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Table S1. EPMA analyses of pyrite.

At 20 kV accelerating voltage and 20 nA beam current

Fe S Zn Cu Sb Te Bi As \Y/ Sn Co Total
D.L. 001 0.04 003 002 002 003 005 001 0.01 0.02
1P 46.74 53.98 b.d.l. b.dl b.dl bdl bdl bdl bdl bdl na 100.77
46.64 54.21 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.85
46.61 53.94 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.56
46.65 54.17 b.dl b.dl bdl bdl bdl b.dl bdl bdl na 100.83
46.51 54.01 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.55
46.56 53.73 b.dl b.dl bdl bdl bdl bdl bdl bdl na 100.35
46.65 54.08 b.d.l b.dl b.dl bdl bdl bdl bdl bdl na 100.76
2P 46,52 54.18 b.dl. b.d.l bdl bdl bdl bdl bdl bdl na 100.74
46.56 54.16 b.d.l b.dl bdl bdl bdl b.dl bdl bdl na 100.77
46.58 54.03 b.dl b.dl bdl bdl bdl bdl bdl bdl na 100.63
46.74 5418 b.dl b.dl b.dl b.dl bdl bdl bdl bdl na 100.97
46.56 53.99 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.58
46.72 53.82 b.dl bdl bdl bdl bdl bdl bdl bdl na 10057
46.72 5398 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.72
3P 46.73 53.86 b.dl. bdl bdl bdl bdl bdl bdl bdl na 100.62
46.61 5395 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.61
46.66 53.84 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.52
46.39 54.01 b.dl bdl bdl bdl bdl bdl bdl bdl na 10042
46.31 54.19 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.68
46.52 54.04 b.dl bdl bdl bdl bdl bdl bdl bdl na 100.59
46.53 54.08 b.dl b.dl bdl bdl bdl bdl bdl bdl na 100.63
At 20 kV accelerating voltage and 900 nA beam current
Fe S Zn Cu Sh Te Bi As \Y/ Sn Co Total
D.L. 0.002 0.002 0.003
1P 46.64 53.75 na. 0002 na na na 0003 na na 0.005 100.42
4655 5421 na 0002 na. na na 0005 na na 0.009 100.80
46.54 53.73 na. 0009 na na na 0000 na na 0.006 100.30
2P 46.47 5345 npa. 0003 na. na na 0003 na na 0.008 99.94
4651 5337 na 0004 na. na na 0004 na na 0.006 99.92
46.67 53.27 na. 0005 na na na 0000 na na 0.006 99.98
46.62 5339 na 0004 na. na na 0000 na na 0.007 100.03
3P 4657 5331 na 0002 na na na 0000 npa na 0.005 9991
46.46 53.28 na. bdl na na na 0005 na na 0005 99.76

Notes: All concentrations in wt%.
D.L. — detection limit; b.d.l. — below detection limit; n.a. — not analysed.




Table S2. EPMA analyses of Cu-sulfide inclusions.
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z
Fe S Zn Cu Sb Te Bi As \Y Sn Total Mineral Chemical formula X positive
cations charge

D.L.. 001 0.03 0.04 002 002 0.04 005 002 0.01 0.02
1P 109 3214 bdl 4863 087 bdl bdl 1677 bdl 011 99.62 enargite Cusz.1Fe0.1AS0.9S4 4.06 7.69
093 3237 bdl 4829 111 bdl bdl 1705 b.dl 018 99.93 enargite CusFeo.1AS0.9S4 4.01 7.63
426 3094 bdl 4606 188 bdl bdl 728 195 634 9870 colusite (CuzaFerg)(VisFeo7)(Ass2Shos)SnisSs  33.27  61.06
314 3096 bdl 4836 143 bdl bdl 712 223 649 99.72 colusite (Cuzs.2Feos)(ViaFe11)(Ass1Shos)SnisS:  33.82  61.01
371 3190 bdl 4793 243 bdl bdl 662 221 7.00 10181 colusite (CuzszFe1s)(ViaFeos)(AS28Sbos)Sn1eS:2  33.11  60.41
456 3107 bdl 4751 239 bdl bdl 649 173 6.87 100.62 colusite (CussFers)(ViiFe1s)(As:6Sbos)SNieSs  33.86  60.74
071 2620 0.11 4720 464 1394 166 6.31 b.dl b.dl 100.76 As-goldfieldite (Cui1.8Fe0.2)(As1.3Sho.6Bio.1) Te17S13 1583  25.39
159 2527 062 4527 760 917 466 589 bdl bdl 100.07 As-goldfieldite (Cuir.7Feos)(As13Sh1.oBio.s) Te12S13 16.22  25.78
178 2586 0.16 46.88 290 13.68 177 7.42 bdl. bdl. 10046 As-goldfieldite  (CuiroFeos)(AsieSbosBio1)Ter7S1s  16.26  26.21
9.58 30.14 bdl 4168 112 0.06 bdl 066 004 17.84 101.13 mawsonite Cus 6Fe15(Sn1.3As0.1Sho.1)Se 8.47 14.36
9.84 2954 bdl 4119 049 0.09 bdl 048 0.06 1847 100.15 mawsonite Cus.eFe15(Sn1.3As0.1)Ss 8.60 14.51
2P 1.85 31.05 0.04 49.29 0.63 b.d.l b.d.l 7.36 2.63 7.64 100.52 colusite (CU25,6F60_4)(V1_7Feo,7)(ASs,szo_z)Snz,lssz 33.94 61.88
0.67 3154 bdl 4993 063 bdl bdl 834 319 6.47 100.79 colusite (Cuzs5)(V2Feo.4) (As36Sb0.2)SN1.8S32 3348  62.43
0.71 3145 bdl 5004 056 Dbdl bdl 821 298 6.48 100.46 colusite (Cuzs.6)(V1.9Feo.4)(As36Sho.2)Sn1sSs. 33.46 61.69
069 30.78 bdl 5032 061 bdl bdl 837 295 614 99.88 colusite (Clzs3)(VioFeos)(AssSbo2)SnizSs  34.29  63.10
0.24 3125 bdl 5030 035 bdl bdl 871 325 6.22 100.33 colusite (Cuzs.0)(V21Feo.1)(As3.8Sho.1)Sn1.7Ss2 33.80 63.08
061 3153 bdl 4996 046 bdl bdl 903 324 576 10059 colusite (Clzss)(V21Feos)(AsssSbor)SnieSs2  33.57  63.05
126 30.81 bdl 4971 044 bdl bdl 812 317 639 99.93 colusite (Cuze.0)(V21Feo.8)(AS3.6Sb0.1)Sn1.8Ss32 3434  63.63
035 3121 bdl 5029 046 bdl bdl 874 319 6.01 100.29 colusite (Cuze.0)(V21Fe€0.2)(AS3.8Sbo.1)SN1.7Ss2 33.84  63.05
9.13 2511 bdl 6588 bdl bdl 034 bdl bdl bdl 10048 bornite CussFeosS4 6.13 6.95
11.93 25.63 b.dl 6188 b.dl. b.dl 080 b.dl bd.l bdl 100.26 bornite CugoFer1S4 5.95 7.00




Table S2. Continued.
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z
Fe S Zn Cu Sb Te Bi As \Y Sn Total Mineral Chemical formula cations positive
charge
D.L. 001 003 004 002 002 004 005 002 0.01 0.02
3P 138 3205 bdl 4799 099 bdl bdl 1733 b.dl 007 99.81 enargite CusFeo1AS0.9S4 4.07 7.83
527 3043 0.05 4588 191 bdl bdl 446 167 1110 100.78 colusite (CuzssFerr)(ViiFe1s)(As20Sbos)Snz 1Sz, 3429  61.47
3.17 30.11 0.06 4748 190 bdl bdl 541 223 979 100.17 colusite (Cuzs.4Feoe)(VisFe1s)(As25Sbos)Sn2eSs 34.64  62.92
093 2509 0.15 5321 309 1086 048 508 b.dl bdl 9890 As-goldfieldite (Cu1z.oFeo.3)(As1.1Sbo.4) Te1.4S13 17.19 2491
051 2583 0.09 4692 236 1591 121 792 bdl bdl 100.77 As-goldfieldite (Cu11.9Feo.1)(As1.7SbosBio1) Te2S13 16.18  26.59
1.05 2598 0.12 47.10 3.10 1491 148 6.74 b.dl b.dl 10048 As-goldfieldite (Cu11.9F€0.3)(AS1.4Sb0.4Bi0.1)Te1.0S13 16.03  25.90
0.87 2584 032 46.84 561 1283 191 6.15 b.dl bdl 100.38 As-goldfieldite (Cui1.0Fe0.3)(As13Sho.7Bi0.1) Te16S13 16.03  25.63
1.04 26.02 0.10 4735 252 1514 120 7.21 b.dl b.dl 10058 As-goldfieldite (Cui1.0Fe0.3)(As15Sh0.3Bi0.1)Te1.0S13 16.09  26.03
159 2597 0.26 46.28 498 1347 169 6.24 b.dl b.dl 10048 As-goldfieldite (Cuir.7Fe05)(As13Sho7Bi0.1) Te1.7S13 1599  25.83
233 2581 0.14 46.13 364 1450 1.74 6.41 bdl bdl 100.70 As-goldfieldite (Cu1r.7Feo.7)(As1.4ShosBi0.1) Te18S13 16.24  26.43
191 2572 020 46.10 247 1274 427 7.18 b.dl 0.03 100.62 As-goldfieldite (Cuir.7Fe06)(As1.6Sho.3Bio.s) Te16S13 16.17  26.03
287 25.67 0.13 4533 162 1168 553 8.02 b.dl b.dl 100.85 As-goldfieldite (Cui16Feos)(As1.7Sbo2Bio.4) Te1sS13 16.28  26.35
0.38 26.02 0.22 4764 366 1416 149 6.93 b.dl bdl 10049 As-goldfieldite (Cui20Feo.1)(As15SbosBio.1) Te1sS13 16.00  25.63
221 2563 064 4473 854 837 385 6.16 b.dl b.dl 100.14 As-goldfieldite (Cuir.4Feos)(As1.3Sh1.1Bio3) Te11S:3 16.06  25.60
13.37 29.69 b.dl 4388 bdl 005 bdl 000 0.06 1354 100.59 mawsonite CusFe21SnSs 9.02 14.02
10.79 30.17 0.04 4367 115 0.04 bdl 296 bdl 12.01 100.84  mawsonite Cus gFe1.6(Sno.sAso.3Sbo.1)Ss 8.75 14.62
11.82 2595 b.dl. 6202 bdl bdl 012 bdl bdl 0.02 99.93 bornite CussFe10Ss 5.86 6.90

Notes: All concentrations in wt%.

D.L. —detection limit; b.d.l. — below detection limit; n.a. — not analysed.
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. a :
Figure S1. Photographs of Peruvian pyrite aggregates: (a) 1P, (b) 2P, (c) 3P.

X-ray powder diffraction (XRD)

XRD analysis was performed at ISTerre on a BrukerD8 diffractometer equipped with a
selective energy detector (SolXEM, Baltics Instruments). Electron voltage and current were 40
kV and 40 mA. Intensity from the diffracted Cu Kal radiation was measured from 5 to 90° 26
with a step size of 0.03° and a dwell time of 6 s per step. Full XRD patterns are shown in Fig.
S2a. The 51-55° 26 interval is zoomed in Fig. S2b to show the absence of marcasite impurity
in the samples.
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Figure S2. (a) XRD patterns of pyrite. Blue dashed lines indicate the reflections of pyrite; (b)
Zoomed angular region. The position of the most intense reflections of marcasite are
indicated.
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ICP-MS

Trace and minor element contents were determined by inductively coupled plasma-mass
spectrometry (ICP-MS) at Bureau Veritas (Canada). Samples were pulverized using a mortar
and a pestle and digested in aqua regia for further analysis. Analytical code AQ270 (ICP-
ES/MS) was used. Certified standard references and blanks were measured in the same
conditions as the samples. Obtained concentrations are shown in Table 1.

EPMA

Backscattered electron (BSE) images, EPMA and elemental maps were performed with
a JEOL JXA-8230 electron microprobe at ISTerre. Representative BSE images are shown in
Figure 1 and Figure S3. Quantitative point analysis were acquired with five wavelength-
dispersive spectrometers (WDS) and an energy-dispersive (EDS) spectrometer. Analyses were
acquired with two analytical protocols. Operating conditions for the first one were 20 kV
accelerating voltage and 20 nA beam current with a focused beam of 1-3 um in diameter. The
concentrations of Fe, Zn, Cu, S, Sh, Te, Bi, As, V and Sn were measured with the WDS.
Operating conditions for the second protocol, used for high-precision analysis of pyrite, were
20 kV accelerating voltage and 900 nA beam current with a focused beam of 1-3 pum. In this
protocol, the concentrations of As, Se, Cu, Co, and Au were measured with the WDS and those
of Fe and S with the EDS. The following certified natural and synthetic materials were used for
standardization: As: FeAsS; Se: Se and Bi2Ses; Au: Au; Zn: ZnS; Ni: Ni; Co: CoO; Sn: SnO;
Cu: CuFeSy; Fe: CuFeS; and FeS; V: V; Bi: Bi; Te: AgzTe; Sb: SbySs; S: CuFeS;. Point
analyses are listed in Table S1 and Table S2.

Electron microprobe elemental maps were acquired for As, Fe, S, Cu, Se, Au, Pb, Bi,
and V (Figs. S4 and S5). Fe, S, Bi, V were analyzed by EDS and As, Se, Au, Pb by WDS. The
spot and step sizes were 1 or 2 um, the electron voltage 20 kV and current 500 nA, and the
dwell time 500 to 1000 ms.

In the three mapped regions represented in Figures S4 and S5, As shows higher
concentration in the 1P and 3P inclusions and lower in the 2P inclusion (Fig. S4). The 2P
inclusion is bornite, which has no As (Table S2). The 1P and 3P inclusions are depleted in Bi
but have higher V content than pyrite. This composition is characteristic of colusite. The pyrite
crystals contain Au, Pb, Se, Bi, and V.
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Figure S3. BSE images of pyrite with As-rich Cu-sulfide inclusions. Inclusions in (a), (b), (d)
and (e) have concentric distribution. Distribution of inclusions in (c) and (f) is unclear most
likely because the crystal cuts are not parallel to the growth direction.
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Figure S4. EPMA elemental maps. Maps sizes: 1P - 50x50 pm?; 2P - 80x80 um?; 3P Peru -
60x60 pum?2 The pixel size is 1x1 um? for 1P and 2x2 pm? for 2P and 3P. Bright colors
correspond to higher element content, darker colors and black correspond to lower element
content.
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Figure S5. EPMA elemental maps of Au, Pb, Bi, Se and V for the three pyrite.
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Scanning electron microscopy (SEM)

Backscattered electron images and qualitative EDX spectra of inclusions were collected
at the ESRF using a field emission scanning electron microscope (SEM) LEO Gemini 1530
(Carl Zeiss, Oberkochen, Germany). Images were acquired with a backscattered electron
detector at 10 mm working distance, 30 um aperture and 20 keV accelerating voltage. EDX
spectra of inclusions in pyrite were obtained using X-MAXN silicon drift detector from Oxford
Instruments. The diameter of the electron beam varied from 1 to 100 microns, depending on the
inclusions analyzed. Pyrite grains were embedded in epoxy, cross-sectioned, polished, and
coated with 10 nm Au. BSE images are shown in Figure S6 and EDX spectra in Figure S7.
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Figure S6. BSE images of Cu-rich inclusions in pyrite 2P and 3P. Numbers (in red) refer to
the EDS spectra in Figure S7.
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Figure S7. EDX spectra of the Cu-rich inclusions shown in Figure S6. The Au peaks are
artifact coming from the surface coating. Elements detected by EDX in each analysis are
written in red.

HR-XANES

The As K-edge HR-XANES spectra were collected on beamline ID26 at the ESRF. A
front end Pd-coated mirror with an angle of 2.5 mrad was used to reject higher harmonics. The
incoming beam was monochromated with a pair of Si(111) crystals , then focused horizontally
by a second Pd-coated mirror and vertically by a third Pd-coated mirror both at 2.5 mrad relative
to the incoming beam. The incident monochromatic X-ray beam had a flux of 102 photons/sec
with a beam size on the sample of 0.2 (V) x 0.7 (H) mm? The HR-XANES spectra were
measured in fluorescence-detection mode with analyzer crystals. The As Kal fluorescence line
was selected using the 555 reflection of five spherically bent (0.5 m radius; Rovezzi et al. 2017)
Si(111) crystals (100 mm diameter) aligned at a Bragg angle of 69.85° in a vertical Rowland
geometry. The diffracted intensity was measured with an avalanche photodiode (APD). The
combined energy resolution was 2.3 eV. The HR-XANES spectra were measured from 11849
to 11949 eV in continuous scan mode with 0.05 eV step size. The samples were kept at a
temperature of 10-15 K using a helium flow cryostat. 50 HR-XANES scans of 20 s were
acquired for the As references and 80 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 software (Solé et al. 2007)
and normalized to a unit step in the absorption coefficient to well above the edge. The absolute
energy of the spectra is referenced to the white line energy of As,Os taken to 11870.0 eV. The
precision of the energy is about = 0.1 eV. The relative energies between spectra was established
by careful comparison of the first derivatives.

11
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SXRF

Bulk SXRF measurements of three pyrite (Fig. S8) and micro-SXRF from pyrite 3P
(Figs. 3a and S9) were performed on beamline BM23 at the ESRF. The incident beam was
monochromated with a pair of Si(111) crystals and focused to 5x5 um? with a set of Pt-coated
Kirkpatrick-Baez (K-B) mirrors (Mathon et al. 2015) for micro-SXRF. Elemental micro-SXRF
maps were obtained by rastering for 2s per point a 12.2 keV incident beam over the sample and
measuring the fluorescence signal with a Ketek silicon drift detector (SDD) positioned at 45°
from the sample. SXRF maps were analyzed with the PyMCA software (Solé et al. 2007).
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Figure S8. Bulk SXRF spectra of 1P, 2P and 3P pyrite. Incident energy, 12.2 keV; collection
time, 300 s.
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Figure S9. (a) SXRF map of 3P pyrite. Map size: 240x280 pum?, pixel size: 10x10 pm?; (b)
Point micro-SXRF spectra measured on the three spots from the SXRF map. Spotl: pyrite;
spots 2 and 3: As-goldfieldite; spots 4 and 5: colusite.
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Micro-XANES and micro-EXAFS

The As K-edge micro-XANES spectra were measured at room temperature with the
micro-focus setup of the beamline BM23, a 5x5 um? beam size, and a Ketek SDD. Points of
interest were selected on the SXRF map of pyrite 3P. The incident energy was scanned from
11.75 to 12.15 keV for micro-XANES and to 12.84 keV (16 A™) for micro-EXAFS
measurement. No beam damage was observed. All data were reduced with the Athena software
(Ravel and Newville, 2005), and the BM23 and ID26 spectra were intercalibrated on the same
energy scale, i.e., 11870.0 eV for the As2O3 white line. The micro-EXAFS spectra were fit with
WinXAS (Ressler 1998) using theoretical amplitude and phase shift functions generated with
FEFF7 (Ankudinov and Rehr 1997) using colusite and goldfieldite as structural models. The
amplitude reduction factor (So?) was kept constant at 0.9, the coordination numbers (CNs) were
fixed to their crystallographic values, and the Debye-Waller factor of the S shell optimized and
those of the two Cu sub-shells covaried. EXAFS parameters obtained from the fit are detailed
in Table S3.

spot 4 (colusite)

spot 2 (goldfieldite)

Figure S10. BSE image of colusite and goldfieldite inclusions in pyrite 3P. Micro TFY-EXAFS
spectra were measured on spots 4 and 2.
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Table S3. EXAFS parameters from the multi-shell fits of colusite and goldfieldite

As-S As-Cul As-Cu2
CN R (A) o (A) CN R (A o (A) CN R (A) o (A) AE(eV) Chi2 Res
Colusite 4,00 2.21+0.01 0.043%0.024 2.7+3.0 3.60£0.02 0.022+0.062 0.1+12.7 20865 25.9
Colusite 4.00  2.23+0.01 0.051%0.022 7.040.3° 3.6420.01 0.048%0.024° 5.0+0.3° 3.81+0.02 0.048%0.024° 4,054 13687 18.5
8.2+0.7 18765 8.0

Goldfieldite  3.02  2.27+0.02 0.067%0.012

Notes: CN is the effective number of atomic pairs seen by EXAFS, R is the interatomic distance, ¢ is the standard deviation of the distance distribution, AE is the

threshold energy correction in eV, and Res is the fit residual defined as [>{|yexp-Viit|}/>{|yexp|}]1x100. The many-body amplitude-reduction factor So? was fixed to 0.9. Fit

intervals: colusite = 3.7 A1 <k < 15.1 A; goldfieldite = 3.7 Al <k <12.8 Al
2 Fixed. P Constrained to the same value for the two shells. ¢ Sum fixed to the crystallographic value of 12.

14
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Goldfieldite

Figure S11. Coordination of As in the crystal structures of goldfieldite (Pohl et al. 1996) and
colusite (Spry et al. 1994). Numbers are interatomic distances in A. The As-(S,Cu) distances
for goldfieldite are approximative because the site occupancy of As is 0.1 in the refined

structure.
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