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ABSTRACT 

Calcite (CaCO3) is a ubiquitous mineral with the ability to accommodate a wide range of 

impurities.  Determination of the coordination environment and incorporation modes of impurities 

in calcite has historically relied primarily on the interpretation of extended X-ray absorption fine 

structure (EXAFS) spectroscopy.  However, a lack of standards combined with the large number 

of degrees of freedom involved in shell-by-shell fits have made the interpretation of EXAFS 

spectra challenging.  In this work, ab initio molecular dynamics (AIMD) simulations were 

performed to investigate the incorporation of seven divalent metal cation impurities, namely Ba2+, 

Pb2+, Sr2+, Cd2+, Mn2+, Co2+, and Zn2+, in calcite.  These cations span a wide range of sizes: 30.7% 

to −22.8% change in ionic radius with respect to Ca2+.  The atomic trajectories were then used to 

compute EXAFS spectra for direct comparison with published experimental spectra.  The 

simulations confirmed that all seven metal cations incorporate in calcite via substitution in the 

calcium site.  The AIMD-EXAFS approach allowed for overcoming limitations of the shell-by-

shell fitting approach, such as the difficulties in resolving weak backscatterers beyond the first 

coordination shell.  As a result, the AIMD-EXAFS approach was able to provide a detailed and 

comprehensive characterization of the structural relaxation around divalent metal cation impurities 

in calcite. 

Keywords: calcium carbonate, ab initio molecular dynamics; extended X-ray absorption fine 

structure spectroscopy; iso-valent substitution; impurity incorporation; structural relaxation.  
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INTRODUCTION 

Carbonate minerals are abundant at the Earth’s surface and are of great importance to global 

issues such as the carbon cycle and geological carbon sequestration.  The carbonate family of 

minerals also has a significant impact on the chemistry of natural waters and controls the 

concentration of some metal ions.1  Calcium carbonate is the most abundant carbonate in 

sedimentary rocks and is a predominant form of inorganic carbon in the biosphere.  Calcite 

(CaCO3) is the most stable polymorph of calcium carbonate.  One of the key properties of calcite 

is its ability to accommodate a broad range of impurities with varied ionic radii, valences, and 

molecular symmetries.  Impurities known to incorporate in calcite include divalent metal cations,2 

rare-earth elements,3, 4 actinides,5-8 and oxyanions.9-11  Incorporation in calcite of minor and trace 

elements is crucial to understanding and predicting the mobility, fate, and bioavailability of 

contaminants and toxic species in near-surface environments.  Trace elements incorporated in 

calcite can also serve as proxies for the evolution of oceans and climate. 

A primary experimental technique used to determine the coordination environment, and thus 

incorporation modes, of impurities is extended X-ray absorption fine structure spectroscopy 

(EXAFS).  In cases such as impurity incorporation where experimental standards are not available, 

information on the coordination environment of impurities is generally obtained through fitting of 

the EXAFS signal as shells around the absorbing atom are added, an approach referred to as shell-

by-shell fitting.  Each coordination shell is defined by its coordination number (CN), absorber-

backscatterer distance (R), and Debye-Waller factor (σ2) and contributes to the normalized EXAFS 

spectrum,12 which is defined as 

𝜒𝜒(𝑘𝑘) = �
𝑆𝑆02𝐶𝐶𝐶𝐶
𝑘𝑘𝑅𝑅2

𝑅𝑅

|𝑓𝑓(𝑘𝑘)|𝑒𝑒−2𝑅𝑅 𝜆𝜆(𝑘𝑘)⁄ 𝑒𝑒−2𝜎𝜎2𝑘𝑘2 × sin (2𝑘𝑘𝑘𝑘 + 𝛷𝛷(𝑘𝑘)) 
Eq. 1 
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where 𝑆𝑆02 is the overall amplitude factor and k, f(k), λ(k), and Φ(k) are the photoelectron 

wavenumber, backscattering amplitude, inelastic mean free path, and backscattering phase.  As a 

result, although constraints are often included, a limitation of this approach is the significant 

number of degrees of freedom involved in the fits, which can therefore yield non-unique solutions.  

Additionally, Debye-Waller factors are often used to account for both configurational and thermal 

disorder, thus providing only an average picture of the multiple coordination environments an 

impurity may be present in. 

An alternative approach is to compute EXAFS spectra from atomic trajectories generated by 

classical (CMD)13-16 or ab initio molecular dynamics (AIMD)17-20 simulations, and subsequently 

use the calculated spectra as standards in linear combination fits to the experimental data.  This 

approach has the advantage of imposing realistic and systematic constraints on the fits, and thus 

enables more robust and in-depth data interpretation.  For example, when applied to the 

incorporation of uranium in iron (oxyhydr)oxides,21-23 this approach allowed for identifying U 

oxidation states and associated charge compensation schemes, distinguishing between adsorbed 

and incorporated U, and resolving the preferential incorporation of U in the minor phase of a 

multiphase system .  In this work, this approach is applied to the incorporation of divalent metal 

cations in calcite.  The simulations employ density functional theory (DFT), which has proved to 

be a powerful theory to describe the structure of calcium carbonate polymorphs24, 25 and the 

incorporation of impurities in calcite.26-34 

EXAFS studies of the incorporation of divalent metal cations in calcite first emerged in the 

1990’s with seminal work by Pingitore et al.35 and Reeder and co-workers2, 36 on Sr2+, Co2+, Zn2+, 

Pb2+, and Ba2+ incorporation in synthetic and natural calcites.  Later work in the early 2000’s37, 38 

extended this list to include Cu2+ and Mn2+.  Although outside of the scope of this work, it is worth 



5 

noting that EXAFS has been employed to investigate not only bulk incorporation but also surface 

adsorption of divalent cations at calcite surfaces.38-42  In several instances, the limitations of the 

shell-by-shell fitting approach employed in these studies led to inconclusive results and unsolved 

questions.  For example, the large uncertainties on CN in shell-by-shell fitting made interpreting 

the reported first-shell CNs, which varied between 5.6 and 7.1,2, 38 difficult.  Are some divalent 

cations truly able to increase their coordination number with respect to the octahedral calcium site 

they are substituting in? 

Here, the AIMD-EXAFS approach is applied to the incorporation of seven divalent metal 

cations (Ba2+, Pb2+, Sr2+, Cd2+, Mn2+, Co2+, and Zn2+) in calcite.  These divalent cations represent 

percentage changes in ionic radius with respect to Ca2+ ranging from −22.8% to +30.7%.  The 

corresponding carbonate endmembers are also considered to provide a validation of the application 

of this approach to metal carbonate systems.  The results of this analysis demonstrate that all the 

divalent cations within the size range considered in this work retain the six-fold coordination of 

the original calcium site, but that, upon expansion of the lattice around the impurity for the cations 

larger than Ca2+, the nearest-neighbor carbonate molecules rotate to shorten the distance between 

distant oxygen atoms and the impurity.  This structural relaxation was missed in shell-by-shell fits 

due to the difficulties in resolving weak backscatterers beyond the first coordination shell.  As 

such, the AIMD-EXAFS approach allows for painting a more accurate picture of the structural 

relaxation the calcite structure undergoes to accommodate impurities. 

COMPUTATIONAL METHODS 

Density functional theory calculations.  All of the plane-wave DFT calculations were 

performed with VASP (Vienna Ab-initio Simulation Package)43-46 using the projector augmented-

wave (PAW) approach.47, 48  The calculations made use of three generalized gradient 
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approximation (GGA) exchange-correlation (XC) functionals: two semi-local XC functionals due 

to Perdew, Burke, and Ernzerhof49, 50 (PBE) and Hammer et al.51 (revised PBE or RPBE) and one 

hybrid functional due to Adamo and Barone (PBE0).52  For the semi-local functionals, the addition 

of Grimme dispersion corrections53, 54 was also evaluated.  The PAW potentials were obtained 

from the VASP database for carbon (2), oxygen (2), magnesium (4), calcium (12), manganese 

(18), iron (18), cobalt (18), nickel (18), zinc (18), strontium (28), cadmium (36), barium (46), and 

lead (68), with the number of core electrons shown in parentheses.  The convergence criterion for 

the electronic self-consistent calculation was 10−5 eV throughout. 

Energy minimizations.  Constant-pressure energy minimizations (ionic positions, cell volume, 

and cell shape are allowed to relax) were performed the determine the crystal structure of four 

carbonates with the aragonite structure, namely, witherite (BaCO3), cerrusite (PbCO3), strontianite 

(SrCO3), and aragonite (CaCO3), and eight carbonates with the calcite structure, namely, calcite 

(CaCO3), otavite (CdCO3), rhodochrosite (MnCO3), siderite (FeCO3), smithsonite (ZnCO3), 

magnesite (MgCO3), sphaerocobaltite (CoCO3), and gaspeite (NiCO3).  The convergence of the 

crystal structure and total energy per stoichiometric unit with respect to the number of irreducible 

k-points and the plane-wave energy cutoff was evaluated using the PBE XC functional for the two 

carbonate groups using aragonite and calcite (Tables S1 and S2 of the Supporting Information (SI) 

document).  A plane-wave energy cutoff of 650 eV and 3×3×1 or 3×3×2 k-point meshes for calcite 

and aragonite, respectively, were found to be sufficient to obtain converged crystal structures.  

These parameters were then used in all the energy minimizations.  Convergence was reached when 

the force on any atom was less than 0.01 eV/Å.  Spin-polarized calculations were performed 

throughout for the carbonates containing cations in an open-shell configuration (i.e., Mn2+, Fe2+, 

Co2+, and Ni2+) and an antiferromagnetic structure with alternating ferromagnetic layers along the 
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calcite [001] direction was adopted based on experimental results.55  All the carbonates with the 

aragonite structure contained closed-shell cations.  The lattice parameters obtained for each XC 

functional are listed and compared to experimental lattice parameters in Tables S3 to S7 of the SI.  

The resulting root mean square deviations between experimental and calculated lattice parameters 

are shown in Table 1.  As expected, the hybrid functional performed best, but PBE/D3 showed 

very similar overall results and was therefore selected for the AIMD simulations as the PBE0 

functional would be computationally prohibitive. 

Table 1.  Root mean square deviations of experimental and calculated lattice parameters of 

carbonates with either the aragonite or the calcite structure per XC functional. 

XC functional Carbonates with aragonite structure Carbonates with calcite structure 

PBE 1.3 1.2 

PBE/D3 0.7 0.8 

RPBE 3.4 5.1 

RPBE/D3 2.2 1.7 

PBE0 0.6 0.3 

Ab initio molecular dynamics simulations.  The AIMD simulations were performed in the 

NVT (constant number of particles, constant volume, and constant temperature) ensemble at liquid 

nitrogen (77 K, LNT) and room (298.15 K, RT) temperatures to match the temperatures of the 

EXAFS measurements in the literature.  The simulations employed the Nosé-Hoover thermostat.56  

For each divalent cation, M2+, for which published EXAFS data was available for the bulk 

carbonate (MCO3) and for the divalent cation incorporated in calcite (M2+ in CaCO3) for at least 

one of the two temperatures (M = Ba, Pb, Sr, Cd, Mn, Co, and Zn), AIMD simulations were 

performed, at the two temperatures, for a 2×2×1 MCO3 supercell (16 and 24 stoichiometric units 

for the carbonates with the aragonite and calcite structures, respectively) and for one cation in a 
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2×2×1 calcite supercell.  An integration time step of 0.5 fs was used.  The atomic velocities were 

scaled to the target temperature every 12.5 fs for the first picosecond of the simulation 

(equilibration), which was not included in subsequent analysis.  The simulated time was 7 ps (not 

including equilibration).  The AIMD simulations were performed at the Γ point (1×1×1 k-point 

mesh) with a plane-wave cutoff energy of 600 eV. 

EXAFS calculations.  A configuration was collected every 50 fs of the 7-ps AIMD simulations 

to generate a pool of 140 configuration from each AIMD simulation.  For each configuration, a 

cluster with a radius of 8 Å centered on the metal cation of interest was generated to calculate all 

scattering paths with effective distance less than the cluster radius for a core hole of the central 

atom using FEFF9.12, 57, 58  A K core hole was considered for all absorbers, except for Pb for which 

a LIII core hole was considered instead to match the EXAFS measurements in the literature.  For 

the MCO3 AIMD simulations, a metal cation of the supercell was randomly selected to be the 

absorber (all carbonates have a single unique crystallographic position of the metal cation), but the 

same cation was used in each configuration.  The S02 parameter calculated by FEFF9 was used in 

all cases (0.875, 0.937, 0.916, 0.925, 0.935, 0.947, 0.950 for Ba, Pb, Sr, Cd, Mn, Co, and Zn, 

respectively).  For each simulation, the EXAFS spectra of all configurations were averaged for 

comparison with experiment.  The value of ΔE0 was varied to optimize agreement with 

experiment, which was the only free parameter in the comparisons to experimental EXAFS 

spectra.  The Fourier transform (FT) was applied to the averaged EXAFS spectra using IFEFFIT59 

in the range 3 ≤ k ≤ 12 Å−1 (unless stated otherwise), weighted by k3, and truncated using a Hanning 

window with dk = 1 Å−1.  The simulated time, radius of the cluster used in the FEFF9 calculations, 

and the size of the supercell were determined from test calculations performed for the case of a 

single Ba2+ cation substituting for Ca2+ in calcite (Figure S1 of the SI), which showed that these 
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parameters were sufficient to obtain converged EXAFS spectra.  For each simulation, the disorder 

parameters, σ2, were calculated from the mean square relative displacement of the distance r to 

each of the shells of interest (𝜎𝜎2 = 〈(𝑟𝑟 − 〈𝑟𝑟〉)2〉) using the pool of 140 configurations.  



10 

RESULTS 

 
Figure 1.  View of the calcite crystal structure (produced by VESTA60) down the [001] direction 

showing all atoms within 4.5 Å of an absorber atom at a calcium site (denoted “A”).  The five 

shells present within this radius are labeled as O(1), C(1), O(2), M(1), and O(3), in order of 

increasing distance from the absorber. 

For each of the seven divalent cations (M2+ where M = Ba, Pb, Sr, Cd, Mn, Co, and Zn), the 

EXAFS spectra calculated at LNT and RT for M2+ in MCO3 and in CaCO3 are presented in this 

section and compared to experimental spectra when available (Figure 2 to Figure 8).  The 

coordination numbers, distances, and disorder parameters for the first five coordination shells 

around the absorber atom are presented in Tables S8 to S14 of the SI and are compared to results 

from shell-by-shell fitting and XRD refinements from the literature.  The positions of the first five 

coordination shells relative to the absorber cation substituting for Ca2+ in calcite are illustrated in 

Figure 1 (see Figure S2 of the SI for an illustration of the coordination shells in aragonite).  
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Figure 2.  Experimental and calculated Ba K-edge EXAFS spectra (left; ΔE0 = 0 and −2 eV for 

BaCO3 and Ba2+ in calcite, respectively) and corresponding Fourier transform magnitudes (right; 

upper k range was reduced to 11.5 Å−1 for BaCO3 at LNT) for BaCO3 (top) and Ba2+ in calcite 

(bottom) at LNT and RT.  The experimental data are from Reeder et al.2: “BaCO3 reference” and 

“Synth. calcite (2125 ppm Ba)” for BaCO3 and Ba2+ in calcite, respectively. 

BaCO3 and Ba2+ incorporation in calcite.  The calculated Ba K-edge spectrum of BaCO3 

agreed well with the measurements of Reeder et al.2 at LNT (Figure 2).  Given the good agreement 

between the calculated and experimental amplitudes of the EXAFS signal at low k, the differences 

between the FT magnitudes obtained from the calculated and experimental spectra are attributed 

to the noise in the experimental data at high k.  As expected based on the comparison between 
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calculated and experimental lattice parameters (Table S4), the calculated distances around Ba2+ in 

BaCO3 (Table S8) were in good agreement with those derived from XRD (within ~1%). 

The agreement between the calculated spectrum of Ba2+ in calcite and that measured at LNT 

was also good (Figure 2), and, again, the small differences between the FT magnitudes are 

attributed, for the most part, to the noise in the experimental data.  This finding confirmed that 

Ba2+ is in octahedral coordination in calcite with little disorder among the Ba−O bond distances.  

The peaks beyond the first shell were predicted to essentially disappear in the FT at RT (Figure 2), 

highlighting the importance of low-temperature measurements for determining the local 

coordination environment around the impurity.  While the shell-by-shell fit reported by Reeder et 

al.2 yielded a first coordination shell with parameters in close agreement with the AIMD 

simulation, the remaining shells had higher coordination numbers and longer distances but much 

small disorder parameters (Table S8).  In particular, the difference between the CNs of the C(1) 

shell (shell-by-shell fit: 9.6, AIMD: 6.0) was beyond the stated typical uncertainty on CN (20%).  

The fact that the calculated spectrum was a good match to the experimental data therefore indicates 

that the original fitting approach did not yield a unique solution, a result of the correlation between 

CN and σ2 in an unconstrained fit.  This example illustrates how the AIMD-EXAFS approach can 

provide a more accurate description of the outer coordination shells, especially when they contain 

weak backscatterers such as C and O. 

PbCO3 and Pb2+ incorporation in calcite.  As for BaCO3, the agreement between calculated 

and experimental EXAFS spectra of PbCO3 was good, albeit with a small overestimation of the 

amplitude due to the first coordination shell at LNT (Figure 3).  This discrepancy almost 

disappeared at RT (Figure 3). 
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Figure 3.  Experimental and calculated Pb LIII-edge EXAFS spectra (left; ΔE0 = −5 and −2 eV for 

PbCO3 and Pb2+ in calcite, respectively) and corresponding Fourier transform magnitudes (right; 

upper k range was reduced to 9.5 Å−1 and 10 Å−1 for PbCO3 at RT and Pb2+ in calcite at LNT, 

respectively) for PbCO3 (top) and Pb2+ in calcite (bottom) at LNT and RT.  The experimental data 

at LNT are from Reeder et al.2: “PbCO3 reference” and “Synth. calcite (615 ppm Pb)” for PbCO3 

and Pb2+ in calcite, respectively; while the experimental data at RT is from Rouff et al.39: 

“cerrusite”. 

For Pb2+ in calcite at LNT, the reciprocal and real space data indicated that the AIMD simulation 

reproduced well the positions of the coordination shells around Pb2+, but that the intensity of the 

scattering from the first coordination shell was overestimated in the calculated spectrum (Figure 

3).  Here the comparison was made difficult by the noise in the data due to the low concentration 
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of Pb in the synthetic calcite sample.  Reeder et al.2 fitted the experimental spectrum without any 

constraints and Rouff et al.39 later refitted the same spectrum with the coordination numbers of the 

C(1), O(2), and Ca(1) shells fixed to the expected values (Table S9).  This experimental spectrum 

and the fit with constraints were reported again in subsequent publications by the same group.40-42  

The main differences between the AIMD simulation at LNT and the results of the constrained 

shell-by-shell fit were the longer distance to the O(2) shell in the fit (3.81 Å versus 3.44 Å in the 

AIMD simulation) and the larger disorder parameter of the first shell (0.005 Å2 versus 0.002 Å2 in 

the AIMD simulation) (Table S9), which was consistent with the fact that the FT magnitude of the 

first shell was overestimated by the simulation. 

SrCO3 and Sr2+ incorporation in calcite.  For SrCO3, the calculated Sr K-edge spectra were in 

good agreement with the experimental data of O’Day et al.61 at LNT and RT, with only small 

differences in the amplitudes (Figure 4).  Several shell-by-shell fits to SrCO3 EXAFS spectra have 

been published.35, 61-65  Only the fits reported by Singer et al.66 and Pingitore et al.35 used 

unconstrained coordination numbers, and these fits resulted in CNs for the first coordination shell 

(8 and 6.5, respectively) that differed from the known value (9).  This example again highlights 

the potential pitfalls associated with using the shell-by-shell fitting approach to determine CNs 

with sufficient accuracy to establish, as is often critical, whether the coordination number of an 

impurity differs from that of the original lattice site it is substituting in. 

As pointed out by O’Day et al.61, resolving second-shell C atoms is difficult due to their weak 

scattering power, and the fits reported in O’Day et al.61 therefore only included the three shortest 

Sr−C(1) distances.  The C(1) shell in SrCO3 is split into two subshells resulting in two sets of three 

Sr−C(1) distances:67 one at an average distance of 3.03 Å and the other at 3.50 Å.  While Parkman 

et al.62 constrained CN to be 6 and obtained a value of R (3.23 Å) consistent with the average of 



15 

the two sets of distances, fits by Finch and Allison63 and Wallace et al.65 also fixed CN to 6 but 

yielded distances that matched that of the inner subshell (3.02 Å and 3.04 Å, respectively).  This 

example illustrates further the difficulties associated with determining the structure of shells 

occupied by weak backscatterers, even when R is less than 4 Å.  Contributions from the O(2) and 

O(3) shells were ignored in the published fits to SrCO3 Sr K-edge spectra (Table S10), as was also 

done in fits to PbCO3 Pb LIII-edge spectra (Table S9).  The Sr−M(1) distances obtained in the 

shell-by-shell fits were generally consistent with those predicted by the AIMD simulations, 

although the associated disorder parameters varied significantly (Table S10). 

 
Figure 4.  Experimental and calculated Sr K-edge EXAFS spectra (left; ΔE0 = −8 and 2 eV for 

SrCO3 and Sr2+ in calcite, respectively) and corresponding Fourier transform magnitudes (right; 

upper k range was reduced to 10.8 Å−1 for Sr2+ in calcite at RT) for SrCO3 (top) and Sr2+ in calcite 
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(bottom) at LNT and RT.  The experimental data are from O’Day et al.61 for SrCO3 and from 

Littlewood et al.68 and Pingitore et al.35 for Sr2+ in calcite at LNT and RT, respectively. 

For Sr2+ in calcite, the calculated Sr K-edge spectra reproduced the main peaks present in the 

experimental spectra, but it underestimated at LNT the extent of signal attenuation at high k, which 

resulted in overestimated FT magnitudes (Figure 4).  This discrepancy was reduced at RT.  An 

early fit by Pingitore et al.,35 who only considered the first shell, found little compression of the 

Sr−O bond distance in calcite relative to that in SrCO3, but subsequent fits by other authors62, 63, 68 

showed a more significant compression, in agreement with the AIMD simulations (Table S10). 

 
Figure 5.  Experimental and calculated Cd K-edge EXAFS spectra (left; ΔE0 = 2 eV) and 

corresponding Fourier transform magnitudes (right; upper k range was reduced to 8.5 Å−1 for Cd2+ 

in calcite at RT) for CdCO3 (top) and Cd2+ in calcite (bottom) at LNT and RT.  The experimental 
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data are from Gräfe et al.69 (Exp. 1) and Sun et al.70 (Exp. 2) for CdCO3 at RT and from Khaokaew 

et al.71 for Cd2+ in calcite at RT. 

CdCO3 and Cd2+ incorporation in calcite.  Experimental data for Cd2+ in CdCO3 and CaCO3 

are relatively scarce and only available at RT.  The calculated Cd K-edge spectrum of CdCO3 at 

RT was in good agreement with the measurements reported by Gräfe et al.69 and Sun et al.70 (Figure 

5).  Sun et al.70 did not provide the magnitude of k3χ(k) and, for the purposes of this comparison, 

their spectrum was therefore scaled so as to match the intensity of the first peak in the spectrum of 

Gräfe et al.69 (at approximately 3.6 Å−1).  The fits conducted in both studies resulted in high CNs 

for the first shell (≈7.5) compared to the known value (6).  Gräfe et al.69 noted that this discrepancy 

may have been due to constructive interference from higher order shells, multiple scattering, and/or 

disordered states causing larger Debye-Waller parameters.  However, the calculated spectrum, 

which considered the first five shells and all scattering paths with lengths up to 8 Å, suggested that 

this discrepancy was primarily the result of an increased magnitude of the EXAFS signal at low k.  

Unlike Gräfe et al.,69 Sun et al.70 included the O(2) shell in their fit but obtained a long distance 

(3.92 Å versus 3.40 Å) and a low coordination number (3.4 versus 6) compared to XRD.  Their 

CNs for the C(1) and M(1) shells were also significantly suppressed (1.8 and 4.6, respectively) 

compared to XRD (6).  This comparison illustrates again the effect the large uncertainties on CN 

may have on shell-by-shell fits as well as the difficulties in resolving weak backscattering atoms 

beyond the first shell. 
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Figure 6.  Experimental and calculated Mn K-edge EXAFS spectra (left; ΔE0 = −7 and −5 eV for 

MnCO3 and Mn2+ in calcite, respectively) and corresponding Fourier transform magnitudes (right) 

for MnCO3 (top) and Mn2+ in calcite (bottom) at LNT and RT.  The experimental data are from 

Lee et al.37: synthetic MnCO3 and 0.003 Mn2+ in synthetic calcite for MnCO3 and Mn2+ in calcite, 

respectively. 

MnCO3 and Mn2+ incorporation in calcite.  The agreement with the Mn K-edge EXAFS data 

of Lee et al.37 was good for Mn2+ in both MnCO3 and calcite (Figure 6).  One exception was the 

amplitudes at high k at LNT for Mn2+ in MnCO3, which were overestimated in the calculated 

spectrum.  This discrepancy translated to an overestimation by the simulation of the FT 

magnitudes.  As for PbCO3 and SrCO3, this discrepancy disappeared at RT.  Lee al.37 had to use 

an amplitude factor of 0.75 in their fits to the Mn K-edge spectra whereas a theoretical value of 
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0.935 was used in this work.  An overestimation of the amplitude factor in the calculation could 

have therefore contributed to the discrepancy.  Lee et al.37 used a comprehensive fitting approach 

whereby all coordination shells up to 5 Å were included in all the fits.  As a result, the distances 

and disorder parameters were generally in close agreement with those derived from the AIMD 

simulations (Table S12). 

ZnCO3 and Zn2+ incorporation in calcite.  For ZnCO3, the calculated Zn K-edge spectra 

reproduced all the peaks present in the measured spectra.  However, as k increased, the calculated 

amplitude of the EXAFS signal did not attenuate as appreciably as the experimental signal.  Again, 

this discrepancy was more pronounced at LNT.  Consequently, the number and position of the 

peaks in the calculated FT magnitudes agreed very well with the FT of the experimental spectra, 

but the magnitudes of the peaks were overestimated. 

For Zn2+ in calcite, the magnitude of the first-shell peak in the FT of the calculated spectra was 

overestimated at LNT and underestimated at RT relative to the FT of the corresponding 

experimental spectra.  Because the experimental spectra at the two temperatures were from 

separate measurements performed and reported by different research groups, these discrepancies 

may be in part due to experimental uncertainties and issues of reproducibility.  The shapes of the 

peaks corresponding to the C(1) and O(2) shells in the FT of the calculated LNT spectrum differed 

from those in the FT of the experimental spectrum.  This difference may be due to the experimental 

noise or to the presence of Zn2+ in multiple coordination environments, although the good 

agreement at RT between simulation and experiment for this feature of the Fourier transformed 

spectrum strongly suggests that Zn2+ was only present in the coordination environment considered 

in the AIMD simulations (i.e. at a calcium site). 
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Figure 7.  Experimental and calculated Zn K-edge EXAFS spectra (left; ΔE0 = −1 and 1 eV for 

ZnCO3 and Zn2+ in calcite, respectively) and corresponding Fourier transform magnitudes (right; 

upper k range was reduced to 10.4 Å−1 and 9.9 Å−1 for ZnCO3 and Zn2+ in calcite at RT, 

respectively) for ZnCO3 (top) and Zn2+ in calcite (bottom) at LNT and RT.  The experimental data 

at LNT are from Reeder et al.2 (“synth. calcite (945 ppm Zn)” for Zn2+ in calcite) while the 

experimental data at RT are from Van Damme et al.72 and Jacquat et al.73 for ZnCO3 and Zn2+ in 

calcite, respectively. 

CoCO3 and Co2+ incorporation in calcite.  As for the Zn K-edge spectra of ZnCO3, the 

calculated Co K-edge spectra of CoCO3 overestimated the amplitudes of the EXAFS signals, 

particularly at high k and at low temperature.  The spectrum measured at RT only had data up to 

7.9 Å−1, and the FT was therefore applied to this reduced k range, in addition to the default k range 
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(3 ≤ k ≤ 12 Å−1).  The difference between the two FT spectra of the same EXAFS spectrum 

highlights the importance of using consistent FT parameters when comparing spectra. 

 
Figure 8.  Experimental and calculated Co K-edge EXAFS spectra (left; ΔE0 = −5 and 0 eV for 

CoCO3 and Co2+ in calcite, respectively) and corresponding Fourier transform magnitudes (right; 

upper k range was reduced to 7.9 Å−1 for CoCO3 at RT for the spectrum marked with a ‘*’) for 

CoCO3 (top) and Co2+ in calcite (bottom) at LNT and RT.  The experimental data at LNT are from 

Reeder et al.2 (“CoCO3 reference” and “synth. calcite (2150 ppm Co)” for CoCO3 and Co2+ in 

calcite, respectively) while the experimental data at RT are from Cheng et al.74 for CoCO3. 

For Co2+ in calcite at LNT, the calculated spectrum reproduced well the peaks present in the 

measured EXAFS spectrum, but the amplitudes were again overestimated.  This observation was 

consistent with the fact that the fit to this EXAFS spectrum reported by Reeder et al.2 yielded 
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distances in agreement with the AIMD simulation, but disorder parameters that were larger than 

those derived from the simulation (Table S14).  Several factors could contribute to this discrepancy 

including an overestimation of the amplitude factor, a significant partitioning of Co2+ at the 

sample’s surface, and experimental uncertainties.  

DISCUSSION 

Overall, the theoretical predictions of the EXAFS spectra over the range of systems considered 

was good, exhibiting a one-to-one correspondence between features in the predicted and measured 

spectra.  The AIMD-based predictions were ab initio in the sense that the only parameter adjusted 

to improve agreement with the measurements was ΔE0.  In particular, the effect of thermal motion 

was treated with no adjustable parameters.  Still, the positions and amplitudes of the measured 

spectra were well reproduced in most cases.  Careful examination of the spectra showed that the 

remaining disagreement consisted largely of too high amplitudes of the EXAFS signal at high k in 

the theoretical predictions relative to the measurements.  This behavior is consistent with the 

presence in the measured samples of static, structural disorder, which is absent in the periodic 

computer simulations.  To test the ability of structural disorder to explain the residual 

disagreement, the K-edge spectrum of Zn2+ in ZnCO3 at LNT (top left panel of Figure 7) was 

plotted against the theoretical predictions including an additional multiplicative factor (i.e., 

affecting every scattering path equally) exp(−σs2k2) where σs2 is a disorder parameter attributed to 

nonthermal disorder12 (e.g., departures from perfect crystallinity, particle surfaces, grain 

boundaries, etc.).  This comparison (with the physically reasonable σs2 = 0.0076 Å) is presented 

in Figure 9.  This comparison indicates that the AIMD simulations faithfully reproduced the 

EXAFS up to effects from imperfect crystallinity of the samples.  Aside from Figure 9, all the 

AIMD-EXAFS results include no additional damping for static disorder. 
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Figure 9.  Experimental and calculated Zn K-edge EXAFS spectra (left; ΔE0 = −1 eV) and 

corresponding Fourier transform magnitudes (right) of ZnCO3 at LNT, with and without 

structural disorder accounted for by a disorder parameter (σs2 = 0.0076 Å2).  The experimental 

spectrum is from Reeder et al.2. 

The agreement between the predicted and measured EXAFS spectra implied that the AIMD 

simulations captured well the coordination environment around the impurities in calcite.  In 

particular, the simulations confirmed that all the divalent cations considered in this work are 

incorporated in calcite via substitution at the calcium site.  Therefore, information from individual 

simulations can be combined to develop a comprehensive view of the structural changes associated 

with introducing divalent cation impurities of varying sizes.  Calculated distances from the 

impurity to atoms in the first five coordination shells in MCO3 and CaCO3 at both temperatures 

are compared in Figure 10 to those derived from shell-by-shell fits to EXAFS data and from XRD 

refinements, where available. 

For M2+ in MCO3, the calculated distances were in general good agreement with those derived 

from shell-by-shell fitting, and the two methods also generally agree with XRD refinements.  There 

were however several outliers that highlight potential issues with the shell-by-shell fitting 
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approach even for this simple case where the structures are known.  As discussed above, several 

fits either only included the inner C(1) subshell in PbCO3 and SrCO3, leading to an incomplete 

coordination environment, or included the complete shell but at a distance corresponding to the 

inner subshell.  Additionally, O(2) and O(3) shells were rarely included in the fits, and, when they 

were, the resulting distances were often not accurate (e.g. slight discrepancies for Mn2+−O(2) and 

Mn2+−O(3) and significant discrepancy for Cd2+−O(2)).  These observations underline the 

difficulties in resolving weak backscatterers in coordination shells beyond the first shell even when 

constraints can be applied on the basis of the known structure. 

For M2+ in CaCO3, the agreement between AIMD simulations and shell-by-shell fitting was 

good for the first (M−O(1), light backscatterers but short distances) and fourth (M−Ca(1), long 

distances but heavy backscatterers) shells.  The largest discrepancies were found for the second 

and third shells (M−O(2) and M−C(1), combination of light backscatterers and long distances) 

shells and the fifth shell (M−O(3)) was usually absent.  Additionally, AIMD simulations showed 

only small differences between RT and LNT distances while shell-by-shell fitting led to significant 

differences in several instances.  The most significant difference between the two methods was the 

trend followed by the M−O(2) distances for cations larger than Ca2+.  Shell-by-shell fitting 

indicated a positive correlation to Δr whereas the simulations showed the opposite trend.  In other 

words, as the calcite structure expands upon substitution by the larger cations, nearest-neighbor 

carbonate groups rotate to decrease the distance between one set of distant carbonate oxygen 

atoms, a detail missed in the shell-by-shell fits. 
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Figure 10.  Calculated inter-atomic distances between the absorber (M) and backscattering atoms 

in the first five coordination shells as a function of the percentage change in ionic radius with 

respect to Ca2+.  The Δr values are 30.7, 16.7, 15.8, −4.4, −14.9, −22.4, and −22.8 for Ba2+, Pb2+, 

Sr2+, Cd2+, Mn2+, Co2+, and Zn2+, respectively.  Data are presented for M2+ in MCO3 (left) and 

CaCO3 (right).  Also shown are the distances obtained from shell-by-shell fitting at LNT and RT 

and from refinements of XRD data at RT. 
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The calculated disorder parameters of the first five coordination shells around the impurities 

are summarized and compared to those determined from shell-by-shell fitting in Figure 11.  Using 

Ba2+ (Δr = 30.7%), Cd2+ (Δr = −4.4%), and Co2+ (Δr = −22.4%) in calcite as examples, Figure S3 

shows that the distributions of distances from the absorber to the first five coordination shells are 

well represented by a symmetric Gaussian distribution, thus supporting the use of symmetric 

thermal disorder parameters.  For M2+ in MCO3, the data showed more variations between shell-

by-shell fits of the same system than observed for the inter-atomic distances.  Additionally, the 

calculated and fitted disorder parameters also more frequently differed than for the inter-atomic 

distances.  These differences between R and σ2 are attributed to the potential correlation between 

CN and σ2 and the fact that σ2 is more sensitive to noise in the measurements.  For the first 

coordination shell, both approaches displayed a step increase when going from negative to positive 

Δr and an increase when going from LNT to RT.  For the cations larger than Ca2+, shell-by-shell 

fits overestimated σ2 at LNT but underestimated it at RT, leading to a reduced difference between 

the values at the two temperatures relative to the AIMD simulations. 

As previously discussed, M−C(1) is split into two subshells for carbonates with the aragonite 

structure.  This split translated to relatively large σ2 calculated form the AIMD simulations for the 

shell as a whole compared to the values obtained for carbonates with the calcite structure.  If only 

the inner subshell was considered, as was done in several fits, σ2 decreased, however several fits 

used the shorter R and lower σ2 to represent the entire shell.  The data for the O(2) and O(3) shells 

were limited as these shells were often not included in the fits.  As for the first shell, the disorder 

parameters of the M(1) shell showed large variations, especially for the cations larger than Ca2+. 
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Figure 11.  Calculated disorder parameters (solid circles) of the first five coordination shells 

around the absorber (M) as a function of the percentage change in ionic radius with respect to Ca2+ 

at LNT (blue circles) and RT (red circles).  The Δr values are 30.7, 16.7, 15.8, −4.4, −14.9, −22.4, 

and −22.8 for Ba2+, Pb2+, Sr2+, Cd2+, Mn2+, Co2+, and Zn2+, respectively.  Data are presented for 

M2+ in MCO3 (left) and CaCO3 (right).  Also shown are the disorder parameters obtained from 

shell-by-shell fitting (empty circles) at LNT (blue circles) and RT (red circles). 
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As for M2+ in MCO3, the agreement between the disorder parameters obtained from the two 

methods for the impurities incorporated in calcite was worse than for the distances, even for the 

more easily resolved shells, i.e. O(1) and M(1).  Moreover, the AIMD simulations predicted that 

all shells except O(2) display a U-shaped dependence of σ2 on Δr.  In other words, the disorder 

parameter increased as the magnitude of the change in ionic radius with respect to Ca2+ increased.  

This trend was not well defined by the shell-by-shell fits due to the more limited dataset and the 

more extensive variations than in the AIMD simulations. 

CONCLUSIONS 

AIMD simulations of seven divalent metal cations incorporated in calcite and of their 

corresponding endmember carbonate phases were performed at 77 K and 298.15 K.  The atomic 

trajectories were then used to calculate EXAFS spectra, which were compared to experimental 

spectra published in the literature, where available.  Comparison of the calculated and experimental 

spectra confirmed that all seven divalent cation impurities incorporated in calcite via substitution 

in the calcium site. 

The most significant discrepancies between the AIMD simulations and the results of shell-by-

shell fits to the experimental spectra included the coordination numbers, inter-atomic distances, 

and disorder parameters of the C(1), O(2), and O(3) shells.  This finding highlights the difficulties 

in resolving weak backscatterers beyond the first coordination shell in shell-by-shell fits, a 

limitation that the AIMD-EXAFS approach can overcome.  As a result, previously-missed details 

of the nature and extent of the structural relaxation around the impurities emerged from the 

simulations.  For example, as the calcite structure expands around the impurities for divalent 

cations larger than Ca2+, nearest-neighbor carbonates also rotate resulting in a compression of the 

M−O(2) distances.  The simulations also clearly showed that, except for the O(2) shells, the 
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disorder parameters of all the shells increased as the magnitude of the change in ionic radius upon 

substitution increased. 

The approach used in this work is therefore a powerful approach to interpret EXAFS data and 

extract accurate structural information.  This improved accuracy is expected to enable a 

determination of charge compensation schemes associated with the incorporation of aliovalent 

impurities in calcite, such as rare-earth cations.3 
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