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Abstract: The study focused on the forms of occurrence and distribution of hidden (“invisible”) noble
metals (NMs = Au, Ag, Pt, Pd, Ru) in the coexisting pyrites and arsenopyrites of four samples of
mineral associations from three Au deposits in the north-east of Russia. The unique nature of our
approach was the combination of methods of local analysis and statistics of the compositions of
individual single crystals of different sizes. This allowed us to take into account the contribution
of the surface component to the total NM content and to distinguish the structurally bound form
of the elements. The following estimates of the distribution coefficients of the structural (str) and

surficial (sur) forms of elements were obtained: D
str
Py/Asp = 2.7 (Au), 2.5 (Pd), 1.6 (Pt), 1.7 (Ru) and

D
sur
Py/Asp = 1.6 (Au), 1.1 (Pd), 1.5 (Pt and Ru). The data on Ag in most cases indicated its fractionation

into pyrite (D
str
Py/Asp = 17). Surface enrichment was considered as a universal factor in “invisible”

NM distribution. A number of elements (i.e., Pt, Ru, Ag) tended to increase their content with a
decrease in the crystallite size in pyrite and arsenopyrite. This may be due to both the phase size effect
and the intracrystalline adsorption of these elements at the interblock boundaries of a dislocation
nature. The excess of metal (or the presence of S vacancies) in pyrite increased Ag and Pt content
in its structure and, to a lesser extent, the content of Ru, Pd and Au. Arsenopyrite exhibited a clear
tendency to increase the content of Pt, Ru and Pd in samples with excess As over S. Sulphur deficiency
was a favourable factor for the incorporation of Ag and platinoids into the structures of the mineral
associations studied. Perhaps this was due to the lower sulphur fugacity. Pyrite with excess Fe was
associated with higher contents of some NMs. The presence of other impurity elements was not an
independent factor in NM concentration.

Keywords: noble metals; invisible species; distribution; pyrite; arsenopyrite; structural and
surficial modes

1. Introduction

The distribution of noble metals (NMs) between sulphide and arsenide minerals, particularly,
pyrite and arsenopyrite, is of interest from several aspects. These minerals play an important role
as concentrators of platinum group elements (PGEs) and Au in magmatic and high-temperature
hydrothermal systems [1,2]. Although pyrite is unstable above 742 ◦C and arsenopyrite above 702 ◦C,
these minerals are, in principle, capable of forming at the magmatic stage from sulphide melts
containing low-melting-point chalcophile elements. It has been experimentally proven that pyrite can
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crystallise as a primary magmatic phase resulting from subsolidus reactions with the participation of
monosulphide solid solution (mss) and intermediate solid solution (iss), and its formation does not
require obligatory participation of hydrothermal processes [3]. However, pyrite and As-containing
sulphides in Ni–Cu–PGE deposits are mainly considered as substitution products that inherit the
rare-element composition of primary ores [4]. In Au deposits of different types, pyrite and arsenopyrite
are common ore components, but, as a rule, of NMs, only Au is usually considered and analysed
in their associations. Elevated PGE contents are associated with sulphides of metal-bearing black
shales [5]; however, we were unable to find data for them concerning the platinoids contents in the
coexisting pyrite and arsenopyrite.

The distribution of NMs between pyrite and arsenopyrite is directly related to the issues of
the forms and limits of NM incorporation into these minerals. For example, if we consider Au,
then according to Reich et al. [6], the maximum Au content in pyrite is related to its As content by
linear dependence. It is assumed that this dependence satisfies the low-temperature conditions of
pyrite crystallisation, Au solubility in pyrite being of retrograde nature and increasing with decreasing
temperature [7]. If this is true, then the low-temperature pyrite–arsenopyrite associations are of great
interest for assessment of the limit of Au incorporation into pyrite. In pyrite coexisting with arsenopyrite,
the chemical potential of As and its content must be extremely high for the given combination of
temperature and sulphur fugacity (f S2) in which this paragenesis is stable. Arsenopyrite is a mineral
of variable composition, and its As content depends on these parameters. In addition, it is believed
that the PGE–As bond in pyrite, which is characterised by the presence of As, is energetically more
advantageous as compared to the PGE–S bond in monosulphide–pyrrhotite and pentlandite [8].
Consequently, the highest concentrations of PGE can be observed in As–pyrite, which is in association
with arsenopyrite. Most recently, experimental data on the unexpectedly high isomorphic capacity of
pyrite with respect to platinum have appeared: pyrite crystals synthesised at 580 and 590 ◦C contained
up to 4 wt % Pt [9]. X-ray absorption spectroscopy demonstrated that it replaces Fe in the form of Pt2+

in the structure of pyrite. In this regard, there arises the question of why these opportunities are not
realised in the natural environment, and what parameters and conditions determine the occurrence of
NMs in these minerals.

PGEs exhibit bimodal distribution, forming discrete inclusions of the metal and its compounds with
chalcogenides and pnictides, as well as solid solutions in sulphides, arsenides and sulpharsenides [10,11].
The form of PGE dissolved in the crystal lattices of these minerals is called the hidden form of the
element [11]. This is one of the forms of occurrence of the element that is considered “invisible”,
i.e., beyond the possibility of diagnosis by optical microscopy. Such forms also include submicron
inclusions of inherent phases of microelements (including nanoparticles), as well as elements present
in the surface layers of minerals in the composition of surface non-autonomous phases or on the
surface itself in the adsorbed state [12–14]. Invisible forms are related by mutual transformations. Thus,
nanoparticles of Ag2S arise during quenching from 500 ◦C of pyrite crystals containing a structural
admixture of Ag [14]; nanoparticles of PtS2 are released upon cooling pyrite crystals that contain
an isomorphic admixture of Pt [9]. The same processes are likely to lead to the formation of NM
nanoparticles (<100 nm) in minerals from deposits of magmatic genesis [15]. Gold nanoparticles can
be formed under conditions of pyrite undersaturation with Au due to the intracrystalline reduction
reactions associated with changes in the chemical state of other elements (for example, As [16]).
Similarly, elements chemically bonded in surface nanoscale phases can transform into nanoparticles
when external physical and chemical conditions change, which also results in bimodal distribution of
the element, but only on the mineral surface. In this case, Au nanoparticles (~5 nm) on the surface of
sulphide minerals (e.g., arsenopyrite and chalcopyrite) are prone to aggregation by the self-assembly
mechanism with the formation of microparticles smaller than 10 µm [17].

It is easy to understand that the distribution of invisible NM forms is influenced by many factors,
including various types of crystal imperfections in mineral phase-point defects, boundaries of blocks and
grains in crystals and their surfaces. For example, elevated levels of Au and other NMs in arsenopyrite
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are associated with its non-stoichiometry, or excessive S or As [18], and in pyrite, with the formation of
a block submicroscopic structure at relatively low temperatures (≤300 ◦C) [19]. These factors might
be responsible for the appearance of invisible PGE forms even under low-temperature conditions,
for example, in ores formed at temperatures around 100 ◦C and associated with sedimentary-diagenetic
processes [11].

2. Previous Studies and Problem Statement

It is commonly believed that arsenide minerals are the best collectors of platinoids and Au compared
to sulphides. However, this applies mainly to ores of magmatic genesis [20] or ore assemblages formed as
a result of remobilisation of primary late magmatic arsenide-rich ores [1]. In these cases, the distribution
coefficients of platinoids and Au between arsenides and sulphides are large enough, although they
vary greatly for different elements. For example, calculations performed by Pina et al. [20] for the
assumed equilibrium of maucherite (Ni11As8) with sulphides–pyrrhotite, pentlandite and chalcopyrite
yielded the following values of the DAs/sul f

i distribution coefficient: 330 (Pt), 250 (Pd), 50 (Ru), 310
(Au), 4 (Ag). Here As denotes arsenide, sulf-sulphide phases. However, if we consider other mineral
occurrences that do not have a direct connection with magmatism, the picture will be somewhat
different. For example, for the mineralisation of Mo–Ni–PGE in black shales [5], the distribution
coefficients of invisible forms of Pt and Pd between pyrite and gersdorffite (NiAsS), which is the
Ni-analogue of arsenopyrite, on average amount to ~0.9; that is, no significant fractionation of these
elements in the sulpharsenide phase is detected. On the other hand, Kravtsova et al. [21] suggested that
the increased content of PGEs and Au are typical of arsenopyrites formed at the hydrothermal stage,
at the deposit of metamorphogenic–hydrothermal genesis, as confirmed by the rather high content
of the structural forms of Pt and Pd in arsenopyrite. However, no data on the composition of pyrite
coexisting with arsenopyrite were presented in this work.

A significant number of studies are devoted to Au in pyrite and arsenopyrite. We have undertaken
generalisation of the selected data on the invisible Au in the coexisting pyrite and arsenopyrite [22–35].
The data we collected are presented in Table 1. It is believed that arsenopyrite contains more chemically
bound Au than the pyrite formed together with it [36]. However, there is an opinion that “...there
may be an as-yet undefined partitioning of Au between the two minerals when at equilibrium” ([22],
p. 1279). As we mentioned in the Introduction, some authors believe that the solubility of Au and As
in pyrite is retrograde: Au and As contents increasing with decreasing temperature [7]. The same
effect is assumed for Au in arsenopyrite, based on the fact that Au is released from the arsenopyrite
matrix when heated to form native Au [37]. As the experiment shows, at temperatures of 450–500 ◦C,
the solubility of Au in pyrite with low As content (30–120 ppm) is 1–3 ppm, and only at high Mn
content (~3000 ppm) does it increase to 7.3 ppm, possibly due to the heterovalent substitution 2Fe2+ =

Mn3+ + Au+ [38,39].
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Table 1. Literary data on “invisible” gold in coexisting pyrite and arsenopyrite.

No Deposit, Location Type * Formation
Conditions

Ore Mineral
Association **

Au Content (ppm)
As in Py (ppm)

Py Asp

1 Shuiyindong, Guizhou, China Carlin
220 ± 20 ◦C,

2–4 mol.% CO2,
low salinity

Py, Asp, Au 300–600 300–1500 7000–12,400

2 Bhukia-Jagpura Rajasthan, India Magmatic-hydrothermal
460–474 ◦C,

−logf S2 = 4.6–5.8 bar,
24–26 wt % NaCl-eq.

Py, Asp, Po 0.3–1.6 0.28–10 143–215

3 Neves Norte, Alentejo,
Portugal VHMS n/a Py, Asp, Cpy,

Gn, St, Tet 1.7 16–35 <2000

4 Hutti, Dharwar Craton, India Orogenic 377–450 ◦C, ~2 kbar Py, Asp, Po,
Sph, Cpy, Au 0.05–0.45 0.43–14.18 400–7500

5 Suurikuusikko, Kittilä, Finland VHMS n/a

Py, Asp, Tet,
Bour, Gn,
Cpy, Sph,
Rut, Au

<22–585 <22–964 ~200–40,000

6 Lodestar,
Newfoundland, Canada Magmatic-hydrothermal ~425 ◦C Py, Asp, Cpy 0.03–0.73

0.03–1.33
0.12–154
1.31–152 n/a

7
Boliden,
Skellefte,
Sweden

VHMSMetamorphosed ~400–450 ◦C, 5 kbar Py, Asp, Po,
Cpy, Gn, Au

≤0.22
≤0.19

3.8–108
≤2.7 n/a

8
Kundarkocha,
Singhbhum,

India
Orogenic 375–390 ◦C,

−logf S2 = 7.5–9.7

Py, Asp, Po,
Cpy, Sph, Pn,

Gsd, Gn, Lö, Au

2100–2700
1300–1500

700–900

1600–3600
1200–1300
900–1200

1000–2000

9 Roudný,
Bohemia, Czech Republic Mesothermal 320–330 ◦C Py, Asp, Mrc,

Au 3–18 39–152 4000–25,000
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Table 1. Cont.

No Deposit, Location Type * Formation
Conditions

Ore Mineral
Association **

Au Content (ppm)
As in Py (ppm)

Py Asp

10
Campbell,
Ontario,
Canada

Metamorphic-hydrothermal 450–500 ◦C, 2–3 kbar Py, Asp, Gh, Po,
Mt, Sph, Auo

0.1–0.3
0.2–8.5

103–5610
118–4522 n/a

11
Oberon,
Tanami,

Australia
Orogenic 200–430 ◦C, low-to

moderate salinity

Asp, Py, Po,
Cpy, Sph, Gn,
Au, Cb, Gsd

<1–4.6 2–4500 2000–4000

12

Orvan Brook,
Rocky Turn,

Murray Brook,
Bathurst Mining Camp,

New Brunswick, Canada

Massive sulphide
Zn–Pb–Cu–Ag 325–425 ◦C, 4–6 kbar

Py, Sph, Gn,
Cpy, Po, Asp,

Mrc, Tet

<0.53–5.6
16.22–31.95
0.56–32.04

2.24–9.42
0.11–0.26
1.4–10.91

bdl EPMA-
9800

13 Anba, Qinling Orogen, China Carlin or Orogenic n/a Py, Asp, Ant,
Mrc, Sph 9.7–135.9 17.4–461.8 11,962–101,332

14 Jinlongshan, Shaanxi, China Carlin n/a Py, Asp 1.9–9.4
21.1–113

4.2–429
64.6–576

bdl EPMA-
62,100

* As indicated in the original source. ** Py—pyrite, Asp—arsenopyrite, Po—pyrrhotite, Au—native gold, Cpy—chalcopyrite, Gn—galena, St—stannite, Tet—tetrahedrite,
Sph—sphalerite, Bour—bournonite, Rut—rutile, Pn—pentlandite, Gsd—gersdorffite, Lö—loellingite, Mrc—marcasite, Gh—gahnite, Mt—magnetite, Cb—cobaltite, Ant—antimonite,
VHMS—volcanogenic-hosted massive sulphide, EPMA—electron probe microanalysis. Note: n/a—not available, bdl—below detection limit. References: No.1—[23]; 2—[24]; 3—[25];
4—[26]; 5—[27]; 6—[28]; 7—[29]; 8—[30]; 9—[31]; 10—[32]; 11—[22]; 12—[33]; 13—[34]; 14—[35].
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This temperature range is close to the conditions of mineral formation in a number of orogenic
and volcanogenic-hosted massive sulphide (VHMS) deposits. But, if in most of these relatively
high-temperature deposits the content of invisible Au in pyrite is fully consistent with the above
experimental data (Nos. 2, 3, 4, 6, 7, 10, 11 in Table 1), in several others they completely contradict
them (Nos. 5, 8). Unrealistically high in comparison with experimental data, Au contents in pyrite
are observed for the Carlin-type deposits and even for massive sulphide, non-Au ore deposits
(Nos. 1, 12–14). The occurrence of Au in pyrite is unequivocally associated with the presence of As [6,7],
but the data in Table 1 do not detect such an unambiguous relationship. Very high contents of invisible
Au in pyrite are registered both at ordinary contents of As (No. 8) and at elevated ones (Nos. 1, 5).
On the other hand, low Au contents can also be observed with rather high As contents (Nos. 4, 9, 11).
As for arsenopyrite, it does show in most cases higher levels of invisible Au compared to the coexisting
pyrite. Nevertheless, there are exceptions. At high Au contents in both minerals, the coefficient of its
distribution between arsenopyrite and pyrite may be close to unity (Nos. 1, 5, 8), this being the case for
significantly different types of deposits (Carlin and orogenic) and the conditions of their formation.
At lower Au contents, this coefficient sometimes becomes even less than unity (No. 12: Rocky Turn,
Murray Brook). In other cases, we have to state very large variations of its values—from one to three
and even four orders of magnitude in favour of arsenopyrite (Nos. 10, 11).

The review of published data presented above shows that NM distribution between pyrite and
arsenopyrite and the factors affecting it are poorly understood. More or less certain data are presented
for Au only, although they are quite contradictory. As for PGEs, the available information suffices
for qualitative analysis only, at the level of trends, and is not directly related to a specific mineral
assemblage. The goal of this work is to study the NM speciation and distribution in coexisting pyrite
and arsenopyrite from several orogenic Au deposits. The specific feature of our approach is the
combination of methods of local analysis and statistics of the compositions of individual single crystals
of different sizes. This allows us to take into account the contribution of the surface component to
the total NM content and to distinguish the structurally bound form of the element according to the
previously proposed analytical data selections for single crystals (ADSSC) technology [13].

3. Objects

Pyrite and arsenopyrite crystals for the study were collected from three Au objects: the Natalkinskoe,
Degdekan and Zolotaya Rechka deposits. The deposits are located in the north-east of Russia
(Magadan region, Tenkin ore district), are part of the Au-bearing Yano–Kolyma fold belt and are
confined to its orogenic zones of collision origin. In terms of metallogenic properties, all of them are of
the same type and belong to the Au–quartz low-sulphide formation of ores deposited in the upper
Permian age carbonised strata. Figure 1 shows the location of the deposits within the territory of the
Magadan region together with a simplified scheme of geologic aspects of the area of investigations.
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with the inclusions of grey tufogenic material dissected with a dense network of quartz and
quartz–carbonate veinlets of different widths, from hair like to 5 mm. Sulphide minerals are represented
by disseminated pyrite and arsenopyrite. Pyrite crystals are cubes, pentagon dodecahedrons and
cuboctahedrons, mainly up to 2 mm along an edge. Arsenopyrite crystals are represented by rhombic
prisms and bipyramids, usually up to 0.5 mm along an edge. The combinations of simple forms
are typical for both minerals. (b) Sample UV-3/13 of the Natalkinskoe deposit, south-eastern area,
well DH70/5n, depth 160.1–163.1 m, level 590 m. Heavily sulphidized and carbonized siltstones
and aleuropelitic shales with interlayered sandstones dissected with a network of quartz and
quartz–carbonate veinlets of different width. The characteristics of ore minerals are the same as for
Nat-10 except that pyrite predominates over arsenopyrite and the crystals of the later are coarser (up to
3 mm). (c) Sample DG-10/14 of the Degdekan deposit, Vernyi area, well DH221n, depth 231.9–233.9 m
(level 470 m). Quartz veins and veinlets occur in heavily carbonized and sulphidized siltstones and
characterized by a few centimetres and a few millimetres (up to 8 mm) width, accordingly. The sulphides
are represented by impregnations, patches and fine stringers of pyrite. The coarse cubic crystals prevail
(more than 2 mm in size). Arsenopyrite, mostly confined to veins and veinlets, is less common and
represented by small rhombic-prismatic crystals (up to 0.5 mm). (d) Sample ZR-10/13 of the Zolotaya
Rechka deposit, well DH444n, depth 307.4–310.3 m (level 310 m). Heavily fractured aleuropelitic shales
dissected with a dense network of quartz veinlets of different widths, from hair like to 8–10 mm.
Sulphides are represented by impregnations and patches of pyrite and arsenopyrite. Pyrite crystals
are cubes and cuboctahedrons, mainly up to 2 mm along an edge. The combined forms are often
observed. Arsenopyrite crystals are usually smaller (up to 0.5 mm) and have the habits of rhombic
prisms and bipyramids.

The study here of PGEs, in addition to Au and Ag, the determination of their contents and forms
of occurrence in ores and minerals, holds a special place in the research and is important not only
theoretically but also practically. The presence in the ores of these NMs and the possibility of their
extraction can supplement significantly the range of already known platinum-bearing ore formations
and essentially increase the value of the extracted Au ore raw materials in the deposits where platinoids
accompany Au mineralisation. The geological setting and mineralogical features of these objects are
given in detail elsewhere [13,40–45]. Their brief characteristics are presented below.

3.1. The Natalkinskoe Deposit

The Natalkinskoe Au deposit is one of the largest in Russia by Au reserves. The deposit is
embedded in stratified upper Permian sediments composed mainly of aleuropelitic shales with
fragments of different composition rocks, carbono-argillaceous shales, siltstones, sandstones and
gravelites. The ores belong to the Au-sulphide-impregnated type and is characterised by a complex
metamorphogenic–hydrothermal genesis [40]. They make up a uniform in the internal structure load,
consisting of a framework of extended linear zones of quartz, carbonate–quartz and sulphide–quartz
veins and veinlets surrounded by a wide halo of sulphidized rocks. In general, the deposit is traced
along the strike at a distance of 5 km, with a width of 1 km. According to K/Ar dating, the age of Au
mineralisation is estimated to be from 135–130 m.y. up to 110–100 m.y., i.e., as early Cretaceous [40].
However, according to Ar–Ar sericite dating, the age of Au ores of the Natalkinskoe deposit is
135.2 m.y. [41].

Arsenopyrite and pyrite are the most common sulphide minerals in the deposit. In the ore samples
Nat-10 and UV-3/13 from which they were selected, non-metallic minerals such as quartz, carbonates,
feldspars, sericite and chlorite were identified. Of the ore minerals, along with arsenopyrite and pyrite,
the amount of which was about 4–7%, galena, sphalerite, chalcopyrite, native Au and rutile (less than
1%) were detected. The difference between these two samples lies in the proportion of arsenopyrite and
pyrite: domination of arsenopyrite over pyrite in Nat-10 and vice versa in UV-3/13. Native gold with a
fineness of 750–900%�, less often low-grade (electrum), mainly coarse-grained, occurs in vein quartz
and in agglomerates with sulphide minerals. Silver in its own mineral form is very rare. The most
productive are pyrite–arsenopyrite mineral assemblage with Au and galena [40]. Commercial ores
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emerged in the interaction of host rocks with low- and moderate-salinity water–bicarbonate fluids in
the salinity range of 3–12 wt % NaCl-eq., at temperatures of 360–280 ◦C and pressures of approximately
2.4–1.1 kbar [42]. Two samples of coexisting pyrite and arsenopyrite are considered below. The first
(Nat-10) was collected in the “altarnativnyi” area of the deposit, the second (UV-3/13) in the “south-east”
area. Both originated from veinlet-impregnated ores and contained from 0.5 up to 22.0 ppm of Au.

3.2. The Degdekan Deposit

The Degdekan Au deposit is an example of the localisation of zones of vein and veinlet-impregnated
sulphide ores in stratified upper Permian sediments, composed mainly of carbonaceous siltstones
and shales with a large number of interlayers of graphitised host rocks. Ore mineralisation is formed
in two stages: hydrothermal–metamorphogenic and hydrothermal [43]. The absolute age of Au
mineralisation by U-Pb-SHRIMP is estimated at 133–137 m.y., and by the Ar–Ar method at 137 m.y.,
i.e., the formation of ore refers to the beginning of the early Cretaceous [44,45]. The main vein
mineral is quartz. In the host rocks, besides silification, albitisation and sericitisation are observed,
carbonates (ankerite, calcite) and chlorite are found. The main ore minerals are pyrite and arsenopyrite
subordinate to it, forming a small (1–2 mm) impregnation in the altered sedimentary rocks. The content
of these sulphides amounts on average to about 3%. In addition to these minerals, sphalerite, galena,
pyrrhotite and chalcopyrite are found, gersdorffite is rare. Native gold forms the grains varying in
size from 0.1 to 0.5 mm. Its fineness varies within the range 740–800%�. Electrum and kustelite are
extremely rare [43,44]. The Au–arsenopyrite–polymetallic (with pyrite) mineral assemblage stands
out as a productive one [43]. The temperature interval of its formation (according to the study
of fluid inclusions) is estimated at 200–230 ◦C, the pressure is about 1 kbar. The solutions were
weakly mineralised (25 g/L) and were mostly of sodium hydrocarbonate composition, which indicates
their amagmatogenic (metamorphogenic–hydrothermal) origin. The sample containing pyrite and
arsenopyrite in the Degdekan deposit was collected from the veinlet-impregnated ores with an Au
content from 1.4 to 15.2 ppm.

3.3. The Zolotaya Rechka Deposit

The Zolotaya Rechka deposit is insufficiently explored. There are no data in the published sources.
The geological description and mineralogy of the deposit are presented here on the basis of the
materials of unpublished geological foundations; the material collection is supplemented with data
obtained by the authors of this article. The Zolotaya Rechka deposit is located in the arch of the
anticline composed of weakly metamorphosed and intensely dislocated terrigenous sediments of the
upper Permian age. They are dark-grey to black, aleuropelite, carbonaceous–argillaceous shales with
interbeds and lenses of sandstone and sand tuffs. This deposit, similar to Natalkinskoe, is confined to
the central zone of the Tenkin deep fault but is situated somewhat to the south. By the structural and
morphological characteristics, the deposit belongs to the type of veinlet-mineralised zones; by genesis,
as are Natalkinskoe and Degdekan, it is classed as metamorphogenic–hydrothermal. Veinlet and
disseminated sulphide mineralisation (no more than 3%) are represented by pyrite and arsenopyrite;
sometimes, there are occurrences of chalcopyrite. Native gold with a fineness of 750%�–800%�,
mainly fine (0.1–0.8 mm), is mostly in vein quartz and in joints with sulphide minerals. Silver in
its own mineral form is very rare. It is present mainly in the form of micro-inclusions of argentite
(acanthite) and native silver in arsenopyrite and pyrite. The pyrite–arsenopyrite mineral assemblage
with Au stands out as productive. The sample with coexisting pyrite and arsenopyrite (ZR-10/13) was
selected from veinlet-mineralised zones with Au content of 1.5–13.1 ppm.
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4. Methods

4.1. Electron Probe Microanalysis (EPMA)

Pyrite and arsenopyrite crystals (in well-polished epoxy pellets) were studied by EPMA using a
Superprobe JXA-8200 (JEOL Ltd., Tokyo, Japan) microprobe supplied with energy-dispersive (EDS)
(JEOL Ltd., Tokyo, Japan) and wavelength-dispersive spectrometers (WDS) (JEOL Ltd., Tokyo, Japan).
Analysis by EDS showed qualitatively the presence of Cu, Ag, Au and Pt traces in addition to the
major elements (Fe, S and As). Quantitative analyses by WDS were conducted at an accelerating
voltage of 20 kV, beam current 20 nA, probe diameter 1 µm, and a counting time of 10 s for major
and 30 s for trace elements. Matrix corrections (atomic number, absorption, and fluorescence) and
analysed element contents were calculated using the ZAF (atomic number, absorption, and fluorescence)
approach applying the software of quantitative analysis for Superprobe JXA-8200 (V01.42 Copyright
(C) 2000-2007, JEOL Ltd., Tokyo, Japan). Bulk polished samples of Au–Ag alloys (fineness 700 and
750), metal Pt and minerals of known stoichiometric composition (FeS2, FeAs1.00S0.99, CuFeS2) were
used as reference samples for WDS quantitative analysis.

Pyrite crystals were studied for homogeneity in back scattered electrons (BSE) using the
scanning electron microscope of a Superprobe JXA-8200 device. The pyrite crystals displayed distinct
inhomogeneity. They consisted of alternating zones of more or less bright grey colour in BSE images,
corresponding to slightly higher and lower average Z.

Measurements were made at 10–20 points of each grain, depending on its homogeneity.
Trace elements identified by EDS were found to be below minimum detection limits (MDLs, 0.1–0.12 wt %)
and only several points showed their valuable contents. These elements were not taken into account in
the final stage of data processing. Only the analyses with sums within the limits of 99.5–100.5 wt %
were used. The data obtained are presented in Table 2 and analysed in detail in Section 5.1.

4.2. X-Ray Diffraction (XRD)

Unit cell edges and mean coherent scattering domain sizes (crystallite sizes) of powdered pyrite
and arsenopyrite crystals were measured on a D8 ADVANCE diffractometer (Bruker, Karlsruhe,
Germany) using CuKα radiation. Crystallite sizes were determined by the Scherrer method using
EVA software (DIFFRAC Plus Evaluation package EVA; user’s Manual, Bruker AXS, 2007, Karlsruhe,
Germany). The results are presented in Table 3. Uncertainties in unit cell edges are at the level of
±1–2 × 10−5 nm, crystallite sizes ±1–2 nm. These values were verified in parallel measurements.

4.3. Atomic Absorption Spectrometry with ADSSC Data Processing (AAS-ADSSC)

The ADSSC procedure is described in detail in our recent publications [13,46]. Following this
procedure, we picked up from the ore samples euhedral crystals of different sizes with clean, faultless
faces. Pyrite crystals were predominantly cubes, whereas the arsenopyrite crystals used in this work
were mainly of rhombic form. The crystal habit control is an important property of the ADSSC
approach because the calculation of the specific surface area of an average crystal (Ssp) in every size
fraction requires information on the form coefficient k (see Equation (3) in Reference [13]). The crystal
shape is approximated by a true polyhedron. Each crystal was weighed on an analytical microbalance
and transferred into beakers for subsequent dissolution. We used only crystals with mass exceeding
0.1 mg.

Noble metal concentrations were determined by AAS with electrothermal element atomisation
in graphite furnace (AAS-GF). The AAS measurements were performed on PerkinElmer devices
(Model 503 and Analyst 800, PerkinElmer Corp., Branford, CT, USA). Gold and Ag were determined
directly from the solution after acid crystal decomposition in aqua regia and creation of the required
chemical medium. Measurements were accurate to ±12 and ±10% with MDLs of 0.3 µg/L (0.3 ppb)
and 0.5 µg/L (0.5 ppb) for Au and Ag, respectively. Platinum, Pd and Ru were determined after
preliminary extraction by concentration and separation from the matrix [13]. Tristyrylphosphine
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(C6H5CH–CH)3P was used as extracting agent. The organic phase was used to measure element
concentrations. Measurements were accurate to ±10% with MDLs of 5 µg/L (5 ppb) for Pd and 50 µg/L
(50 ppb) for Pt and Ru.

The data obtained were processed statistically according to the regulations of the distribution
of different NM binding forms [13,46]. We divided the dataset (usually 40–60 crystals with evenly
distributed NMs) into the intervals of crystal masses (sizes), chosen to be as narrow as possible
although statistically representative, and determined average crystal mass in every size fraction
(m), average size (r), specific surface area (Ssp) and NM concentration (CNM) (see Table S1 in the
Supplementary Materials). The more size fractions and number of crystals in the final samples,
the more reliable the results obtained, unless at the expense of selection quality. When constructing
the dependences CNM = f

(
Ssp
)
, we usually obtained a number of points best approximated with an

exponent (Figures 5–9). The extrapolation of these curves to a zero-specific surface, i.e., to a virtual
infinite crystal, gave the bulk NM content. In our model, this was equal to structurally bound NM
content (Cstr), because all other possible bulk modes were eliminated at the stage of initial dataset
processing. The superficially bound NM content (Csur) characterises an average crystal among all size
samples, that is, the surface-related excess concentration of the element, and can be calculated with
the equation given in Reference [13]. It is important to note that in that formula, the amount of the
material is hereby normalised to the whole crystal, and this allows comparison of the contribution of
each binding form of the element to its total concentration. The results of Cstr and C

sur
determination

and corresponding NM distribution coefficients between coexisting pyrite and arsenopyrite are shown
in Table 4 and are considered in detail throughout the present article.

4.4. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

For this type of analysis, we took the same polished crystals in epoxy pellets used for the EPMA
study. Measurements were performed on an Agilent 7500ce unit manufactured by Agilent Technologies
with quadrupole mass analyser (Agilent Tech., Santa Clara, CA, USA) in the Center of Collective Use
“Ul’tramikroanaliz” of the Limnological Institute, SB RAS (Irkutsk, Russia). The laser ablation platform
of a New Wave Research UP-213 was used. Parameters of the LA-ICP-MS experiment: plasma power
1400 W, carrier gas flow rate 1 L/min, plasma forming gas flow rate 15 L/min, cooling gas 1 L/min,
laser energy 0.63 mJ, frequency 20 Hz, and laser spot diameter 55 µm. Accumulation time per channel
was 0.3 s and acquisition time 25 s. Measurements were made at 15 points in several (3–5) grains of
each sample. Calculations of concentrations were based on the standard sample NIST 612 conformed
for a number of elements with the in-house sulphide standard sample—highly homogeneous ferrous
greenockite (α-CdS) crystals with many incorporated elements synthesised hydrothermally at 500 ◦C
and 1 kbar and carefully analysed by different methods. Standard deviations are consistent with
counting statistic uncertainties at around 30%. Error analysis is rated as 30%. The data obtained
were processed in the manner of the ADSSC approach [38,46] to evaluate evenly distributed element
concentrations identified with structurally bound impurities. The results are presented in Tables 5 and 6
for pyrite and arsenopyrite, respectively. They are considered in detail in Section 5.4 and Section 6.5.

5. Results

5.1. EPMA

The data obtained are presented in Table 2. The pyrite crystals demonstrated regions enriched
with As (As–Py) and areas not containing As at the level of EPMA sensitivity, which herewith will be
referred to as conventionally “pure” pyrite (Py). These areas stand out as darker sectors in the BSE
images (Figure 3), but there were also cases when differences between Py and As–Py were established
only by quantitative analysis. As a rule, areas of Py predominance are characterised by higher porosity
(Figure 3).
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(As-free) and As–pyrite (sample ZR-10/13). Note that more dark areas corresponding to “pure” pyrite
display elevated porosity.

In the mono-mineral grains of arsenopyrite of the Nat-10 sample from the Natalkinskoe deposit,
the As/S ratio equalled 1.14 ± 0.01 (Table 2).

In the poly-mineral grains consisting of arsenopyrite, pyrite and As–pyrite (Asp + Py + As − Py),
it was slightly higher (1.16 ± 0.02); coexisting with arsenopyrite, As–pyrite and “pure” pyrite are
practically stoichiometric: Fe/(S + As) and Fe/S were 0.499 ± 0.001 and 0.496 ± 0.004 respectively.
Arsenic content in As–pyrite was 0.60 ± 0.2 at.%. For arsenopyrite of the UV-3/13 sample from the
south-eastern section of the Natalkinskoe deposit, As/S ratio indicated a greater deviation from
stoichiometry (1.20 ± 0.02). This is most likely to indicate lower S activity during its formation, since the
As content in the As–Py coexisting with arsenopyrite was practically the same as in the Nat-10 sample,
equal to 0.53 ± 0.2 at. %, and Fe content in As–Py increased from 0.998 to 1.018 atoms per formula unit
or from 33.28 to 33.93 at. % Fe. Consequently, As–pyrite associated with Asp is characterised by a
higher ratio of Fe/(S + As) − 0.513 ± 0.001. “Pure” pyrite was not identified in this sample. The sample
from the Zolotaya Rechka deposit, ZR-10/13, was similar to UV-3/13—it did not contain polyphase
grains containing Asp either—and As–Py and “pure” Py were iron-redundant (0.513 ± 0.001 and
0.515 ± 0.001, respectively); As content in As–Py was 0.57 ± 0.3 at. %. This sample differed from the
one mentioned above only by a more stoichiometric composition of arsenopyrite, i.e., the ratio As/S
being closer to unity, at 1.14 ± 0.02. The minerals of the DG-10/14 sample of the Degdekan deposit
were closest to stoichiometry: As/S in Asp was 1.08 ± 0.01, Fe/(S + As) in As–Py 0.496 ± 0.004, and Fe/S
in Py 0.501. Arsenic content in As–Py was at the same level as in all studied samples at 0.47 ± 0.3 at. %.
The above uncertainties were calculated for 1σ with a confidence probability of 90% for small samples
and 95% for more representative datasets (arsenopyrites Nat-10, DG-10/14, Table 2).
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Table 2. EPMA data for arsenopyrite and pyrite crystals.

Sample Grain No.

Average Grain Composition (Atomic Content)

Arsenopyrite As–Pyrite Pyrite

n * Formula As/S n * Formula Fe/
(S + As) As/S n * Formula Fe/S

Nat-
10

1 3 Fe0.999As1.079S0.922 1.17 - - - - - -
2 4 Fe0.993As1.077S0.930 1.16 - - - - - -
3 4 Fe0.987As1.069S0.944 1.13 - - - - - -
4 4 Fe0.989As1.065S0.946 1.13 - - - - - -
5 8 Fe0.993As1.066S0.941 1.13 - - - - - -
6 7 Fe0.997As1.069S0.934 1.14 - - - - - -
7 5 Fe0.987As1.059S0.954 1.11 - - - - - -
8 3 Fe0.994As1.060S0.946 1.12 - - - - - -
9 5 Fe0.987As1.077S0.936 1.15 - - - - - -
10 5 Fe0.994As1.069S0.937 1.14 - - - - - -
11 4 Fe0.992As1.088S0.920 1.18 - - - - - -
12 2 Fe0.981As1.098S0.921 1.19 4 Fe0.998S1.994As0.008 0.499 0.004 2 FeS2.006 0.499
13 2 Fe0.973As1.085S0.942 1.15 6 Fe0.998S1.988As0.014 0.499 0.007 1 FeS2.04 0.490
14 1 n/d - 3 Fe0.997S1.975As0.028 0.498 0.014 3 FeS2.021 0.495
15 2 Fe0.991As1.084S0.925 1.17 5 Fe0.999S1.984As0.017 0.499 0.009 - - -
16 1 Fe0.979As1.076S0.945 1.14 3 Fe0.998S1.983As0.019 0.499 0.01 3 FeS2.009 0.498
17 4 Fe0.976As1.076S0.948 1.14 5 Fe1.000S1.976As0.024 0.500 0.012 3 FeS2.006 0.499

UV-
3/13

1 8 Fe0.982As1.101S0.917 1.20 - - - - - - -
2 8 Fe0.985As1.093S0.922 1.19 - - - - - - -
3 8 Fe0.986As1.110S0.904 1.23 - - - - - - -
4 7 Fe0.987As1.087S0.926 1.17 - - - - - - -
5 5 Fe0.991As1.094S0.915 1.20 - - - - - - -
6 7 Fe0.990As1.097S0.913 1.20 - - - - - - -
7 - - - 9 Fe1.019S1.961As0.020 0.514 0.01 - - -
8 - - - 13 Fe1.015S1.964As0.021 0.511 0.01 - - -
9 - - - 12 Fe1.019S1.973As0.007 0.515 0.004 - - -
10 - - - 16 Fe1.018S1.970As0.012 0.514 0.006 - - -
11 - - - 9 Fe1.017S1.963As0.020 0.513 0.01 - - -
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Table 2. Cont.

Sample Grain No.

Average Grain Composition (Atomic Content)

Arsenopyrite As–Pyrite Pyrite

n * Formula As/S n * Formula Fe/
(S + As) As/S n * Formula Fe/S

DG-
10/14

1 7 Fe0.992As1.054S0.954 1.10 - - - - - - -
2 5 Fe0.999As1.016S0.985 1.03 - - - - - - -
3 5 Fe0.989As1.056S0.955 1.11 - - - - - - -
4 5 Fe0.989As1.037S0.974 1.06 - - - - - - -
5 4 Fe0.999As1.044S0.957 1.09 - - - - - - -
6 3 Fe0.988As1.050S0.962 1.09 - - - - - - -
7 4 Fe0.988As1.054S0.958 1.10 - - - - - - -
8 7 Fe0.992As1.034S0.974 1.06 - - - - - - -
9 7 Fe0.991As1.043S0.966 1.08 - - - - - - -
10 6 Fe0.991As1.041S0.968 1.08 - - - - - - -
11 5 Fe0.988As1.046S0.966 1.08 - - - - - - -
12 6 Fe0.998As1.049S0.953 1.10 - - - - - - -
13 6 Fe0.997As1.027S0.976 1.05 - - - - - - -
14 2 Fe0.980As1.050S0.970 1.08 6 Fe0.992S1.996As0.011 0.494 0.006 5 FeS2.003 0.499
15 - - - 6 Fe0.999S1.984As0.018 0.499 0.009 - - -
16 - - - 5 Fe0.995S1.993As0.012 0.496 0.006 2 FeS1.988 0.503

ZR-
10/13

1 7 Fe0.997As1.061S0.942 1.13 - - - - - - -
2 8 Fe0.990As1.067S0.943 1.13 - - - - - - -
3 15 Fe0.994As1.083S0.923 1.17 - - - - - - -
4 14 Fe0.996As1.075S0.929 1.16 - - - - - - -
5 15 Fe0.992As1.075S0.933 1.15 - - - - - - -
6 14 Fe0.987As1.064S0.949 1.12 - - - - - - -
7 - - - 11 Fe1.016S1.968As0.016 0.512 0.008 4 FeS1.944 0.514
8 - - - 11 Fe1.018S1.972As0.010 0.514 0.005 5 FeS1.944 0.514
9 - - - 11 Fe1.017S1.971As0.012 0.513 0.006 - - -
10 - - - 8 Fe1.019S1.968As0.013 0.514 0.007 8 FeS1.944 0.514
11 - - - 7 Fe1.019S1.969As0.011 0.515 0.006 6 FeS1.935 0.517
12 - - - 6 Fe1.015S1.944As0.040 0.512 0.021 4 FeS1.941 0.515

* Number of analysis points. Only the results of analyses with sums from 99.5 to 100.5 wt % were taken into consideration. n/d—not determined.
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Thus, according to the EPMA, there were two types of As–pyrite as well as “pure” (no As) pyrite:
stoichiometric pyrite with an Fe/(S + As) ratio approximately 0.5 and metal-surplus pyrite with a
ratio of 0.513–0.515. It is interesting to note that coexisting minerals obeyed the principle of phase
composition correlation: if As–Py was iron-excessive, “pure” pyrite was also non-stoichiometric;
for their part, the stoichiometric As–Py coexisted with stoichiometric “pure” pyrite. Besides, the As
distribution coefficient between arsenopyrite and As–pyrite (DAsp/Py

As ) was relatively constant and,
on average, amounted to 66 ± 7 (in atomic concentration units) for the four associations studied.

Figure 4 exhibits two types of S-As dependence in pyrites of different samples. Negative correlation
of formula units S and As (Figure 4) indicates a predominantly isomorphic substitution of S for As in
the structure of As–pyrite. The dependence S (As) was approximated by a straight line: S = a − kAs.
For stoichiometric pyrite of the Natalkinskoe and Degdekan deposits k = 1.21 and the line crossed the
x-axis at a = 2.006. In the case of non-stoichiometric, S-deficient pyrite of the Zolotaya Rechka and the
south-eastern sector of the Natalkinskoe deposit, the line crossed the x-axis at 1.98, which does not
correspond to the stoichiometry of “pure” pyrite (Figure 4). The reason for this discrepancy is not
quite clear. However, our preliminary X-ray photoelectron spectroscopic data (unpublished) show that
~10–15% of As can be incorporated in pyrite as As(II) (see also Reference [47]), and this corresponds
to a “stoichiometric trend” with k = 1.21. The “nonstoichiometric trend” corresponded to As1– only
and was realized under lower sulphur fugacity. It might be that in the first case (DG-10/14, Nat-10),
the formation of arsenic and “pure” pyrite occurred under the same conditions, whereas, in the second
(ZR-10/13, UV-3/13), their formation occurred not only at lower sulphur fugacity in the system than in
the first case but also at levels different from those for “pure” and “As–pyrite”. It is interesting to note
that different conditions and corresponding S–As trends are the characteristics of the sections of one
and the same deposit (Natalkinskoe, samples Nat-10 and UV-3/13).Minerals 2019, 9, x FOR PEER REVIEW 2 of 32 
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Figure 4. Two types of S–As correlation in As–pyrite. The “stoichiometric trend” gives Fe/S = 2.006
when extrapolated to “pure” (As-free) pyrite, whereas the “nonstoichiometric trend” gives Fe/S = 1.98
and, moreover, does not correlate with “pure” pyrite which is still more nonstoichiometric.

5.2. XRD

Table 3 presents X-ray data on the unit cell edges of arsenopyrite and pyrite and the average
crystallite sizes or block sizes of the real mosaic structure of crystals of these minerals. The unit cell
parameters differ only in the third (a, c) and fourth (b) decimal places for arsenopyrite (±0.0018 and
±0.0008 nm, respectively) and in the fourth decimal place for pyrite (±0.0004 nm). The average sizes of
the crystallites, in contrast, differ less in arsenopyrite (within 9 nm) compared to pyrite (within 16 nm).
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Table 3. Results of the X-ray diffraction study of arsenopyrite and pyrite crystals.

Sample Number
Arsenopyrite (Monoclinic, P21/c) Pyrite (Cubic, Pa3)

a b c ßo D a D

Nat-10 0.57693 0.56766 0.57395 112.087 61 0.54208 76

UV-3/13 0.57425 0.56669 0.57591 111.898 56 0.54227 65

DG-10/14 0.57592 0.56636 0.57327 111.881 58 0.54192 71

ZR-10/13 0.57357 0.56753 0.57648 111.979 54 0.54141 60

Note: lattice parameters (a, b, c) and crystallite size (D) are in nanometres.

5.3. AAS-ADSSC

The AAS data of the analysis of individual crystals processed using the ADSSC method are
presented in Table S1 in the Supplementary Materials and shown graphically in Figures 5–9 in the
form of dependences of the average uniformly distributed NM concentration (Au, Pd, Pt, Ru and Ag)
on the specific surface of the average crystal in the size sample. In each case, the analytical form
of this dependence was demonstrated: the concentration of structurally bound NM admixture was
obtained as an extrapolation of the dependence on the zero-specific surface area, i.e., on a conditionally
infinite crystal, and the superficially bound mode was calculated as shown above (Section 4.3, see also
Reference [13]). These data, as well as NM distribution coefficients of both forms (i.e., structural and
superficial), are presented in Table 4, which also shows the average compositions of Asp and As–Py for
the key elements (Fe, As and S).

Table 4. Noble metals contents as structurally and surficially bound modes, their distribution coefficients
between pyrite and arsenopyrite, and average matrix composition of minerals.

Sample
Number

Element
Element Content (ppm) DPy/Asp Matrix Composition (at. %)

Asp/As–Py *

Pyrite Arsenopyrite
Str. Sur. As S Fe

Str. Sur. Str. Sur.

Nat-10

Au 1.8 2.7 1.2 1.9 1.5 1.4

35.83/0.60 31.23/66.12 32.94/33.28
Ag 12 220 120 250 0.1 0.9
Pt 3.6 35 4.2 89 0.9 0.4
Pd 1.1 4.9 0.4 8.1 2.8 0.6
Ru 4.9 30 5.7 79 0.9 0.4

UV-3/13

Au 0.29 1.4 0.12 1.3 2.4 1.1

36.57/0.53 30.53/65.54 32.90/33.93
Ag 450 800 30 450 15 1.8
Pt 37 189 14 190 2.6 1.0
Pd 1.0 18.4 0.8 24.5 1.2 0.8
Ru 10 330 19 218 0.5 1.5

DG-10/14

Au 0.13 1.1 0.03 0.48 4.3 2.3

34.75/0.47 32.19/66.36 33.06/33.17
Ag 120 200 7 60 17 3.3
Pt 5.1 103 2.1 29 2.4 3.6
Pd 1.2 8.2 0.23 3.7 5.2 2.2
Ru 8.8 97 3.9 35 2.3 2.8

ZR-10/13

Au 6.8 ** n/d 13.7 47 0.5 n/d

35.70/0.57 31.20/65.52 33.10/33.91
Ag 1100 7000 59 400 19 17.5
Pt 12 259 37 228 0.3 1.1
Pd 3.2 30 4.1 38 0.8 0.8
Ru 25 458 7.7 369 3.2 1.2

* Average data from the EPMA (Table 2). ** LA-ICP-MS data (Table 5). n/d—not determined.
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The vast majority of dependencies for all NMs (87%) were characterised by determination
coefficients R2

≥ 0.9 (Figures 5–9). Less reliable are the data for Ag in Py (Figure 9): two of the four
samples showed R2

≤ 0.7. This may be due to the instability of the Ag solid solution in pyrite and its
decomposition in the post-crystallisation period [14]. In contrast to Py, the dependencies for Ag in
Asp were distinct (R2

≥ 0.95) and may indicate its isomorphic incorporation into arsenopyrite at least
up to 120 ppm Ag. However, in most cases (except the Nat-10 sample) the structural form of Ag was
fractionated into pyrite: Dstr

Ag = 17 ± 3.
It should be noted that the ADSSC method failed to separate structural and surficial forms for Au

in the ZR-10/13 sample, as its content size dependence was weakly determined (Table S1). For the
other three samples, the Au distribution coefficients between Py and Asp were 2.7 ± 2.4 and 1.6 ± 1.0
for structural and superficial forms, respectively, i.e., both forms were distributed in favour of pyrite,
although they were slightly fractionated. Here and henceforth, confidence intervals are defined for 1σ
at α = 0.9. Perhaps Dstr

Au was lower for ZR-10/13 (0.5), but this sample contained very high levels of
Ag, which could affect Au distribution. The behaviour of Pd in the arsenopyrite–pyrite system was
similar to that of Au. Palladium by the level of content in pyrite and arsenopyrite was close to Au and
fractionated into pyrite: Dstr

Pd = 2.5 ± 2.4. Palladium was concentrated in the surface layer much more
than Au: Csur

Pd = 4.9–30 ppm in Py (compared with Csur
Au = 1.1–2.7 ppm), and the distribution coefficient

between Py and Asp of its surficial form was close to unity (1.1 ± 1.0). Other platinoids have noticeably
higher contents in both minerals, mainly due to the superficial forms which, in most cases, are an
order of magnitude and higher than the concentration in structural forms. For Pt with structural form
contents of 3.6–37 ppm in Py and 4.2–37 ppm in Asp, the Py/Asp distribution coefficient averaged
1.6 ± 1.4; for Ru with structural form contents of 4.9–25 and 3.9–19 ppm in Py and Asp, respectively,
Dstr

Ru = 1.7 ± 1.5. That is, in both cases, as for the previously considered Au and Pd, there was a weak
tendency towards NM fractionation in pyrite. This conclusion extends to superficial forms as well:
the distribution coefficients Dsur of Pt and Ru were on average the same and equal to 1.5 ± 1.4.Minerals 2019, 9, x FOR PEER REVIEW 4 of 32 
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5.4. LA-ICP-MS

The results are presented in Tables 5 and 6 for pyrite and arsenopyrite, respectively. It should
be remembered that, according to the ADSSC method, the results that meet the distribution criteria
adopted for the structurally bound form of the element are distinguished from the entire dataset for
each sample (usually at least 20 points of analysis) by applying the procedure discussed in detail
earlier [38,39,46]. Since grain sections were analysed, that is, only the inner regions of crystals, there is
no question of the separation of structural and superficial forms. The AAS-ADSSC and LA-ICP-MS
data on the Au structural forms can be compared for the Nat-10 sample (Tables 4–6): in Asp, 1.2 and
1.6 and in Py 1.8 and 1.2 ppm, respectively, i.e., the convergence of the 25 rel. % and 33 rel. %.
For the sample Asp ZR-10/13, the relevant contents of Austr were 13.7 and 8.9 ppm (∆ = 35 rel. %).
This confirms the conclusion that the AAS-ADSSC method enables determination of the structural
component of NM impurity with an error of ±30% [13,39]. For the UV-3/13 and DG-10/14 samples,
the differences proved more significant, apparently due to the proximity to the Au detection limit
(0.2 ppm) in the configuration of the LA-ICP-MS method used.

According to Tables 5 and 6, the main impurities in pyrite were Ni, Cu, Pb and Sb and in
arsenopyrite Co, Ni, Cu, Pb, Sb and Se. We consider further the sum of the contents of these elements
for each of the minerals and call it the Sum of Main Impurities (SMI); these values are given in the
footnotes of Tables 5 and 6. It is notable that the samples of both Zolotaya Rechka minerals with the
highest Ag grade contained the lowest amounts of other impurities.Minerals 2019, 9, x FOR PEER REVIEW 6 of 32 
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6. Discussion

The results obtained allow us to consider the effect of various factors on the binding forms and
ratios of NMs in the coexisting pyrite and arsenopyrite.

6.1. Surficial NM Accumulation

Figures 5–9 show all the NM accumulation in the surface, with the surficial forms, as a rule,
exceeding by an order of magnitude the content of the element in the structurally bound forms. For Asp,
in most cases, there were steeper dependences of NM content on the specific surface area than was
the case for Py, except for Pt and Ag in ZR-10/13, Ru in UV-3/13 and Ag in Nat-10. This indicates
somewhat greater activity of the Asp surface in the uptake of NMs. The same shape of the graphs
confirms the universality of the surface enrichment factor, which is supported by the high coefficients
of determination of these dependences in the vast majority of cases.

We believe that the reason for this effect is the presence of surface nanoscale formations on the
surface of mineral crystals during their growth, for which, as experiments have shown [13,48,49],
the distribution coefficients of elements are much higher than for the volume of the crystal.
These formations are called surface non-autonomous phases (NAPs) and can be considered as
primary NM concentrators [13]. The phenomenon of “latent” metal content, which was mentioned
in the Introduction, is to some extent due to the presence of metals in the NAPs or in surface nano-
and micro-inclusions formed as a result of their evolution. Non-autonomous phases are considered as
substances regulating single-crystal growth and distribution of elements in complex multicomponent
natural and experimental systems [48,49].

It should be noted that the effect of surface enrichment is often not obvious when considered
in relation to the distribution of elements among coexisting minerals. The reason for this is easy to
understand by referring to the data in Table 4. We see that Dsur in some cases differs little from Dstr,
although Csur exceeds Cstr. However, the excess is approximately the same for both minerals. Thus,
an illusion of constancy in the distribution coefficient is created which can easily disappear with the
change in the composition of the NAP, its thickness or degree of surface coverage. As can be seen from
Table 4, Dsur Py/Asp in some cases turns out slightly lower than Dstr, and since Csur > Cstr, this will
result in some decrease in the total DPy/Asp. This factor, associated with a slightly higher activity of
the Asp surface with respect to NMs, which is revealed when considering the graphs in Figures 5–9,
should be taken into account (especially for small crystals). However, in general, its effect on the total
distribution coefficients of invisible NM forms between pyrite and arsenopyrite is small.
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Table 5. Refined LA-ICP-MS data (in ppm) for pyrite coexisting with arsenopyrite at the orogenic gold deposits located in north-eastern Russia (Magadan Region).

Sample No. Ti V Mn Co Ni Cu Pb Bi Sb Se Mo W Y Nb La Ce Nd Yb Au

Nat-10
8.4 5.3 6.2 8.0 56.1 36.4 23.4 1.1 11.5 bdl bdl 9.7 2.3 4.2 1.2 1.6 4.1 3.6 1.2
1.8 2.6 0.8 1.5 37.1 15.4 9.8 0.4 7.4 - - 9.1 1.7 2.8 1.0 1.0 0.9 2.5 0.9

UV-3/13 73.9 3.8 6.7 7.1 26.0 57.7 84.5 2.8 67.2 bdl bdl 5.4 14.4 1.6 1.5 2.9 6.2 4.1 bdl
23.8 2.2 1.8 2.2 10.3 20.6 19.5 1.0 18.1 - - 2.8 7.4 0.7 1.0 2.8 2.5 1.7 -

DG-10/14 23.6 4.3 7.9 9.2 72.3 18.2 43.6 4.5 47.5 68.8 2.8 5.4 0.7 7.2 0.4 0.6 bdl 3.3 0.6
10.3 3.3 2.7 2.6 51.5 9.5 29.3 2.7 17.0 12.4 2.7 3.4 0.5 2.6 0.2 0.1 - 0.2 0.2

ZR-10/13 25.8 1.7 6.1 1.3 15.7 5.6 10.7 0.8 7.7 bdl bdl 14.7 0.4 1.7 1.8 3.6 2.2 1.5 6.8
3.1 0.4 2.7 0.6 7.2 1.8 4.3 0.2 2.2 - - 3.1 0.2 1.4 1.0 2.5 1.0 0.9 2.1

Note: the average concentration of structurally bound elements estimated with the ADSSC approach [38,46] (first line) and root mean square deviation (second line); bdl—below detection
limit; sum of main impurities (SMI) = Ni + Cu + Pb + Sb: Nat-10, 127 ppm; UV-3/13, 235 ppm; DG-10/14, 182 ppm; ZR-10/13, 40 ppm.

Table 6. Refined LA-ICP-MS data (in ppm) for arsenopyrite coexisting with pyrite at the orogenic gold deposits located in north-eastern Russia (Magadan Region).

Sample No. Ti V Co Ni Cu Pb Bi Sb Se Mo W Y Nb Yb Au

Nat-10
3.8 0.7 10.7 10.7 10.5 7.7 1.1 133 81.2 1.8 bdl 0.6 bdl bdl 1.6
0.6 0.2 2.4 3.6 1.8 4.1 0.5 45 26.9 0.8 - 0.6 - - 0.9

UV-3/13 6.1 0.6 4.2 6.1 3.8 8.5 0.7 89.7 105 2.7 bdl 0.3 bdl bdl 0.9
0.4 0.1 3.3 1.5 1.3 1.4 0.2 12.0 17 0.5 - 0.1 - - 0.2

DG-10/14 71 1.0 18.8 24.4 12.4 16.4 3.5 146 187 2.6 2.5 0.4 7.2 1.5 0.6
50 0.4 9.6 8.5 6.5 6.9 1.5 27 26 0.9 0.8 0.1 1.2 0.4 0.2

ZR-10/13 7.2 0.7 5.6 5.1 4.4 7.5 1.3 115 53.7 2.3 bdl 0.5 bdl bdl 8.9
0.6 0.1 4.9 1.8 0.8 1.3 0.4 20 10.8 0.6 - 0.3 - - 1.8

Note: the average concentration of structurally bound elements estimated with the ADSSC approach [38,46] (first line) and root mean square deviation (second line); bdl—below detection
limit; SMI = Co + Ni + Cu + Pb + Sb + Se: Nat-10, 254 ppm; UV-3/13, 217 ppm; DG-10/14, 405 ppm; ZR-10/13, 193 ppm.
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6.2. Arsenic in Pyrite: Assistance in NM Incorporation

The geochemical relation of invisible Au to As in pyrite is now generally recognised and is
established at different levels of ore systems organisation—from individual crystals and micro-sized
zones therein to deposits and ore provinces [7,47,50–52]. However, the nature of this relationship
remains unclear as confirmed by Section 2 of this paper (Table 1). In the pyrite samples analysed,
As content on average does not change much (Table 4); therefore, no direct relationships between
As and NM were detected. At the same time, the state of As in pyrite may indicate indirectly the
mechanism and conditions of mineral formation that lead to its enrichment with NMs. Thus, the data
in Figure 4 indicate the replacement of S− with As− in the dumbbell anions of the pyrite structure
which is typical of the reduction conditions of mineralisation in carbonaceous rocks. The content of As
structural forms is 0.9–1.1 wt %. Substitution of Fe2+ in pyrite for As2+ or As3+ is typical of oxidative
hydrothermal and diagenetic conditions, including high-sulfidation epithermal deposits and shallow
groundwater systems [47].

It is known from experimental studies that the solubility of As in pyrite, even at high temperatures,
is limited to tenths of a percent. Clark ([53], p. 1363) shows that there is “evidence that very little
arsenic is soluble in pyrite” in the range 300–700 ◦C. At 600 ◦C, pyrite solid solution may contain
less than 0.53 wt % As. The hypothesis of As retrograde solubility in pyrite [7] has no ground in
experiment; therefore, the formation of high-As pyrites containing more than 5 wt. % As at relatively
low temperatures [7,54] remains a mineralogical mystery. However, mixed crystals (Fe, As)S2 do
form at low temperatures under conditions simulating deposition of authigenic pyrite in subsurface
sediments [55]. Nanosized pyrite particles were synthesised at 25 and 110 ◦C in the presence of As(III)
in solution. Research by X-ray absorption spectroscopy fine structure and modelling within density
functional theory led to the establishment of the mixed nature of the As–pyrite formed, in which As,
in the form of As2+ and/or As3+, occupies octahedral positions Fe2+ (53–71%), and in the form of
As−-tetrahedral positions S− (19–47%) [55].

The supersaturated solid solutions, which are metastable in the bulk phases, often become stable
in small particles due to the crystallite size effect which is the dependence of phase relationships
(partially, phase boundary position) upon the crystallite size [56]. This effect was studied in detail
in the FeS2–CoS2 system. The solubility of CoS2 in the pyrite phase was shown to be 4–10 times
higher for small particles (~0.1–0.2 µm) as compared to more coarse ones (1–2 µm) in the temperature
interval 620–680 ◦C [57]. Such a mechanism can explain the formation of As-rich pyrite in small
particles. Thermodynamic calculation of the change of limits of miscibility in the FeS2–FeAs2 system
requires knowledge of the equilibrium boundaries of solid solutions in the phase diagram of the
bulk phases or the dependence of miscibility limits on particle size. The mean coherent domain size
along (001) for mixed crystals with 0.5 at. % As was 23 nm at 25 ◦C and 40 nm at 110 ◦C and for the
composition with 1.0 at.% As, 15 and 22 nm, respectively [55]. Thus, with a decrease in crystallite
size, As incorporation in pyrite increases, which is characteristic of the crystallite (phase) size effect in
isomorphic mixtures [56,57]. Although a more detailed analysis is beyond the scope of the present
paper, the above phenomenon may be relevant to the interpretation of our results (see the next section).

6.3. Crystallite Sizes

The influence of crystallite size on trace element uptake can be manifested not only in the form
of a phase size effect, but also in the form of intracrystalline adsorption of these elements at the
interblock boundaries of a dislocation nature. Figures 10 and 11 show the change in NM content in
structural and surficial forms depending on the average size of crystallites in pyrite and arsenopyrite
samples, respectively.
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For structural impurities, this trend is most pronounced for Pt, Ru and Ag (Figures 10a, 11a
and 12). It is interesting to note that this dependence is even more clearly manifested for these elements
(and Pd) in the case of the surface-bound form of NMs (Figures 10b, 11b and 12). The reason for this
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phenomenon is not quite clear because the block size parameter refers to the entire crystal and not to its
surface. It can be assumed that with a certain mechanism of crystal growth, namely, growth through
the medium of a non-autonomous phase [13,48,49], the release of incompatible elements to the surface
is more effective in the case of small blocks forming a nano-block transition zone between the substrate
surface and the NAPs [48].

Intracrystalline interblock boundaries are a common defect of mineral crystals. They contain
dislocation pile-ups that create a non-homogeneous elastic field around themselves. This field is able
to interact with the elastic fields of point defects, such as impurity atoms. The impurities, which are
larger than the matrix atoms, are concentrated in the areas of lattice extension, and smaller impurities,
in the areas of compression. Regardless of the size of impurity atoms, there are always such parts of
the lattice in which the interaction with the impurity is positive (impurity atoms are “attracted” to
them, trying to settle in them). This effect of impurity capture by dislocations is potentially possible for
any crystalline phases and impurity elements; its value depends on the density of dislocations and the
nature of their distribution in the crystal volume. The effect of concentration of micro-impurities is that
if there is an external source of a trace element of a sufficiently large capacity (for example, the bulk
fluid phase) that is able to restore the equilibrium concentration of Co in the undistorted part of the
crystal block, the total content Ctot of trace element in the crystal will increase. The effect calculations
for the case of Au in pyrite [19] have been carried out in the approximation of a simple (symmetric) tilt
boundary within the formalism presented in References [58,59]. In the model considered, the block
sizes were 50 and 100 nm, the distances between the dislocations in the wall were 10 and 50 nm,
and Co = 1.6 ppm. The values of Ctot/Co at 300 ◦C were 49 and 2, respectively. This effect, apparently,
can explain the increased content of structural Au in pyrite of the sample ZR-10/13 (Table 4), which had
the smallest block size of all studied pyrites, at 60 nm (Table 3). However, due to the complexity of the
analysis of multicomponent systems with a large number of dilation centres, we can only talk about
the theoretical possibility of the effect on the distribution of Au and other NMs. It should be noted
that for Au-REE-PGE ores of black-shale deposits, the confining of increased platinoid content to twin
planes and other intracrystalline boundaries in pyrite has been previously mentioned [60].

6.4. Non-Stoichiometry

Figure 13 shows that the excess metal (or the presence of S vacancies) in pyrite contributes to
the increase in the content of the structural forms of Ag and Pt, and to a lesser extent of Ru, Pd and
possibly Au (in the latter case, the conclusion is ambiguous because of the “bounce” of point for the
sample UV-3/13).
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The interaction of vacancies with impurity atoms causes the effect of impurity “trapping”—the
increase of its distribution coefficient in the crystal-solution (melt) system [61] or the increase of its
solubility in the solid phase [62].

The published sources seem to lack quantitative data on the effect on NM content of
non-stoichiometry and point defects in natural pyrite. With regard to synthetic crystals, the following
can be stated. For the pyrite crystals doped with Co, Ni and As grown by chemical vapour transport
(CVT) at 700–600 ◦C under Fe1-xS–FeS2 buffer conditions, the S/Fe atomic ratio was found to vary from
1.95 to 2.04 [63]. The CVT-grown pyrite crystals contain (S-Cl)2− and (S-Br)2− radicals in the crystal
structure [64] which substitute for the (S2)2− dumbbells and act as electron donors [65]. These radical
ions may be responsible for the incorporation of some impurity atoms into the crystal. Tomm et al. [66]
determined Br and Au concentrations of approximately 0.2 at. % each (1094 ppm Au) in Au-doped
crystals synthesised at 580–630 ◦C. Although the authors determined a uniform Au distribution of
~0.2 at. % in the bulk, a surface layer of about 150 Å was enhanced with Br and Au to about 1% each.

Figure 14 shows the dependence of the content of NM structural forms on the As/S ratio in
arsenopyrite. An obvious trend existed expressing the elevation of Pt, Ru and Pd content for the
samples with excess As (As/S ≥ ~1.14). At the same time, iron deficiency was insignificant (Table 2),
and the possible concentration of vacancies in the metal position (on average ~0.3 at. %) was at the
level of error of the EPMA analysis. We can assume that, for both coexisting minerals of pyrite and
arsenopyrite, the sulphur deficiency is favourable for the incorporation of Ag and platinoids in their
structures. Most likely, this is due to the lower sulphur fugacity under the formation of this association,
which reflects two trends in the relationship between S and As in pyrite—“normal” for stoichiometric
pyrite and “defective” for pyrite with excess Fe (Figure 4).
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The data for Au were not certain, as the increased content of its structural form fell to As/S = ~1.14
(samples ZR-10/13 and Nat-10, Table 4); it was not the highest of those presented in Table 2. However,
for Au, there was evidence that invisible Au correlated with excess As in the most natural and synthetic
arsenopyrites [54]. The authors attribute this to the uptake of Au from ore fluids by chemisorption on
the surface centres containing excessive As and deficient Fe and incorporation of Au in the metastable
solid solution. However, this model fails to explain why this surface structure is preserved with
the continuing crystal growth and how it transfers into the crystal volume, causing zonation in the
distribution of As and Au.
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6.5. Non-Precise Metal Impurities

Figures 15 and 16 show the dependence of NM content on the sum of major non-NM impurities
in the structures of pyrite and arsenopyrite, respectively. In pyrite, the highest Ag was observed for
both the most “pure” (relatively non-NM impurities) sample, ZR-10/13, and the most “contaminated”
with these impurities, UV-3/13. Platinum behaves in a similar way, although not in such a contrasting
fashion. Gold, Pd and Ru were reduced from ZR-10/13 (40 ppm SMI) to Nat-10 (127 ppm) and then
changed little, with the SMI contents being 182 and 235 ppm for DG-10/14 and UV-3/13, respectively.
We believe that this dependence reflects the influence of the two above considered factors of NM
concentration—fine-block substructure and non-stoichiometry defects. Both of these are better
pronounced in the samples ZR-10/13 and UV-3/13 which were maximally contrasted by SMI content.

Among arsenopyrites, sample ZR-10/13 also stood out sharply with a high content of Ag (excluding
Nat-10, the point of which does not fit into the scale of the graph; see Table 4), Au, Pt and Pd. It was
followed by UV-3/13 with elevated Ag, Ru and Pt content. Sample DG-10/14, despite containing
the highest amount of impurities (405 ppm SMI), contained less Au, Pt and Ag compared to more
“pure” arsenopyrites.

Minerals 2019, 9, x FOR PEER REVIEW 5 of 32 

 

both the most “pure” (relatively non-NM impurities) sample, ZR-10/13, and the most “contaminated” 
with these impurities, UV-3/13. Platinum behaves in a similar way, although not in such a contrasting 
fashion. Gold, Pd and Ru were reduced from ZR-10/13 (40 ppm SMI) to Nat-10 (127 ppm) and then 
changed little, with the SMI contents being 182 and 235 ppm for DG-10/14 and UV-3/13, respectively. 
We believe that this dependence reflects the influence of the two above considered factors of NM 
concentration—fine-block substructure and non-stoichiometry defects. Both of these are better 
pronounced in the samples ZR-10/13 and UV-3/13 which were maximally contrasted by SMI content. 

Among arsenopyrites, sample ZR-10/13 also stood out sharply with a high content of Ag 
(excluding Nat-10, the point of which does not fit into the scale of the graph; see Table 4), Au, Pt and 
Pd. It was followed by UV-3/13 with elevated Ag, Ru and Pt content. Sample DG-10/14, despite 
containing the highest amount of impurities (405 ppm SMI), contained less Au, Pt and Ag compared 
to more “pure” arsenopyrites. 

 
Figure 15. Structurally bound NM versus the SMI in pyrite crystals. Note the ten-fold reduced 
concentration scale for Ag. See Tables 4 and 5 for numerical data on NM and SMI, accordingly. 

 
Figure 16. Structurally bound NM versus the SIM in arsenopyrite crystals. See Tables 4 and 6 for 
numerical data on NM and SMI, accordingly. 

All this suggests that non-NM impurities themselves are not a factor in NM concentration in 
structural forms, either in pyrite or in arsenopyrite. In any case, the fine-block substructure and non-
stoichiometry defects associated with the mechanism and conditions of crystallisation of minerals of 
this association affect NM distribution much more strongly than do these impurities. 
  

Figure 15. Structurally bound NM versus the SMI in pyrite crystals. Note the ten-fold reduced
concentration scale for Ag. See Tables 4 and 5 for numerical data on NM and SMI, accordingly.

Minerals 2019, 9, x FOR PEER REVIEW 5 of 32 

 

both the most “pure” (relatively non-NM impurities) sample, ZR-10/13, and the most “contaminated” 
with these impurities, UV-3/13. Platinum behaves in a similar way, although not in such a contrasting 
fashion. Gold, Pd and Ru were reduced from ZR-10/13 (40 ppm SMI) to Nat-10 (127 ppm) and then 
changed little, with the SMI contents being 182 and 235 ppm for DG-10/14 and UV-3/13, respectively. 
We believe that this dependence reflects the influence of the two above considered factors of NM 
concentration—fine-block substructure and non-stoichiometry defects. Both of these are better 
pronounced in the samples ZR-10/13 and UV-3/13 which were maximally contrasted by SMI content. 

Among arsenopyrites, sample ZR-10/13 also stood out sharply with a high content of Ag 
(excluding Nat-10, the point of which does not fit into the scale of the graph; see Table 4), Au, Pt and 
Pd. It was followed by UV-3/13 with elevated Ag, Ru and Pt content. Sample DG-10/14, despite 
containing the highest amount of impurities (405 ppm SMI), contained less Au, Pt and Ag compared 
to more “pure” arsenopyrites. 

 
Figure 15. Structurally bound NM versus the SMI in pyrite crystals. Note the ten-fold reduced 
concentration scale for Ag. See Tables 4 and 5 for numerical data on NM and SMI, accordingly. 

 
Figure 16. Structurally bound NM versus the SIM in arsenopyrite crystals. See Tables 4 and 6 for 
numerical data on NM and SMI, accordingly. 

All this suggests that non-NM impurities themselves are not a factor in NM concentration in 
structural forms, either in pyrite or in arsenopyrite. In any case, the fine-block substructure and non-
stoichiometry defects associated with the mechanism and conditions of crystallisation of minerals of 
this association affect NM distribution much more strongly than do these impurities. 
  

Figure 16. Structurally bound NM versus the SIM in arsenopyrite crystals. See Tables 4 and 6 for
numerical data on NM and SMI, accordingly.



Minerals 2019, 9, 660 28 of 33

All this suggests that non-NM impurities themselves are not a factor in NM concentration in
structural forms, either in pyrite or in arsenopyrite. In any case, the fine-block substructure and
non-stoichiometry defects associated with the mechanism and conditions of crystallisation of minerals
of this association affect NM distribution much more strongly than do these impurities.

6.6. Effect of Crystal Inhomogeneity

We believe that the situation reflected in Figure 3 and Table 2 could arise only as a result of the
formation of the pyrite crystals by growth through the medium of a non-autonomous phase [13,48,49].
First, “pure” and As–pyrite could not be different pyrite generations because they are present in the
form of a close association of irregularly located areas within one single crystal. Secondly, the situation
in Figure 3 can hardly be considered characteristic of pseudomorphic pyrite substitution by its As
variety [50], due to the fact that the zones of occurrence of these varieties are distributed in a complex
way. Matching of compositions (non-stoichiometric indices) of coexisting Py and As–Py does not fit
into this model either. The driving force of pseudomorphic substitution is the difference in chemical
potentials of easily mobile components (EMCs), and the same stoichiometry of Py and As–Py indicates
that there were no significant differences in the activity of EMCs (primarily S2) during their formation.

It remains to be assumed that the formation of heterogeneous single crystals of pyrite (Py + As− Py)
is a consequence of a special mechanism of crystal growth involving the participation of NAPs.
The crystal is growing by feat of nanoscale NAPs enriched with As and NMs due to the phase size effect.
Because of rather low temperatures and the relative stability of the solid solution in the process of
growth, no complete transformation of As–Py into Py takes place. In fact, the solid-phase transformation
of the internal NAP layer, losing the local equilibrium with a supersaturated solution [13,48], is inhibited
under continuous medium conditions, since there is no free volume for the discharge of As (with the
formation of the Asp phase) and other impurities. It can occur only in areas providing free space due
to the presence of structural defects, such as point defects and their associates (vacancies, divacancies),
dislocations, pores, etc. This leads to the observed patchy distribution of Py and As–Py sectors and the
attraction of “pure” pyrite to areas with increased porosity.

7. Conclusions

A number of factors, the nature of which were different, influenced the distribution of hidden
(invisible) forms of NMs between coexisting pyrite and arsenopyrite. The total NM content was affected
by the surface accumulation effect caused by the uptake of impurities by NAPs. The surface activity
of arsenopyrite was slightly higher than that of pyrite, but this had little effect on the distribution of
NMs among them. The total contents increased at the expense of surficial-bound forms approximately
equally for both minerals, which created the illusion of D Py/Asp constancy. The distribution coefficients
of structural (str) and surficial (sur) forms did not differ significantly from each other and indicated a

weak tendency towards NM fractionation in pyrite in this mineral pair: D
str
Py/Asp = 2.7 (Au), 2.5 (Pd),

1.6 (Pt), 1.7 (Ru); D
sur
Py/Asp = 1.6 (Au), 1.1 (Pd), 1.5 (Pt), 1.5 (Ru). Data on Ag, in most cases, indicated

strong fractionation in pyrite (D
str
Py/Asp = 17), but they were not sufficiently reliable, probably due to the

instability of the solid solution of Ag in pyrite and its decomposition in the post-crystallisation period.
Surface enrichment was considered as a universal factor in “invisible” NM distribution, which was
confirmed by the same shape and high coefficients of determination of the dependences of uniformly
distributed concentrations of NMs on the specific surface area of the average crystal in the size fractions.

A number of NMs (Pt, Ru, Ag) tended to increase the content of structural impurities with a
decrease in the size of crystallites in pyrite and arsenopyrite. This may be due to both the phase
size effect and the intracrystalline adsorption of these elements at the interblock boundaries of a
dislocation nature. Such dependences appear for superficially bound NM forms as well (with Pd
added). Perhaps this is due to the peculiarities of the mechanism of crystal growth by means of NAPs,
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since the release of incompatible elements to the surface is more effective in the case of small blocks
forming a nano-block transition zone between the substrate surface and the NAPs.

Excess metal (or the presence of S vacancies) in pyrite increases the content of structural forms
of Ag and Pt and, to a lesser extent, those of Ru, Pd and Au. The interaction of vacancies with
impurity atoms causes the effect of “trapping” the impurity, increasing its distribution coefficient in
the crystal–growth medium system or increasing its solubility in the solid phase. For arsenopyrite,
there was a clear trend of increasing content of Pt, Ru and Pd for the samples with an excess of As.
We can assume that, for both coexisting minerals of pyrite and arsenopyrite, the deficiency in S was
favourable for the incorporation of Ag and platinoids in their structures. Most likely, this was due to
the fact of a lower sulphur fugacity under the formation of this association, which reflects two trends
in the relationship between S and As in pyrite—“normal” for stoichiometric pyrite and “defective” for
pyrite with excess Fe. The latter was associated with higher contents of some NMs.

The main non-precise metal impurities in the studied pyrite were Ni, Cu, Pb and Sb and,
in arsenopyrites, Co, Ni, Cu, Pb, Sb and Se. The levels of their total contents varied quite widely—from
40 to 235 ppm in pyrite and from 193 to 405 ppm in arsenopyrite. These impurities did not seem to be
a significant factor in NM concentration in structural forms; their influence was mediated by other
factors, such as block substructure and non-stoichiometry defects associated with the mechanism and
conditions of crystallisation of minerals of this association. These factors give rise to variations of
NM accumulation and distribution characteristics even for minerals of ore deposits of the same type
studied here.

The formation of heterogeneous single crystals of pyrite consisting of As-free and As-enriched
areas may be a consequence of a special mechanism of crystal growth specified by the agency of NAPs.

Variations in NM distribution coefficients in the Py/Asp pair for the four samples considered
from three orogenic Au deposits reached almost 100% rel. With varying degrees of influence of the
abovementioned factors on the minerals of the association, we should expect significant variations of
DPy/Asp of “invisible” NM forms which confirms a wide range of DPy/Asp values for “invisible” Au at
various deposits.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/11/660/s1,
Table S1: Analysis of single-crystal size selections of coexisting pyrite and arsenopyrite of mineral samples of
Natalkinskoe (Nat, UV), Degdekan (DG) and Zolotaya Rechka (ZR) deposits, north-eastern Russia.
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