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ABSTRACT

Pyrite (FeS,) is a common host mineral of Pt in many types of deposits of late magmatic and hydro-
thermal origin, including the Aguablanca Ni-Cu ore deposit in southwestern Spain. Yet the exact state
of Pt in the pyrite from Aguablanca, including its oxidation state and local atomic geometry, still lacks
spectroscopic evidence. Here, we investigated the state of ~30 ppm of Pt in a natural pyrite sample from
Aguablanca using the high-energy resolution fluorescence detection X-ray absorption near edge struc-
ture (HERFD-XANES) technique. Our analysis of the Pt L3-edge HERFD-XANES experimental spec-
tra and theoretical spectra simulations performed via the ab initio FDMNES code revealed that Pt is
incorporated in the cationic subshell of the natural pyrite sample. The presence of Pt-bearing micro-
or nano-sized inclusions disseminated in the pyrite matrix was ruled out. The Pt-S interatomic distance
(Rpt.s) 0f 2.34+0.01 A in the Aguablanca sample is almost identical to that in the Pt-doped synthetic
pyrite sample (Rpe.s =2.35 +0.01 A). The Pt-S interatomic distance is ~3.5% larger than the Fe-S inter-
atomic distance in the pure pyrite structure, primarily due to a 3% difference between the covalent radii
of Pt and Fe, rather than differences in their ionic radii or electronegativities. The Pt “formal” oxidation
state of 4-3.5 and partial atomic charge of +0.4 e in the natural sample substantially exceed those of Fe
in the pure pyrite structure (42 and +0.2 e, respectively). By employing available literature data on the
solubility of Pt in synthetic pyrite samples, we demonstrated that the Pt enrichment of the natural pyrite

specimen took place at a temperature above 360 °C.
Keywords: Isomorphous platinum, solid solution, natural pyrite, HERFD-XAS, X-ray absorption
spectroscopy, solubility, Ni-Cu-PGE Aguablanca ore deposit, Spectroscopy in Geology: A Decade of

Breakthroughs

INTRODUCTION

Pyrite (FeS,) is a typical carrier of the refractory, or so-called
“invisible,” form of Platinum Group Elements (PGEs) and Au.
Pyrite can be enriched by as much as several hundred ppm of Pt
in the deposits of orthomagmatic (e.g., Graham et al. 2017;
Smith et al. 2014; Cabri et al. 2008; Oberthiir et al. 1997), mag-
matic, and post-magmatic hydrothermal (e.g., Boucher et al.
2023; Robb et al. 2023; Pifia et al. 2016, 2015,2013; Duran et al.
2015; Djon, Barnes 2012; Gervilla and Kojonen 2002; Distler
et al. 1999) origin. A review and analysis of the literature on
the solubility of Pt in the pyrite samples are provided by Filimo-
nova et al. (2019, 2022). Our previous study on the state of Pt in
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the samples of pyrite synthesized in the system saturated with
respect to Pt was performed by X-ray absorption spectroscopy
(XAS) (Filimonova et al. 2019) and demonstrated that both Pt
solid solution and PtS; nano-sized inclusions (at high-Pt
content) can enrich synthetic crystals of pyrite. Under the
experimental conditions of that study, the content of Pt in solid
solution reached ~0.25 wt% at 580 °C. The solubility of Pt in
pyrite and pyrrhotite in the saturated systems was calculated
based on the study of the synthetic Pt-doped crystals by Filimo-
nova et al. (2022), based on their results and literature data
(Majzlan et al. 2002; Makovicky et al. 1988).

For over two decades, several authors have described the pres-
ence of significant amounts of Pt in pyrites from Ni-Cu-PGE mag-
matic sulfide deposits (Junge et al. 2019; Pifia et al. 2016; Duran
et al. 2015; Smith et al. 2014; Dare et al. 2011; Oberthiir et al.
1997). Pyrite is often a minor ore phase among sulfides forming
these ore deposits (namely, pyrrhotite, pentlandite, and chalcopy-
rite). Nevertheless, pyrite is the only sulfide hosting detectable
amounts of Pt. The ore assemblage of the examined natural
pyrite sample from the Aguablanca Ni-Cu ore deposit, SW Spain,
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exhibits this feature (Pifia 2019, and references therein). The
semi-massive ore mineralization of Aguablanca comprises large
idiomorphic pyrite grains within pyrrhotite and pentlandite.

In the present study, we examined the pyrite grain, which was
previously studied by the LA-ICP-MS method and contained up to
30 ppm of Pt (Pifia et al. 2008, 2013). In this grain, the elevated Pt
content was spatially related to high Co, Se, As, and Rh concen-
trations, but it was still unclear whether Pt occurred as nano-sized
inclusions or a solid solution within the pyrite structure. To deter-
mine the state of ~30 ppm of Pt in the natural large idiomorphic
pyrite crystal from the Ni-Cu-PGE Aguablanca ore deposit, we
applied the XAS technique combined with the theoretical spectra
modeling performed via the FDMNES code. The experimental Pt
Lsz-edge X-ray near-edge spectra (XANES, extending up to 50 eV
above the absorption edge) were obtained in the high-energy
resolution fluorescence detection (HERFD) mode to enhance
spectral resolution and improve the signal-to-background ratio.

Considering that from the analytical point of view, the Pt
content of 30 ppm disseminated within the pyrite structure is
extremely low, HERFD-XANES is the only reliable method
for Pt state characterization. The XANES region of the spectrum
serves as a fingerprint of the local atomic environment surround-
ing the absorbing atom and its electronic structure (e.g., Mottana
2004). The use of the XAS method enabled the determination of
the state of isomorphous Pt in the natural pyrite sample from the
Ni-Cu-PGE Aguablanca ore deposit. The interpretation of the
XANES region provided important information, including local
atomic geometry, “formal” oxidation state, partial atomic charges
of'the absorbing atom, and the interatomic distances, coordination
numbers, and types of neighboring atoms in the first coordination
shell. Based on the new HERFD-XANES data and previous stud-
ies of Pt solubility in the synthetic pyrite samples, we estimated
the temperature of the Pt enrichment of the natural pyrite speci-
men from the Ni-Cu-PGE Aguablanca ore deposit.

METHODS

HERFD-XAS spectra acquisition and processing

Experimental spectra were recorded at the FAME-UHD beamline (BM16,
Proux et al. 2017) of the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). High-energy resolution fluorescence detection X-ray absorption near edge
structure (HERFD-XANES) spectra were recorded at the Pt L3-edge. The ring
current was 75 mA (16-bunch filling mode). The spot size was ~70 x 200 pmz
(vertical x horizontal). The spectrometer was equipped with seven Ge(660) spheri-
cally bent crystal analyzers, each with a radius of curvature of 1 m, aligned to the
PtLoy emission line (9442 eV) at a Bragg angle of 79.95°. An energy-resolving
silicon drift diode (SDD) detector was used to increase the signal-to-background
ratio. The sample, analyzer crystals, and detector were arranged in a vertical
Rowland circle geometry. The incoming energy calibration was performed using
the Pt L3-edge XANES of Pt metallic foil, setting the first maximum of the first
derivative to 11 564 eV. Fifteen energy scans of Pt disseminated in the natural
pyrite specimen were recorded in the range from 11 540 to 11 700 eV and then
averaged. The distribution of Pt was characterized by X-ray fluorescence mapping
under a fixed incoming energy of 11 567.0 eV. The area of 2 x 2 mm was scanned
with the steps of 50 pm in the vertical direction and 100 pm in the horizontal
direction.

The natural sample was mounted in epoxy resin. Synthetic reference materials
were powdered and spread on adhesive Kapton tape. The analyses of the HERFD-
XANES spectra were performed using the Athena program of the software pack-
age IFEFFIT (Ravel and Newville 2005; Zabinsky et al. 1995). Data processing
included energy calibration, determination of the position of the absorption edge
(edge jump, e.j.), and the first intense feature (white line, WL), as well as back-
ground subtraction and normalization of the spectra.
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FDMNES modeling of XANES spectra

Modeling of the HERFD-XANES spectra was performed via the ab
initio FDMNES code (finite difference method for near-edge structure code)
(Joly 2001; Guda et al. 2015). Relativistic calculations were performed with
a 6 A cluster radius and a 3x3x3 supercell non-relaxed structure. The
parameters of simulation and convolution (Gamma_hole=1.5 eV, Epermi =0 eV;
Gamma_max =15 eV) optimized for the reference compound of PtS; (space group
P3m and lattice parameters a =b=3.5432, ¢=5.0388 A) (Gronvold et al. 1960)
were used to simulate the HERFD-XANES spectra of the Pt-bearing pyrite sample
(space group Pa3 and lattice parameters a=b=c=5.4179 A) (Brostigen et al.
1969). Pt atom was introduced in the cationic site, and the Me-S interatomic
distance in the first coordination shell was increased from 2.26 A (Fe-S distance
in the pure pyrite structure) to 2.31-2.39 A [cf. the Pt-S distance of 2.35 A obtained
for the Pt-doped pyrite sample by Filimonova et al. (2019)]. The simulated
HERFD-XANES spectra were compared to the experimental ones.

Determination of “formal” oxidation state and evaluation
of partial atomic charges

The absorption edge position is sensitive to the local atomic symmetry and the
oxidation state of the absorbing atom. The comparison of the experimental pyrite
spectra with the spectra of reference materials with known oxidation states provides
the value of the “formal” oxidation state of the absorbing atom. The use of the “for-
mal” oxidation state concept suggests that the chemical bond in a compound is purely
ionic. However, in the case of sulfides, the bonding Me-S is substantially covalent,
and the partial atomic charge is different from the “formal” one. For this reason, two
approaches were employed in this study to determine the oxidation state. First, the
“formal” oxidation state of Pt in the natural sample of pyrite was determined through
the comparison of the XANES spectrum of the natural pyrite with the spectra of the
references. Second, the Bader and DDEC6 (density-derived electrostatic and chemi-
cal) partial atomic charges of Pt in the natural pyrite sample were determined from the
empirical data using the calculated charges of Pt in Pt-bearing compounds following
the procedure described by Evstigneeva et al. (2021).

RESULTS AND DIscuUSSION

Concentration and distribution of Pt in the natural pyrite
sample

The large idiomorphic pyrite grain (~1.2 x 1.2 mm) examined
in the present study was previously analyzed via LA-ICP-MS
technique by Pifia et al. (2013). According to their investigation,
the pyrite grain contained up to 30 ppm of Pt in the most enriched
central part of the grain, 10 ppm of Os, 20 ppm of Ir, 25 ppm
of Ru, 100 ppm of Rh, 1 wt% of Co, 60 ppm of Se, and 1 wt%
of As. Pt showed a similar spatial distribution compared to Co, Se,
As, and Rh. The other elements—Bi, Te, Sb, Pd, and Au—were
homogeneously distributed within the pyrite grain. The pyrite
sample was free of micro-sized inclusions. The detailed analyses
of LA-ICP-MS profiles and mapping revealed that the distribu-
tion of Pt was of zonal character with respect to the “intersections
of Pt-rich bands oriented parallel to the grain boundaries” (Pifia
etal. 2013). Pifia et al. (2013) suggested that the large idiomorphic
pyrite grain located within pyrrhotite and pentlandite was formed
as a result of the circulation of late magmatic/hydrothermal
fluids that caused an increase in sulfur fugacity, resulting in the
replacement of pyrrhotite by pyrite.

Pt L3-edge HERFD-XANES spectra

This study provides the first HERFD-XANES spectrum of
“invisible” Pt in the natural pyrite of semi-massive ore from
the Aguablanca deposit. Our study confirms the advantages of
the HERFD-XANES technique for Pt studies. The Pt L3-edge
XANES spectra of reference compounds with different
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Ficure 1. Comparison of Pt L3-edge spectra of reference materials
recorded in TFY (Filimonova et al. 2019) and HERFD modes (this study).

structures and different oxidation states, recorded in total fluo-
rescence yield mode (TFY) and HERFD modes, are compared in
Figure 1. The main features of the HERFD-XANES spectra are
more pronounced and better resolved compared to the standard-
resolution XANES (TFY mode). The use of HERFD mode
enabled the performance of a comprehensive analysis of the
XANES spectrum of Pt in the natural sample. To visualize
the Pt distribution in the grain of interest, we performed
HERFD-based X-ray fluorescence mapping (Fig. 2). For the
mapping, the incident energy was fixed at 11 567.0 eV and
the intensity of the Pt signal was measured in the selected sample
area. The HERFD-XANES spectra were recorded in the zone of
the pyrite grain with the highest fluorescence signal. The
HERFD-XANES spectra of the reference materials and natural
sample are shown in Figure 3. PtS.;, PtAsyc, PtTeoer, PtSescr,
PtSyer, and a synthetic Pt-doped pyrite sample containing
0.25 wt% of isomorphous Pt were used as the reference materi-
als. Hereinafter, the isomorphous Pt in the pyrite structure will
be referred to as (Fe,Pt)S,,. Positions of the absorption edges
(edge jump, e.j.), and the first and second intense features (white
line WL and peak B, respectively) are listed in Table 1.

Local atomic environment and geometry. The shape and
main spectral features of the Pt-bearing natural pyrite spectrum
are different from those of the spectra of metallic Pt, pP2ts,
Pt*tAs,, Pt*tTe,, and Pt*tSe,. This indicates that: (1) the
local atomic environment of Pt in the sample of natural pyrite
cannot be represented by S square- or As/Te/Se octahedron-
coordination, and (2) Pt does not form Pt-Pt, Pt-Se, Pt-Te, or
Pt-As bonds even though Pifia et al. (2013) demonstrated that
the central part of the grain enriched in Pt contained elevated
concentrations of Se, Te, and As (Table 1; Fig. 3). The large
intensity of the white line and the rightward energy shift of
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FIGURE 2. Map of the natural Pt-bearing grain of pyrite from Agua-
blanca Ni-Cu sulfide deposit performed at 11 567.0 eV incident beam
energy. HERFD-XANES Pt L3-edge spectrum was recorded in the zone
of the maximum intensity of the Pt signal, denoted with the dotted ellipse.

the main spectral features compared to that of Pt’ and P>*S
indicate that the presence of metallic Pt or its intermetallic
compounds or PtS can be ruled out.

At the same time, the position and shape of the WLs of the
spectra are close to those of Pt in Pt**S, and synthetic (Fe,Pt)S,
(see Table 1). In these compounds, the local atomic environment
of Pt consists of 6 S atoms (octahedron). The position of the sec-
ond peak (i.e., peak B, Table 1) is different for the spectrum of Pt
in PtS; and the spectra of Pt in both synthetic and natural pyrite
samples. Thus, the presence of PtS, in the pyrite samples was
ruled out. The spectrum of isomorphous Pt in the synthetic pyrite
sample is almost identical to the spectrum of Pt in the sample
of natural pyrite. Therefore, we conclude that Pt enriches the
natural pyrite specimen as a solid solution.

As was determined for synthetic Pt-bearing pyrite crystals, Pt
can additionally form nano-sized inclusions of PtS, and possibly
PtS (Filimonova et al. 2019). However, the attempts to describe
the XANES region of Pt in the natural sample by the combina-
tion of (Fe,Pt)S; and PtS/PtS,/PtSe,/PtAs; failed (detection limit
of linear combination fit technique (LCF) ~5-10% (Bazarkina
etal. 2010; Kelly et al. 2008). This also means that the Pt state is
different from that in the reference materials. These analyses
enable us to conclude that Pt is incorporated into the natural
pyrite matrix as an isomorphous solid solution, without the
formation of nano-sized inclusions. The formula of the studied
grain of the natural pyrite can be written as Pty go2Fe99.9985200
(Cpt=30 ppmw=0.185 ppma; ppma calculated for the
stoichiometric pyrite composition).

“Formal” oxidation state. The intensity of WL of the spec-
tra of Pt in the natural and synthetic pyrite samples is slightly
lower than that of Pt in PtS;. Although the L3-edge XANES
spectrum probes the 2p3p — 5d3p, 5dsp dipole transitions,
the Pt L3-edge spectrum reflects only the unoccupied S5ds.
Hence, the area and intensity of the white line of the Pt L3-edge
spectrum are proportional to the number of vacancies in the d
states (Lee et al. 2000; Mansour et al. 1984, and references
therein). Thus, in the pyrite structure, the positive charge on
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1722

[PtS,] polyhedron

[PtAs¢] polyhedron
PtAs,: Rpuas = 2.49 A

[PtTe¢] polyhedron
PtTe,: Rp.ro = 2.68 A
[PtSe¢] polyhedron
PtSez: Rps, = 2.51 A

[PtS¢] polyhedron
PtS,: Ros = 2.40 A

[PtS;] polyhedron

(Fe,Pt)S,: Reys = 2.35 Al

Pt-bearing natural pyrite
- Experimental
- Smoothed

Normalized absorption, arb.u.

I T I
11580 11600
Energy, eV

11560

Ficure 3. Pt L3-edge HERFD-XANES normalized spectra of refer-
ence materials and natural Pt-bearing pyrite specimen. All experimental
spectra are shown in gray. The smoothed spectrum of the natural sample
is shown in black. The vertical dotted lines denote the main features
typical of the spectrum of isomorphous Pt in pyrite structure (Fe,Pt)S;.
Pt-S/As/Se/Te interatomic distances are adopted from Rozhdestvina et al.
(2008), Brostigen et al. (1969), Furuseth et al. (1965a, 1965b), and
Grenvold et al. (1960).

Pt is lower than that on Pt in PtS;. To confirm this observation,
the “formal” oxidation state of Pt in the pyrite sample was esti-
mated through the e.j. positions. The difference between the e.j.
of the spectra of the references of Pt’, P2TS, Pt**S,, and the
e.j. of the spectrum of metallic Pt is shown as a function of
the “formal” oxidation state of Pt in Figure 4. According to this
graph, the “formal” oxidation states of Pt in the synthetic and
natural pyrite samples are +3.9 and +3.5, respectively, while
the “formal” oxidation state of Fe in FeS; is +2.

Partial atomic Bader and DDEC6 charges. The data on
calculated partial atomic Bader and DDEC6 charges on Pt in
PtS,, PtSe,, and (Pt,Fe)S, are given in Table 2. To obtain a
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FiGure 4. The difference between the positions of the absorption
edges (e.j.) of sample/reference material and metallic Pt as a function
of the “formal” oxidation state of Pt. The gray dashed line represents
the regression through the values obtained for the reference materials,
shown as gray circles. The calculated Pt “formal” oxidation state of
+3.5 in the natural sample is plotted as a black square.

TasLe 2. Partial atomic charges of Pt in the references and natural
pyrite sample

WL amplitude DDEC6 Bader charge
Sample ID (£0.1) charge of Pt, e of Pt, e
PtSe; 6.7 +0.25% +0.207
PtS; 104 +0.472 +0.64°
Pt-bearing synthetic 9.6 +0.44° +0.54°
pyrite (Pt,Fe)S;
Pt-bearing natural pyrite 8.7 +0.37 +0.44

2 Data from Evstigneeva et al. (2021).

calibration curve, we calculated the area under the white line
and plotted these data on a graph of the area under the first
intense peak (WL) vs. the calculated DDEC6 and Bader charges
(Figs. 5a and 5b, respectively). The regression lines through all
the values for reference materials are shown as dashed lines. Par-
tial atomic DDEC6 and Bader charges of Pt in the natural pyrite
sample are +0.37 and +0.44 e, respectively. These values are
slightly lower than those for the synthetic pyrite sample
(+0.44 and +0.54 e, respectively). The DDEC6 charge of Fe
is close to +-0.18 e, and that of S is —0.11 e (Evstigneeva et al.
2021). This means that the partial atomic charges of Pt are 2—3
times higher than those of Fe. This result is consistent with that
obtained for the “formal” oxidation state.

TasLe 1. The positions of the Pt L3-edge HERFD-XANES features in the experimental spectra of the references and natural pyrite sample

Energy position of the main features (+0.2 eV), eV?

Sample ID Mineral analog ej. WL Peak B
Pt0 metallic Pt® 11564.0 11566.6 11580.5
pPt2ts cooperite 11564.9 11566.6 11576.0
Pt*As, sperrylite 11566.0 11567.8 11575.8
Pt‘”Tez moncheite 11564.9 11566.6 11577.5
Pt**Se, sudovikovite 11565.2 11567.0 115771
pPt*ts, - 11566.0 11567.6 11576.8
Pt*+-bearing synthetic pyrite (PtFe)S, pyrite 11565.9 11567.6 11575.1
Pt-bearing natural pyrite pyrite 11565.7 11567.5 11575.1

@ Experimental spectra were calibrated with respect to the absorption edge of metallic Pt (11 564 eV); e.j.= edge jump, absorption edge; WL = white line, first

intense peak; peak B=second intense peak.
The spectrum of metallic Pt was recorded in the transmission mode.

American Mineralogist, vol. 110, 2025
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FiGURE 5. The area under the white line of the Pt L3-edge HERFD-
XANES spectra as a function of the partial atomic (a) DDEC6 and (b)
Bader charges. The gray dashed lines correspond to the regression
through the values obtained for the reference materials (gray circles).
Calculated partial atomic DDEC6 and Bader charges of Pt in the natural
sample are plotted as black squares.

Interatomic distance Pt-S in the first coordination shell.
The spectrum of PtS,, with its known local atomic structure
and geometry (Grenvold et al. 1960), was used as a reference
material. The experimental and FDMNES-simulated spectra
of Pt in PtS, are given in Figure 6a. The parameters of
simulation and convolution defined for Pt in PtS; were used
for the calculations of the spectra of the Pt-bearing pyrite
samples.

The set of simulations described below was aimed at deter-
mining the Pt-S interatomic distance in the first coordination
shell in the natural pyrite specimen. The calculation results
are shown in Figures 6b—6e and given in Table 3. The simula-
tions were performed for five Rpg interatomic distances in the
first coordination shell—2.31,2.33,2.35,2.37, and 2.39 A—of
the pyrite structure (Brostigen et al. 1969). Simulated spectra
are shown in varying shades of gray in Figure 6b. The increase
in Pt-S interatomic distance leads to a rightward shift in the
position of peak B and a leftward shift in the position of peak
C, as indicated by the black arrows. The energy differences
AE between positions of the WL and peak B/peak C for five
models are presented as functions of the Pt-S distances in
Figure 6¢—6d. The values of Pt-S interatomic distances in
natural and synthetic samples were calculated through the
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equations given in the figures. The calculated values are plotted
in Figures 6¢ and 6d. The theoretical value of Pt-S interatomic
distance in the synthetic pyrite sample of ~2.35 A is identical to
the value of 2.35+0.01 A defined for the same sample by
EXAFS method in Filimonova et al. (2019). The calculated
value of Pt-S interatomic distance in the spectrum of the natural
sample is ~2.34 £ 0.01 A. The spectra of Pt for both pyrite sam-
ples are shown together with one of the “best” FDMNES-sim-
ulated models with Rp..g of 2.35 A (Fig. 6e). The shape and
positions of the main features of the experimental and modeled
Pt-bearing pyrite spectra are close, indicating that Pt enriches
the natural pyrite specimen as an isomorphous solid solution.
The replacement of Fe by Pt increases the Me-S interatomic
distance by 3.5% from Rp..s=2.26 A (Brostigen et al. 1969)
to Rpr.s=2.34+0.01 A.

The percentage of ionic character of bonding in compounds
can be determined according to the equation (Hannay and Smyth
1946; Pauling 1940):

Percentage of ionic character = 0.16 X ()nion — Xcation)

+0.035 x (Xanion - Xcation)2 (1)

The revisited values of average Pauling electronegativities
(x) for S, Fe, and Pt are 2.58, 1.83, and 2.28 electronegativity
units, respectively (£0.1) (Allred 1961). Thus, using Equation
1, the percentages of covalent character for the Fe-S and Pt-S
bonds are 86 and 95%, respectively. These values indicate that
the bonding between Fe-S and Pt-S is predominantly covalent.
Comparison of the revisited covalent radii of Fe (1.32 A) and
Pt (1.36 A) (Cordero et al. 2008) suggests that in the case of
the Pt isomorphic substitution, the increase in the interatomic
distance of 3% should be observed. This value is in excellent
agreement with the difference between Fe-S and Pt-S inter-
atomic distances of 3.5%. This observation confirms the
hypothesis proposed for synthetic Pt- and Pd-bearing pyrite
crystals (Filimonova et al. 2024): the values of covalent radii
control the incorporation of Pt atoms into the Fe sites of the
pyrite structure. The increase in Me-S distance cannot be
accounted for by the difference in the values of electronegativ-
ities or the difference in the ionic radii (Shannon 1976) of Pt
and Fe.

Pyrite saturation with respect to Pt

Previous studies of the Aguablanca Ni-Cu-PGE deposit
showed that the most typical ore mineral association consists
of pyrrhotite + pentlandite 4 chalcopyrite + pyrite (po + pn +
cp+py; Ortega et al. 2004; Pifia et al. 2008, 2013). The
Fe—FeS, Fe; S — FeSy, Pt — PtS, PtS — PtS,, pyrite + bornite —
chalcopyrite (py + bn — cp) equilibrium lines are plotted in
the sulfur fugacity log f's, vs. reciprocal temperature 1000/T
(Toulmin and Barton 1964) diagram (Fig. 7). Filimonova et al.
(2022) studied the solubility of Pt in pyrite crystals and found
that Pt solubility strongly depends on the 1000/ and
log fs,. Using the results of their study, we added two fields
of Pt solubility in pyrite: <10 and >10 ppm. In the case of
the pyrite specimen from Aguablanca, roughly >10 ppm of
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FiGure 6. (a) Experimental Pt L3-edge HERFD-XANES spectrum of synthetic PtS; (solid line) and simulated spectrum of PtS; (dotted line);
(b) FDMNES-simulated XANES spectra of pyrite containing isomorphous Pt in the cation site. Simulated spectra were calculated for the models
with the different Pt-S interatomic distances (2.31-2.39 A). Dashed arrows denote the shifts of peaks B and C with the increase of Rpy_s. For all the
calculations, the energy origin is defined relative to the theoretical Fermi level; (¢, d) The difference between the positions of peak B/C and WL
(eV) as a function of the Pt-S interatomic distance (A). The values defined from the simulated data are shown in gray squares. The values for the
experimental data are shown in gray and black circles for the Pt-bearing synthetic and natural pyrite samples, respectively. The best agreement
between the experimental and simulated data is obtained when Pt is surrounded by S atoms at 2.34-2.35 A; (e) HERFD-XANES spectra of solid
solution Pt in synthetic and natural pyrite samples (Fe,Pt)S,. The best simulation of the XANES is archived when Pt is octahedrally coordinated by
6 S atoms at a distance of ~2.35 A (dotted line). Vertical black dotted lines denote the positions of the main features in the Pt spectra of the natural

and synthetic pyrite samples.

isomorphous Pt can be dissolved in the pyrite structure at sulfur
fugacity log f's, of above —5.5 and temperature of 360 — 743 °C
(but not at 7'< 360 °C). In this case, the temperature of 360 °C
was “the minimal enrichment temperature” at which a pyrite
grain containing ~30 ppm of the isomorphous Pt could be
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formed. This assessment is in excellent agreement with the
model proposed by Pifia et al. (2013), where large idiomorphic
secondary pyrite grains mostly hosted by pyrrhotite and pent-
landite were formed due to the increase of sulfur fugacity
through the circulation of late magmatic/hydrothermal fluids.
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TasLe 3. The FDMNES simulations of Pt local atomic coordination of studied pyrite samples determined for Pt L3-edge HERFD-XANES spectra

Difference between

Difference between

Calculated Rpy.s, A

Sample ID/Simulation Rpts, A peak Band WL, eV peak Cand WL, eV Equation 1, Figure 6e  Equation 2, Figure 6d  Average
Pt-bearing synthetic pyrite (Pt,Fe)S;  2.35+0.01° 7.50 40.70 2.35 2.35 2.35
Pt-bearing natural pyrite - 7.60 41.00 2.36 233 234
Simulation 1 231 7.15 41.45 231 231 -
Simulation 2 233 7.30 41.05 233 233 -
Simulation 3 235 7.55 40.75 235 235 -
Simulation 4 237 7.70 40.30 237 237 -
Simulation 5 239 7.95 39.90 239 239 -

2 Rpe.s predetermined using EXAFS spectrum fitting by Filimonova et al. (2019).

ConNcLUDING REMARKS AND IMPLICATIONS

We studied the state of Pt in a natural pyrite specimen from the
Ni-Cu-PGE sulfide Aguablanca ore deposit by X-ray absorption
spectroscopy at the Pt L3-edge. From the point of view of XAS
analysis, this pyrite sample containing ~30 ppm of Pt is extremely
diluted; therefore, we applied the HERFD-XANES technique,
which enables the recording of spectra with more pronounced
and better-resolved peaks (Proux et al. 2017). Our study empha-
sizes the importance of using the HERFD mode for the precise
and unambiguous identification of the state of PGEs in mineral
matrices (e.g., Pokrovski et al. 2021; Trigub et al. 2017). A com-
parison of the shape and main features of the HERFD-XANES
spectra of the Pt-bearing pyrite and reference materials showed
that Pt forms an isomorphous solid solution substituting Fe in
the pyrite cationic subshell. The presence of 1 wt% of As,
60 ppm of Se, and other admixtures does not affect the state of
Pt in the pyrite structure. The formation of the second form of

log fs,

1.8 1.6 1.4 1.2 1 0.8
1000/T, K
- py + bn = cp (Shvarov, 2008)
si"n':s'r'i'g ?é:)t - - - PtS; (Mills, 1974) - PtS

------ PtS (Naumov et al., 1974) — Pt

"Main" ore-forming field
(Barton, 1970)

>10 ppm.< 10 ppm

Ficure 7. The solubility of Pt in pyrite as a function of sulfur fugac-
ity log fs, and reciprocal temperature 1000/7. Data for the Fe-S system
are adopted from Toulmin and Barton (1964). S; refers to liquid sulfur, Sy
to sulfur vapor. Filled gray fields correspond to the level of solubility of
Pt in pyrite; data on solubility were adopted from Filimonova et al.
(2022). According to this diagram, the natural pyrite sample from the
Aguablanca deposit containing 30 ppm of isomorphous Pt was formed
at a temperature of more than 360 °C and —5.5 < log fs, < 0.4 (alight
gray field, Cp; > 10 ppm).

Pt, such as nano- or micro-sized inclusions of PtS,, PtS, Pt metal-
lic and intermetallic compounds, etc., described earlier in the syn-
thetic pyrite samples (Filimonova et al. 2019) and other natural
sulfides (e.g., Helmy et al. 2023; Gonzalez-Jiménez et al. 2019,
and references therein) was ruled out due to the identical shape
and the positions of the main features of the HERFD-XANES
spectra of Pt in the natural and synthetic pyrite samples.

The “formal” oxidation state of isomorphous Pt in natural
Fe?*S, is close to +3.5. The partial atomic Bader and DDEC6
charges of Pt are ~4-0.4 e (DDECG6 charge of Fe in the pure
pyrite structure is ~+0.2 e, Evstigneeva et al. 2021). The
estimations of the “formal” oxidation state, and partial atomic
Bader and DDECG6 charges suggest that in the pyrite matrix,
the overall valence electron density shifts away from the Pt atom.
The values of “formal” oxidation states and partial atomic
charges of Pt in the synthetic (0.25 wt%) and natural (~30 ppm)
pyrite samples are identical within each category, regardless
of the Pt concentration. The knowledge of the oxidation state
of Pt in the pyrite structure can be used in the development of
sustainable PGE leaching and extraction technologies.

To determine the Pt-S interatomic distance in the first coor-
dination shell of the natural sample, simulations via FDMNES
code were performed. The best convergence between the
XANES spectrum of isomorphous Pt and the simulated one
was achieved for the model where Pt substituted Fe in the cat-
ionic subshell, and the Pt-S interatomic distance was close to
~2.34-2.35 A (cf. Fe-S interatomic distance is close to 2.26
A) (Brostigen et al. 1969). The calculation of the percentage
of the ionic character for Pt-S and Fe-S bonds suggests that both
ofthem are strongly covalent (>85%) (Hannay and Smyth 1946;
Pauling 1940). The difference between the covalent radii of Fe
and Pt (Cordero et al. 2008) of 3% is close to the difference
between the Fe-S and Pt-S bond distances of 3.5%. This obser-
vation: (1) demonstrates that the difference in covalent radii is
more likely to control the incorporation of the Pt atom into
the Fe position in the pyrite structure rather than the difference
in ionic radii or electronegativities (cf. Filimonova et al. 2024),
and, therefore, (2) contributes to the understanding of the PGE
incorporation process into sulfide matrices from a crystallo-
graphic perspective.

Based on the literature data on Pt solubility in the synthetic
and natural pyrite samples (Filimonova et al. 2022; Mironov
et al. 2008; Large et al. 2007; Majzlan et al. 2002; Makovicky
et al. 1992), we estimated the conditions at which the pyrite
sample from the Aguablanca deposit was enriched with Pt.
The sample was enriched by a few tens of ppm of Pt at
T>360 °C (minimal temperature of the enrichment) and
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fs, > —5.5. This approach can be extended to determining the
minimum temperature required for the formation of Pt-bearing
pyrites from various deposits. The results of this study elucidate
the important role of pyrite as a carrier of the isomorphous form
of Pt in the Ni-Cu-PGE sulfide ore deposits.
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