2c). Small amounts of liquid are also trapped
between euhedral carbonate crystals (Fig. 2d, e). Anhedral
and rounded periclase grains are mostly contained within the
liquid fraction (Fig. 2d–f), but some periclase grains are ad-
jacent to carbonates (Fig. 2d, e).

The textures of experiments interpreted to have been con-
ducted near the solidus (run 120, 149, 121) are somewhat
different, and overall equilibrium may not be reached (see
Discussion). Using CM8 at 1450 ◦C (run 120, 149), a layered
texture is present with carbonate melt (XMg = 0.35±0.01) at
the bottom, Ca-bearing magnesite (XMg = 0.83±0.01) in the
middle and carbonates of intermediate Ca–Mg composition
at the top of the capsule. The composition of these carbon-
ates varies from Mg-rich (XMg = 0.59) at the contact with
magnesite grains to Mg-poor (XMg = 0.41) at the top of the
capsule. Liquid is trapped within the solid carbonates, with
the amount of interstitial melt decreasing from the magnesite
zone toward the top of the capsule. This zonation is inter-
preted to have developed at high temperature as it is present
in both run 120, which was quenched shortly after the press
stopped rotating, and run 149, which was quenched during
rotation.

Using starting material CM9 at 1300 ◦C, run 121 was
performed near the solidus. Three zones are distinguishable
(Fig. 2c): first, Mg-calcite with XMg = 0.155± 0.004 forms
a structure across the capsule reminiscent of the letter “X”;
second, carbonate grains of different compositions and with
grain sizes between 20 and 100 µm are present in the up-
per and lower parts of the X; and third, quenched liquid
with XMg = 0.26± 0.01 is present at each side of the X. In
the backscatter electron (BSE) images, small contrast dif-
ferences appear between the upper and lower parts of the
X-structured Mg-calcite, suggesting a different composition.
Nevertheless, the X-structured Mg-calcite is chemically ho-
mogenous within the uncertainty in FE-EPMA and LA-ICP-
MS measurements. In the upper part of the capsule, the
carbonate grains have XMg values of either 0.26± 0.01 or
0.16±0.003 and are indistinguishable within the uncertainty
from carbonates in the lower part, which have XMg values
of 0.27± 0.01 and 0.156± 0.003. The centers of some Ca-
richer carbonate grains contain calcite with variable Mg con-
tent (XMg = 0.10± 0.08). In some grains, the Mg content of
Mg-rich carbonates decreases from the center to the rim of
the grains.

4.2 Phase relations

The CaCO3–MgCO3 system between 6 and 9 GPa can be
described by the six phases aragonite, Mg-calcite, dolomite,
Ca-magnesite, periclase and melt. Depending on the XMg of
the starting material, Mg-calcite (CM6, CM9), Ca-magnesite
(CM5, CM7), or dolomite and Ca-magnesite (CM8) ap-
pear as carbonate phases according to Raman spectroscopy

Eur. J. Mineral., 34, 411–424, 2022 https://doi.org/10.5194/ejm-34-411-2022
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Figure 2. BSE images of run products: (a) run 115; (b) run 116; (c) run 121; (d) run 109; (e, f) run 110. Abbreviation: per, periclase.

(Fig. 3). Aragonite was not observed because it can incor-
porate only a limited amount of Mg, e.g., 5 mol % MgCO3
at 6 GPa (Shatskiy et al., 2018). Extrapolation of the re-
action curve aragonite+ dolomite=Mg-calcite studied by
Hermann et al. (2016) up to 6.5 GPa and 950 ◦C confirms
the presence of Mg-calcite. Further, Mg-calcite was reported
at 6 GPa by Shatskiy et al. (2018) and Müller et al. (2017).

Figure 4 summarizes the sub- and supra-solidus phase re-
lations in the CaCO3–MgCO3-system between 1 and 9 GPa
after Byrnes and Wyllie (1981), Sieber et al. (2020), Shatskiy
et al. (2018), Irving and Wyllie (1975), and this study. Byrnes
and Wyllie (1981) and Irving and Wyllie (1975) investi-
gated the subsolidus and melting relations of the CaCO3–
MgCO3-system at 1 and 3 GPa, respectively. Byrnes and
Wyllie (1981) corrected the pressure of Irving and Wyl-
lie (1975) later by 10 % to 2.7 GPa. Since Irving and Wyl-
lie (1975) conducted experiments for only 1 to 3 min, the
liquidus temperatures could be overestimated. The duration
to generate melt might be too short to generate detectable
amounts of melt in quenched experiments. Figure 4 shows a
truly binary join only at 2.7 GPa because ternary fields exist
at 1, 6 and 9 GPa (see Discussion).

Between 1 and 9 GPa, the general geometries of stabil-
ity boundaries are invariable (Fig. 4). At 1 GPa, the eutectic

Figure 3. Raman spectra (bold lines) of unoriented magnesite (run
110), calcite (run 112) and dolomite (run 120) displayed together
with RRUFF reference spectra (thin lines; https://rruff.info/, last ac-
cess: November 2020) of magnesite (R040114), calcite (R040170)
and dolomite (R050357), respectively.

https://doi.org/10.5194/ejm-34-411-2022 Eur. J. Mineral., 34, 411–424, 2022
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point is at XMg = 0.32 and 1075 ◦C. From 2.7 to 6 and 9 GPa
the eutectic point shifts marginally and lies at XMg = 0.42
and 1290 ◦C, XMg = 0.37 and 1260 ◦C, and XMg = 0.28
and 1260 ◦C, respectively. The melting points of the end-
members magnesite and calcite increase by around 400 and
200 ◦C, respectively, extending the stability field of carbon-
ate+melt with increasing pressure. On the Ca-rich side of
the eutectic point, Mg-calcite coexists with liquid and per-
iclase. The stability field of calcite+ liquid+ periclase nar-
rows with increasing temperature, and XMg of Mg-calcite
and liquid decreases. The melting point of pure calcite at
9 GPa is 1740 ◦C (Li et al., 2017).

The peritectic point lies at the Mg-rich join of the eutec-
tic point and shifts with increasing pressure from XMg =

0.36 and 1125 ◦C (1 GPa) to XMg = 0.48 and 1380 ◦C
(2.7 GPa) to XMg = 0.44 and 1360 ◦C (6 GPa) to XMg =

0.35 and 1450 ◦C (9 GPa) (Fig. 4). The range in XMg be-
tween the eutectic and peritectic point expands with increas-
ing pressure, enlarging the stability field of dolomite+melt.
At 9 GPa, dolomite could be stable over a tempera-
ture range from ∼ 1260 to ∼ 1450 ◦C. The dolomite–
magnesite solvus at ∼ 1450 ◦C produces the peritectic re-
action: dolomite→magnesite+ liquid. On the Mg-rich side
of the peritectic point, Ca-magnesite coexists with per-
iclase and carbonate melt. This stability field is much
larger in terms of XMg than the narrower stability field
of Mg-calcite+ liquid+ periclase. The composition of Ca-
magnesite varies marginally along the phase boundary, but
the XMg of the carbonate melt increases considerably with in-
creasing temperature, so the phase field of liquid+ periclase
diminishes with increasing temperature. The melting point of
pure magnesite at 9 GPa is not known. For reference, we plot
the melting point of magnesite at 8 GPa (2000 ◦C; Katsura
and Ito, 1990). The 6 GPa experiment confirms the earlier
established phase relations (Fig. 4b) (Sieber et al., 2020).

4.3 Trace element composition and distribution

Carbonate melts contain between 0.1 wt % and 2.4 wt % SiO2
and less than 0.2 wt % Al2O3, with the highest content in
experiments using CM5 and CM6 (see data publication –
Sieber et al., 2022). Ca-rich carbonate melts (XMg= 0.12 to
0.26) are enriched in Li, Na, K, Ba, Y and REEs by 2 to
8 times relative to the starting material (run 112, 121). In
comparison, the enrichment of trace elements is more pro-
nounced in the Mg-rich carbonate melt. For example, un-
der the same PT conditions, the Mg-rich carbonate melt
(XMg= 0.48 to 0.65) is enriched 2 to 14 times in Y and REEs
and 11 to 22 times in Li, Na and K compared to the starting
material (run 109, 110). The Pt used as capsule material is
soluble to some extent in carbonate melt, so carbonate melts
contain small amounts of Pt (< 7 ppm). The concentration
of Pt in the carbonate melt is constant across the capsule,
indicating that the melt was sufficiently mixed; otherwise a
diffusion profile would have been expected. The concentra-

tion of Pt in carbonate melt increases with temperature from
< 1 ppm at ≤ 1600 ◦C to 7 ppm at 1800 ◦C (Sieber et al.,
2022). Some elements such as Fe, Ni and Pb are alloyed with
the Pt of the capsule. The concentrations of trace elements in
periclase crystals are below the LA-ICP-MS detection limit
(Sieber et al., 2022).

In chemical equilibrium and according to Henry’s law, the
distribution of an element between two phases is independent
of its concentration. The ratio between the concentrations (c)
of a trace element (i) in two phases, which here are a solid
(s) and a liquid (l) phase, is defined as the Nernst partition
coefficient (D):

s/lDi =

sci

lci

.

Partition coefficients are given in Table 2. Mg-calcite con-
tains small amounts of Li, Na and K, giving partition coef-
ficients between 0.04 and 0.19 (run 121). Mn, Fe, Sr and Pb
are moderately compatible in Mg-calcite, with partition coef-
ficients ranging from 0.45 to 2.3 (Fig. 6a). Heavy REEs (Gd
to Lu) show partition coefficients just below 1 (DHREE be-
tween 0.95 and 0.74). With increasing ionic radii, the REE
content in Mg-calcite decreases and partition coefficients of
light REEs (La to Eu) range from 0.8 to 0.5 (Fig. 6a).

Ca-magnesite crystals are incompatible for singly charged
cations because the concentrations of Li, Na and K in
Ca-magnesite are below the LA-ICP-MS detection limit
(Sieber et al., 2022). Sr and Ba are moderately incom-
patible (DSr= 0.006 to 0.02; DBa= 0.01 to 0.02) in Ca-
magnesite grains (XMg = 0.96) occurring with carbonate
melt (XMg= 0.48 to 0.75) (Fig. 6b). Carbonate melts in equi-
librium with Ca-magnesite and periclase grains show strong
fractionation from heavy to light REEs (Fig. 6b), which is
much lower for carbonate melt coexisting with Mg-calcite
crystals (Fig. 6a).

5 Discussion

5.1 Approach to equilibrium

Several lines of evidence point toward chemical equilibrium.
The major and trace element composition of single carbon-
ate grains is homogeneous and uniform between individual
grains of the same experiment. Likewise, the major and trace
element composition of the liquid is homogeneous across
the capsule, and liquid trapped between carbonate crystals
has the same major element composition as liquid elsewhere
in the capsule. Further, equilibrium is supported as triple
junctions between homogenous carbonate crystals can be ob-
served (Hunter and McKenzie, 1989). The multi-anvil press
was rotated throughout the entire run (stopping the rota-
tion 30 s before quenching), enhancing equilibrium between
solids and a mobile phase (Schmidt and Ulmer, 2004). Our
earlier experiments investigating the same chemical system
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Figure 4. Phase relations in the CaCO3–MgCO3 system at (a) 9 GPa, (b) 6 GPa, (c) 2.7 GPa and (d) 1 GPa; Abbreviations: arg, aragonite;
cal, calcite; dol, dolomite; mag, magnesite; per, periclase.

in the same matter also point toward equilibrium (Sieber et
al., 2020).

Overall equilibrium seems to have been hampered in ex-
periments (run 120, 149, 121) performed close to the solidus.
A thermal gradient in run 121 with the hottest part in the mid-
dle of the capsule may explain the observed X-shape texture
(Fig. 3c) (Johnson and Walker, 1993). Most liquid is located
at the hottest part of the capsule (center of the capsule) and

might here be in equilibrium with solids. At the colder parts
of the capsule, equilibrium had to be established via solid-
state diffusion, which was not completed within 6 h as im-
plied by the compositional variation of carbonate grains.

5.2 Melting reactions and periclase formation

Below we discuss the timing and consequences of periclase
formation. The role of periclase in carbonatitic rocks is crit-
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ical as periclase in carbonatites may form by incongruent
melting of dolomite in the presence of water (Chakhmoura-
dian et al., 2016) or as a breakdown reaction of dolomite
(Stoppa et al., 2019). However, previous studies on carbonate
phase relationships at high pressures have made ambiguous
observations on the melting reactions of carbonates and the
possible associated formation of periclase. These ambiguous
observations, described below, make it necessary to deter-
mine the timing of periclase formation in our experiments.
Periclase may have been present at the start of the exper-
iment when it was introduced by the starting mixtures as
small impurities of the natural magnesite, or periclase may
have formed at high pressure and temperature along with the
liquid and carbonate grains, or periclase crystals represent
a quench phase. In our previous study on the melting rela-
tions of Ca–Mg carbonates at 6 GPa, we speculated that per-
iclase was introduced as an impurity from the natural mag-
nesite used in the starting material. This hypothesis can now
be ruled out because X-ray diffraction (XRD) of the pow-
dered natural sample showed only magnesite reflections and
because periclase grains are also found in experiments with
synthetic MgCO3 in the starting mixtures (CM5, CM6).

Calcite melts incongruently at pressures below 0.7 GPa
and ∼ 1375 ◦C (Irving and Wyllie, 1975; Huang and Wyllie,
1976; Byrnes and Wyllie, 1981) in Reaction (R1):

calcite (s)= liquid+CO2 (f), (R1)

with s and f referring to a solid and fluid phase, respec-
tively. At higher pressure, calcite melts congruently (Irving
and Wyllie, 1975; Huang and Wyllie, 1976).

The presence of periclase and vapor was noted at 1 GPa for
the dolomite–magnesite join of the CaCO3–MgCO3 system
(Byrnes and Wyllie, 1981). In the MgO–CO2 system, the dis-
sociation curve of magnesite (magnesite= periclase+CO2)
terminates at an invariant point at ∼ 2.3 GPa and ∼ 1550 ◦C
where magnesite begins to melt incongruently up to 2.7 GPa
and 1590 ◦C via Reaction (R2) (Huang and Wyllie, 1976):

magnesite (s)= liquid+ periclase (s). (R2)

At higher pressure (≥ 2.7 GPa), congruent melting is sug-
gested (Huang and Wyllie, 1976). No periclase crystals are
reported in experimental studies of melting relations in the
CaCO3–MgCO3 system (Müller et al., 2017) and in the
K2CO3–CaCO3–MgCO3 system (Shatskiy et al., 2016) at
6 GPa. Melting of magnesite at 8 GPa and 2000 ◦C has been
reported to produce a magnesite melt without periclase (Kat-
sura and Ito, 1990).

In contrast, periclase crystals and bubbles were observed
in most experiments performed above the solidus at 6 and
9 GPa. Periclase forms in both Mg- and Ca-rich bulk com-
positions (Table 1). Periclase grains exist in the quenched
liquid and between solid carbonate grains (Fig. 2). If peri-
clase crystals were to separate from the melt upon quench-
ing, we would expect them to be found only in liquid-rich

areas, have small crystal sizes and be uniformly distributed
in the liquid, which is not the case. Moreover, the compar-
ison between run 110 and 150 using the same starting ma-
terial and PT conditions confirms that periclase is a stable
phase formed in an incongruent melting reaction. In run 150,
CO2 saturation was established at the beginning of the exper-
iment by adding Ag-oxalate into an outer capsule (Fig. 1c).
Periclase grains formed in run 110 but not in run 150. Small
and sometimes euhedral periclase crystals have also been re-
ported along with magnesite grains and carbonate liquid for
Na-poor bulk compositions in the Na2CO3–MgCO3–CaCO3
system at 6 GPa and in the Na2CO3–MgCO3 system at 3 GPa
(Podborodnikov et al., 2018; Shatskiy et al., 2016). In these
studies, the occurrence of periclase was attributed to partial
disproportioning of MgCO3 just above the solidus.

In summary, we conclude that periclase grains coexist with
carbonate melt and carbonate crystals at high pressure, mak-
ing the CaCO3–MgCO3 system a pseudo-binary system as
the number of components increases. This result calls into
question the existence of a singular point reported by Huang
and Wyllie (1976) at which magnesite melts congruently. The
discrepancy with some previous experimental studies could
be explained by short run times of a few minutes, which
are probably not sufficient to reach equilibrium (Huang and
Wyllie, 1976) or/and because small grains of periclase might
have been overlooked. For example, Müller et al. (2017) did
not observe any periclase using the microprobe, but recent
TEM studies of their sample (MA 507, 6 GPa, 1775 ◦C, 2 h)
show the presence of fine-grained periclase grains between
magnesite melts (Fig. 5a). Similarly, melting of MgCO3 at
4 GPa, 1700 ◦C and 2 min (MA 523) resulted in small peri-
clase grains as shown by TEM studies (Fig. 5b, d).

5.3 Trace element partitioning

Solid–liquid partition coefficients depend on a number of
factors such as pressure, temperature, oxygen fugacity, and
the composition and structure of melt and crystal. The main
difference in the trigonal R3c crystal structures of calcite and
magnesite is that the distortion of the CaO6 octahedron in
calcite is larger than that of MgO6 in magnesite (Effenberger
et al., 1981). Based on our experiments, it is not possible to
constrain the contribution of the extensive and intensive pa-
rameters to the partition coefficients. However, some general
observations observed in all experiments are made.

The crystal–chemical control over the incorporation of
trace elements and consequently over mineral–melt parti-
tioning can be described by lattice-site elastic-strain mod-
els (Onuma et al., 1968; Nagasawa, 1966; Beattie, 1994;
Blundy and Wood, 2003). Accordingly, the logarithms of the
partition coefficient for a specific site in the crystal vary in
a quasi-parabolic trend with the radius of the substituting
cation. Figure 6 displays such a quasi-parabolic relationship
fitted with the equation given by Blundy and Wood (2003).
Cation radii in 6-fold coordination are taken from Shannon
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Figure 5. Overviews of FIB foils, sample MA 507 (a) and
MA 523 (b); (c) FFT diffraction pattern of periclase from HREM
image (d) of sample MA 523.

and Prewitt (1970). The fitted parameters are listed in Ta-
ble S2. Consistent with the lattice-site elastic-strain model,
the partition coefficients for divalent cations decrease fol-
lowing a parabolic trend with increasing difference from the
radii of [6]Ca2+ for Mg-calcite (Fig. 6a) and [6]Mg2+ for
Ca-magnesite (Fig. 6b). Accordingly, [6]Fe2+ and [6]Mn2+

are more compatible in Ca-magnesite than the larger [6]Sr2+,
[6]Pb2+ and [6]Ba2+ (Fig. 6b). It also follows that the parti-
tion coefficient of [6]Sr2+, [6]Pb2+ and [6]Ba2+ between Mg-
calcite and carbonate melt decreases as the cation radii in-
crease (Fig. 6a).

A charge compensation mechanism must occur for any
heterovalent substitution. With a similar ionic radius to
[6]Ca2+, the singly charged [6]Na+ may substitute for
[6]Ca2+ in Mg-calcite, and [6]Na+ is more compatible in Mg-
calcite than the smaller [6]Li+ and larger [6]K+ (Fig. 6a).
Na in Ca-magnesite is below the LA-ICP-MS detection
limit. Tri-valent rare earth elements (REEs) [6]Y3+ and
[6]Al3+ may substitute for [6]Mg2+ in Mg-calcite and in Ca-
magnesite because the partition coefficient increases as the
ionic radii approach the radius of [6]Mg2+. For Mg-calcite,

this may indicate coupled substitution, with single charged
cations occupying the [6]Ca2+ position and tri-valent cations
occupying the [6]Mg2+ position. Experimental studies of the
distribution of trace element between an aqueous solution
and calcite, as well as theoretical considerations from the per-
spective of electron orbital and bonding types, indicate that
actinides and lanthanides, when present in trace amounts,
occupy [6]Ca2+ sites in Mg-poor to Mg-free calcite (Zhong
and Mucci, 1995; Lakshtanov and Stipp, 2004; Elzinga et al.,
2002; Stipp et al., 2006). Zhong and Mucci (1995) reported
incorporation of Na+ from seawater-like solutions into cal-
cite being correlated with the incorporation of REE3+ and
concluded that REE3+ substitute on the [6]Ca2+ site and
that Na+ may compensate for the tri-valent charge of REEs.
However, the influence of pressure, temperature and Mg con-
tent on the substitution mechanism of tri-valent REEs into
calcite remains unconstrained, but the ability of calcite to in-
corporate lanthanides may increase with pressure and tem-
perature. For example, experiments at ambient conditions
and with Eu3+ as a representative lanthanide have shown that
calcite can incorporate about 0.06 mol % Eu3+ (Stipp et al.,
2006), but the ability of calcite to incorporate La3+ is about
9 times higher at 0.7 GPa and 1200 ◦C (Biedermann, 2020).

In contrast to calcite, Ca-magnesite can host much smaller
quantities of lanthanides. The greater abundance of larger
CaO6 octahedra in Mg-calcite compared to Ca-magnesite
may favor the incorporation of lanthanides, especially light
REEs, with similar cation radii to Ca2+. The partition coef-
ficients of heavy REEs such as [6]Lu3+ (DLu= 0.05 to 0.18)
between Ca-magnesite and dolomitic melt are 16–9 times
higher compared to DLa. Thus, melting of Mg-rich carbon-
ates leads to a dolomitic melt with strong fractionation be-
tween heavy and light REEs.

It should be noted that the applicability of the lattice-site
elastic-strain models is limited because the ionic radii under
high pressure are unknown and the models do not account
for the influence of melt composition and structure.

6 Implications and conclusions

The melting relations of the nominally anhydrous CaCO3–
MgCO3 system were studied at 6 and 9 GPa in multi-anvil
experiments, using the rocking mode to improve chemical
equilibrium. We conclude that Ca–Mg carbonates (partially)
melt at 9 GPa for temperatures above 1260 ◦C. The eutec-
tic melting temperature is marginally affected by pressure
between 6 and 9 GPa. Considering the thermal structure of
subduction zones (Syracuse et al., 2010), Ca–Mg carbonates
within the subducting slab are stable up to 9 GPa. Carbonate-
rich melts will be produced atop a subducting slab or by di-
apiric rise of carbonate-bearing lithologies into the mantle
wedge.

Our study shows incongruent melting of Ca–Mg carbon-
ates to periclase and carbonate melt for pressures above

https://doi.org/10.5194/ejm-34-411-2022 Eur. J. Mineral., 34, 411–424, 2022



420 M. J. Sieber et al.: Melting relations of Ca–Mg carbonates

Figure 6. Partition coefficient at 9 GPa as a function of ionic radii for (a) Mg-calcite and carbonate melt (run 112, 121) and (b) Ca-magnesite
and carbonate melt (run 116, 110, 109).

Figure 7. Trace element signature in the pure carbonate system (blue: Mg-rich composition; black: Ca-rich composition) compared to
carbonatitic melt/peridotite (Brey et al., 2007) and Group-I kimberlites (Becker and Le Roex, 2006) normalized to the primitive mantle
(Palme and O’Neill, 2014). Note that the strong fractionation of heavy to light REEs of primitive kimberlitic melts can be approached by our
melting experiments at 9 GPa and at 6 GPa with Ca-magnesite and dolomitic melt.
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Table 2. Partition coefficients.

Run 112 121 109 110 116 133

D 1D D 1D D 1D D 1D D 1D D 1D

Li 0.043 0.008
Na 0.048 0.008 0.19 0.02
Mg 0.45 0.02 1.2 0.1 4.0 0.2 4.0 0.3 1.0 0.2 1.5 0.4
Al 0.017 0.001 0.058 0.007 0.045 0.007 0.11 0.03 0.03 0.01 0.23 0.07
Si
P 0.29 0.04 0.49 0.08
K 0.07 0.01 0.17 0.02
Ca 1.06 0.03 2.3 0.1 0.16 0.02 0.21 0.03 0.16 0.01 0.20 0.05
Cr 0.6 0.1 1.8 0.6
Mn 0.45 0.05 1.3 0.2 2.3 0.3 2.8 0.4 0.93 0.18 1.2 0.4
Fe 0.96 0.07 2.3 0.2 2.2 0.6 4.9 1.7
Sr 0.78 0.05 1.44 0.09 0.006 0.004 0.02 0.01 0.02 0.01 0.03 0.03
Y 1.04 0.09 0.85 0.06 0.023 0.006 0.06 0.02 0.09 0.03 0.11 0.05
Nb 0.0014 0.0006 0.02 0.01
Ba 0.27 0.02 0.40 0.04 0.02 0.01 0.01 0.01
La 0.70 0.04 0.50 0.05 0.002 0.005 0.013 0.009 0.011 0.009 0.02 0.03
Ce 0.70 0.04 0.53 0.05 0.003 0.005 0.02 0.01 0.02 0.01 0.03 0.04
Pr 0.76 0.06 0.59 0.05 0.003 0.005 0.02 0.01 0.03 0.01 0.03 0.04
Nd 0.81 0.05 0.64 0.06 0.003 0.005 0.02 0.01 0.03 0.01 0.03 0.04
Sm 0.85 0.05 0.69 0.06 0.006 0.005 0.02 0.01 0.04 0.02 0.05 0.03
Eu 0.81 0.05 0.75 0.06 0.007 0.005 0.03 0.01 0.04 0.01 0.05 0.03
Gd 0.95 0.06 0.74 0.06 0.009 0.005 0.03 0.02 0.05 0.02 0.05 0.04
Tb 0.95 0.06 0.75 0.06 0.012 0.005 0.04 0.02 0.06 0.02 0.07 0.04
Dy 0.91 0.05 0.77 0.06 0.016 0.007 0.05 0.02 0.07 0.02 0.08 0.03
Ho 0.93 0.06 0.79 0.07 0.022 0.006 0.06 0.02 0.09 0.03 0.10 0.04
Er 0.94 0.06 0.80 0.07 0.027 0.006 0.07 0.02 0.10 0.03 0.12 0.04
Tm 0.91 0.06 0.82 0.07 0.035 0.007 0.09 0.03 0.12 0.03 0.14 0.05
Yb 0.92 0.05 0.81 0.06 0.044 0.009 0.11 0.03 0.15 0.04 0.18 0.06
Lu 0.95 0.06 0.83 0.07 0.054 0.008 0.14 0.04 0.18 0.05 0.22 0.06
Pb 0.7 0.1 1.1 0.3 0.4 0.2 0.24 0.09 0.02 0.01 0.04 0.03

4 GPa, suggesting an alternative formation mechanism of
periclase in carbonatitic rocks. In natural systems, elevated
iron or silica activities may favor the precipitation of Mg-rich
magnetite or Mg-silicates, respectively, instead of periclase,
explaining the rarity of periclase in carbonatites (Reguir et
al., 2008; Barker, 2001).

CO2-rich melts produced by very low-degree melting of
a Ca-magnesite-bearing mantle are considered the precursor
of more evolved carbonatitic and kimberlitic magmas (Jones
et al., 2013; Yaxley et al., 2019, and references therein). Pre-
cise determinations of the trace element composition of ex-
perimental near-solidus melts are limited due to their small
proportions. Brey et al. (2007, 2009, 2011) studied partial
melting of carbonated peridotites by loading a peridotite–
carbonate mixture into a natural olivine container, which
then was sealed into a Pt capsule. Their unique experimental
setup allowed small amounts of melt to be extracted from the
peridotite matrix. Thus, the element content of even small
amounts of melt could be analyzed without contamination
by the solids. A time series performed by Brey et al. (2007)

showed that the initial melt of a magnesite-bearing peri-
dotite contains less than 3 wt % SiO2 and small amounts of
Al2O3 (0.1 wt %), but the trace element compositions could
only be established in experiments with higher degrees of
partial melting (melts containing 10 wt %–20 wt % SiO2 and
0.2 wt % to 0.5 wt % Al2O3). Here, carbonate melts contain
less than 0.2 wt % Al2O3 and 0.4± 0.1 wt % SiO2 (run 116,
CM7) or ∼ 2 wt % SiO2 (run 109, 110, 133; CM5), which is
similar to the initial melt reported by Brey et al. (2007). In-
terestingly, the strong fractionation of heavy to light REEs
in those experiments mimics the REE signature of Group-I
kimberlites taken from Becker and Roex (2006) (Fig. 7). This
implies that the Mg-rich join of the carbonate system might
be a good analogue to model the REE signature of near-
solidus melts of magnesite-bearing peridotites. However, a
carbonated lherzolite may contain 0.02 wt %–0.2 wt % mag-
nesite (Dasgupta and Hirschmann, 2006); such small magne-
site proportions will make a limited contribution to the trace
element content and signature of carbonatitic and kimberlitic
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melts, and the main silicate minerals have to be considered
(Dasgupta et al., 2009; Girnis et al., 2013).
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