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Abstract
Fe-bearing carbonates have been proposed as possible candidate host minerals for carbon inside
the Earth’s interior and hence their spectroscopic properties can provide constraints on the deep carbon
cycle. Here we investigate high-pressure spin crossover in synthetic FeCO3 (siderite) using a combination of Mössbauer, Raman, and X-ray absorption near edge structure spectroscopy in diamond-anvil
cells. These techniques sensitive to the short-range atomic environment show that at room temperature
and under quasi-hydrostatic conditions, spin crossover in siderite takes place over a broad pressure
range, between 40 and 47 GPa, in contrast to previous X-ray diffraction data that described the transition as a sharp volume collapse at approximately 43 GPa. Based on these observations we consider
electron spin pairing in siderite to be a dynamic process, where Fe atoms can be either high spin or low
spin in the crossover region. Mode Grüneisen parameters extracted from Raman spectra collected at
pressures below and above spin crossover show a drastic change in stiffness of the Fe-O octahedra after
the transition, where they become more compact and hence less compressible. Mössbauer experiments
performed on siderite single crystals as well as powder samples demonstrate the effect of differential
stress on the local structure of siderite Fe atoms in a diamond-anvil cell. Differences in quadrupole
splitting values between powder and single crystals show that local distortions of the Fe site in powder
samples cause spin crossover to start at higher pressure and broaden the spin crossover pressure range.
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Introduction
Chemical and physical interactions between atmosphere,
biosphere, and geosphere are well known and established processes on our planet. However, the mechanisms governing the
dynamics and the stability of materials in the deep Earth’s interior
are still the subject of ongoing debate. The possibility of carbon
cycling through the deep Earth (e.g., Dasgupta and Hirschmann
2010) is demonstrated by observations such as the occurrence of
diamonds from the lower mantle, carbonate inclusions in mantle
xenoliths and diamonds, and the presence of CO2 in gases from
volcanic eruptions (e.g., Brenker et al. 2007; Harte 2011; Walter
et al. 2011). However, the size of the carbon reservoir inside the
Earth is still not well constrained, and is closely linked to the
nature of the dominant carrier(s) of carbon down to the coremantle boundary (e.g., Biellmann et al. 1993; Lavina et al. 2009;
Stagno et al. 2011; Boulard et al. 2012).
Deep carbon is predominantly stored in accessory phases as
a consequence of its low solubility in dominant mantle minerals
(e.g., Keppler et al. 2003), where these accessory phases include
carbonates, diamonds/graphite, methane, and carbides, depending on pressure, temperature, and oxygen fugacity. In highly
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line form of carbon is graphite or diamond. At more oxidizing
conditions, carbonates are favored due to the reaction between
elemental carbon and oxygen to form (CO3)2– groups that bond
to other cations such as Ca2+, Mg2+, Fe2+, Ni2+, and Na+ depending
on the composition of the original bulk assemblage.
The three major carbonate components in the crust and upper
mantle are CaCO3 (calcite), MgCO3 (magnesite), and FeCO3
(siderite). The presence of carbonates in the Earth’s interior is
related to the subduction process, one of the first steps in cycling
carbon through the Earth. The CaCO3-MgCO3-FeCO3 system
has been experimentally investigated at relatively low pressures
and moderate temperatures (P < 3.5 GPa, T < 1100 °C) since
many decades (e.g., Goldsmith et al. 1962; Rosenberg 1967;
Merrill and Bassett 1975; Franzolin et al. 2011). Low-pressure
ternary phase diagrams indicate the formation of extensive
solid solutions, with compositions depending on pressure and
temperature. Observations from geophysics (e.g., Fukao et al.
2009) and natural samples (e.g., Brenker et al. 2007; Walter et
al. 2011) suggest that some subducted slabs penetrate the lower
mantle. In this case, carbonates could be stable phases due to the
proposed higher oxygen fugacity in the region of the slab. The
properties of carbonates are, however, not well understood, and
many questions remain open regarding their stability, composition, and geophysical properties.
Previous high-pressure studies on the carbonate end-members
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