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Abstract 8 
We measured the bulk modulus and phase stability of a natural Mn-dolomite, 9 
kutnohorite, to 19 GPa. At room temperature, kutnohorite is stable in the rhombohedral 10 
dolomite phase up to 19 GPa, with an isothermal bulk modulus of 85(6) GPa (K’ = 4). 11 
The compressibility of kutnohorite is found to match well with both single and double 12 
carbonate trends with respect to bulk modulus and unit cell volume. The thermoelastic 13 
properties measured in this study show that the Mn dolomite end member fits well with 14 
the systematic of all the rhombohedral carbonates, both calcite (single carbonate) and 15 
dolomite (double carbonate) type. 16 17 



Introduction 18 
 Carbon in the deep Earth consists of a primordial component plus carbonate that 19 
has recycled into the Earth’s mantle via subduction zones (Dasgupta and Hirschmann 20 
2010). Carbon has limited solubility in mantle silicates and therefore exists as carbon-rich 21 
accessory phases, either as oxidized carbonate or reduced graphite/diamond/carbide 22 
(Shcheka, et al. 2006). Therefore studying the high-pressure behavior of carbonate phases 23 
helps determine the role of the Earth’s deep interior in the deep carbon cycle. In this 24 
paper, we present the high-pressure behavior of kutnohorite, an Mn-rich dolomite, and 25 
use the new data in conjunction with existing data to analyze the high pressure behavior 26 
of a series of rhombohedral carbonate phases. 27 
 Recent experimental studies demonstrate that dolomite, (CaMg1-xMx)(CO3)2, 28 
where M = Fe, Mn, Zn, undergoes a series of phase transformations with increasing 29 
pressures and temperatures. Dolomite I (rhombohedral R-3) is the ambient pressure 30 
phase. Dolomite II (triclinic P-1) was observed at ambient temperatures and pressures 31 
above ~20 GPa (Santillán et al. 2003; Mao et al. 2011; Merlini et al. 2012). A third 32 
dolomite phase, Dolomite III, was recently observed in Ca(Mg0.92Fe0.08)(CO3)2 by Mao, 33 
et al. (2011) and Ca(Mg0.6Fe0.4)(CO3)2 by Merlini, et al. (2012), by compressing above 35 34 
GPa and laser heating. This dolomite III phase is stable during temperature-quench, 35 
allowing Merlini et al. to refine a structure (triclinic P-1). These results raise the 36 
possibility of a dolomite-structured carbonate that may be stable at the high-pressures and 37 
high-temperatures of the lower mantle and motivate our study to expand the 38 
compositional range to include the Mn end-member dolomite, kutnohorite. 39 
 40 



Experimental Methods 41 
 Our starting sample was kutnohorite from Franklin, NJ with a composition of 42 
(Ca0.76Mn0.24)Mn(CO3)2 and with ~5% rhodochrosite (MnCO3) vein impurities, 43 
determined by electron microprobe. This Mn-enriched composition is in agreement with 44 
a previous determination by Frondel and Bauer (1955) and is not unusual for kutnohorite 45 
from Franklin, NJ. In addition, the Mn excess does not affect the structure of the 46 
kutnohorite, which is the dolomite structure comprised of alternating layers of cations 47 
interspaced with layers of carbonate triangles. Pieces of whole rock were ground and then 48 
mixed with 5-10 wt% Au, which was used an internal X-ray pressure calibrant 49 
(Takemura and Dewaele 2008). 50 

Two separate diamond anvil cell experiments were performed, each gas-loaded 51 
with Ne to ensure hydrostatic pressure and including a small ruby chip for cross-52 
reference pressure measurement (Rivers et al. 2008).  In a first experiment, the 53 
kutnohorite-Au mixture was pressed, sandwiched between NaCl chips and then placed in 54 
a 150 x 70 µm hole in a pre-indented rhenium gasket in a diamond anvil cell equipped 55 
with 500 µm culets. This sample was compressed at room temperature to 19 GPa in steps 56 
of 3-5 GPa (Figure 1). A second diamond anvil cell equipped with 300 µm culets was 57 
loaded with prepressed kutnohorite-Au mixture placed in an 80 x 50 µm gasket hole with 58 
no NaCl calibrant.  A verification X-ray diffraction pattern was taken at 0.5 GPa before 59 
this sample was compressed to 35 GPa and then laser-heated with the double-sided fiber 60 
laser heating system (Clark et al. 2012).  61 

Angle-dispersive X-ray diffraction data was collected on a MAR345 image plate 62 
at an energy of 28 KeV (0.4428 Å) at beamline 12.2.2 at the Advanced Light Source, 63 



Lawrence Berkeley National Laboratory. All diffraction patterns were integrated using 64 
GSAS II to display intensity versus two-theta angles (Toby and Von Dreele 2013).  65 

Up to 19 GPa kutnohorite, Au and NaCl were indexed and both Rietveld 66 
Refinement methods (GSAS) and Gaussian fits to each of the diffraction peaks were used 67 
to find extract pressure-volume information. Pressure was measured before and after each 68 
pressure step using ruby fluorescence, and determined from an internal calibrant using 69 
the lattice volume of the Au determined by the X-ray patterns and fitting to the equation 70 
of state of Au (Takemura and Dewaele 2008). Pressure error values were propagated 71 
from the uncertainty in the refinement fit to the Au lattice parameters.  The second 72 
loading of kutnohorite did not include the NaCl and the kutnohorite starting structure was 73 
confirmed with a diffraction pattern obtained at 0.5 GPa after gas loading but before 74 
compression and heating (Figure 1). The patterns collected above 35 GPa show a change 75 
in the structure, indicating a change from the initial rhombohedral structure. While the 76 
pressure of the transformation is similar to the dolomite III transformation observed in 77 
the Mg and Fe-bearing dolomites, it is not clear from our current diffraction patterns 78 
whether the structures are related.   79 

Results and Discussion 80 
Upon compression in the diamond cell, we find kutnohorite to be stable in the 81 

dolomite I structure to 19 GPa at ambient temperature (300 K). For each diffraction 82 
pattern the best-fit rhombohedral lattice parameters were determined from Gaussian fits 83 
of each indexed peak and by Reitveld refinement (Figure 2). Although the error bars are 84 
much greater for the individual Gaussian fits, the volume data extracted from each 85 
method is nearly indistinguishable. As illustrated in Table 1 and Figure 2, the large 86 



Gaussian fit volume error originates from an under constraint of lattice parameter c. The 87 
available peaks in our two-theta range constrained the lattice parameter a much better. 88 
The c/a ratio of kutnohorite at 0.3 GPa is 3.366, similar to 3.354 found by Graf (1961). 89 
The ratio steadily decreases with increasing pressure, lowering to 3.105 at 20 GPa, which 90 
is consistent with a more compressible c axis.  91 

As shown in Figure 2, the best-fit of the pressure-volume data to a 2nd order 92 
Birch-Murnaghan equation of state (with K'T,0 fixed at 4) yields an isothermal bulk 93 
modulus of 85(6) GPa and a V0 of 332(2). A 3rd order fit is also shown in Figure 2 that 94 
yields a bulk modulus of 110(1) GPa, K’ = 1.9(1) and V0 of 329.3(1). This study does not 95 
include sufficient data points to merit the use of this higher order equation of state. A 96 
later ambient-pressure single-crystal measurement was performed on the same sample 97 
and confirmed the dolomite I structure with a unit cell volume of 230(1) Å3, which is 98 
consistent with our fitted results. These ambient volumes are within the previous range of 99 
literature values (330-336 Å3) that depend on disorder (Graf 1961; Farkas et al. 1988). 100 
The powder diffraction result is likely the average of many differently disordered 101 
crystallites, which would account for the disparity between the single crystal and powder 102 
diffraction results. This bulk modulus found in the 2nd order equation of state fit is 103 
comparable to those of Fe dolomite-type end-member ankerite, 91 GPa, and dolomite, 94 104 
GPa (Ross and Reeder, 1992).  105 
 The compressibility-volume systematics of Mg, Fe and Mn-dolomite can be 106 
directly compared with other rhombohedral carbonates such as calcite (CaCO3). These 107 
rhombohedral carbonates have been previously investigated under pressure in some detail 108 
(Ross 1997; Zhang et al. 1997; Zhang and Reeder 1999; Ono 2007; Litasov et al. 2013). 109 



In the rhombohedral carbonates, the marginally distorted cation octahedra are corner-110 
linked through shared oxygen anions of carbonate groups. These carbonate planar 111 
triangles are the most incompressible elements in the structure. Studies by Ross (1997) 112 
and Ross and Reeder (1992) illustrate that the M-O-M and M-O-C angles in magnesite, 113 
dolomite and ankerite have very little variation with pressure. This means bond bending 114 
is not a major process in the compression of the rhombohedral carbonates. The cation 115 
range of these carbonates encompasses divalent alkaline earth elements, 3d transition 116 
metals and 4d transition metals ranging in size from 0.69 to 1.0 Å. The dolomite structure 117 
is a double carbonate and thus combines at least two different cations from this list, with 118 
one always being Ca2+, in alternating cation layers. The composition of our kutnohorite 119 
sample, (Ca0.76Mn0.24)Mn(CO3)2, shows a significant excess of manganese, raising the 120 
possibility that it is not ordered like a standard dolomite, but perhaps mixes Ca and Mn 121 
between the two layers. 122 

In kutnohorite the compressibility of the unit cell is controlled primarily by the 123 
behavior of the Ca and Mn octahedra since the carbonate planar triangles are essentially 124 
incompressible in this pressure regime. This leads to anisotropic compression in all of the 125 
rhombohedral carbonates as evidenced by a significantly more compressible c axis. A 126 
linear relationship is predicted between the bulk moduli and the ambient unit cell volume. 127 
Figure 3 shows this trend for the rhombohedral carbonates. The deviation of MgCO3 and 128 
CdCO3 from the linear trend is of note. The higher compressibility of MgCO3 is 129 
attributed to substantially higher a-axis compressibility than found in the other 130 
rhombohedral carbonates of similar ambient volume (i.e. CoCO3 and ZnCO3) (Zhang and 131 



Reeder 1999). Indeed, Zhang and Reeder (1999) found a linear relationship between c-132 
axis compressibility and M-O bond length for all cation types. 133 

Our new kutnohorite data fit within the linear relationship described by the 134 
rhombohedral carbonates (Figure 3). The dolomites have higher volumes and lower bulk 135 
moduli, and fall on a trend line of -0.60(20) GPa/Å3 while the calcite-type carbonates 136 
show a slope of -0.61(3) GPa/Å3, excluding the magnesite and otavite (CdCO3) data 137 
points. In addition, unit cell volumes increase as the cation changes from Mg > Fe > Mn, 138 
both in the single and double carbonate series, consistent with other transition metal 139 
systematics within mineral structures. Depending on the new bonding environment high 140 
pressure polymorphs of dolomite might be expected to follow this linear trend since the 141 
elastic behavior of the structure is rooted in the constituent polyhedral compressibility 142 
and size of the cation sites.  143 

Implications for dolomite structures 144 
This work provides new measurements of the isothermal bulk modulus of 145 

kutnohorite, which is found to be 85(6) GPa. This is the first instance of this bulk 146 
thermoelastic property of kutnohorite being reported in the literature and we find it in 147 
good agreement with other bulk moduli found for ankerite and dolomite. The similarity to 148 
the bulk moduli in other dolomite end members suggests that compositional variation in 149 
the dolomites does not affect structural evolution. We have also found that the Mn end 150 
member of dolomite undergoes a change at high pressure (35 GPa) and temperature that 151 
may be in accordance with previous work done on Fe-bearing dolomites by Mao et al. 152 
(2011) and Merlini et al. (2012). This finding has the important implication that dolomite 153 
may undergoes phase transitions regardless of composition and that these changes are 154 



perhaps inherent to the dolomite structure. In the unlikely case that a carbonate with 155 
dolomite stoichiometry is preserved in a cold subducting slab these results imply the 156 
dolomite will be stable at the P,T conditions of the lower mantle. Finally, we have 157 
highlighted the systematics of single and double rhombohedral carbonates. The 158 
compressional and structural characteristics of these minerals are linearly related for both 159 
single and double carbonates, implying that the compressibility of the constituent cation 160 
polyhedra governs the bulk compressibility of these rhombohedral carbonates. We 161 
hypothesize that the linear trend between compressibility and structure will continue in 162 
the high-pressure dolomite structures, but further study is needed to gain information on 163 
the structure and bulk thermoelastic properties of the high pressure forms of dolomite. 164 
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Tables and Captions: 233 
Kutnohorite Fitted Peaks Kutnohorite GSAS Refinement Au GSAS Refinement 

a c Volume a c Volume a Volume Pressure Rwp 

4.834(25) 16.27(13) 329(5) 4.843(1) 16.239(4) 329.93(9) 4.0749(1) 67.663(7) 0.46409(2) 0.0746 

4.854(24) 16.21(18) 330(4) 4.8524(9) 16.173(4) 329.81(6) 4.0735(3) 67.594(17) 0.63728(2) 0.0456 

4.799(30) 15.64(16) 312(5) 4.8161(15) 15.691(6) 315.20(15) 4.0399(5) 65.939(22) 5.1245(14) 0.0591 

4.77(2) 15.40(13) 303(4) 4.7704(7) 15.404(5) 303.58(9) 4.0118(2) 64.569(13) 9.3701(16) 0.0777 

4.751(24) 15.19(18) 297(5) 4.761(3) 15.176(20) 297.94(35) 3.9990(7) 63.965(32) 11.413(5) 0.0639 

4.737(21) 14.98(22) 291(5) 4.751(3) 14.957(14) 292.47(20) 3.9744(3) 62.741(15) 15.905(3) 0.0549 

4.712(27) 14.63(17) 281(5) * * * 3.9562(3) 61.922(17) 19.197(5) 0.0834 

 234 
Table 1.  Room temperature kutnohorite and Au unit cell parameters to 20 GPa from both 235 
GSAS refinements and Gaussian peak fitting. Note that the highest pressure refinement 236 
was not able to determine the kutnohorite parameters and thus the peak fitting data point 237 
is used in our analysis.238 



5. Figure Captions 239 
Figure 1. Diffraction patterns of kutnohorite to 19 GPa. Bottom pattern shows Au 240 

mixture used in the second high pressure experiments at 0.5 GPa before compression 241 
and heating. Other patterns were loaded with Au mixture and sandwiched between 242 
NaCl flakes. Rhombohedral kutnohorite is present to 20 GPa. The starred peaks 243 
represent an unidentified cubic phase.  244 

Figure 2. The unit cell volume of kutnohorite as a function of pressure as determined by 245 
both Rietveld Refinement (dark circles) and Gaussian peak fitting (final diamond 246 
point). Volume error bars for the Gaussian fit point reflect that the indexed peaks 247 
better constrain unit cell parameter a than c. For our equation of state fitting we used 248 
the refinement results except at the highest pressure where no refinement was 249 
possible and we used the Gaussian peak fitting result (19.2 GPa data point). Equation 250 
of state fit to the kutnohorite pressure-volume data as determined from both a 2nd and 251 
3rd order Birch Murnaghan equation of state are shown. 252 

Figure 3. Calcite-type carbonate data and dolomite data examining the relationship 253 
between bulk modulus (GPa) and ambient unit cell volume (Å3). The dolomites fall 254 
on a trend line of -0.6(2) GPa/Å3 while the calcite-type carbonates exhibit a slope of -255 
0.61(3) GPa/Å3. 256 
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a c Volume a c Volume a Volume Pressure Rwp

4.834(25) 16.27(13) 329(5) 4.843(1) 16.239(4) 329.93(9) 4.0749(1) 67.663(7) 0.46409(2) 0.0746

4.854(24) 16.21(18) 330(4) 4.8524(9) 16.173(4) 329.81(6) 4.0735(3) 67.594(17) 0.63728(2) 0.0456

4.799(30) 15.64(16) 312(5) 4.8161(15) 15.691(6) 315.20(15) 4.0399(5) 65.939(22) 5.1245(14) 0.0591

4.77(2) 15.40(13) 303(4) 4.7704(7) 15.404(5) 303.58(9) 4.0118(2) 64.569(13) 9.3701(16) 0.0777

4.751(24) 15.19(18) 297(5) 4.761(3) 15.176(20) 297.94(35) 3.9990(7) 63.965(32) 11.413(5) 0.0639

4.737(21) 14.98(22) 291(5) 4.751(3) 14.957(14) 292.47(20) 3.9744(3) 62.741(15) 15.905(3) 0.0549

4.712(27) 14.63(17) 281(5) * * * 3.9562(3) 61.922(17) 19.197(5) 0.0834

Kutnohorite Fitted Peaks Kutnohorite GSAS Refinement Au GSAS Refinement
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