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abStraCt

Understanding the physical and chemical properties of carbonate minerals at extreme conditions 
is important for modeling the deep carbon cycle, because they represent likely hosts for carbon in the 
lower mantle. Previous high-pressure studies have identified a structural and electronic phase transi-
tion in siderite using X-ray diffraction and X-ray emission spectroscopy. The Fe end-member of the 
carbonate group, siderite (FeCO3), exhibits unique high-pressure behavior that we investigated using 
a combination of in situ Raman spectroscopy, synchrotron X-ray diffraction, and theoretical methods. 
In this Raman spectroscopy study, we observed the appearance of a new CO3 symmetric stretching 
mode at 20 cm−1 lower frequency beginning at approximately 46 GPa. This softening is due to the 
lengthening of the C-O bonds as a result of a combination of rotation and volume shrinkage of the FeO6 
octahedra while siderite undergoes the isostructural volume collapse and electronic spin transition.
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introduCtion

Understanding the deep carbon cycle is an area of active 
research that is critical for modeling the global carbon cycle 
(Dasgupta and Hirschmann 2010; Hirschmann 2006). If they 
remain stable at the conditions within the Earth’s lower mantle, 
carbonate minerals may represent an important host for carbon 
in our planet’s deep interior. Previous studies have suggested 
magnesite (MgCO3) could be an important carbon-bearing 
compound (Dasgupta and Hirschmann 2010; Fiquet et al. 2002; 
Isshiki et al. 2004). It undergoes several phase transitions upon 
compression to over 200 GPa, but does not dissociate into other 
chemical species (Isshiki et al. 2004; Skorodumova et al. 2005). 
Siderite (FeCO3) is another potential carbon host that forms a 
solid solution with magnesite and has been studied to lower 
mantle pressures (Lavina et al. 2009, 2010a; Mattila et al. 2007; 
Nagai et al. 2010; Santillán and Williams 2004). Also, recent laser 
heating experiments on (Mg,Fe)CO3 indicate that at very high 
pressure and temperature, these carbonates may transform from 
threefold- to fourfold-coordinated carbon (Boulard et al. 2011).

Previous results on siderite using single-crystal and powder 
X-ray diffraction (XRD) (Lavina et al. 2009, 2010a; Nagai et al. 
2010), X-ray emission spectroscopy (XES) (Mattila et al. 2007), 
infrared spectroscopy (IR) (Santillán and Williams 2004), and 
theoretical calculations (Shi et al. 2008) indicate that a series 
of electronic and structural transitions occur at high pressure 
(Lavina et al. 2009, 2010a; Nagai et al. 2010). At approximately 

50 GPa there is an electronic spin transition associated with an 
abrupt isostructural volume collapse of ∼10% (Lavina et al. 
2009).

In this study, we measured the Raman spectra of a natural 
siderite sample compressed to 50 GPa in a diamond-anvil cell at 
room temperature. We observed a new symmetric CO3

2– stretching 
mode (ν1) emerging at 46 GPa, a pressure that coincides with 
the electronic spin transition. Our synchrotron XRD results 
confirm that siderite undergoes an isostructural volume collapse 
at approximately the same pressure. In addition, state of the art 
theoretical calculations accurately reproduced the experimentally 
observed transition pressure and the magnitude of the volume 
reduction.

MethodS

Experimental methods
As a member of the carbonate group, siderite adopts the space group R3c struc-

ture at ambient conditions. It can be considered as distorted rock salt structure with 
Fe2+ as the cation and CO3

2– groups as the anions (Lavina et al. 2010). Our starting 
material was a natural siderite sample from Germany. From electron microprobe 
analysis we determined the composition to be (Fe0.76Mn0.15Mg0.09Ca0.01)CO3, with an 
uncertainty of approximately 1% in the cation concentrations. Raman spectroscopy 
is a powerful tool for probing the vibrational modes and can be coupled with a 
diamond-anvil cell to provide insight into changes in the bonding in carbonates 
(Shahar et al. 2005). The Raman spectra for the carbonate group have been sys-
tematically studied at ambient conditions and different characteristics modes were 
identified (Rutt and Nicola 1974). For our high-pressure Raman spectroscopy 
studies, a small single-crystal chip of siderite was loaded into a 120 µm diameter 
sample chamber drilled into a stainless steel gasket that was compressed inside a 
symmetric diamond-anvil cell (DAC) with 300 µm diameter flat culets. We used 
silicone oil as the pressure-transmitting medium and loaded ruby chips for pres-
sure calibration (Mao et al. 1986). A Renishaw RM1000 Raman microscope in 
the Extreme Environments Laboratory at Stanford University was used to collect 
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