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ABSTRACT

Raman spectra of Na2Ca2(CO3)3 shortite and K2Ca(CO3)2 bütschliite were measured to 715 and
740 °C, respectively, under vacuum. The vibrational spectra demonstrate that shortite converts to
nyerereite [Na2Ca(CO3)2] and calcite at 535 °C. This assemblage remains stable up to ∼700 °C, at
which point nyerereite begins to decompose. Bütschliite converts to the isochemical phase fairchildite
at 570 °C, which is stable to 665 °C, where it decomposes to an assemblage of K2CO3 and CaO.
The variation of anharmonicity between different vibrational modes of each of the low-temperature
phases is assessed, and these yield insights into inter-carbonate group couplings. Both fairchildite
and nyerereite exhibit spectral features consistent with extensive disordering.
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INTRODUCTION

Bütschliite and shortite are alkali-calcium carbonate minerals
with the chemical formulas K2Ca(CO3)2 and Na2Ca2(CO3)3,
respectively; they each represent structurally different manifesta-
tions of double carbonates. Bütschliite crystallizes in the trigonal
system (space group: R3̄m) with three formula units per unit cell,
and shortite crystallizes in the orthorhombic system (space group:
Amm2) with two formula units per unit cell. The structure of büts-
chliite is characterized by sheets of planar [CO3] units stacked on
interstitial Ca2� and K� cations (Pabst 1974). The lower symme-
try of shortite is in accord with its more complex structure, which
is characterized by the presence of three distinct cation sites (one
Ca2� and two Na� sites) and two distinct [CO3] sites (Dickens
et al. 1971). While bütschliite and shortite do not form a solid
solution, the minerals that they convert to at high temperatures,
fairchildite and nyerereite (Na2Ca(CO3)2), do. Indeed, nyerereite
samples from the natrocarbonatites of Oldoinyo Lengai in Tanza-
nia have been reported to contain between 6–9 wt%K2O (Zaitsev
et al. 2009). Shortite has been observed in the groundmass ofmag-
matic carbonatites (Zaitsev and Chakhmouradian 2002), and both
phases have been observed within melt inclusions in olivine
and/or diamond (Mernagh et al. 2011; Logvinova et al. 2019;
Abersteiner et al. 2022). Notably, bütschliite is the only potas-
sium-bearing carbonate mineral that has been found as an inclu-
sion in mantle phases, and alkali-rich carbonate fluids have been
invoked as being the medium within which a subset of diamonds
are formed within Earth’s mantle (Pal’yanov et al. 2002; Weiss
et al. 2015). Hence, while alkaline earth carbonates are viewed
as the principal means by which carbon may be transported to
depth via the subduction process, alkali-rich carbonate fluids
are not only importantmantlemetasomatic agents (e.g.,Gervasoni
et al. 2017; Chen et al. 2022), but are also likely critical players in
several paths that return carbon from depth to Earth’s surface,

including diamond petrogenesis and the genesis of kimberlites
(e.g., Kamenetsky and Yaxley 2015). Thus, as crystalline carbon-
ate hosts for alkalis, the properties of these two phases at extreme
conditions of pressure and/or temperature are highly relevant to
the behavior of alkali-rich carbonate materials, and hence carbon
cycling, within Earth’s interior.

Previous studies have documented extensive high-pressure
polymorphism in both shortite and bütschliite. In a high-pressure
study on shortite, Vennari et al. (2018) reported a transition to
a crystalline monoclinic phase, shortite-II (space group: Pm),
at 15 GPa, followed by a transition to an amorphous phase above
22 GPa. The [CO3] groups of shortite-II are substantially dis-
torted, with carbon adopting a 3�1 coordination with surround-
ing oxygen atoms. Additionally, they report the existence of a
high-temperature/high-pressure crystalline phase, shortite-III,
generated at pressures between 12 and 30 GPa and T> 1300 °C.
Below 12 GPa, shortite-III decomposes into a mixture of short-
ite, nyerereite, and aragonite. In a high-pressure X-ray diffrac-
tion and Raman spectroscopy study of bütschliite, Zeff et al.
(2024) documented four phase transitions up to 94 GPa, with
single-crystal diffraction showing that a transition at ∼6 GPa
was associated with conversion to a monoclinic phase (space
group:C2/m). This lowest-pressure transition was also observed
in other Raman experiments (Likhacheva et al. 2024a), and its
crystal structure was subsequently confirmed (Likhacheva et al.
2024b). Raman and polycrystalline X-ray measurements of
Zeff et al. (2024) indicate the onset of three subsequent phase
transitions at 28, 34, and 37 GPa.

High-temperature phase transitions have been previously
documented in both bütschliite and shortite. In synthesizing
samples of bütschliite for his X-ray diffraction measurements,
Pabst (1974) bracketed the isochemical bütschliite-fairchildite
transition between 505 and 585 °C at ambient pressure. A novel
feature of this transition is that it involves the partial disordering
of carbonate ions in the quenched high-temperature phase,
fairchildite (Pertlik 1981). At 300 K, one of the two crystallo-
graphically distinct carbonate sites, C(2), shows orientational
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