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Abstract
Electronic transitions of siderite and rhodocrosite may have played a role in prebiotic synthesis
by photochemical reactions in the Archean. In the work described here, I measured the electronic
structures of siderite (FeCO3) and rhodocrosite (MnCO3) using O K-edge X-ray absorption and
emission spectroscopy. At the same time, I present theoretical calculations of electronic structure
using periodic density functional theory with several different exchange correlation functionals. To
help verify the reliability of the basis sets and the exchange correlation functionals, I determined the
optimized crystal structures of FeCO3 and MnCO3 in the antiferromagnetic (AF) rhombohedral unit
cell. All three exchange-correlation functionals give static volumes and cell parameters that differ
from experiment by <2%.
The O K-edge absorption spectra are assumed to measure the O(2p) density of states in the unoccupied orbitals that are primarily Fe(3d) and Mn(3d) in character. Emission spectra show the O(2p)
density of states that comprise the occupied bonding orbitals. Using both spectra, I estimate the O2– →
Fe2+ band gap in FeCO3 to be 4.4 ± 0.2 eV while the O2– → Mn2+ in MnCO3 is 5.8 ± 0.2 eV. Theoretical
calculations of the density of states calculated using the PBE exchange correlation functional seriously
underestimate the O(2p)-Mn,Fe(3d) band gaps while those calculated using the hybrid B3LYP exchange
correlation functional (with 20% Hartree-Fock exchange) overestimate the band gaps. A modified
B3LYP functional with 10% Hartree-Fock exchange, however, gives a band gap in close agreement
with experiment for both phases. Simulated O K-edge spectra, obtained by Gaussian smearing of the
projected O(2p) density of states, give a reasonable description of the O K-edge emission spectra but
a poor description of the experimental O K-edge absorption spectra. However, the O K-edge absorption spectra are reasonably simulated by the total density of states. Excitations to the C-O antibonding
states are predicted to lie near 4.6 eV in siderite.
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Introduction
Siderite (FeCO3) and rhodocrosite (MnCO3) have a fairly
limited pe-pH stability range in aqueous geochemical environments but they play a major role in the geochemical cycles of
Fe and Mn. Understanding their bulk and surface electronic
structures may yield insight on their reactivity in aqueous systems. An understanding of electronic structure is also needed
before we can exploit spectroscopic methods to characterize
the surface reactivities of these minerals (e.g., Duckworth and
Martin 2004).
The electronic structures of minerals also determine the
mechanisms of photochemical reactions in surface aquatic environments. Such reactions may have played a key role in prebiotic
synthesis during the Archean where the absence of an ozone layer
allowed high-energy UV radiation to reach the Earth’s surface.
Joe et al. (1986) gave preliminary experimental evidence that
UV radiation of siderite in aqueous suspension yielded organic
compounds. Such reactions might result from excitation of the
Fe(3d) electron to the high-energy C-O antibonding orbitals of
the CO2–
3 anion.
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The electronic structures of minerals can be measured using
various techniques. Synchrotron-based absorption and emission spectra of the oxygen K-edge are especially useful (e.g.,
Sherman 2005). Absorption spectra probe excitations from the
O(1s) orbital to the empty states. The dipole selection rule requires that the change in angular momentum quantum number
∆l = ±1 so that transitions from the O(1s) to empty states with
O(2p) character will be allowed. Because the Fe-O and Mn-O
bonds are partially covalent, the O K-edge absorption spectra
show the O(2p) density of states in the unoccupied Fe(3d) and
Mn(3d) orbitals. Emission spectra result from transitions from
occupied orbitals to the core-hole O(1s) orbitals. The emission
spectra will, therefore, show the O(2p) density of states that
comprise the occupied bonding orbitals. However, interpreting
O K-edge spectra is much easier if we have some theoretical
understanding of electronic structure using density functional
theory. A fundamental approximation we can make is that the
O K-edge spectra can be modeled in terms of the ground state
O(2p) density of states (de Groot 1994). The justification for this
is that the core-hole state (empty O 1s orbital) is screened by the
O(2p) electrons and, therefore, does not affect the energy of the
Mn(3d) or Fe(3d) orbitals.

