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Abstract: The quasi-equilibrium directional crystallization of the melt composition (at. %): Cu 24.998,
Fe 25.001, S 49.983, with Ag 0.002, Pd 0.003, Ru 0.004, Rh 0.006, and Au, Pt, Ir (each as 0.001) was
carried out. The crystallized cylindrical ingot consisted of two primary zones and three secondary
zones with different chemical and phase compositions. The compositions of the primary zones
corresponded to high-temperature intermediate solid solution (zone I) and liquid enriched in sulfur
(zone II). The compositions of the secondary zones corresponded to low-temperature intermediate
solid solution and chalcopyrite (zone Ia), the same intermediate solid solution with chalcopyrite and
bornite (zone Ib), and again with bornite, chalcocite, and idaite (zone II). We plotted the distribution
curves of Fe, Cu, and S along the ingot, calculated the distribution coefficients of the components
during directional crystallization, and clearly showed that, from the initial stoichiometric composition
CuFeS,, the intermediate solid solution enriched in Fe and depleted in S is crystallized. Based on
the data of directional crystallization and thermal analysis, a cross section was constructed in the
intermediate solid solution-sulfide melt region of the Cu-Fe-S system. With solubility in the solid
Cu-Fe sulfides lying below detection limit of scanning electron microscopy/energy-dispersive X-ray
spectrometry (SEM/EDS), noble elements occurred as individual phases of a size more often <10 pm.
They were identified as Ag, RuS,, PdS, Au* (an Au based alloy), (Rh, Ir, Ru);Sg, (Rh, Ir)3Sg, Rh3Sg,
and (Cu, Fe)_,(Pt, Rh);S_5 phases by electron microprobe. Based on ab initio calculations of crystal
structure, electronic band structure, and lattice dynamics of idealized laurite RuS, phase and the
idealized Ir3Sg, Rh3Sg, and Ru3Sg phases, the interpretation of Raman spectrum of the cation-mixed
(Ru, Rh, Ir)S; sulfide was presented for the first time.

Keywords: Cu-Fe-S system; noble metals; directional crystallization; intermediate solid solution;
fine inclusions

1. Introduction

Knowledge of equilibrium phase diagrams of the Cu-Fe-S system and transition
processes between phases is important information for geology, and a large body of data
about the phase diagram of this system is known. In the central zone of the liquidus
surface of the diagram, there are fields of the pyrrhotite solid solution Fe,Cuj_,S+y,
intermediate solid solution (Cu, Fe)S; _, and bornite solid solution Cus.xFe1+xSy+y [1-6].
These high-temperature solid solutions have wide regions of homogeneity. The possibility
of crystallization from a melt of both stoichiometric CuFe,S3 isocubanite and copper-
enriched Cuj jFe; oS3 isocubanite was shown in [7,8]. Most of the problems are associated
with (Cu, Fe)S;_, which crystallizes at a temperature of 960 °C by the reaction between
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FeZCul_ZSH[y and a copper-rich sulfide melt [3]. High-temperature isothermal sections in
the middle part of the solid-melting diagram of the Cu-Fe-S system show the intermediate
solid solution crystallization region without equilibria of the sulfide melt with another
ternary intermediate phase [3,4,6]. There is a lack of data on the positions of conodes during
the crystallization of this solid solution in a wide range of temperature and melt composition
variations. Limited quantitative data on the equilibrium distribution coefficients of the
components are available in the works [3,4,6,8,9]. Stable and metastable modifications
of Iss were obtained by directed crystallization of melts with compositions lying in the
regions of primary crystallization of intermediate and pyrrhotite solid solutions, and each
modification had its own field on the liquidus surface and showed different behavior upon
cooling [9]. The study of a series of isothermal sections of the phase diagram showed that
(Cu, Fe)S1_x cooled to room temperature decomposes with the formation of chalcopyrite
group minerals [3-5,10]. This decay is controlled by kinetics and, therefore, there is a large
uncertainty in the identification of sulfide associations in the subsolidus range. Metastable
states are best understood if their ideal equilibrium state is known. In this case, directional
crystallization as a process with the most favorable kinetics, combined with a detailed
study of the chemical and microstructural features of a crystallized ingot, is the best way to
supply data on the equilibrium state of the sulfide associations.

The chalcopyrite group minerals forming typical associations of copper-rich sulfide
Cu-Ni ores are characterized by high contents of precious metals [11-16]. Some data on the
behavior of noble metal in the region of intermediate solid solution and melt coexistence
were obtained under isothermal conditions [16-21] and by fractional crystallization of the
melt [22-26]. It should be noted that most of these elements are present as inclusions of native
metals, alloys, intermetallic compounds, sulfides, or compounds with chalcophile elements
(Te, As, Bi, and Sb) between the basic sulfides, whereas data on the content of these elements
in the basic sulfides very scant. It is known that even small amounts of impurity atoms have
an influence on the nucleation rate, through creating some stresses interacting with vacancies
in the lattice [27]. Therefore, it is necessary to control the real distribution of the impurity
elements, both in matrix sulfides and in micro-inclusions of small sizes.

The transformation of chalcopyrite composition during the quasi-directional crystal-
lization was performed previously [9]. The aim of this work was to study a fragment of the
phase diagram of the Cu-Fe-S system in the region of crystallization of an intermediate solid
solution, and to identify the forms of precipitation of noble metal minerals during fractional
crystallization of a CuFeS; melt. To do so, the following operations were planned: plotting
of trajectories of the melt composition changes and intermediate solid solution as well
as a fan of conodes on the concentration triangle and constructing a polythermal section
of the melting diagram of the Cu-FeS system along the (Cu, Fe)S;_ crystallization path;
determination of the amount of noble metals in the matrix sulfides and in fine inclusions
by electron beam probe analysis using scanning and point variants, and employing the
entire arsenal of statistical expedients and standard practices for providing trustworthy
final results; characterization of complex-mixed inclusions with size <1 um and polyphasic
aggregates by Raman spectroscopy, which is highly valuable for the identification of the
nature of such types of phases.

To facilitate the manuscript reading, acronyms of the most-used abbreviators are
provided below:

o Iss intermediate solid solution (Cu, Fe)S14y;

e Bnss bornite solid solution CusxFe;+ySqty;

o L sulfide liquid;

o Is liquid rich in sulfur;

o (¢ Cug.ogFeq 0351 98 phase closed to tetragonal chalcopyrite;
o Isst low-temperature tetragonal intermediate solid solution;
o Che chalcocite Cu,S;

e Bn bornite CugFeSy;

e Id idaite CusFeSg.
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2. Experimental Section
2.1. Procedures

The initial sample of the composition (at. %): Cu 24.998, Fe 25.001, S 49.983, Ag 0.002,
Pd 0.003, Ru 0.004, Rh 0.006, Au, Pt, Ir (0.001 each) was prepared from metals (99.99%) and
sulfur (99.9999%), and purified of moisture by vacuum distillation. The basic principles
of synthesis and directed crystallization are provided in [23]. The mixture of elements in
a given ratio was held in a quartz ampoule under vacuum of 1.5 x 102 Pa at 1050 °C
for a day, and then cooled in air. After crushing, a powder (about 11 g) was placed in a
vacuumed and sealed ampoule with an inner diameter of about 8 mm and conical bottom,
which was located in a vacuumed quartz container ~10 mm in diameter. Directional
crystallization was carried out by the Bridgman-Stockbarger method in a two-zone furnace,
where the sample in the upper zone was heated to full melting and kept for two days,
cooling was into the cold zone at a speed of 2.25-10~8 m/s. It should be noted that such a
regime provided quasi-equilibrium conditions during the directional crystallization, which
made it possible to use the experimental results for the study of phase equilibria in the
Cu-Fe-S system. Temperatures of 905 °C and 534 °C were recorded at the beginning and
end of crystallization in the lower end of the quartz ampoule. After the completion of
crystallization, the ampoule was cooled in the switched-off furnace. The ingot cooled to
room temperature was dense, its tail part was swollen, and some drops of sulfur were
observed on the ampoule walls.

2.2. Characterization
2.2.1. SEM/EDS

The crystallized ingot, about 90 mm long and about 8 mm in diameter, was cut
perpendicular to the longitudinal axis into 30 pieces; each was weighed and determined the
fraction (g) of the crystallized melt. Fifteen polished pieces were used to obtain information
on microstructure, phase, and chemical composition and thermochemical properties. The
average compositions of matrix sulfides and fine individual inclusions were determined
by scanning electron microscopy with energy-dispersive X-ray spectrometry, using a high-
resolution microscope MIRA 3 LMU (Tescan Orsay Holding, Brno, Czechia) equipped with
X-ray microanalysis system AZtec Energy XMax 50 (Oxford Instruments Nanoanalysis Ltd.,
High Wycombe, UK) at the Analytical Center for multi-elemental and isotope research
SB RAS (Novosibirsk, Russia). The measurements were made at electron beam energy
of 20 keV and current of 1.5 nA, live spectrum acquisition time was 30 s (total square of
spectrum about 6 x 10° counts). In this case, area of the X-ray generation zone (spatial
resolution of the analysis) was 2-3 um with a beam spot size of 8-9 nm. The X-ray intensity
of the K-family S, Fe, and Cu and L-family Ru, Rh, Pd, Ag, Ir, Pt, and Au was also used. As
standards, pure metals and FeS, for sulfur were used. The detection limit for the elements
was 0.1-0.5 wt. % with accuracy of 1%. Phases smaller than 5 pm were analyzed with a
point probe. The average composition of multiphase regions was determined by scanning
an area of up to 1 mm?, and to reduce the detection limit by approximately 2 times, the
acquisition time of spectra was increased to 120 s. The average composition of phase
mixtures was calculated from 3-5 analyzes from different sites of interest from each section
along the ingot. Although such a method for analyzing multiphase objects from the point
of view of classical electron probe microanalysis seems to be not quite correct, nevertheless,
the relative error in determining the main components in such samples does not actually
exceed 1-2%, as was shown previously [28].

The sulfide matrix contained many inclusions of noble metal microphases with a size
of up to 0.5 um. To determine their composition, the region of generation of X-ray radiation
with an energy of beam electrons of 20 keV exceeds the size of inclusions; therefore,
the spectra of such inclusions are largely contaminated by the radiation of host matrix
components. Therefore, to increase the reliability of identification of fine mineral phases,
we carried out a series of measurements at an electron beam energy of 10 keV. At this
energy, the size of the X-ray generation zone decreases by about four times. Unfortunately,
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reducing the energy of the electron beam to 10 keV did not allow us to significantly improve
the accuracy of the analysis, since we had to use the intensity of M-families Ir, Pt, and Au
as analytical radiation, the deconvolution of the spectra of which is not performed reliably
enough by the software. In addition, the efficiency of excitation of Cu K-families’ lines is
too low, and the error of matrix corrections for the Cu L-family intensity is very large.

The average composition values along the length of a cylindrical solid ingot ¢; were
used to construct the dependence of the component concentrations on each fraction g of
the crystallized melt. The composition of the melt at an arbitrary moment of crystallization
ck was calculated based on these data and the material balance equation:

i

L_ o= Jycldg
o = S M
-8
Here, cj is the concentration (in at. %) of the i-th component in the initial ingot. It can
be used for calculating the distribution coefficient of a component between crystal and melt

ki(g) = c;/ct.

2.2.2. Thermal Analysis

When a solid solution crystallizes from a melt, analysis of a directionally crystallized
sample demonstrates the compositional change of the solid and liquid phases during
crystallization [29]. A series of samples whose compositions are located at the points of the
trajectory of the change in the melt composition was prepared and studied by differential
thermal analysis (DTA), and due to these results, a segment lying on the liquidus surface
in the region of solid solution crystallization was constructed. A curvilinear section of
the melting diagram along the crystallization path was designed, due to the combining
of DTA and directional crystallization data. A thermal experiment was carried out as
derivative thermal analysis (DDTA), recording the dependence of the change rate of the
temperature difference between standard and sample on time, and fixing more clearly the
onset of melt crystallization [30]. Samples of given compositions weighing ~0.2 g were
specially synthesized from elements in special thermo analytical quartz ampoules 3-4 mm
in diameter evacuated to a residual pressure of 1.5 x 10~2 Pa with a concave bottom. The
melting points of the samples were determined by standardless thermal analysis, heating
the sample at a rate of 15 deg/min, and cooling at a rate of ~30 deg/min. The coordinates
of thermal effects were found from the results of automatic differentiation of temperature—
time curves. The thermocouple was tested by the melting point of gold. The error of
recording the melting temperature was £5 °C.

2.2.3. XRD

For four samples finely ground with g = 0.09, 0.21, 0.37, and 0.53, XRD measurements
were carried out using a Dron-4 diffractometer (Bourevestnik JSC, Saint-Petersburg, Russia)
with Cu K« radiation and C monochromator over a 2-theta range of 25-80° with 1° step.
Lines of intensity of about 1-2% were accessible for observation. The obtained diffraction
patterns were interpreted using Powder Diffraction File, Inorganic Index, International Cen-
ter for Diffraction Data File (Pennsylvania, U.S.A). This method successfully characterized
the matrix sulfides, other than micro inclusions, that were present in low concentration [27].
Therefore, the Raman technique was used to obtain structural information for them.

2.2.4. Raman Spectroscopy

Here, Raman spectroscopy was used to characterize inclusions of Ru-Rh-Ir sulfides
with size of ~60 um based on the Raman spectroscopic data bank RRUFF [31]. The Raman
spectra were recorded with Horiba Jobin Yvon LabRAM HR800 spectrometer (Kyoto,
Japan) [32-34] excited with 532-nm green line of a Thorlabs Nd:YAG laser (40-mW power,
working at double-harmonic frequency). The power of incident light was attenuated by
optical filters to about 1 mW. The back-scattered light was collected with an Olympus
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objectives at magnification of 50x (WD = 0.4 mm) and 100x (WD = 0.2 mm). The spectra
were accumulated with a 1024-channel Peltier-cooled CCD detector in the region from
70 to 3800 cm~!. The use of uniform 100 pm slit and pinhole at holographic grating of
1800 grooves/mm provided the 2.2 cm ! resolution. Ne lamp lines were used for spectral
calibration. The deconvolution of Raman spectra into Voigt amplitude contours was
performed with the Model S506 Interactive PeakFit software (2002 Spectroscopy Software,
Canberra Industries, Meriden, CT, United States) [35]. AutoFit Peaks II Second derivative
method of this software was selected using minimization by least squares, sparse by
root-finding, vary the bandwidth, with linear background and maximum iterations of 50.

Calculation of lattice dynamics and Raman spectra simulation were done using density
function theory (DFT [36-38]) formalism implemented in CASTEP code [39]. The local
density approximation [40] was used. Initial structures of investigated compounds were
totally optimized using the following convergence conditions: 5.0 x 0~¢ eV /atom for
energy, 0.01 eV/ A for maximum force, and 0.02 GPa for maximum stress. The norm-
conserving pseudopotentials with a cutoff energy equal to 720 eV were used. The actual
spacing for Monkhorst-Pack grid over Brillouin zone was no more than 0.05 1/A. The
Lorentzian smearing equal to 5,20 and 30 cm ! was tested for Raman spectra plotting. The
phonon dispersion calculations for RuS, along high symmetry directions of the BZ was
performed using a linear response formalism [41].

3. Results and Discussion
3.1. Behavior of Macrocomponents
3.1.1. Chemical Composition
Results of the crystallization process as photographs of the crystallized ingot and
images of parts from different zones are shown in Figure 1.

0 g 0.91

a < Iss Ls

Zopel ~Zone II

g=0.01 g=0.49 g=091 g=093

Figure 1. Scheme of primary zoning of a directionally crystallized ingot (a), photograph of ingot (b), and
back-scattered electron images of sulfides in the secondary zones (c). Black areas are cracks and pores.

Identification of primary phases and reconstructs of the primary phase zoning were
made based on values of average composition in cross sections of the ingot, taking into
account the known data on high-temperature phases in the Cu-Fe-S system. The ingot
consists of two primary zones: zone I (0 < g < 0.91) occupies the larger part of the ingot,
and here, Iss crystallizes from the melt; in zone I (0.91 < g < ~1), Ly is formed (Figure 1a). In
Table 1, quantitative compositional variations of both of these states and their distribution
coefficients are shown as the function of g varying up to = 0.8.

These data were transformed into the distribution curves of the main components along
the ingot and into the curve of change in the melt composition (Figure 2). From this figure
it follows that, during crystallization, Fe predominantly passes into Iss (kg = 1.2-1.6), while
L becomes enriched in sulfur (ks = 0.98-0.85) and copper (kc, = 0.88-0.97). With increase of
sulfur in the melt, the distribution coefficients of Cu and Fe increase, while kg decreases.
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Table 1. Composition of Iss, L, and distribution coefficients of components between Iss and L (k)
depending on the degree of crystallization (g).

g Composition of Iss (at. %) Composition of Melt (at. %) k Iss/L)

Fe S Cu Fe S Cu Fe S Cu
0.04 29.07 48.87 22.06 24.83 50.05 25.12 1.17 0.98 0.88
0.06 28.93 48.32 22.75 24.74 50.08 25.17 1.17 0.96 0.90
0.09 28.73 48.73 22.54 24.61 50.13 25.26 1.17 0.97 0.89
0.13 28.24 49.08 22.68 24.44 50.18 25.38 1.16 0.98 0.89
0.16 28.69 48.41 22.90 24.29 50.24 2547 1.18 0.96 0.90
0.19 28.38 48.63 22.99 24.14 50.30 25.56 1.18 0.97 0.90
0.22 28.36 48.64 23.00 23.98 50.36 25.66 1.18 0.97 0.90
0.32 28.09 48.43 23.48 23.37 50.68 25.95 1.20 0.96 0.90
0.37 28.06 48.54 23.40 23.00 50.85 26.15 122 0.95 0.89
0.46 27.85 47.82 24.33 22.19 51.36 26.45 1.26 0.93 0.92
0.53 26.84 48.79 24.37 21.45 51.74 26.81 1.25 0.94 0.91
0.56 26.92 48.02 25.06 21.07 52.00 26.93 1.28 0.92 0.93
0.59 26.49 48.10 2541 20.68 52.28 27.04 1.28 0.92 0.94
0.73 25.83 4791 26.26 17.70 54.56 27.74 1.46 0.88 0.95
0.77 25.41 47.58 27.01 16.36 55.77 27.87 1.55 0.85 0.97

0.98
28
=26 M// 50947
= <
L:); 24 " 0.904
™ -]
22+~ T T T 1 0.86 T T T 1
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Figure 2. Distribution curves of Fe, Cu, and S in zone I of directly crystallized sample (a). Dependence
of distribution coefficient of Fe, Cu, and S between Iss and melt on the fraction of crystallized melt g (b).

3.1.2. Crystallization Paths

In Figure 3, trajectories of changes in the composition L as AB and that in Iss as
CD, together with the fan of conodes, are plotted on the concentration triangle, based on
results from Table 1. This clearly demonstrates the behavior of the Cu-Fe-S system during
fractional crystallization.

One can see that the first portions of Iss in the ingot had the composition Feg 20Cug 2250 49
enriched in Fe and depleted in S relative to the initial melt; the composition shifts towards Cu
and becomes even more depleted in sulfur (at g = 0.77 it is Fep 25Cug 2750 48) as the degree of
crystallization g increases.
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Fe

‘15 90 s 30 35
R—

Fe, at. %

Figure 3. Displaying results of directional crystallization on the composition triangle.

A is initial melt, AB is the change path in the melt composition during the Iss formation,
CD is the trajectory of the Iss composition change, AC is the conode at the beginning moment
of crystallization; and BD is the conode at g~0.8; the arrow shows the direction of change in
the melt composition, dashed lines show the transformation of conodes during crystallization.

Based on the scheme of the liquidus surface [2] during directional crystallization, most
of the part of the tested ingot should consist of Iss and a liquid enriched with sulfur, when
the trajectory reaches the separation region. As crystallization proceeds, the amount of
sulfide liquid L decreases until it disappears completely, and at the end, a sequence of
numerous reactions should realize with the formation of a multiphase product and porous
inclusions of gaseous sulfur. The result obtained in our experiment and shown in Figure 3
corresponds well to such a scenario.

In the process of the crystallization of Iss, in the melt the sulfur concentration increases,
while in Iss it decreases. Similar behavior was noted during the crystallization of ternary Cu-
Fe-S melts an in [9], where our measured values of the distribution coefficients of the main
components between Iss and L agree with their data. This means that macrocomponents
behave in strict accordance with the theory of quasi-equilibrium directional crystallization,
the main regularities of which were formulated previously on the example of Fe-Ni-S and
Cu-Fe-S systems in [42].

3.1.3. Polythermal Section

These foregoing results were supplemented with data of the derivative thermal anal-
ysis of four samples, whose compositions lie on the trajectory of the change in the com-
position melt. A polythermal cross section of the phase diagram of the Cu-Fe-S system
was built using the directional crystallization and thermal analysis of specially synthesized
samples along the crystallization path (Figure 4). Since the Iss + L conodes are located on
this surface, this section shows the conditions of phase equilibrium along the crystallization
path. This approach was also successful in constructing different quasi-binary sections of
the Cu-Fe-S system along the crystallization paths, such as stoichiometric CuFe;S; and
non-stoichiometric Cuj 1Fe; ¢Sz phases [7,8], a section of the Fe-Ni-S diagram in the region
of successive crystallization of two solid solutions [43] and sections of the Cu-Fe-Ni-S
diagram describing the crystallization of a monosulfide solid solution [44], and in the
region of successive crystallization of four solid solutions [45].
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Figure 4. Polythermal section of the Cu-Fe-S phase diagram along the crystallization path in the Iss
crystallization region. AB is liquidus line, and CD is solidus line.

3.1.4. Microstructure

With decreasing temperature, in a directionally crystallized ingot, subsolidus phase
reactions become possible, and this leads to the occurrence of inclusions in one of the primary
phases, or to its complete decomposition into daughter phases. In this case, separation of
the primary zones into secondary zones happens. Therefore, for the ingot consisting of two
primary zones: (Cu, Fe)S;_y and Ls shown in Figure 1a, zone I is divided into two subzones
according to the phase associations formed due to decay of Iss (Figure 1c). The microstructure
of subzone Ia at 0 < g < ~0.5 is matrix Iss’ of the composition Cuy 3Fey ¢Sg 1, in which lamellas
of tetragonal Cp’ phases with the cell parameters as a = 5.304 + 0.001 (2) A, c=10.425 + 0.002
(3) A and a = 5.318 4 0.006 (2) A, ¢ = 10.424 + 0.050 (3) A are presented (Figure 1c, g = 0.01,
Table 2). Based on the relation of the strong diffraction peaks intensity, the amounts of
the Iss' and Cp' phases are about the same, and it is difficult to establish which phase is
breaking up. In addition, difficulties arise in the differentiation of microcrystalline phases
chemically and structurally close to each other, which are the decay products of Iss or other
non-quenching Fe-Cu sulfides in the Cu-Fe-S system. Identification of these types of samples
requires a more sensitive and precise diffraction technique, such as that which was used
in [46]. In subzone Ib (~0.5 < g < 0.91), in addition to these phases, micron-sized bornite
inclusions occur (Figure 1c, ¢ = 0.49). The diffraction peak at d = 1.937 A with intensity of
I/Io = 2 was detected in the samples with g = 0.49 and 0.73 (Table 2), and was related to
the strongest peak of cubic bornite, according to data [47]. These results are consistent with
those in [6], where at temperature below 500 °C, the stability of sulfide associations such
as Cp + Iss and Cp + Iss + Bn is confidently shown. At the end of this zone, a sharp change
in microstructures occurs (Figure 1c, g = 0.91). Table 2 demonstrates the reliability of the
identification of the decay products from zone L
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Table 2. Identification of the decay products of Iss from zone I according to XRD standards.
Experimental Samples PDF Card

g=0.09 g=021 g=037 g=0.49 g=073 270164, Iss 090423, Cp*
dA) I/lo d@A) I/lo dA) /o dA) o d@A) Il  dA) /lo d(A) /lo
3.058 88 3.079 86 3.075 85 3.075 59 3.068 100 3.08 100 3.03 100
3.003 100 3.058 100 3.057 100 3.054 100 3.056 95 2.89 10
2.66 6 2.66 7 2.661 8 2.65 6 2.65 8 2.66 30 2.64 30
2.61 2 2.62 2 2.626 3 2.62 2 2.62 1 2.60 10
1.937 2 1.943 2 2.30 10

1.883 44 1.878 45 1.886 36 1.88 80

1876 3 1.879 44 1.876 39 1.875 47 1873 >3 1.870 20
1.866 31 1.852 80
1.862 32 1.8627 25 1.863 34 1.863 37 1.859 26 1.867 40

1.602 17 1.555 20 1.602 15 1.602 17 1.610 60
1.596 22 1.550 21 1.598 16 1.596 23 1593 18 1.590 10 1590 60

Zone 11 (0.91 < g < ~1) consists of several products crystallizing from the liquid en-
riched in sulfur: CusFeSy4, low-temperature Issk of composition Cupg 3Feps 65481, tetragonal
CuFeS;, chalcocite CuyS, idaite CusFeSg, and porous inclusions of gaseous sulfur, which
condensed on the walls of the ampoule when the sample was cooled to room temperature.
Gas pores are often contoured by chalcocite (Figure 1c, g = 0.93). We did not study this area
in more detail.

3.2. Behavior of Microcomponents
3.2.1. Chemical Composition and Microstructure

According to available data in the literature, Pt and Au do not accumulate in Iss [17,18],
Rh dissolves in sulfur-rich Iss [48], and Pd can enter Iss where Cu/Fe > 1 [18]. We can assert
with reasonable justification that the solubility of noble metals in the Iss matrix is below the
detection limit of X-ray microanalysis, and during the melt crystallization, the formation of its
own phases of noble metals is the preferential process. Based on Figures 5 and 6, and Table 3, the
following phases were identified chemically: RuS,, (Rh, Ir, Ru);Sg, (Rh, Ir)3Sg, and Rh3Sg phases
compositionally close each to other, PdS, Ag, an alloy based on Au which we have designated
as Au*, and (Cu, Fe).»(Pt, Rh);S).5 phase enriched in Cu and Pt. Note that all these phases
crystallize at different stages of melt solidification. Some words about their distribution:

¢=0.86 g=091 g=091 g=0.91

Figure 5. SEM images (a-h) of noble metal phases microstructures in sulfide matrices in back-scattered
electrons. Numbers 1-24 indicate locations of X-ray spectral microanalyses (for values, see Table 3).
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Figure 6. SEM images (a-i) of Au, Ag, Pt, Pd, and Rh phases microstructures in sulfide matrices in
back-scattered electrons.

Ru, Rh, Ir. Most parts of the ruthenium are released from the melt as RuS, at the
initial moment of crystallization at 0 < g < 0.01 (Figure 5a,b). The refractory ruthenium
sulfide laurite RuS, with Ty, ~1600 °C is known from the Ru-S binary system [49]. In the
Iss matrix, RuS, crystals present as single-phase inclusions up to 60 pm and as aggregates
with each other. They are characterized by a distinct cut, mainly in the form of hexagons
(Figure 5a), and less often in the form of tablets (Figure 5b). Other forms of RuS, crystals
contain impurities Ir, Rh, Fe, and Cu, as seen in Table 3. In these crystals, spatial chemical
inhomogeneity is observed: their central zone is rich in ruthenium, while the rim zone is
enriched in iridium. The Ru remaining in the melt is crystallized as a unit of rare single
RuS; crystals up to g~0.86. With g increasing, the sulfur concentration in the Ru-crystals
increases (Table 3, No. 6-13). There are both the compositionally homogeneous RuS,.,
inclusions, able to dissolve about 6 Ir, 3 Rh, 3 Fe, and 1 Cu (in at. %) (Figure 5c, Table 3, No.
6-11), and compositionally zonal inclusions (Figure 5d, Table 3, No. 12, 13). The core of the
zoned inclusions is represented by stoichiometric RuS; with a small admixture of Ir and Rh
(about 1 at. %), the outer part is enriched in sulfur and impurities of Ir and Rh—about 4
and 3%, respectively. According to the mineralogical data [50], natural laurite can dissolve
about 11 wt. % Ir and 2 wt. % Rh. In [51,52], experiments studying the influence of
temperature and active sulfur £(S;) on the phase relations in the Ru-Os-Ir-Cu-S system
showed that laurite RuS; can crystallize from the melt at temperatures of 1200-1250 °C
together with Ir, and the Ir solubility increases with increasing f(S;): at 1250 °C and £(S;)
107907 the Ir content increases to ~12 at. %. Despite the low content of ruthenium in the
initial melt, conditions for the formation of individual RuS; crystals from the melt in our
experiment were most likely fulfilled at a temperature of about 905 °C, which corresponds
to the beginning of melt crystallization in the experiment. Apparently, RuS; nuclei appear
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in the surface layer of the melt and are captured by growing Iss crystals. Clusters of RuS,
are present in the Iss matrix at the edges of the section (Figure 5a). Previously, we observed
a similar behavior of RuS; crystals during melt solidification in the Cu-Fe-Ni-S-(Ru, Rh)
system at the beginning of pyrrhotite crystallization [46]. In both cases, RuS; crystals are
collected in the conical part of the ampoule. In [46], it was suggested that the conical
shape of the RuS; sediment may be associated with Marangoni convection directed from
bottom to top along the walls of the ampoule. This causes a radial movement of the melt,
directed from the center of the crystallization front to its edges. From a melt rich in sulfur
(55.77 at. %) and copper (atomic ratio Cu/Fe = 1.7), at g > 0.86, a phase compositionally
close to (Rh, Ir, Ru)sSg crystallizes. This forms large aggregates or intergrowths ranging
from 10 X 20 um to 60 x 70 um distributed in the matrix Iss + Buss (Figure 5e,f), which,
apparently, crystallized from the melt.

Table 3. Chemical characterization of microstructural noble metal phases by SEM/EDS 1.

N Formula Photo Evidence Fe Cu Ag Pt Pd Ru Ir Rh S Total
Figure 5a
1 RuS, 5.17 2,57 0.39 <LD? <LD 4491 9.55 2.02 37.85 102.45
5.06 221 0.20 <LD <LD 24.27 2.71 1.07 64.48
2 RuS, 2.19 0.88 <LD <LD <LD 50.97 7.63 2.18 37.95 101.8
2.18 0.77 <LD <LD <LD 27.99 2.20 1.18 65.69
3 RuS; 151 0.71 <LD <LD 0.74 55.16 3.23 127 37.57 100.19
151 0.62 <LD <LD 0.39 30.46 0.94 0.69 65.4
Figure 5b
4 RuS; 4.83 3.39 <LD <LD <LD 44.72 9.08 19 37.09 101.01
4.79 2.96 <LD <LD <LD 24.51 2.62 1.02 64.10
5 RuS; 2.96 137 <LD <LD <LD 53.10 4.56 1.46 3791 101.36
291 1.18 <LD <LD <LD 28.86 1.30 0.78 64.96
Figure 5¢
6 RuSz,x 3.67 1.88 <LD <LD 0.61 31.88 20.05 5.94 37.76 101.79
3.74 1.68 <LD <LD 0.33 17.96 5.94 3.29 67.06
7 RuSzx 3.38 1.47 <LD <LD <LD 31.51 20.76 6.08 37.70 100.91
3.48 1.33 <LD <LD <LD 17.93 6.21 3.40 67.64
8 RuSy.x 3.19 1.42 0.38 <LD <LD 31.40 21.39 6.43 37.83 102.04
3.27 1.28 0.20 <LD <LD 17.78 6.37 3.58 67.53
9 RuSz,x 3.06 1.34 0.48 <LD <LD 30.82 21.14 5.85 37.59 100.29
3.18 122 0.26 <LD <LD 17.68 6.38 3.30 67.99
10 RuSy,x 3.12 145 <LD <LD <LD 31.16 21.74 5.97 38.10 101.53
3.20 1.31 <LD <LD <LD 17.65 6.48 3.32 68.04
11 RuSz,x 3.62 1.56 <LD <LD <LD 31.79 20.03 6.01 38.16 101.17
3.69 14 <LD <LD <LD 17.90 5.93 3.32 67.75
12 RuSzx 2.09 1.20 0.43 <LD 0.57 53.25 4.30 1.46 37.88 101.18
2.07 1.04 0.22 <LD 0.30 29.10 1.24 0.78 65.26
13 RuSy.x 3.46 1.51 <LD <LD <LD 37.21 14.01 6.11 38.24 100.55
3.48 1.34 <LD <LD <LD 20.7 4.10 3.34 67.05
Figure 5e
14 (Rh, Ir, Ru) 3Sg 3.22 1.83 <LD <LD <LD 18.75 20.19 17.59 40.87 102.46
3.16 1.58 <LD <LD <LD 10.18 5.76 9.38 69.94
15 (Rh, Ir, Ru) 35g 3.07 1.81 <LD <LD <LD 18.4 20.39 17.8 40.33 101.79
3.05 1.58 <LD <LD <LD 10.1 5.89 9.60 69.79
16 (Rh, Ir, Ru) 3Sg 3.49 2.99 0.46 <LD <LD 12.61 18.22 23.6 4149 102.85
3.37 2.53 0.23 <LD <LD 6.72 5.11 12.35 69.70
17 (Rh, Ir, Ru) 3Sg 3.10 2.24 <LD <LD <LD 14.13 19.65 21.56 40.77 101.45
3.06 1.94 <LD <LD <LD 7.71 5.64 11.55 70.10
18 (Rh, Ir, Ru) 3Sg 3.20 2.63 <LD <LD <LD 13.65 19.18 21.71 40.63 101.00
3.16 2.28 <LD <LD <LD 7.45 5.51 11.64 69.95
Figure 5f
19 (Rh, Ir, Ru) 3Sg 2.77 3.10 <LD <LD <LD 6.71 19.02 29.25 41.12 101.96
271 2.66 <LD <LD <LD 3.63 541 15.53 70.07
20 (Rh, Ir, Ru) 3Sg 3.72 3.92 <LD <LD <LD 3.20 15.23 32.20 41.81 100.08
3.59 3.32 <LD <LD <LD 171 4.27 16.86 70.26
Figure 5g
21 (Rh, Ir, Ru) 3Sg 2.59 5.76 <LD <LD <LD <LD 4.09 43.66 43.78 99.89
2.38 4.65 <LD <LD <LD <LD 1.09 21.78 70.10
Figure 5h
22 CuRhS_3 2.64 5.70 <LD <LD <LD <LD 4.09 43.97 43.12 99.54
2.45 4.65 <LD <LD <LD <LD 1.10 2213 69.67
23 (Cu, Fe)»(Pt, Rh);S.5 5.04 20.28 <LD 33.09 1.09 <LD <LD 2.28 33.10 94.87
5.49 19.41 <LD 10.32 0.62 <LD <LD 1.35 62.81
24 (Cu, Fe)»(Pt, Rh);S_5 4.13 17.14 <LD 39.10 <LD <LD <LD 2.95 30.56 93.88
4.85 17.68 <LD 13.13 <LD <LD <LD 1.88 62.47

! For each phase, compositions expressed in wt. % (first row) and in mol. % (second row). 2 Detection limit, LD,
was 0.4-0.5 wt. % for Pt, and 0.1-0.2 wt. % for the others. For all phases with 0.5-2 um of size, reliability of the
composition determination was based on the analysis of 5-20 individual inclusions being identical in color, luster,
and shape, and preference was given to measurements on the largest crystals.
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In addition to Ru-crystals, the Iss + Bnss matrix also contains elongated oriented (Rh,
Ir)3Sg inclusions up to 1 x 10 pm in size, which form colonies (Figure 5h) and single
irregularly shaped grains of about 3 x 2 um in size, which were bordered by the phase
(Cu, Fe)»(Pt, Rh);S_5 (Figure 5g). The rough inclusions, unlike crystals, do not dissolve
Ru, and we believe that they can occur both in the solidification process and as a result of
solid-phase processes. At the moment, we have no idea about the real mechanism of their
formation, although the second mechanism appears more preferable.

The Rh-5 system in the sulfur-rich region (>60 at. %) is known only as hypothetical. In
this region, below a temperature of ~757 °C, the cubic sulfide RhS.3 is stable [49]. In [53]
the existence of a phase compositionally close to Rh3Sg was shown. The phase diagrams
of the ternary systems Rh-Fe-S (at 900 and 500 °C) and Rh-Cu-S (at 900, 700 and 500 °C)
were studied in [54,55]. Based on them, a phase Rhj 755775 with 4 at. % Fe occurs in
the Rh-Fe-S system, whereas in the Rh-Cu-S system at a temperature of 900 °C, the solid
solution Cu,RhS3, (x varies from 11.3 to 5.1 at. %), and RhS.3 (with 1.8 at. % Cu) is
stable. At a temperature of 700 °C, the range of solid solution Cu,RhSs, changes from
Cuy.0Rh163567.7 to Cuis g9Rhyg 5566, whereas “RhS_3” phase has a composition rich in
copper Cup 4Rhys5557,7.

Pt, Pd, Au, Ag. Our experiment showed that Pt, Pd, Au, and Ag form their own
phases at the tail of the ingot (¢ > 0.86). Ag, Au*, PdS, the phase ~Rh3Sg, and an unnamed
phase (Cu, Fe)_»(Pt, Rh);S.5 were found in this area. Micron inclusions of these phases
show a tendency to faceting (Figure 6a—f), although uncut individual inclusions are also
found (Figure 6g,h).

Palladium forms the phase Pd 97Cug 4S, which is similar to the vysotskite mineral but
contains an admixture of Cu. It is present in bornite as faceted crystals about 1 x 1 pm
in size in the Bnss matrix (Figure 6d), but more often, its grains form intergrowths of
Pd97Cup04S/Au* in the matrix Iss + Bnss (Figure 6¢). In [55], it was shown that up to
1 at. % Cu can be dissolved in PdS. The Au* alloy contains ~84 at. % Au, ~13 at. % Ag, and
several percentages of Cu and Fe. The main part of Au* inclusions, its two-phase intergrowths
with Ag, PdS, and Cu-Pt-sulfide phase are related to Bnss (Figure 6b—d,g—i). Silver with an
impurity of ~2 at. % Cu that were single-phase faceted inclusions up to 4 x 4 pm in size
and two-phase aggregates Ag/Au* were found in the Briss matrix (Figure 6a,h). In addition,
Iss grains were turned by Ag (Figure 6f). The presence of impurities in Au*and Ag was
possible, since solid solutions of Ag, Cu, Fe with Au, and Ag with Cu are formed on the melt-
ing diagrams of binary Au-Ag, Au-Cu, Au-Fe, and Ag-Cu systems [49]. Platinum forms the
(Cu, Fe).»(Pt, Rh);S.5 phase with the composition Cuyg,0+1.8Fe4.9+0.1Pt11.742.0Rh1 74045627402
(Table 2). It may contain ~0.6 at. % Pd as impurity.

This phase occurred in the Fe-Cu sulfide matrix as single grains prone to faceting, as
clusters of irregular shape ranging in size from <1 pm to 2 x 10 pm, as rims around the grains
of the Rh3Sg phase (Figure 6e,f), and as intergrowths with Au* (Figure 6i). There are no data
in the literature on the phase diagram of the Cu-Pt-S ternary system and systems of higher
component content, and thus, reliable phase identification of this phase presents difficulties.

Summing up of all the experiments, one can advance that entering of noble metals
in the matrix sulfide has a minor effect on crystallization of macrocomponent sulfide
phases [56]. Noble metals are deposited mainly as sulfide compounds, exclusive of gold
and silver, which are in a metallic state and occur also as solid solution (see Figure 6h).
They might occur in the cooled ingot due to the crystallization process, and as solid—phase
decay of parental sulfide and their low-sized particles remain invisible for XRD analysis.

3.2.2. Raman Spectra of Ru-Rh-Ir Sulfide

Raman spectra of Ru-Rh-Ir sulfide samples presented by typical experimental spectrum 1
(RuS; laurite-like) and calculated spectrum 2 are shown in Figure 7. The conventional cell of
RuS; [57] consists of 12 atoms that results in 36 vibrational modes. The total set of irreducible
representations [58] should be written as Iy, = Ag + 2A,, + Eg +2Ey, + 6T}, + 3T, where non-
degenerate is Ag and A, doubly degenerate is E¢ and E,;, and triply degenerate is T, and T.
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One of the T;, modes is acoustical, while the remaining T;, modes are infrared-active. The
Raman-active modes are A¢ + E¢ + 3T, and the A, and E,, are silent modes. The DFT-calculated
Raman spectra for RuS, are shown in Figure 7 (2-5). Spectral contours were simulated with
Lorentzian broadening, equal to 5, 10, and 20 cm ! and, as can be seen in Figure 7 (2-4), excellent
agreement with experimental data (1) was achieved using 20 cm~! broadening. Probably, this
band widening is caused by low-size crystallinity and some variation of Ru-Rh-Ir composition
at the volume of accumulation of Raman signal (2 pm x 2 pm x 20 um).

RuS,

exp.

2 1
7
{ o=y
9
c calc. FWHM 30 cm™
c S —— . 2
(]
% calc. FWHM 20 cm™
o 3
calc. FWHM 5 cm™’ A
(1] ] Raman 5
| | [ ]| Infrared 6
| ] | | Non-active 7
1 1 1 1 1 1 1
0 100 200 300 400 500 600

Wavenumber, cm™'

Figure 7. Experimental (1) and calculated (2—-4) Raman spectra of RuS; (laurite structure). Calculated
dashed spectral diagrams (5-7) are presented, including Raman-active (5), infrared-active (6), and non-
active (7) vibrational modes. Calculated Raman spectra (2—4) are plotted using different bandwidths
(FWHM): 5 (4), 20 (3), and 30 (2) cm ™.

The crystal structure of RuS; consists of octahedral RuSg units connected through com-
mon vertices and through S-S bridges. Experimental high intensity peak around 368 cm ! is a
combination of two vibrations. The first one is related to S-Ru-S stretching mixed with the
rotation of S ions around the S-Ru-S axis, see Figure 8a, and the second one is an antiphase
stretching of S-Ru-S in neighboring octahedral groups, as shown in Figure 8b. Due to the fact
that the octahedral groups are interconnected, vibrations of structural units take on a complex
form and should not be described only as RuSg vibrations. Thus, the S-S stretching vibrations
formally lead to rotations of RuSg, shown by red arrows in Figure 8c. The triply degenerated
T¢ mode with calculated wavenumber equal to 404.9 cm ! is an opposite sulfur vibration, as
shown in Figure 8d. The calculated vibrational mode with the highest wavenumber value is a
triply degenerated (T) vibration of sulfur ions in crystal planes, as shown in Figure 8e.

Calculated phonon dispersion curves v(k) (the band frequency versus the wave vector)
within the Brillouin zone of RuS; laurite structure are plotted in Figure 9. Recently [59],
phonon dispersion was modeled for new marcasite phase of RuS; and for p-RuS, (laurite)
structure at 8 GPa; however, not every path through high symmetry points of BZ was
presented. The full path along the Brillouin zone points should be chosen as I'-X-M-I'-R-X,
R-M-X; and coordinates of these points are I'(0,0,0), X(0,0.5,0), M(0.5,0.5,0), R(0.5,.0.5,0.5),
X1(0.5,0,0) [60]. As can be seen in Figure 9, there are no imaginary phonon modes over
the whole Brillouin zone; thus, the investigated structure is dynamically stable. The range
from 350 to 450 cm ™! at the I'-point was studied experimentally with Raman spectroscopy
method and discussed above. Remain vibrational (infrared-active and silent modes) modes
in the center of BZ are from 150 to 400 cm~!. At the same time, due to the imperfection of
the crystal structure (impurities, disordering, etc.), one should not exclude the possibility
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of the appearance of phonons from other points of BZ in the experimental Raman spectra.
Thus, the appearance of wide spectral bands below 350 cm ! in Figure 9 can be possibly
explained due to the imperfection of laurite crystal structure, in addition.
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Figure 8. Schematic representation of vibrational modes: (a) Eq 370.5 cm~ 1, (b) Tg 372.1 em~ L, () Ag
386.8cm ™!, (d) Ty 404.9 cm™!, (e) T, 434.7 cm 1.
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Figure 9. Ab initio calculated phonon dispersion curves of the Brillouin zone of RuS, laurite structure
plotted along major directions.

Figure 10 shows experimental Raman spectrum of the sample (Ir, Rh, Ru)3Sg, compared
with the calculated Raman spectra (dashed spectral diagrams) of idealized phases of
structure type-1I: RuzSg, Rh3Sg, and Ir3Sg.
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Figure 10. Experimental (blue spectrum) Raman spectrum of the sample (Rh, Ir, Ru)3Sg and calculated
dashed spectral diagrams of RuzSg (black), Rh3Sg (red), and Ir3Sg (orange).

There is satisfactory correspondence of the three calculated spectra to the experimental
one. It does not seem possible to give preference to one of the three idealized structures
and to one Raman spectrum of this phase.

For poorly structurally attested cation-mixed Ru-Rh-Ir sulfide, interpretation of the
Raman spectra (Ag, Eq and Tg modes) is presented, based on ab initio calculations of
the crystal structure, electronic band structure, and lattice dynamics, together with the
calculated forms of vibrations of all bands observed in Raman spectra. The IR spectrum
(T,, modes) and the set of inactive vibrations (A, and E,, modes, which are forbidden in the
IR and Raman spectra) are also presented. Using ab initio lattice dynamics calculations,
the Raman spectra of the mixed (Ir, Ru, Rh) sulfide with the Ir3Sg type of structure are
interpreted for the first time.

3.2.3. Features of the Behavior of Microcomponents

Noble metals form individual phases during the directional crystallization of the ingot.
Enrichment of the melt in copper and sulfur during crystallization exerts influence on the
sequence of phase occurrence along the ingot length. An increase in sulfidization degree in
Ru, Rh, and Ir is observed during crystallization. Therefore, at the beginning of the process
in zone I, stoichiometric laurite RuS; is predominantly formed, doped with Ir and Rh up to
1 at. %, but with increasing g it is transformed at first to sulfur-rich laurite (Ru, Rh, Ir)S.,
enriched with Ir and Rh (up to 6 at. %), and then it is rich in sulfur and Rh phase (Rh, Ir,
Ru)3Sg. At the end of the process in zone II, the following noble metal sulfides are formed:
(Rh, Ir)3Sg, Rh3Sg, PdS, and a phase rich in copper and platinum (Cu, Fe).,(Pt, Rh);S_5. For
gold and silver, only metal mineral molds were detected. Note the complex behavior of
rhodium during the crystallization of a zonal sample. In zone ], it dissolves in RuS,, and
being left in the melt, Rh noticeably accumulates in the melt and then forms the (Rh, Ir,
Ru);Sg phase. By the end of the process in zone II, Rh completely replaces Ru and Ir in this
phase and also dissolves in the phase (Cu, Fe).,(Pt, Rh);S.5. The (Rh, Ir, Ru)3Sg sulfide
remains as a poorly structurally attested phase since the structural data are known only for
the stoichiometric compound in the Ir3Sg phase.

Features of the behavior of impurity components forming independent microphases
were considered in the context of the theory of directional crystallization of multicomponent
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melts presented in [61]. In the presence of noble metal additives, the zoning of platinum
group elements (PGE), Au, and Ag impurities is superimposed on the zonal distribution of
the main components. Each impurity zone differs in that it has its own set of microphases.
The transition from one zone to another leads to disappearance or occurrence of a new
microphase that occurs more often. As a result, a regular change in the microphases
distribution along the ingot length should occur. In our ingot, such a strict regularity is
not observed. Nevertheless, one can observe fractionation of elements with distribution
coefficients solid /liquid >1 (Ru, Ir, and Rh) and <1 (Pt, Pd, Au, and Ag). Therefore, the
first portions of the sulfide melt are enriched in Ru, Ir, and Rh, while the last portions
of the melt are enriched in sulfur and copper, and concentrate elements Pt, Pd, Au, and
Ag. They are deposited from the melt, respectively, at the initial or final stage of ingot
formation as a combination of minerals of these elements. Due to the small amount of
microcomponents, a solid crystallization front cannot form. Therefore, the formation of
nuclei becomes the main limiting stage, and the nuclei formation goes under highly non-
equilibrium conditions. Thus, we can state that, in this case, the theory of quasi-equilibrium
directional crystallization for microcomponents does not function, as was noted by us
previously in [22-26].

It is known that the Cu-Fe-S system, including noble elements, is the basic geochemical
system and is widely used to model the formation of sulfide igneous ores of copper
and nickel, and to interpret geochemical and mineralogical data. A significant lack of
information about the phase relationships in such a complex system does not allow for
the explanation of the physicochemical features of the formation of massive ore bodies. In
this case, the directional crystallization method makes it possible, because an ingot was
obtained which imitates the zoning of a solid sulfide ores body, providing fresh insight into
the behavior of noble metals in this process. Knowledge of the ideal equilibrium behavior
of the impurity phases allows for the more reliable interpretation of their non-equilibrium
transformations depending on temperature. In our study, an interesting fact was obtained:
Ru, Rh, and Ir form sulfide phases, while the Au and Ag metals remain uncombined.
This is consistent with known mineralogical data that ruthenium sulfide laurite RuS; is
widespread in copper-rich paragenesis, while gold forms Au alloys with Ag and Cu.

4. Conclusions

A large amount of new quantitative information was obtained in the work regarding
a fragment of the phase diagram of the Cu-Fe-5S system in the region important for the for-
mation of copper-rich and sulfur-rich sulfide ores. Acquisition of this new knowledge was
made possible due to the combination of a specific unconventional method of directional
crystallization of the melt and traditional synthetic and characterization methods.

Regions of primary crystallization of Iss and Ls in the tested region of the diagram were
established, and this is quite consistent with the constitution of the melting diagram of the Cu-Fe-
S system, and the Iss fraction of the initial part of the ingot comes to 91 vol. %. The distribution
curves of the components in the ingot are constructed, which correspond to the primary zoning.
The constructed distribution curves showed that the first portions of Iss crystallized from the
melt are enriched in Fe and depleted in S, relative to the initial melt. The coefficients of the
interfacial distribution of Cu, Fe, and S, and the liquidus temperature along the crystallization
path, were determined and, based on them, the liquidus and solidus lines were also constructed.
The secondary mineral zoning formed during subsolidus transformations of primary phases
such as Iss' + Cp!, Iss' + Cp' and Iss + Bn + Chc + Id, was determined, and such zoning can present
in natural Cu-rich sulfide ores.

The regularities of the behavior of Pt, Pd, Rh, Ru, Ir, Au, and Ag during the fractional
crystallization of the melt were studied. During crystallization, the first portions of the
melt were enriched in Ru, Ir, and Rh, while the last portions of the melt were enriched in
sulfur and copper and concentrate from elements Pt, Pd, Au, and Ag or Ru, while Rh and
Ir increased the sulfidization. They are deposited from the melt, respectively, in the initial
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or final stage of ingot formation as a combination of minerals of these elements. Their
formation proceeds through the stage of nucleation and growth of microcrystals.

Using ab initio lattice dynamics calculations, the Raman spectra of the mixed (Ir, Ru,
Rh) sulfide with an Ir3Sg type of structure are interpreted for the first time.
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