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Abstract
Investigations on the phase stability of the norsethite-type family [BaMg(CO3)2, BaMn(CO3)2, 

BaFe(CO3)2] under high-pressure conditions are of great significance for understanding the structure 
and metal cationic (Mg2+, Fe2+, Mn2+) substitution mechanism in double divalent metal carbonates. The 
structural evolution and equation of state of BaFe(CO3)2 were studied at high pressure up to ~7.3 GPa by 
synchrotron X-ray diffraction (XRD) in diamond-anvil cell (DAC) in this study. BaFe(CO3)2 undergoes 
a reversible phase transition from R3m (α-phase) to C2/c (γ-phase) space groups at ~3.0 GPa. The fitted 
elastic parameters are V0 = 377.79(2) Å3 and K0 = 40.3(7) GPa for α-BaFe(CO3)2, V0 = 483.24(5) Å3 
and K0 = 91.2(24) GPa for γ-BaFe(CO3)2 using second-order Birch-Murnaghan equation of state (BM2-
EoS). Besides, the vibrational properties and structural stability of complete norsethite-type minerals 
were also investigated first by Raman spectroscopy combined with DAC up to 11.1 GPa. Similar 
structural phase transitions occur in BaMg(CO3)2, BaFe(CO3)2, BaMn(CO3)2 at 2.2–2.6, 2.6–3.7, and 
3.7–4.1 GPa, respectively. The onset phase transition pressures of the norsethite-type family are much 
lower than that of dolomite-type Ca(Mg,Fe,Mn)(CO3)2 and calcite-type (Mg,Fe,Mn)CO3 carbonates. 
These results provide new insights into the divalent cation substitution effects on the stability and 
structural evolution of carbonates under high-pressure conditions.
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Introduction
Norsethite [BaMg(CO3)2], which can be derived from do-

lomite [CaMg(CO3)2] by exchanging Ca with Ba (Lindner et 
al. 2017), has been studied extensively in recent years because 
of its rapid precipitation at ambient conditions compared with 
dolomite and magnesite (MgCO3) (Hood et al. 1974; Lippmann 
1967, 1973; Böttcher et al. 1997; Böttcher 2000; Schmidt et 
al. 2013; Pimentel and Pina 2014, 2016; Liu and Li 2020). 
Moreover, as a typical double carbonate, the formation condi-
tions and the potential influence on the global carbon cycle are 
of great significance for carbonate geochemistry (Scheetz and 
White 1977; Effenberger and Zemann 1985; Böttcher et al. 
1997; Schmidt et al. 2013; Effenberger et al. 2014; Pippinger et 
al. 2014; Zhuravlev and Atuchin 2020). The end-member of the 
norsethite-type family includes BaMg(CO3)2, BaMn(CO3)2, and 
BaFe(CO3)2 (Liang et al. 2021; Böttcher et al. 2022). All of them 
are typical layer structures with octahedra (MO6, M = Mg, Fe, 
Mn) and polyhedra (BaO12) located exactly one above the other, 
parallel to the [001] direction and separated by triangular CO3 
groups (Böttcher et al. 1997, 2012; Böttcher 2000; Pippinger et 
al. 2014; Liang et al. 2019, 2021), as shown in Figure 1a.

The natural samples of norsethite and Mn-bearing norsethite 
were found in natural environments (e.g., Costanzo et al. 2006; 
Zidarov et al. 2009), and the Mg and Mn end-members of nors-
ethite [BaMg(CO3)2 and BaMn(CO3)2] were also synthesized under 
high-pressure-temperature (P-T) conditions (e.g., Böttcher et al. 
2012; Lindner et al. 2017, 2018; Liang et al. 2019). However, 
ferroan norsethite [e.g., BaFe(CO3)2] was never reported until 
recently successfully synthesized at high P-T conditions (Liang 
et al. 2021). Norsethite-type minerals serve as a crystal chemical 
and geochemical analog for the dolomite-type minerals, which are 
regarded as one of the most prominent deep carbon carriers (Effen-
berger and Zemann 1985; Böttcher 2000; Binck et al. 2020; Liang 
et al. 2021). Although the stability of BaMg(CO3)2, BaMn(CO3)2 
under high P-T conditions was extensively studied using differ-
ent methods (e.g., XRD, Raman spectroscopy, density functional 
theory) (Scheetz and White 1977; Effenberger and Zemann 1985; 
Böttcher et al. 1997; Schmidt et al. 2013; Effenberger et al. 2014; 
Pippinger et al. 2014; Lindner et al. 2017; Liang et al. 2019; 
Zhuravlev and Atuchin 2020), whereas the high-pressure behavior 
of BaFe(CO3)2 is still unclear. Synchrotron XRD, combined with 
DAC is a well-known technique to in situ measure the structural 
evolution under high-pressure conditions (Liu et al. 2016; Fu et 
al. 2017), by which we can get some clues for possible existence 
conditions of ferroan norsethite from its high-pressure stability.

Partial cation substitution in carbonates is very common 
in natural samples, and the effects of substitution with various 
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