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1. Materials and methods 

1.1. Sample preparation 

Fragments of pyrite crystals were embedded in epoxy resin and polished for EPMA, SXRF 

mapping, and micro EXAFS measurement. Other fragments were crushed in an agate mortar inside a 

glove bag filled with He to prevent oxidation. Powder was stored in a desiccator and pressed into 5-

mm diameter pellets for bulk HR-XANES and EXAFS measurements. 

1.2. XRD 

The X-ray powder diffraction patterns for the five pyrite samples were measured at ISTerre 

(Grenoble, France) in reflection geometry using a BrukerD8 diffractometer equipped with a selective 

energy SolXEM (Baltics Instruments) detector. Electron voltage and current were 40 kV and 40 mA. 

Intensity from the diffracted Cu Kα1 line was measured from 5 to 90° 2θ with a step size of 0.03° and 

a dwell time of 6 s per step. The XRD traces are shown in Figure S2a. No mineral impurity was 

detected.  
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Arsenic and selenium references were mounted in a glass capillary of 1 mm diameter and 

characterized in transmission geometry with a Göbel optics. The dwell time was 6 s per step of 0.024°. 

The XRD traces are shown in Figures S2b and S2c. No mineral impurity was detected.  

1.3. ICP-ES/MS 

The concentrations of As and Se in bulk pyrite from Utah (Ut) and Germany (Ger) were measured 

by ICP-ES and ICP-MS, respectively, at Bureau Veritas (Canada). Analytical code AQ270 (ICP-

ES/MS with digestion in aqua-regia) was used. Certified standard references and blanks were 

measured in the same conditions as pyrite. Results are given in Table 1. The percent error is 5% for 

As and 9% for Se. 

1.4. EPMA 

Backscattered electron (BSE) images, EPMA and elemental maps of pyrite were recorded with a 

JEOL JXA-8230 electron microprobe at ISTerre. As, Se, and Au were analyzed with a wavelength-

dispersive spectrometer (WDS), and S and Fe with an energy-dispersive spectrometer (EDS). 

Operating conditions were 20 kV accelerating voltage and 900 nA beam current with a focused beam 

of 1-3 μm in diameter. The following certified natural and synthetic materials were used for 

standardization: As: InAs and FeAsS; Se: Se and Bi2Se3; Au: Au; Fe: CuFeS2 and FeS2; and S: CuFeS2. 

The lowest and the highest As and Se contents are reported in Table 1. Elemental maps were acquired 

for As, Se , Au, Fe, and S (Figures S3 and S4a). Details on analytical precisions and determination of 

detection limits can be found in Batanova et al.1 

1.5. Bulk HR-XANES 

The As and Se K-edge HR-XANES spectra were collected on beamline ID26 of the ESRF. The storage 

ring was operated in the 7/8 + 1 filling mode, with 200 mA current. Rejection of higher harmonics and 

reduction of heat load were achieved with a white beam Pd-coated, flat mirror working under total 

reflection at 2.5 mrad deflecting angle. The energy of the incoming beam was selected with the 111 

reflection of a Si double crystal monochromator, and the beam was focused horizontally by a second 

Pd-coated mirror and vertically by a third Pd-coated mirror. The flux on the sample was approximately 

1013
 photon/s in a beam footprint of ~700 (H) x 80 (V) µm² FWHM. The As K1 fluorescence line was 

selected using the 555 reflection of five spherically bent (1 m radius) Si analyzer crystals (diameter = 

100 mm) aligned at 69.85° Bragg angle in a vertical Rowland geometry. The Se Kα1 fluorescence line 

was selected using the Si(844) reflection at a Bragg angle of 85.17°. The diffracted intensity was 

measured with an avalanche photodiode (APD). The effective energy resolution was 2.3 eV. 

Spectra were measured at 10-15 K using a helium flow cryostat. Fifty scans of 20 s were acquired 

for the As and Se references and from 60 to 90 scans of 30 s for pyrite. The samples were moved 

horizontally and vertically after every scan to access unexposed material. No changes in spectral 

features were noted during the course of data collection that would indicate oxidation of pyrite or other 

radiation damage. Spectra were averaged with the PyMCA software2 and reduced with the Labview 

suite of programs from beamline 10.3.2 at the Advanced Light Source (Berkley, USA).3, 4 They were 

normalized to a unit step in the absorption coefficient at 11939 eV for As and at 12707 eV for Se. 

1.6. Bulk and micro EXAFS 

Bulk As and Se K-edge and micro As K-edge EXAFS spectra were collected at room temperature 

on beamline BM23 of the ESRF. The incoming beam was monochromated with a Si(111) double 
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crystal monochromator. The footprint on the sample of the unfocused beam was ~2.8 (H) x 0.5 (V) 

mm² FWHM. For micro EXAFS measurements, the monochromatic X-ray beam was focused to 5 x 5 

m2 with a set of Pt-coated Kirkpatrick–Baez (KB) mirrors.5 The flux incident on the sample was 

approximately 5 x 109 photons/sec. Micro EXAFS data were taken on points of interests chosen on a 

SXRF map measured at 14 keV, 5 µm step size, and 2 s/point measuring time (Figures S5 and S6). No 

beam damage was observed. EXAFS data were reduced with the Athena software6 and fit with 

WinXAS.7 Theoretical amplitude and phase shift functions were generated with FEFF78 using the 

arsenopyrite structure9 for As and Se-substituted arsenopyrite for Se. The amplitude reduction factor 

(So
2) was fixed to 0.9. Fit results are given in Table 2. 

1.7. Density Functional Theory (DFT) 

Calculations were considered being converged when the total energy obtained in the self-consistent 

field (SFC) procedure differed by less than 10-7 a.u. (Eh) in two successive cycles (0.0027 meV). 

Default thresholds were used for the geometry optimizations. The two-electron integral tolerance 

setting 7 7 7 9 30 (TOLINTEG keyword) was preferred because of the recommendation of combined 

hybrid functionals and pseudopotentials.10 Other settings were tested to verify that the SCF 

convergence was well achieved (Table S15, 6 6 6 6 12 is default). The shrinking factor IS also was 

tested (Tables S16 and S17). A factor of 6 was sufficient to converge the total energy with a precision 

of 10-7 a.u. The ANDERSON’s method11 and a FMIXING of 90% were used to accelerate the 

convergence. No symmetry restriction was applied during geometry optimization. 

 

Basis sets and their abbreviations in Tables are: 

Sulfur 

Lichanot: all-electron split-valence 6-311G12 

TZVP: triple-zeta valence with polarization13 

Durand: effective Durand pseudopotential14 

Iron: 

Towler: all-electron split-valence 6-411d41G basis set15 

TZVP: Triple-zeta valence with polarization13 

ECP_Heifets: effective core pseudopotential16, 17 

Durand: effective Durand pseudopotential14 

Arsenic: 

pp_Heyd: effective core pseudopotential, m-pVDZ double zeta quality with polarization functions10 

TZVP: Triple-zeta valence with polarization13 

Durand: effective Durand pseudopotential14 

HWLC, val Durand: Hay-Wadt large-core pseudopotential18 with valence electrons from Durand14 

HWLC, val TZVP: Hay-Wadt large-core pseudopotential18 with valence electrons from TZVP 

HWLC, val Heyd: Hay-Wadt large-core pseudopotential18 with valence electrons from pp_Heyd10 

Selenium 

pp_Heyd: effective core pseudopotential, m-pVDZ double zeta quality with polarization functions10 

TZVP: Triple-zeta valence with polarization13 
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2. Supplementary tables 

Table S1. Comparison between experimental and calculated ionization energies for S. Energy is in 

kcal/mol. 

 S1+ S2+ S1- S2- 

  Energy 
Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 

Experiment 238.28 - 536.82 - -4761 - 165.37 - 

Basis set Functional         

Lichanot 
PBEsol0 277.13 16.31 508.01 -5.37 -74.78 57.07 102.03 -38.30 

PW1PW 276.48 16.03 509.90 -5.01 -71.74 50.69 106.84 -35.40 

TZVP 
PBEsol0 273.63 14.84 506.37 -5.67 -64.60 35.68 123.28 -25.45 

PW1PW 273.76 14.89 509.07 -5.17 -62.14 30.51 127.87 -22.68 

Durand 
PBEsol0 286.43 20.21 516.36 -3.81 -78.51 64.90 114.44 -30.80 

PW1PW 285.57 19.85 518.62 -3.39 -75.24 58.04 119.40 -27.80 

 

 

Table S2. Comparison between experimental and calculated ionization energies for Fe. Energy is in 

kcal/mol. 

 Fe1+ Fe2+ Fe3+ 

  Energy 
Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 

Experiment 181.76 - 372.58 - 704.97 - 

Basis set Functional       

Towler 
PBEsol0 98.08 -46.03 425.68 14.25 796.65 13.00 

PW1PW 92.65 -49.03 422.34 13.35 796.34 12.96 

TZVP 
PBEsol0 - - 431.68 15.86 791.09 12.22 

PW1PW - - 428.67 15.05 790.75 12.17 

ECP_Heifets 
PBEsol0 124.94 -31.26 435.25 16.82 798.44 13.26 

PW1PW - - 432.36 16.05 798.60 13.28 

Durand 
PBEsol0 59.11 -67.48 424.65 13.98 830.09 17.75 

PW1PW 56.93 -68.68 425.49 14.20 835.08 18.46 
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Table S3. Comparison between experimental and calculated ionization energies for As. Energy is in kcal/mol. 

  As1+ As2+ As3+ As4+ As5+ As1- 

  Energy 
Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 

Experiment 225.14 - 427.55 - 652.03 - 1153.45 - 1443.71 - -18.58 - 

Basis set Functional             

pp_Heyd 
PBEsol0 202.00 -10.28 396.91 -7.17 608.25 -6.71 1164.90 0.99 1415.94 -1.92 -21.34 14.86 

PW1PW 202.20 -10.19 399.56 -6.55 613.82 -5.86 1164.67 0.97 1426.68 -1.18 -19.77 6.39 

TZVP 
PBEsol0 206.33 -8.35 396.73 -7.21 606.42 -6.99 1147.54 -0.51 1393.32 -3.49 -32.01 72.26 

PW1PW 206.45 -8.30 399.51 -6.56 611.98 -6.14 1147.32 -0.53 1404.77 -2.70 -30.51 64.16 

Durand 
PBEsol0 222.98 -0.96 426.41 -0.26 643.15 -1.36 1096.45 -4.94 - - -32.09 72.65 

PW1PW 224.98 -0.07 431.10 0.83 650.70 -0.20 1096.98 -4.90 - - -31.81 71.19 

HWLC, val 

Heyd 

PBEsol0 222.05 -1.37 384.76 -10.01 542.72 -16.76 1070.10 -7.23 - - -57.74 210.72 

PW1PW 223.62 -0.67 387.34 -9.40 546.53 -16.18 1070.81 -7.16 - - -58.07 212.48 

HWLC, val 

TZVP 

PBEsol0 62.89 -72.07 393.71 -7.91 602.00 -7.67 1119.48 -2.95 - - -168.58 807.18 

PW1PW 204.90 -8.99 398.43 -6.81 609.28 -6.56 1120.05 -2.90 - - -27.69 48.99 

HWLC, val 

Durand 

PBEsol0 222.88 -1.00 424.60 -0.69 639.18 -1.97 1092.61 -5.27 - - -33.09 78.04 

PW1PW 224.85 -0.13 429.19 0.38 646.61 -0.83 1093.05 -5.24 - - -32.84 64.16 

 

Table S4. Comparison between experimental and calculated ionization energies for Se. Energy is in kcal/mol. 

  Se1+ Se2+ Se3+ Se4+ Se5+ Se6+ Se1- 

  Energy 
Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 
Energy 

Difference, 

% 

Experiment 224.25 - 487.51 - 729.03 - 987.78 - 1570.90 - 1882.09 - -46.57  

Basis 

set 
Functional               

pp_Heyd PBEsol0 255.19 13.80 462.56 -5.12 690.10 -5.34 935.06 -5.34 1575.63 0.30 1851.21 -1.64 -65.50 40.64 

 PW1PW 253.65 13.11 463.47 -4.93 693.75 -4.84 941.59 -4.68 1575.70 0.31 1863.50 -0.99 -61.97 33.07 

TZVP 
PBEsol0 265.31 18.31 468.62 -3.87 697.47 -4.33 947.97 -4.03 1527.69 -2.75 1776.41 -5.62 -82.82 77.84 

PW1PW 263.52 17.51 469.96 -3.60 701.78 -3.74 954.54 -3.36 1527.76 -2.75 1788.87 -4.95 -79.34 70.37 
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Table S5. Results of basis set and functionals testing for pyrite single cell. First two 

combinations were chosen for As-pyrite and Se-pyrite calculations, respectively. 

Pyrite FeS
2
   

Basis sets Functional 
Lattice 

parameter a, Å 

Difference, 

% 

Experiment (Rieder et al., 2007) 5.416 - 

S: Lichanot 
PW1PW 5.518 1.89 

Fe: ECP_Heifets 

S: Lichanot 

Fe: TZVP 
PW1PW 5.471 1.01 

S: Lichanot 

Fe: Towler 

PBEsol0 5.418 0.06 

PW1PW 5.480 1.17 

S: TZVP 

Fe: Towler 

PBEsol0 5.330 -1.58 

PW1PW 5.393 -0.42 

S: TZVP 

Fe: TZVP 

PBEsol0 5.340 -1.40 

PW1PW 5.402 -0.27 

S: TZVP 

Fe: ECP_Heifets 

PBEsol0 5.363 -0.97 

PW1PW 5.437 0.38 

S: Durand 

Fe: Durand 

PBEsol0 5.674 4.76 

PW1PW 5.767 6.47 
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Table S6. Results of basis set and functionals testing for arsenopyrite single cell. 

Arsenopyrite FeAsS          

Basis sets Functional 

 Lattice parameters angle  

a, Å 
 Difference, 

% 
b, Å 

Difference, 

% 
c, Å 

Difference, 

% 
β, ° 

Difference, 

% 

Experiment (Bindi, 2012) 5.761  - 5.684 - 5.767 - 111.721 - 

S: lichanot 

As: pp_Heyd 

Fe: ECP_Heifets 

PBEsol0 5.642  -2.07 5.646 -0.67 5.667 -1.73 112.434 0.64 

PW1PW 5.714  -0.82 5.717 0.58 5.737 -0.53 112.308 0.53 

S: lichanot 

As: TZVP 

Fe: ECP_Heifets 

PBEsol0 5.637  -2.15 5.637 -0.84 5.660 -1.86 112.590 0.78 

PW1PW 5.706  -0.96 5.703 0.34 5.726 -0.72 112.421 0.63 

S: lichanot 

As: TZVP 

Fe: Towler 

PBEsol0 5.618  -2.48 5.610 -1.31 5.635 -2.30 112.595 0.78 

PW1PW 5.683  -1.36 5.669 -0.27 5.697 -1.22 112.455 0.66 

S: lichanot 

As: pp_Heyd 

Fe: Towler 

PBEsol0 5.619  -2.47 5.615 -1.21 5.643 -2.15 112.389 0.60 

PW1PW 5.684  -1.33 5.677 -0.13 5.707 -1.05 112.219 0.45 

S: TZVP 

As: TZVP 

Fe: TZVP 

PBEsol0 5.580  -3.14 5.587 -1.71 5.609 -2.74 112.377 0.59 

PW1PW 5.643  -2.05 5.644 -0.70 5.674 -1.62 112.215 0.44 

S: Durand 

As: Durand 

Fe: Durand 

PBEsol0 5.743  -0.31 5.808 2.17 5.734 -0.57 114.650 2.62 

PW1PW 5.912  2.62 6.003 5.62 5.951 3.18 116.137 3.95 

S: Lichanot 

As: HWLC, val Durand 

Fe: Towler 

PBEsol0 5.622  -2.42 5.611 -1.29 5.629 -2.40 112.698 0.87 

PW1PW 5.673  -1.53 5.662 -0.39 5.681 -1.50 112.540 0.73 

S: Lichanot 

As: HWLC, val TZVP 

Fe: Towler 

PBEsol0 5.632  -2.24 5.627 -1.00 5.651 -2.02 112.595 0.78 

PW1PW 5.687  -1.29 5.681 -0.05 5.706 -1.06 112.430 0.63 
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Table S7. Results of basis set and functionals testing for dzharkenite single cell. 

Dzharkenite FeSe
2
   

Basis sets Functional 
Lattice 

parameter a, Å 

Difference, 

% 

Experiment (Mandarino, 1995) 5.783 - 

Se: pp_Heyd PW1PW 5.792 0.16 

Fe: TZVP PBEsol0 5.721 1.12 

Se: pp_Heyd 

Fe: ECP_Heifets 
PW1PW 5.822 0.63 

Se: pp_Heyd 

Fe: Towler 

PBEsol0 5.705 1.40 

PW1PW 5.774 0.21 

 

Table S8. Optimized versus experimental lattice parameter and interatomic distances of pyrite. PW1PW 

functional, Lichanot basis set for S and ECP_Heifets basis set for Fe were applied for calculations. 

Parameter Optimized structure Rieder et al., 2007 difference, % 

a, Å 5.518 5.416 1.89 

S-S, Å 2.15 2.16 -0.46 

Fe-S, Å 2.31 2.26 2.21 

S-S, Å 3.15 3.08 2.27 

S-S, Å 3.38 3.32 1.81 

 

Table S9. Optimized versus experimental lattice parameter and interatomic distances of pyrite. PW1PW 

functional, Lichanot basis set for S and TZVP basis set for Fe were applied for calculations. 

Parameter Optimized structure Rieder et al., 2007 difference, % 

a, Å 5.471 5.416 1.02 

S-S, Å 2.15 2.16 -0.46 

Fe-S, Å 2.29 2.26 1.33 

S-S, Å 3.12 3.08 1.30 

S-S, Å 3.35 3.32 0.90 

 

Table S10. Optimized versus experimental lattice parameter and interatomic distances of marcasite. 

PW1PW functional, Lichanot basis set for S and ECP_Heifets basis set for Fe were applied for 

calculations. 

Parameter Optimized structure Rieder et al., 2007 difference, % 

a, Å 4.508 4.446 1.39 

b, Å 5.516 5.425 1.68 

c, Å 3.443 3.386 1.68 

S-S, Å 2.18 2.21 -1.36 

S-Fe, Å 2.28 2.24 1.79 
 2.30 2.25 2.22 

S-S, Å 3.05 2.97 2.69 
 3.19 3.12 2.24 
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 3.19 3.12 2.24 
 3.19 3.12 2.24 
 3.19 3.12 2.24 
 3.29 3.23 1.86 
 3.29 3.23 1.86 
 3.29 3.23 1.86 
 3.29 3.23 1.86 
 3.44 3.39 1.47 
 3.44 3.39 1.47 

 

Table S11. Optimized versus experimental lattice parameter and interatomic distances of marcasite. 

PW1PW functional, Lichanot basis set for S and TZVP basis set for Fe were applied for calculations. 

Parameter Optimized structure Rieder et al., 2007 difference, % 

a, Å 4.482 4.446 0.84 

b, Å 5.484 5.425 1.09 

c, Å 3.409 3.386 0.68 

S-S, Å 2.18 2.21 -1.36 

S-Fe, Å 2.26 2.24 0.89 
 2.28 2.25 1.33 

S-S, Å 3.03 2.97 2.02 
 3.16 3.12 1.28 
 3.16 3.12 1.28 
 3.16 3.12 1.28 
 3.16 3.12 1.28 
 3.26 3.23 0.93 
 3.26 3.23 0.93 
 3.26 3.23 0.93 
 3.26 3.23 0.93 
 3.41 3.39 0.59 
 3.41 3.39 0.59 

 

Table S12. Optimized versus experimental lattice parameter and interatomic distances of arsenopyrite. 

PW1PW functional, all-electron split-valence Lichanot basis set for S, pp_Heyd basis set for As and ECP 

_Heifets basis set for Fe were applied for calculations. 

Parameter Optimized structure Bindi, 2012 difference, % 

a, Å 5.714 5.761 -0.82 

b, Å 5.717 5.684 0.58 

c, Å 5.737 5.767 -0.52 

angle β, ° 112.31 111.72 0.53 

As-S, Å 2.36 2.37 -0.42 

As-Fe, Å 2.38 2.37 0.42 
 2.39 2.41 -0.83 
 2.40 2.41 -0.41 

As-As, Å 3.02 3.04 -0.66 
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 3.18 3.19 -0.31 
 3.18 3.19 -0.31 
 3.35 3.35 0.00 
 3.35 3.35 0.00 

As-S, Å 3.05 3.06 -0.33 
 3.05 3.11 -1.93 
 3.30 3.32 -0.60 
 3.33 3.33 0.00 
 3.35 3.33 0.60 
 3.35 3.38 -0.89 

 

Table S13. Optimized versus experimental lattice parameter and interatomic distances of löllingite. 

PW1PW functional, pp_Heyd basis set for As and ECP_Heifets basis set for Fe were applied for 

calculations. 

Parameter Optimized structure Ondrus et al., 2001 difference, % 

a, Å 5.224 5.268 -0.84 

b, Å 6.001 5.963 0.64 

c, Å 2.86 2.9 -1.38 

As-As, Å 2.47 2.47 0.00 

As-Fe, Å 2.35 2.41 -2.49 
 2.35 2.41 -2.49 
 2.38 2.37 0.42 

As-As, Å 2.86 2.9 -1.38 
 2.86 2.9 -1.38 
 3.28 3.29 -0.30 
 3.28 3.29 -0.30 
 3.28 3.29 -0.30 
 3.28 3.29 -0.30 
 3.41 3.4 0.29 
 3.41 3.4 0.29 
 3.41 3.4 0.29 
 3.41 3.4 0.29 
 3.78 3.81 -0.79 
 3.78 3.81 -0.79 
 3.74 3.77 -0.80 

 

Table S14. Optimized versus experimental lattice parameter and interatomic distances of dzharkenite. 

PW1PW functional, pp_Heyd basis set for Se and TZVP basis set for Fe were applied for calculations. 

Parameter Optimized structure Mandarino, 1995 difference, % 

a, Å 5.792 5.783 0.16 

Se-Se, Å 2.40 2.28 5.03 

Fe-Se, Å 2.41 2.42 -0.31 

Se-Se, Å 3.27 3.29 -0.76 

Se-Se, Å 3.55 3.55 0.0 
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Table S15. TOLINTEG parameter, total energy, cell parameter and volume in single unit cell of pyrite. 

Basis sets applied for calculations were: Lichanot for S, ECP_Heifets for Fe. PW1PW functional was 

used for all calculations. 

TOLINTEG Total energy, Eh Total energy, kcal/mol a, Å volume, cm3 

Experiment 

(Rieder et al., 2007) 
- - 5.416 158.87 

6 6 6 6 12 -3681.8115 -2310371.6 5.5107 167.35 

7 7 7 7 14 -3681.8088 -2310369.9 5.5183 168.04 

7 7 7 9 30 -3681.8114 -2310371.5 5.5179 168.00 

8 8 8 8 16 -3681.8109 -2310371.2 5.5194 168.14 

9 9 9 9 18 -3681.8122 -2310372.1 5.5178 168.00 

10 10 10 10 20 -3681.8155 -2310374.1 5.5174 167.95 

11 11 11 11 22 -3681.8149 -2310373.7 5.5159 167.82 

 

 

Table S16. Shrinking factors, k-point density and total energy in supercells 2 x 2 x 2 for pyrite (Fe32S64). 

Basis sets applied for calculations were: Lichanot for S, ECP_Heifets for Fe. PW1PW functional and 

TOLINTEG 777930 were applied. 

Shrinking factor # k-points Total energy, Eh 
Total energy, 

kcal/mol 

Energy difference, 

kcal/mol 

SHRINK 4 4 14 -29454.49091433 -18482972.10059 - 

SHRINK 6 6 40 -29454.49091430 -18482972.10057 0.00002 

SHRINK 8 8 90 -29454.49091431 -18482972.10058 -0.00001 

SHRINK 10 10 172 -29454.49091432 -18482972.10059 -0.00001 

SHRINK 12 12 294 -29454.49091432 -18482972.10058 0.00000 

SHRINK 14 14 464 -29454.49091430 -18482972.10057 0.00001 

SHRINK 16 16 690 -29454.49091421 -18482972.10051 0.00006 

SHRINK 18 18 980 -29454.49091432 -18482972.10059 -0.00007 

 

 

Table S17. Shrinking factors, k-point density and total energy in supercells 3 x 2 x 2 for pyrite (Fe48S96). 

Basis sets applied for calculations were: Lichanot for S, ECP_Heifets for Fe. PW1PW functional and 

TOLINTEG 777930 were applied. 

Shrinking factor # k-points Total energy, Eh 
Total energy, 

kcal/mol 

Energy difference, 

kcal/mol 

SHRINK 4 4 36 -44181.73636383 -27724458.146073 - 

SHRINK 6 6 112 -44181.73636379 -27724458.146049 0.000024 

SHRINK 8 8 260 -44181.73636380 -27724458.146052 -0.000004 

SHRINK 10 10 504 -44181.73636379 -27724458.146049 0.000003 

SHRINK 12 12 868 -44181.73636379 -27724458.146051 -0.000002 

SHRINK 14 14 1376 -44181.73636379 -27724458.146049 0.00000 

SHRINK 16 16 2052 -44181.73636380 -27724458.14605 0.00000 

SHRINK 18 18 2920 -44181.73636380 

 

-27724458.14605 0.00000 
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Table S18. Se K-edge absorption energies in eV at the inflection point 

Compound This studya Ryser et al. (2005) 
Matamoros-Veloza 

et al. (2014)b 

Ferroselite (FeSe2) 12657.2 12657.0 12656.3 

Achavelite (FeSe) 12657.4    

Arsenopyrite (FeAsS:Se) 12657.8    

Elemental Se (Se0) 12658.0 12658.0 12658.0 

Marcasite 12658.2    

Pyrite 12658.4    

Na2SeO3 12662.2 12662.0 12662.3 

Na2SeO4 12665.5 12664.0 12665.4 
aUncertainty 0.1 eV; bUncertainty 0.4 eV 

 

Table S19. As K-edge absorption energies in eV 

Compound Inflection point White line energy 

Arsenopyrite (FeAsS) 11865.9 11867.6 

Pyrite (FeS2) 11866.2 11867.9 

Realgar (As4S4) 11866.8 11868.4 

As2O3 11868.6 11870.0 

As2O5 11872.3 11873.6 

 

Table S20. Calculated lattice parameters 

Model Supercell a, Å b, Å c, Å α, ° β, ° γ, ° 

2Se-1 222 10.964 10.964 10.964 90.043 90.043 90.043 

2Se-2 222 10.964 10.964 10.964 89.958 90.042 89.958 

2Se-3 222 10.964 10.964 10.964 90.000 90.000 89.957 

2Se-4 222 10.964 10.964 10.964 90.000 89.995 89.956 

3Se-1 322 16.456 10.964 10.964 89.956 90.016 89.985 

3Se-2 322 16.456 10.964 10.964 89.958 90.014 89.983 

3Se-3 322 16.456 10.964 10.964 89.986 89.986 89.986 

3Se-4 322 16.445 10.964 10.964 89.984 89.986 89.985 

2As-1 222 11.070 11.042 11.062 89.986 89.941 90.125 

2As-2 222 11.075 11.080 11.023 89.705 90.157 90.013 

2As-3 222 11.056 11.060 11.060 90.034 90.086 90.061 

2As-4 222 11.050 11.066 11.059 90.056 90.356 89.956 

3As-1 322 16.589 11.052 11.064 89.962 89.989 90.017 

3As-2 322 16.608 11.035 11.071 89.895 89.990 89.926 

3As-3 322 16.583 11.056 11.061 90.036 90.077 89.982 

3As-4 322 16.586 11.057 11.059 90.016 89.984 90.225 

3As-5 322 16.585 11.063 11.056 89.943 90.029 90.072 

3As-6 322 16.591 11.059 11.059 89.976 89.977 89.963 
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3As-7 322 16.580 11.065 11.055 89.899 89.847 89.931 

3As-8 322 16.578 11.061 11.056 90.040 90.176 90.137 

3. Supplementary figures 
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Figure S1. Photographs of pyrite and three references: arsenopyrite (FeAsS), ferroselite (orthorhombic 

FeSe2), and marcasite (orthorhombic FeS2). 

 
 

 
Figure S2. XRD patterns of pyrite (a) and references (b). Blue dashed lines in (a) indicate the reflections 

of pyrite (cubic FeS2) and red dashed lines the reflections of marcasite (orthorhombic FeS2). On the right 

is an enlargement of the angular region where the second most intense hkl reflection of marcasite (211) 
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occurs (52°) and which does not overlap with any reflection from pyrite. No marcasite impurity is 

detected in this diagnostic region. 

 

 

 
Figure S3. (a) Two color and one color EPMA maps of the distribution of As, Se, S and Au in the zoned 

pyrite from Bolivia (Bol). Spots with numbers indicate the location of the EPMA analyses. Map size: 

115 (V) x 135 (H) μm2; pixel size: 1 x 1 µm2; probe diameter: 1 µm; dwell time 2 sec; electron voltage 

= 20 kV, current = 500 nA. (b) EPMA analyses (wt.%). 
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Figure S4. Scatter plots of S, Fe, As, Se, and Au fluorescence counts derived from the EPMA maps of 

Figure S3 and Pearson correlation coefficients ρ. 
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Figure S5. (a) SXRF map of the distribution of As in pyrite from Bolivia (Bol). Map size: 100 (V) x 60 

(H) μm2. (b) Micro SXRF spectra from spots marked 6-9. (c) Bulk SXRF spectrum from arsenopyrite 

diluted in boron nitride (BN). 
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Figure S6. As K-edge micro EXAFS spectra measured on spots 6-9. 
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Figure S7. Bonding environment of Se in the Fe32Se2S62 (a) and Fe48Se3S93 (b) equilibrium structures. The S-S edges in yellow are 3.08 Å long 

and the S-S edges in green are 3.32 Å long in unsubstituted pyrite. The red line connects the dianionic pair. The DFT Se-Se2 distance of 3.14-3.14 

Å on short edges is similar to the EXAFS distance of 3.16 Å for model 2 (Table 2). EXAFS does not have the sensitivity to detect the second Se-

Se2 distance at 3.37 Å on long edges.  
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Figure S8. Fit of the first EXAFS shell for sample 2 POI g from Ryser et al.19 The first shell 

was fit originally with 1 Se at 2.25 Å and 3 Fe at 2.25 Å and the two Debye-Waller factors  

adjusted independently. Data analysis shows that the fit was underconstrained and the 

coordination number (CN) and Debye-Waller (σ) parameters correlated. The EXAFS function 

was refitted here by covarying the two  values to suppress correlations. In (a) the first shell 

contains 1 Se and 3 Fe as in the original fit, and in (b) the Se atom was replaced with S. Results 

show that the 1S + 3Fe model provides a better fit to data. We conclude from this that [SeSe]1 

pairs are unlikely to exist in sample 2 POI g and that Se most likely forms a SeS dianion group. 
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6. EXAFS spectra 
k3-weighted As-EXAFS   k3-weighted Se-EXAFS  

2.0000  0.26616    2.0000  0.79829 

2.0500  0.39624    2.0500  0.94560 

2.1000  0.49244    2.1000  1.0307 

2.1500  0.62861    2.1500  1.0777 

2.2000  0.76271    2.2000  1.0826 

2.2500  0.98235    2.2500  1.0915 

2.3000  1.1905    2.3000  1.1656 

2.3500  1.3954    2.3500  1.2407 

2.4000  1.5132    2.4000  1.2305 

2.4500  1.5907    2.4500  1.1320 

2.5000  1.5609    2.5000  0.86891 

2.5500  1.4164    2.5500  0.50212 

2.6000  1.2083    2.6000  0.13255 

2.6500  0.77657    2.6500  -0.26528 

2.7000  0.33466    2.7000  -0.76171 

2.7500  -0.25579    2.7500  -1.3097 
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2.8000  -0.78737    2.8000  -1.8355 

2.8500  -1.2198    2.8500  -2.2814 

2.9000  -1.5274    2.9000  -2.5474 

2.9500  -1.6071    2.9500  -2.6568 

3.0000  -1.5976    3.0000  -2.6140 

3.0500  -1.5973    3.0500  -2.4971 

3.1000  -1.6419    3.1000  -2.3552 

3.1500  -1.8581    3.1500  -2.1781 

3.2000  -2.0263    3.2000  -1.9817 

3.2500  -2.1374    3.2500  -1.7655 

3.3000  -2.0677    3.3000  -1.3348 

3.3500  -1.6056    3.3500  -0.61562 

3.4000  -0.69313    3.4000  0.37972 

3.4500  0.25093    3.4500  1.5993 

3.5000  1.2780    3.5000  2.7271 

3.5500  2.0393    3.5500  3.6033 

3.6000  2.7763    3.6000  4.2319 

3.6500  3.0515    3.6500  4.3552 

3.7000  3.1067    3.7000  4.0872 

3.7500  3.1547    3.7500  3.8606 

3.8000  2.8496    3.8000  3.5537 

3.8500  2.0341    3.8500  2.9682 

3.9000  1.1905    3.9000  1.7557 

3.9500  0.050863    3.9500  -0.21023 

4.0000  -0.90771    4.0000  -1.1319 

4.0500  -1.5305    4.0500  -2.1138 

4.1000  -1.8800    4.1000  -2.9864 

4.1500  -2.3348    4.1500  -3.4378 

4.2000  -2.5036    4.2000  -3.4491 

4.2500  -2.2935    4.2500  -3.5551 

4.3000  -2.0885    4.3000  -2.9777 

4.3500  -1.6766    4.3500  -2.7266 

4.4000  -1.7180    4.4000  -2.6194 

4.4500  -2.0713    4.4500  -2.4049 

4.5000  -2.6801    4.5000  -2.6267 

4.5500  -3.4607    4.5500  -3.3521 

4.6000  -3.6702    4.6000  -3.2854 

4.6500  -3.4240    4.6500  -3.3018 

4.7000  -1.9083    4.7000  -1.4318 

4.7500  -0.29493    4.7500  0.17050 

4.8000  1.6841    4.8000  1.6898 

4.8500  3.4136    4.8500  3.7550 

4.9000  4.6399    4.9000  4.6745 

4.9500  5.2130    4.9500  5.3861 

5.0000  6.1376    5.0000  5.9509 

5.0500  6.9637    5.0500  7.0060 

5.1000  7.2470    5.1000  6.8002 

5.1500  6.9194    5.1500  7.5756 

5.2000  5.9423    5.2000  5.8610 

5.2500  5.1046    5.2500  5.6884 

5.3000  3.5979    5.3000  3.6158 

5.3500  2.0693    5.3500  1.2811 

5.4000  0.069989    5.4000  0.040582 
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5.4500  -1.7929    5.4500  -2.3178 

5.5000  -3.0620    5.5000  -3.8000 

5.5500  -3.5339    5.5500  -4.8479 

5.6000  -4.0887    5.6000  -5.0913 

5.6500  -4.0167    5.6500  -5.4134 

5.7000  -5.3636    5.7000  -5.0293 

5.7500  -6.9250    5.7500  -6.5259 

5.8000  -8.0400    5.8000  -7.8269 

5.8500  -8.2341    5.8500  -7.5178 

5.9000  -7.1403    5.9000  -7.0566 

5.9500  -5.9404    5.9500  -4.7290 

6.0000  -4.2905    6.0000  -3.5815 

6.0500  -3.2413    6.0500  -0.90567 

6.1000  -1.9562    6.1000  0.84439 

6.1500  -0.12405    6.1500  2.5368 

6.2000  1.7767    6.2000  3.3244 

6.2500  3.0902    6.2500  3.6316 

6.3000  3.2769    6.3000  4.3131 

6.3500  2.6038    6.3500  2.6509 

6.4000  1.7326    6.4000  2.7221 

6.4500  2.2010    6.4500  1.4240 

6.5000  2.5108    6.5000  2.6028 

6.5500  3.7087    6.5500  2.6989 

6.6000  3.8455    6.6000  4.1819 

6.6500  4.3133    6.6500  3.3907 

6.7000  4.8254    6.7000  4.9749 

6.7500  5.2282    6.7500  4.4594 

6.8000  6.3380    6.8000  6.0585 

6.8500  5.9066    6.8500  5.1488 

6.9000  5.1261    6.9000  4.5620 

6.9500  5.0682    6.9500  2.6317 

7.0000  3.8286    7.0000  1.0440 

7.0500  2.3723    7.0500  0.74569 

7.1000  -0.093105    7.1000  -2.0813 

7.1500  -2.8204    7.1500  -2.7736 

7.2000  -5.9806    7.2000  -6.8532 

7.2500  -7.2432    7.2500  -8.2583 

7.3000  -6.8103    7.3000  -7.2454 

7.3500  -6.7082    7.3500  -5.4410 

7.4000  -7.0758    7.4000  -6.3527 

7.4500  -6.9946    7.4500  -6.2466 

7.5000  -6.8165    7.5000  -6.1353 

7.5500  -6.3441    7.5500  -6.7658 

7.6000  -4.6438    7.6000  -4.3765 

7.6500  -3.0112    7.6500  -3.7602 

7.7000  -2.1338    7.7000  -2.4431 

7.7500  -0.76941    7.7500  -2.1632 

7.8000  -0.65473    7.8000  -2.1219 

7.8500  -1.5031    7.8500  -2.7195 

7.9000  -0.18552    7.9000  -1.6914 

7.9500  2.1588    7.9500  1.0890 

8.0000  6.4714    8.0000  6.1445 

8.0500  9.7006    8.0500  9.9183 
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8.1000  10.657    8.1000  9.9178 

8.1500  10.459    8.1500  11.498 

8.2000  9.6748    8.2000  9.5717 

8.2500  9.3580    8.2500  12.636 

8.3000  6.9566    8.3000  8.7415 

8.3500  4.7569    8.3500  7.0991 

8.4000  1.6793    8.4000  3.2567 

8.4500  -1.5539    8.4500  1.1611 

8.5000  -3.9910    8.5000  -2.1571 

8.5500  -3.5303    8.5500  -2.9457 

8.6000  -3.5021    8.6000  -3.1676 

8.6500  -3.0120    8.6500  -2.6443 

8.7000  -3.6894    8.7000  -1.6841 

8.7500  -4.3190    8.7500  -5.3677 

8.8000  -5.2845    8.8000  -3.9108 

8.8500  -4.7537    8.8500  -4.8447 

8.9000  -3.1674    8.9000  -0.25019 

8.9500  -1.2276    8.9500  -1.9238 

9.0000  -1.8260    9.0000  0.37759 

9.0500  -0.56155    9.0500  -0.46755 

9.1000  -0.36057    9.1000  -3.1691 

9.1500  -2.6416    9.1500  -4.9440 

9.2000  -3.8554    9.2000  -8.1887 

9.2500  -5.8516    9.2500  -6.3057 

9.3000  -6.9440    9.3000  -9.4222 

9.3500  -7.0953    9.3500  -11.060 

9.4000  -7.0426    9.4000  -10.729 

9.4500  -5.6286    9.4500  -6.8438 

9.5000  -3.0549    9.5000  -6.1101 

9.5500  0.36686    9.5500  0.60362 

9.6000  2.8004    9.6000  1.1010 

9.6500  6.5784    9.6500  3.4045 

9.7000  7.7103    9.7000  9.7957 

9.7500  9.4691    9.7500  15.959 

9.8000  9.9380    9.8000  16.615 

9.8500  9.2164    9.8500  14.028 

9.9000  9.5655    9.9000  16.171 

9.9500  10.626    9.9500  10.314 

10.000  6.9965    10.000  9.6327 

10.050  6.6688    10.050  10.408 

10.100  5.7293    10.100  7.9521 

10.150  7.2677    10.150  9.5880 

10.200  5.3881    10.200  7.2901 

10.250  3.4387    10.250  0.71264 

10.300  -2.2982    10.300  -4.6975 

10.350  -5.8703    10.350  -8.5842 

10.400  -9.2306    10.400  -13.201 

10.450  -11.322    10.450  -13.734 

10.500  -12.674    10.500  -17.842 

10.550  -13.590    10.550  -16.526 

10.600  -14.174    10.600  -17.544 

10.650  -13.735    10.650  -16.427 

10.700  -11.464    10.700  -11.374 
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10.750  -8.2448    10.750  -7.0344 

10.800  -4.3659    10.800  -4.0859 

10.850  -3.2943    10.850  -4.4864 

10.900  -0.13950    10.900  -0.25827 

10.950  2.9273    10.950  0.34795 

11.000  6.5308    11.000  7.5629 

11.050  8.1810    11.050  9.1282 

11.100  9.1027    11.100  11.082 

11.150  9.5960    11.150  8.4138 

11.200  8.6832    11.200  9.3127 

11.250  9.6212    11.250  7.3250 

11.300  9.6674    11.300  14.185 

11.350  8.9892    11.350  11.587 

11.400  7.4469    11.400  10.299 

11.450  3.9599    11.450  7.8726 

11.500  0.44762    11.500  3.5633 

11.550  -0.95937    11.550  -0.83420 

11.600  -2.4085    11.600  -7.1820 

11.650  -3.3124    11.650  -7.9555 

11.700  -4.5783    11.700  -6.7431 

11.750  -3.9655    11.750  -7.1201 

11.800  -4.4998    11.800  -4.4345 

11.850  -3.0126    11.850  0.56694 

11.900  -2.2824    11.900  -0.72288 

11.950  -0.048844    11.950  1.1418 

12.000  -1.0915    12.000  2.0238 

12.050  -3.6917    12.050  0.090986 

12.100  -3.2344    12.100  -1.1576 

12.150  -3.1282    12.150  -3.3562 

12.200  -4.7111    12.200  -5.2304 

12.250  -2.3019    12.250  -8.4865 

12.300  -1.0214    12.300  -1.5842 

12.350  0.32290    12.350  -2.7759 

12.400  0.080365    12.400  -4.6243 

12.450  -1.5143    12.450  -3.3260 

12.500  0.18834    12.500  -5.8521 

12.550  1.0020    12.550  -0.85200 

12.600  -1.0671    12.600  -0.99685 

12.650  -0.032443    12.650  0.10999 

12.700  -1.1906    12.700  -2.7454 

12.750  1.0653    12.750  2.5813 

12.800  3.5748    12.800  -0.55342 

12.850  2.4904    12.850  5.3239 

12.900  1.2055    12.900  2.9285 

12.950  3.1667    12.950  11.961 

13.000  4.3522    13.000  9.1107 

13.050  6.7235    13.050  12.655 

13.100  5.9964    13.100  9.2925 

13.150  4.8332    13.150  9.2028 

13.200  2.7348    13.200  8.1624 

13.250  1.3229    13.250  3.8166 

13.300  -0.71824    13.300  7.7472 

13.350  -1.3552    13.350  -3.7454 



S26 

 

13.400  -2.2247    13.400  -2.7199 

13.450  -3.0564    13.450  -2.7324 

13.500  -4.0179    13.500  -5.1474 

13.550  -5.1273    13.550  -8.8529 

13.600  -4.8137    13.600  -5.8019 

13.650  -6.1890    13.650  -13.225 

13.700  -7.3673    13.700  -13.746 

13.750  -6.2048    13.750  -10.505 

13.800  -4.6294    13.800  -1.1338 

13.850  -5.9750    13.850  -1.2276 

13.900  -3.4949    13.900  -6.8623 

13.950  0.70274    13.950  -2.9457 

14.000  1.1562    14.000  -8.2199 

14.050  4.5725    14.050  -4.8167 

14.100  4.5363    14.100  -3.4426 

14.150  7.1013 

14.200  5.2192 

14.250  5.2430 

14.300  6.3670 

14.350  5.4506 

14.400  2.9672 

14.450  2.1376 

14.500  2.9301 

14.550  2.3790 

14.600  1.1721 

14.650  -1.3919 

14.700  2.0720 

14.750  0.58659 

14.800  1.8174 

14.850  2.3578 

14.900  -4.2839 

14.950  -4.6901 

15.000  -6.2599 

15.050  -5.5322 

15.100  -1.9332 

15.150  -5.1721 

15.200  -7.3530 

15.250  -7.3808 

15.300  -2.1165 

15.350  -2.8451 

15.400  -1.2475 

15.450  -0.82886 

15.500  2.9280 

15.550  1.9028 

15.600  2.5773 

15.650  2.3333 

15.700  0.98683 

15.750  4.6828 

15.800  4.2982 

15.850  2.2402 

15.900  3.5881 

15.950  4.1250 


