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Abstract
We simulated the redox decomposition of magnesium-siderite at pressures and temperatures corresponding to the top of the Earth’s D″ layer (135 GPa and 2650 K). It transforms into new phases,
with unexpected stoichiometry. We report their crystal structure, based on single-crystal synchrotron
radiation diffraction on a multi-grain sample, using a charge-flipping algorithm. Mg2Fe2(C4O13) is
monoclinic, a = 9.822(3), b = 3.9023(13), c = 13.154(5) Å, β = 108.02(3)°, V = 479.4(3) Å3 (at 135
GPa). It contains tetrahedrally coordinated carbon units, corner-shared in truncated C4O13 chains. Half
of the cations are divalent, and half trivalent. The carbonate coexists with a new iron oxide, Fe13O19,
monoclinic, a = 19.233(2), b = 2.5820(13), c = 9.550(11) Å, β = 118.39(3)°, V = 417.2(5) Å3 (at 135
GPa). It has a stoichiometry between hematite, Fe2O3, and magnetite, Fe3O4. The formation of these
unquenchable phases indicates, indirectly, the formation of reduced-carbon species, possibly diamond.
These structures suggest the ideas that the mineralogy of the lower mantle and D″ region may be
more complex than previously estimated. This is especially significant concerning accessory phases
of fundamental geochemical significance and their role in ultra-deep iron-carbon redox coupling processes, as well as the iron-oxygen system, which certainly play an important role in the lower mantle
mineral phase equilibria.
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Introduction
Carbonates are important minerals in the Earth’s mantle, as
revealed by diamond inclusion studies (Berg 1986) and highpressure experiments (Rohrbach and Schmidt 2011). At the
Earth’s crust-atmosphere-hydrosphere interface, calcium-rich
carbonates are the main carbon repository phases. Magnesite,
MgCO3, is considered an important candidate for the main carbonates in the lower mantle, and it remains stable in the calcite-type
structure up to 80 GPa and several thousand Kelvin. Above these
conditions, it transforms to a high-pressure polymorph (Isshiki et
al. 2004; Boulard et al. 2011), with a predicted complex structure
(Oganov et al. 2008, 2013) based on tetrahedrally coordinated
carbon (Arapan et al. 2007). These features have been eventually
confirmed by X‑ray powder diffraction patterns experiments at 82
GPa and 2350 K and spectroscopic analysis on quenched materials (Boulard et al. 2011), even if no structure determination was
achieved. The presence of Fe can significantly modify the phase
stability of carbonates (Rohrbach and Schmidt 2011; Boulard et
al. 2011, 2012). The end-member siderite, FeCO3, in particular,
decomposes into Fe3O4 magnetite and CO-fluid at low pressures
and high temperatures (Tao et al. 2013). Above a few gigapascals of pressure it is stable up to the melting line, but at much
higher pressures and temperatures a disproportionation reaction
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is observed. The discovery of these new phases with unexpected
stoichiometry, e.g., Fe4(CO4)3 (Boulard et al. 2012), suggests that
the equilibria of carbonates cannot be fully understood only in
terms of the very well-known low-pressure phases. Crucially, the
Fe4(CO4)3 formula indicates that Fe should be entirely trivalent,
a feature unknown in the crystal chemistry of the common lowpressure carbonates. Studying the physical and chemical behavior
of iron-carbonates in the Earth’s mantle is therefore fundamental
to our understanding of the geochemistry of carbon. This has
been elegantly demonstrated (Rohrbach and Schmidt 2011) using red-ox reactions to explain diamond stability and carbonatitic
magmas. In considering the high-pressure disproportionation of
pure siderite into a mixture of Fe4(CO4)3, Fe3O4, and diamond, the
behavior of carbonates with stoichiometry intermediate between
magnesite and siderite is still unknown. This is concerning especially when trying to build a sensible model of the lower mantle,
and is a fundamental issue that must be clarified, e.g., magnesite
in the lower mantle could shift toward the siderite component,
especially in the D″ layer at the base of the lower mantle, where
enrichment of Fe may occur, because of reaction with outer-core
material (Knittle and Jeanloz 1991; Otsuka and Karato 2012).
However, pure siderite in the mantle is unlikely. Here, we studied
the stability of Mg-siderite samples at D″ layer conditions. We
applied a cutting-edge synchrotron X‑ray, single-crystal diffraction technique (Merlini and Hanfland 2013) to monitor structural
changes at high pressure and high temperature.
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