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Abstract
We measured the bulk modulus and phase stability of a natural Mn-dolomite, kutnohorite, to 19
GPa. At room temperature, kutnohorite is stable in the rhombohedral dolomite phase up to 19 GPa,
with an isothermal bulk modulus of 85(6) GPa (Kʹ = 4). The compressibility of kutnohorite is found
to match well with both single and double carbonate trends with respect to bulk modulus and unit-cell
volume. The thermoelastic properties measured in this study show that the Mn dolomite end-member
fits well with the systematic of all the rhombohedral carbonates, both calcite (single carbonate) and
dolomite (double carbonate) type.
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Introduction
Carbon in the deep Earth consists of a primordial component
plus carbonate that has recycled into the Earth’s mantle via
subduction zones (Dasgupta and Hirschmann 2010). Carbon
has limited solubility in mantle silicates and therefore exists as
carbon-rich accessory phases, either as oxidized carbonate or reduced graphite/diamond/carbide (Shcheka et al. 2006). Therefore
studying the high-pressure behavior of carbonate phases helps
determine the role of the Earth’s deep interior in the deep carbon
cycle. In this paper, we present the high-pressure behavior of
kutnohorite, an Mn-rich dolomite, and use the new data in conjunction with existing data to analyze the high-pressure behavior
of a series of rhombohedral carbonate phases.
Recent experimental studies demonstrate that dolomite,
(CaMg1–xMx)(CO3)2, where M = Fe, Mn, Zn, undergoes a series
of phase transformations with increasing pressures and temperatures. Dolomite I (rhombohedral R3) is the ambient pressure phase. Dolomite II (triclinic P1) was observed at ambient
temperatures and pressures above ~20 GPa (Santillán et al. 2003;
Mao et al. 2011; Merlini et al. 2012). A third dolomite phase,
Dolomite III, was recently observed in Ca(Mg0.92Fe0.08)(CO3)2
by Mao et al. (2011) and Ca(Mg0.6Fe0.4)(CO3)2 by Merlini et al.
(2012), by compressing above 35 GPa and laser heating. This
dolomite III phase is stable during temperature-quench, allowing
Merlini et al. to refine a structure (triclinic P1). These results
raise the possibility of a dolomite-structured carbonate that may
be stable at the high pressures and high temperatures of the lower
mantle and motivate our study to expand the compositional range
to include the Mn end-member dolomite, kutnohorite.

does not affect the structure of the kutnohorite, which is the dolomite structure
comprised of alternating layers of cations interspaced with layers of carbonate
triangles. Pieces of whole rock were ground and then mixed with 5–10 wt% Au,
which was used an internal X‑ray pressure calibrant (Takemura and Dewaele 2008).
Two separate diamond-anvil cell experiments were performed, each gas-loaded
with Ne to ensure hydrostatic pressure and including a small ruby chip for crossreference pressure measurement (Rivers et al. 2008). In a first experiment, the
kutnohorite-Au mixture was pressed, sandwiched between NaCl chips and then
placed in a 150 × 70 mm hole in a pre-indented rhenium gasket in a diamond-anvil
cell equipped with 500 mm culets. This sample was compressed at room temperature
to 19 GPa in steps of 3–5 GPa (Fig. 1). A second diamond-anvil cell equipped with
300 mm culets was loaded with prepressed kutnohorite-Au mixture placed in an
80 × 50 mm gasket hole with no NaCl calibrant. A verification X‑ray diffraction
pattern was taken at 0.5 GPa before this sample was compressed to 35 GPa and then
laser-heated with the double-sided fiber laser heating system (Clark et al. 2012).
Angle-dispersive X‑ray diffraction data was collected on a MAR345 image
plate at an energy of 28 keV (0.4428 Å) at beamline 12.2.2 at the Advanced Light
Source, Lawrence Berkeley National Laboratory. All diffraction patterns were integrated using GSAS II to display intensity vs. 2-q angles (Toby and Von Dreele 2013).
Up to 19 GPa kutnohorite, Au and NaCl were indexed and both Rietveld Refinement methods (GSAS, EXPGUI) and Gaussian fits to each of the diffraction

Experimental methods
Our starting sample was kutnohorite from Franklin, New Jersey, with a composition of (Ca0.76Mn0.24)Mn(CO3)2 and with ~5% rhodochrosite (MnCO3) vein
impurities, determined by electron microprobe. This Mn-enriched composition is
in agreement with a previous determination by Frondel and Bauer (1955) and is
not unusual for kutnohorite from Franklin, New Jersey. In addition, the Mn excess
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Figure 1. Diffraction patterns of kutnohorite to 19 GPa. Bottom
pattern shows Au mixture used in the second high-pressure experiments
at 0.5 GPa before compression and heating. Other patterns were loaded
with Au mixture and sandwiched between NaCl flakes. Rhombohedral
kutnohorite is present to 20 GPa. The starred peaks represent an
unidentified cubic phase. (Color online.)

