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Abstract: The Maletoyvayam high-sulfidation (HS) epithermal Au-Ag deposit is one of the numerous
hydrothermal deposits of the Kamchatka volcanogenic belt, consisting of two main associations:
Au-rich (Ag-free) and Ag-bearing. The first one derived from acidic solutions, whereas the second
assemblage crystallized from moderately dilute solutions, with both occurring at high oxygen fugacity.
The Au-rich association contains the most atypical gold chalcogenides of the Au-Se-Te-S system,
which are characterized by Se-S and Te-Se substitutions, e.g., a complete series from maletoyvayamite
to tolstykhite Auz(Se,S)sTeg; a series of auroselenide Au(Se; gp—0.6450.36-0.00); @ combined series of
gachingite Au(Te,Se) and unnamed Au(Se,Te): Au(Teg go_0.405€0.20-0.60)- Meanwhile, in the second
Ag-bearing assemblage, sulfides of the Au-Ag type prevails, e.g., petrovskaite AuAgS, miargyrite
(Ag,Au)(Sb,As)S,, uytenbogaardtite AgzAuS,, fischesserite AgzAuSe, with Au-Ag substitution, and
tolstykhite. The Se/S ratio, of the second association, decreases while increasing the Ag concentration
in the ore-forming system, including Au-Ag substitutions. The Au content in miargyrite (Au,Ag)SbSs
reaches up to 0.48 apfu, suggesting the existence of a new mineral phase of composition AgAuSb,Sg.
Au oxide complexes, in both associations, are represented by either a mixture of redeposited gold and
Fe-Sb oxide or a homogeneous (Au,Sb,Fe), O3 composition. These oxides are formed by replacement
of calaverite. The ore mineralization of this HS deposit is considered unique due to the special
conditions of the ore-forming environment, such as acidic solutions, high oxygen fugacity, and log
fSep above —5.7; all contributed to the formation of AuSe phases.

Keywords: epithermal deposit; high-sulfidation; selenium; selenide; Au-Se-Te system; Kamchatka
peninsula; maletoyvayamite; gachingite; tolstykhite; auroselenide

1. Introduction

The epithermal Maletoyvayam Au-Ag deposit, located in the northern part of the
Central Kamchatka volcanogenic belt (Figure 1a,b), is the only one in the Kamchatka penin-
sula corresponding to high sulfidation (HS), according to [1]. This deposit is confined
to the Vetrovayam volcano-tectonic structure. The Maletoyvayam ore field comprises
volcano-sedimentary succesions of the Vetrovayam suite: andesites, tuffs, and tuffsand-
stones (Figure 1c). Features, such us vuggy silica and stockwork quartz veining, in the
central parts of the ore field are followed outwards by alunite-, sericite-kaolin-quartz, and
kaolin-quartz rocks, and then by argillites and propylites at the periphery [2]. The Gaching
ore occurrence, belonging to the Maletoyvayam deposit, is located near the head of the
Gachingalhovayam River and is represented by quartz stockworks, hosted by vuggy silica
and strongly oxidized quartz-alunite rocks, typical of HS type deposits [3]. The regional
geology, structural features, and ore-forming processes of the Maletoyvayam deposit have
been extensively reported. A collection of these data is given in [4,5], where the approximate
conditions for the activity of sulfur, selenium, tellurium, and oxygen were estimated on the
basis of mineral paragenesis. This approach revealed that the productive ore association
was derived from very acidic solutions under oxidizing conditions, which are indicative of
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HS epithermal deposits [6,7]. Additional work about mustard gold and Au oxides in the
paragenesis of the Maletoyvayam deposit [8,9], as well as a study on the compositions of
fluid inclusions in quartz, have been published [9,10]. Unnamed gold chalcogenides, never
described before for other deposits, have been identified in the different ore associations;
some of them were synthesized and their experimental analogues studied [11,12], finally
leading to the approval, by the International Mineralogical Association (IMA), of four
new gold mineral species: maletoyvayamite AusSesTeg [13], gachingite Au(Te;Sex) [14],
tolstykhite AuzS4Teg [15], and auroselenide AuSe [16]. The presence of four new mineral
species among Au-minerals and unnamed Au-compounds at the Maletoyvayam deposit,
which have not yet been reported anywhere else, may be related to the special conditions
of their forming environment. Acidic ore-forming solutions and high oxygen activity,
typical of HS-type epithermal deposits, were accompanied by very high selenium activity:
log fSe; varying between —12.4 and —5.7 at 250 °C [5]. All of this led to a high Se/S
ratio in ore-forming solutions, which triggered the formation of the auroselenide (AuSe)
species. Recently obtained mineralogical data also revealed the presence of an Ag-bearing
association, in a few samples, in addition to the Au-rich (Ag-free) assemblage. Hence,
the aim of this study is to reveal the correlation of Au/Ag and Se/S ratios in mineral
parageneses, due to the fact that selenium activity increases when the acidity of solutions
is increased [17-19]. Furthermore, a detailed description of the reference mineralogical
collection of the Maletoyvayam deposit (Gaching occurrence), characterizing the products
of acidic hydrothermal solutions, is also of great scientific importance to understand the
ore genesis of epithermal deposits.
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Figure 1. Location of the Kamchatka Peninsula in the Russian far east (a); geographical position of the
Maletoyvayam deposit on the Kamchatka Peninsula (b); simplified geological map of the Vetrovayam
volcano-tectonic structure, showing the Gaching ore occurence within the Maletoyvayam deposit (c).
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2. Materials and Methods

Samples of quartz veins and alunite-quartz rocks from the mine trench at the Gaching
site (one sample of 20 kg and thirteen of 5 kg each) were provided to the authors for
research. Samples of rocks were crushed to a particle size of less than 0.5 mm and were
later separated by density, using water and a dense liquid tribromomethane to obtain a
heavy mineral concentrate. These concentrates were later prepared as epoxy grain mounts
for microprobe analysis, along with polished rock chips, for in situ analysis of paragenetic
associations.

The chemical compositions of minerals were analyzed at the Analytical Center for
Multi-Elemental and Isotope Research at the VS Sobolev Institute of Geology and Miner-
alogy SB RAS in Novosibirsk (Russia), using a LEO-413VP scanning electron microscope
(SEM) equipped with an INCA Energy 350 X-ray EDS system (Oxford Instruments Ltd.,
Abingdon, UK) (analysts Dr. N. Karmanov and M. Khlestov), operating at an accelerating
voltage of 20 kV, beam current of 0.4 nA, 50 s measuring time, and beam diameter of ~1 pm.
The following standards were used: pure metals (Ag, Au, Bi, Se, Sb, Fe, Cu), pyrite (S),
synthetic HgTe (Te), and sperrylite (As). The detection limit was 0.02%. The following
X-ray lines were selected: La for Ag, Te, As, Sb, and Se; K« for S, Fe, Cu, and O; and M«
for Au and Bi. WDS Microprobe analyses of Au-minerals were carried out in the same
analytical center, at 20 kV and 50 nA, in a JEOL JXA-8230 microprobe (beam size ~1 mm)
(analyst V. Korolyuk). The following X-ray lines (and standards) were used: SeL« (BiySes),
TeLox (AgTe;), AgLa (Ag), SKa (CuFeS;), and AuM« (Au). The results were treated using
ZAF correction routines in the native JEOL software. The detection limit was <0.05% for all
analyzed elements. More than 2000 microanalyzes for mineral compositions were carried
out. All data in the tables are listed according to the detection limits of the elements.

3. Results
3.1. Minerals in the Au-Te-Se-S System
3.1.1. Maletoyvayamite-Tolstykhite Solid Solution (Mty—T1s ss)

These two minerals have been previously described as unnamed phases Au,Tes(Se,S); [5];
however, after performing detailed crystallographic studies, a new chemical formula was
assigned for each of the compounds—AusSesTeg for maletoyvayamite [13] and AuzSsTeg
for tolstykhite [15]—both of which turned out to be isostructural. Maletoyvayamite and
tolstykhite are the most common minerals of the ore-bearing association, prevailing over
native high-grade gold. As shown in Figure 2a, the composition of these minerals is
clustered in a specific area of the ternary diagram, showing limited variations in the ratios
between Au and chalcogens, as well as in tellurium and the (S + Se) sum. The Se-S
substitution is substantial, forming a complete solid solution between maletoyvayamite
and tolstykhite (Figure 2b). The grain morphology of both minerals and intergrowths,
with associated phases, are comparable (Figure 3). Individual grains are characterized by
anhedral shapes (Figure 3a,b). Both maletoyvayamite and tolstykhite are opaque with
metallic luster. Cleavage is well-developed on {010} and {001}. In plane-polarized reflected
light, both minerals are bluish gray with high birefringence and strong anisotropy [13,15].

There are two types of mineral assemblages: (1) maletoyvayamite and tolstykhite
are very often intergrown with Fe-Sb oxides (Figure 3c,d)—FeSbO, and FeSb,O¢, which
correspond to tripuhyite compositions, as well as with more oxidized species containing Te,
As, Bi, and S as minor elements [8]; (2) intergrowths of maletoyvayamite and tolstykhite
with calaverite AuTe; and native gold (Figure 3e,f). In this case, the selenium analogue
varies all the way up to a S-free composition (Table 1), spectra 83, 84, 98, 100, and 104.
However, when associated with tripuhyite or Ag-bearing minerals (fischesserite), the role
of S in solid solutions increases significantly.



Minerals 2023, 13, 420 4 0of 20

© Te,Se

a Au(Te,,Se))

* AuSe

o Au(Te,Se),

© Au,Se,Te;-Au,S,Te,
e Au(Se,S)Te,

A Au(Se,Te)

Figure 2. Compositions of Au-S-Se-Te minerals from the Maletoyvayam deposit in the systems (Se +
S)-Au-Te (a) and S-Se-Te (b).
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Figure 3. SEM back-scattered images of individual grains of tolstykhite AuzTesSy (Tls) (a), Tls — Mty
solid solutions (b—d) and maletoyvayamite AuzTesSes (Mty) (e,f) in intergrowths with Fe-Sb oxides
(e), with calaverite AuTe, (Clv) and Au-Sb-Fe oxide (e), with native gold (Au) (f), and unnamed
phase AuTe;Se (e, f). Sample reference number is at the lower right corner of the images. Black dots
with numbers correspond to analytical points (spectrum) in Table 1.
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Table 1. Compositions (wt. %) of maletoyvayamite, tolstykhite, and associated minerals shown in Figure 3.

No. Sample Sp. Au Te Se S Total Formulas

1 Mt-4_1-1 132 37.18 51.2 1.08 9.73 99.19 AUZ_70 (54_3558()_20)4_55 Te5A75
2 Mt-4_1—1 133 37.09 51.33 0.62 9.3 98.34 Auz,76(S4,24Seo,11)4,35T€5,39
3 Mt-4_1-5 146 37.91 50.35 3.93 7.45 99.64 Auy gs(S3.485€0.74)1.22Tes 90
4 Mt-471-5 147 36.62 50.67 4.54 7.06 98.89 AuZ_gl (53_3358()_37)4_2()’]—‘86,00
5 Mt-4_1-6 148 36.19 47.59 9.94 4.05 97.77 Au2_95 (52_03582_02)4_05 Te599
6 Mt-4_1-6 150 37.72 50.96 3.95 7.73 100.36 AuZ_gz (53,55380_74)4_29 Te5,89
7 Mt—4_2—4 162 36.33 47.37 11.65 2.73 98.08 AU3,04(562‘4351'40)3,331"6(,,12
8 Mt-4_2-4 163 35.98 47.36 12.01 2.57 97.92 Aus 2(Ser525133)3.85Tes.14
9 Gl-f73-1 82 95.86 97.08 * (Au(],ggAgn_m)l_on

10 G1-f_3-1 83 34.72 46.34 17.34 98.4 Aus.0Ses 73 Teg.17

11 Gl-f_3—1 84 34.54 46.22 19.2 99.96 Auz,gz Se4.o5T66,03

12 Gl—f_3—1 85 35.52 46.14 15.52 97.18 Aug,gg Te1,%Sel,06

13 Gl-f72-1 102 42.43 53.51 1.5 97.44 AII()_gg (Tel_gzsegvug)z[n
14 Gl-f72-1 103 42.17 53.72 1.63 97.52 AI.I()_gg (T81_93Se(]_09)2_02
15 G1-f 2-1 98 34.78 46.2 18.24 99.22 AuposSesooTe12

16 G1-f_2-1 100 33.72 45.32 17.68 96.72 Auy97Se388Tee 15

17 Gl—f_2—1 104 33.03 4553 18.02 96.58 Auz,905e3‘g4Teé,16

18 Gl-f72-1 96 36.3 46.77 15.8 98.87 AuU_93 Te1_95Se1_g7

*—Total includes 1.22 wt. % Ag. 1-6—tolstykhite; 7-8, 10-11, 15-17—maletoyvayamite; 9—gold; 12, 18—AuTe,Se,
13-14—calaverite; Sp.—spectrum number.

A portion of the most Au-rich compositions on the Mty—T1s ss field (Table 1), spectra
85 and 96, lies on the Au/(S + Se + Te) = 1/3 line (Figure 3a) and moves toward the chemical
formula Au(Te,Se,S);, which can be represented as Au(Se,S)Te;.

3.1.2. Tellurium-Selenium Solid Solution (Te-Se ss)

Native tellurium, as well as the solid solution it forms with selenium, are representative
of the entire ore association. Te-Se ss occur as: (1) individual grains, often intergrown with
goldfieldite or selenium goldfieldite (Figure 4a,b,d,e,f); (2) as drop-shaped or rounded
inclusions in sulfosalts (tetrahedrite and goldfieldite) (Figure 4c); and (3) as xenomorphic
segregations intergrown with Mty—Tls ss (Figure 4d—f). The compositional points of Te-
Se ss, confined towards the tellurium region of the diagram (Figure 2a), form an almost
continuous series from native tellurium up to SepssTeg4p. Minor S, up to 0.65 wt. %, is
present in Te-Se solid solutions (Table 2). The main associated minerals are goldfieldite,
in which Te predominates over Sb and As, and tetrahedrite (Table 2). All of them include
Se within the range 1.00-8.93 wt. %. In some cases, the amount of Se (apfu) prevails over
the other chalcogens in the chemical formulae (D_9-1, point 4), which may potentially
correspond to a new sulfosalt Cuj»5e4S13 (Table 2). Te-Se solid solutions occur intergrown,
in almost the same proportion, with both tolstykhite and maletoyvayamite.

Table 2. Compositions (wt. %) of native tellurium and Te-Se solid solutions, as well as their associated
minerals, as shown in Figure 4.

No Sample Sp Fe Cu Au Ag Sb Te As Se S Total Formulas
1 D_4-4 1 53.14 4577 045  99.36 Seo57Te.4150.01
2 D_4-4 2 52.25 45.85 0.36 98.46 Seo,nge()Al Sg,(n
3 16h_1-5 1 96.74 1.73 98.47 Teo.975€0.03
4 161’171- 5 2 42.33 5.28 14.77 648 8.93 21.67 99.46 Cul1,36(T91V97581_Q3AS1,47Sb[)_74)(,_11511/53
5 161’172- 5 1 0.68 43.15 0.4 10.53 11.75 5.22 4.64 23.32 99.69 (Cul1_39Feg_20Ago_gé)11_65(Te1_54Sb1_45A51,17Se0_9g)5_15512_20
6 161’1_2— 5 2 98.42 0.86 0.65 99.93 Teo_%ngSeo_m
7 16h_1— 2 1 38.56 50.65 4.21 7.06 100.48 Au2‘94 (53'3()560,30)4,10'1“95,%
8 16h_1-2 2 89.61 11.06 100.67 Teo.835e0.17
9 161’171- 2 3 0.45 42.29 9.36 15.66 1.63 5.79 2549 100.67 (Cu10_94Fe[)_13)11_07(Te2_025b1_265e1_21As(],36)4,85513_03
10 D76-9 1 36.47 50.39 7.05 5.47 99.38 Au2_87 (SZ.64se1.38)4.02T86.'11
11 D_6-9 2 79.96 19.56 0.28 99.8 Teo_71 Seo,zg So_m
12 D_6—9 3 0.2 43.36 17.27 6.6 2.77 29.77  99.97 (CU10,53 Feo,06)10,59 (sz,lg AS1,3(,S€0,54 )4'09 514'33
13 D_6-9 4 32.63 43.13 1 22.03 98.79 Cug 60(Tes325€0.24)6.56512.85
14 D79-1 1 35.5 47.61 14.76 1.23 99.1 Au3_()1 (583_1250,54)3_76T85_23
15 D_9-1 2 3547 47.08 1541 1.08 99.04 Aug_o] (583_2(,5(],56)3,32'1“8(,_17
16 D_9-1 3 89.43 7.99 97.42 Teo.875€0.13
17 D_9—1 4 0.35 42.11 6.23 13.7 6.19 8.65 22.49 99.72 (Cun,yFeo{n)ll,zg (Sel.gsTel,gl A51,3ng0,36)5,91 S11,32

1-3, 6, 8, 11, 16—Te-Se solid solutions; 4-5, 9, 13—goldfieldite; 7, 10—tolstykhite; 14-15—maletoyvayamite;
12—tetrahedrite; 17—Se-analogue of goldfieldite.
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Figure 4. SEM back-scatter images of Te-Se solid solution members as separate grains (a), inclusions
and intergrowths with goldfieldite (Gf) (b—f), and Au chalcogenide: tolstykhite (Tls) (d,e) and
maletoyvayamite (Mty) (f). Sample reference number is at the lower right corner of the images. Black
dots with numbers correspond to analytical points (spectrum) in Table 2.

3.1.3. Calaverite AuTe,

Calaverite occurs in subordinate amounts compared to other gold minerals. It is
found as discrete grains (Figure 5a) in intergrowth with maletoyvayamite or tolstykhite
(Figure 5b), but most often together with Au-Fe-Sb oxides (Figure 5c—e), which instead
replace calaverite, forming rims (Figure 5d) or completing pseudomorphs with minor relics
(Figure 5f). The Ag concentration in calaverite does not exceed 4 wt. %, and it is usually less
than 1 wt. % (Table 3). Calaverite oxidizes when reacting with infiltrating fluids containing
Fe, Sb + As, Se, S, and Bi, additionally forming Au oxides (Figure 5). Compositions of
Au-Fe-Sb(Te,As,Se) complex oxides, associated with calaverite, are shown in Table 3. Minor
arsenic is regularly detected in these oxides, with rather rare Ag, Cu, Se content.
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Figure 5. SEM back-scatter images of discrete calaverite (Clv) grains (a), intergrown with male-
toyvayamite (Mty), tolstykhite (Tls), and goldfieldite (Gf) (b,c); calaverite grains, partially (d,e) or
completely (f) replaced by Au-Fe-Sb(As) oxide. The numbers on samples and points with the number
of the spectrum correspond to the analyses shown in Table 3.

Table 3. Compositions (wt. %) of calaverite AuTe, and associated minerals, displayed in Figure 5.

No Sample Sp Fe Cu Au Ag Sb S o Total Formulas
1 D_5-10 1 438 1.01 0.36 102.31 (Au.95A80.04)0.99(Te1.865€0.1050.05)2.01
2 D_5-10 2 42.06 1.09 98.46 (Aup.96Ag0.05)1.01(Te1.895€0.10)1.99
3 D_5-10 3 43.15 0.9 0.26 101.15 (Au0_95Ag0Ag4)099 (Te]_87ASQ_‘]QSOA04)2_U]
4 161’1_1—4 1 38.56 3.94 100.24 (AUO.SSAgO.lé)l.Ol (Tel‘92580_07)1_99
5 16h_1-4 2 347 0 2.56 97.01 A 01(Se2.7151.32)4.03Tes 06 (Se27151.32)
6 16h_2-2 1 4298 0.93 100.85 (Aup.96Ag0.04)1.00(Te1.895€0.11)2.00
7 161’172-2 2 7.28 0.64 54.26 1.11 12.55 12.83 84.87 (AU1_()[)FE()_47Sb0_37AS()_11Cun_()4Ag0_04T8()_04Se(]_02)2_0903_0()
8 161’1_2-2 3 7.8 0.76 55.59 1.22 13.44 15.58 90.54 (Au0_39FEO_44Sb0A35AS()_11Cu0_04AgoAmTEQ_o}Sevog)]9303_07
9 D_7-6 1 4427 0.54 101.33 Auo,gg(Te1_91 50'07560‘04)2,02
10 D_7—6 2 45.22 0.54 103.15 Auo_gg(Tel_3350,07560_05)201
11 D77-6 3 3.32 61.81 0.75 9.94 13.18 87.79 (Aul_255b()_33FE[)_24AS(]V11Ag()_[)3)1_%03_(]4
12 D75-6 1 44.04 0.45 99.29 Aul_oo(T61_8950_06560_05)2_00
13 D_5-6 2 1.60 58.89 0.77 13.95 0.56 14.08 91.39 (AU] AOSSbO_.ﬂFe()A](]ASQ_OSSOAOGTeo_o4Ag[)_()3)‘]_8003‘19
14 D_5-6 3 1.75 57.98 1.13 1343 0.87 12.87 88.49 (Aul,13Sb0‘4zF€o,1250‘10ASU,07Ago'04TEU‘o3)1‘9103,09

3.1.4. Chalcogenides AuX, X—Te,Se,S: Gachingite Au(Te;_4Sey), Auroselenide AuSe, and
Unnamed Au(Se, Te) Phase

These minerals are considered the rarest of all ore association in the Maletoyvayam
deposit and belong to the category of gold chalcogenides with common formula AuX,
where X is Se, Te, and S. Auroselenides occur as irregular fragments rimming native
gold by replacement (Figure 6a—f). Auroselenides AuSe are also in close association with
Mty-Tls ss (Figure 6b,d,e). Gachingite Au(Te;_Sex), where 0.2 =~ x < 0.5, or more simply
(Teps-055€0p2-05), occurs as individual rounded to drop-shaped inclusions of 10 um within
gold grains (Figure 6f) [14]. Three discrete grains of gachingite, 2040 pm in size, (Figure 6a—)
intergrown with maletoyvayamite, calaverite, and Au-Sb oxides were recently observed.
All Au chalcogenides are difficult to distinguish from each other in reflected light, due to
their size and similar optical properties. Auroselenide, gachingite-like, and Mty-Tls ss are
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10 pm

bluish-gray with strong anisotropy, displaying bluish to brownish rotation pleochroism.
Nonetheless, gachingite has a lighter blue-gray tone (Figure 6f) and a smoother (polished)
mineral surface compared to maletoyvayamite, which possesses a flakier surface (Figure 7a).

20 pm

- A B
- MV;LJ‘\""”
# Au
. T AuS

eTe) o
__.?'f' 5

Figure 6. Reflected light. Textural features and morphology of grains of auroselenide (AuSe) (a—e),
and gachingite (Gcg) (f), in association with minerals of the maletoyvaymite-tolstikhite (Mty) series,
mostly replacing native gold (Au), as well as discrete inclusions.

In addition, the composition of both auroselenide and gachingite lies on the same
AuSe - AuTe line in the (S + Se) — Au - Te system (Figure 2a). Monoclinic AuSe [16] shows
rather limited compositions, with slight variations around Au and (Se + S) end-members
and between (Se + S) and Te, as well as an extended Se — S substitution series up to
Au(Sep 6450.36) (Figure 2b). The morphology of this phase is comparable to auroselenide,
but it differs slightly in lighter shade from other associated minerals (auroselenide, male-
toyvayamite, tolstykhite) on SEM images (Figure 8), points 1-3 and 6-11. Compositions of
gachingite, as shown in the chemical formula approved by the IMA, also form a limited
orthorhombic series from Auj (Teg55¢e5 to Aug gTeggSep, [14]. The analytical results of
auroselenide and gachingite are given in Tables 4 and 5.
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(Au,Sb,Se) oxide
Mt13_1-1_2-1 Mt13_3-6

Figure 7. SEM images. Individual grains of gachingite (Gcg) (a—c) intergrown with maletoyvayamite
(Mty) and calaverite (Clv) (a), and Au,Sb,Se-oxide (c). The numbers of the samples and the points
with the numbers of the spectrum correspond to the analyses in Table 5.

Figure 8. SEM back-scatter image. An individual grain of native gold, partially replaced by various
gold minerals: maletoyvayamite (Mty), tolstykhite (Tls), auroselenide (AuSe), and unnamed phase
Au(Se,Te). The reference number of the sample and the white EDS points correspond to the analyses
given in Table 6.

Table 4. Composition (wt. %) of auroselenide AuSe, shown in Figure 6.

No. Sample Au Te Se S Total Formulas
1 d_3-8 69.40 1.95 23.99 1.88 97.22 Auo,97(590,3350.16T90_04)1_03
2 d_3—9 71.84 3.02 21.83 2.07 99.27 Auo,gq (560_7750,13Teo_06)1_01
3 d76-12 71.63 1.87 23.47 2.56 99.53 Au()_% (Se()_795(]2] TE()_(]4)1_()4
4 d72-4 68.03 0.69 23.69 1.85 94.77 * (Au0_97Ag0_0] )0.98 (580_8450_15T80_02)1_02

*—Total includes 0.51 wt. % Ag.
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Table 5. Compositions (wt. %) of gachingite Au(Te;_Sey) and related minerals. See Figure 7.
No. Sample Sp. Au Te Se Total Formulas
1 Mt13_3-4a 19 62.06 27.86 7.85 97.77 Auy 00(Teg.695€0.31)1.00
2 Mt13_3—4a 20 62.25 28.53 7.29 98.07 Aul,oo (T€0,71 560‘29)1‘00
3 Mt13_3-4a 21 62.01 27.95 7.47 97.43 Auy 00(Tep705€0.30)1.00
4 Mt1373—4a 22 61.33 27.94 8.42 97.69 AU(],gg (Teg_695e0_33)1_02
5 Mt13_3-4a 23 43.61 53.63 1.67 98.91 Al.l],gg (Te1_90560_10)2_00
6 Mt13_3—4a 24 35.89 45.27 14.63 97.65* ALI3,[)4 (Se3_0980,97)4,05Te5_91
7 Mt13_1—1 2-1 25 62.89 25.52 9.98 98.39 Au0,99 (Teg,(,zseaag)l‘(n
8 Mt13_1-1_2-1 26 62.47 25.54 9.54 97.55 Augg9(Teg.635€0.38)1.01
9 Mt13 1-172-1 27 62.89 27.91 8.11 98.91 Aul,()(] (Ten_(,gse[)_;;z)l_oo
10 Mt13_1-1 2-1 28 62.37 28.94 7.35 98.66 Al.l(],99(Teg_71 560_29)]_00
11 Mt13_1-1_2-1 29 62.32 26.56 9.21 98.09 Augg9 (Teo,65560_36)1,01
12 Mt13_1—1_2—1 30 62.87 24.87 9.95 97.69 Auu)g (Te(],(,l 560,39)1‘00
13 M’[1373-6 36 62.62 279 6.91 97.43 Auwz (Te(]j(]SeU_zg)U_gg
14 Mt13_3-6 37 62.13 27.8 7.76 97.69 Aul_()(] (Te(]_(,g Se0_31 )1_()0
15 Mt13_3-6 38 62.45 28.09 7.25 97.79 Al.l] 01 (Teg_7(]seo_29)0_99
16 Mf13_3-6 39 62.95 28.13 7.6 98.68 Aul.OO (Teo,égsE[)go)o,gg

*—Total includes 1.86 wt. % S. 1-4, 7-16—gachingite; 5—calaverite; 6—maletoyvayamite.

Table 6. Compositions (wt. %) of Au(Se,Te) phases and their associated minerals included in native

gold in Figure 8.
No. Sample Sp Au Te Se S Total Formulas
1 D711-3 1 66.26 17.90 16.53 100.69 AI.I()_gg (560_61T80_41)1_02
2 D_11-3 2 67.98 16.30 16.77 0.39 101.44 Aug99(Sep.61Teo.3750.03)1.01
3 D_11-3 3 67.10 16.27 15.90 0.56 99.83 Auggg (560,59Teo,3750,o5)1,01
4 D_11-3 4 73.05 25.47 2.05 100.57 Auo,gs (Seo_8550,17)1,02
5 D711-3 5 71.99 25.43 1.02 98.44 Aul_[]z (SE()_Q()S(]_[)())O_gq
6 D711-3 6 65.46 18.04 1.41 0.35 98.26 Au1_00(Se0_55Teo_4ZSg_03)1,gg
7 D_11-3 7 66.65 17.45 14.26 0.40 97.76 Au 01(Se0.54Te.4150.04)0.99
8 D_11-3 8 66.25 16.58 15.55 0.32 98.70 AU1,00(580‘59Teo,3950,03)1,01
9 D_11-3 9 65.64 17.07 1441 0.48 97.60 Au1_00(8e0,55Te0,4080,05)1,00
10 D711-3 10 65.51 17.25 15.76 0.53 99.05 AUQ_97(Se[)_53TE()_4(]5[]_05)1,03
11 D711-3 11 64.14 17.54 14.89 0.59 97.16 AUQ_97(SGO_56TE()_41 50_05)102
12 D_11-3 12 6.63 5.34 38.07 100.34 Auy o (53,12381 _02)4_14Te5,94
13 D_11—3 13 4.96 8.89 36.85 99.86 Auz,go(52,40591'74)4,141"65,96
14 D711-3 14 0.84 17.11 36.02 101.56 Auz_gg(se3_53So_43 )3.96T96,O7
15 D711-3 15 0.93 17.48 36.15 101.78 AuZ_g7(Se3_5gSQ_47)4_05T85,93
16 D_11-3 16 0.79 16.98 3.17 101.64 AuZ_gg (563_5150_40)3_91 Teéjo
17 D_11-3 17 98.51 99;79 AugogAgo.os
18 D_11-3 18 96.89 9%*31 Aug97Ago.03

*,#*—1.21 and 1.42 wt. % Ag, respectively, included in the total. 1-3, 6-11—unnamed Au(Se,Te); 4-5—auroselenide;
12-13—tolstykhite; 14-15—maletoyvayamite; 17-18—gold.

3.2. Minerals in the Au-Ag-Sb(As)-S System from the Ag-Bearing Association
3.2.1. Miargyrite, Petrovskaite, Uytenbogaardtite, and Fischesserite from the
Ag-Bearing Association

In this study, new mineralogical data were obtained; a few Ag-bearing mineral species,
such as petrovskaite AuAgS, Au-bearing miargyrite (Ag,Au)(Sb,As)S,, uytenbogaardtite
Ag3AuS,, and fischesserite AgzAuSe;, were identified in sample MG-63 from the Male-
toyvayam deposit. All of them occur in close association with native gold. The first two
Ag-bearing species replace gold grains at the margins (Figure 9a,d); uytenbogaardtite is
intergrown with gold (Figure 9b,e), whereas fischesserite with maletoyvayamite are grown
together. Each of these minerals has its own compositional features, e.g., petrovskaite is
characterized by an excess of silver relative to gold (Ag 1.08-1.13 apfu); uytenbogaardtite
has Au-Ag variations (Ag 2.87-3.20 apfu) deviated from the ideal AgzAuS, formula
(Figure 10a, Table 7); fischesserite contains minor S (0.18-0.24 apfu); and miargyrite and
petrovskaite are closely intergrown, forming a typical rim after gold. At the same time,
miargyrite contains a significant amount of Au (0.39-0.48 apfu) (Figure 10b), as well as
As — Sb substitution, up to 10.2 wt. % or 0.43 apfu (Table 7). In addition, unknown
phases, such us (Ag,Au)y(S,Se),Te; or (Ag,Au)y(S,Se)sTes, intergrown with tolstykhite,
were found in the Ag-bearing association (sample MG-63). These intergrowths, represented
by exsolution textures, are only revealed in reflected light (Figure 9c), but not SEM-BSE
image (Figure 9f).
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MG-63 105 [ ——2um 2y "R s MG-63_10-8

20pum i 40pm

Figure 9. Ag-bearing microparagenesises in reflected light (a—c) and SEM back-scatter images (d—f).
Miargyrite (May) and petrovskaite (Pvk) occur as rims around gold (Au) grains (a,d), intergrowths
of gold with uytenbogaardtite (Uyt) (b,e), and tolstykhite (TIs), intermixed with unnamed phases
(Ag,Au)9(S,Se),Tez and (Ag,Au)g(S,Se)3Tes. The reference number on samples, as well as the marked
points, correspond to the analyses in Table 7.

S(+Se) Sb+As

+ Stoichiometric b

# Stoichiometric

compositions compositions
¢ Petrovskaite AuAgS @ Miargyrite (?)
4 Uytenbogaardtite Ag.AuS, (Ag Au)(Sb,As)S,

o Fischesserite Ag.AuSe,
(Ag.Au)(Sb.As)S,

/\_\ /\\ / \guzse/\ /\ / \ /\ /\

Figure 10. Composition of petrovskaite AuAgS, uytenbogaardtite Agz AuS,, fischesserite AgzAuSe; (a),
and Au-bearing miargyrite (Ag,Au)(Sb,As)S; (b).
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Table 7. Compositions (wt. %) of Ag-bearing minerals, shown in Figure 9, from the Maletoyvayam

deposit.

No. Site Sp. Au Ag Sb Te As Se S Total Formulas
1 MG-63_10-5 1 98.12 98.12 Auy o
2 MG-63_10-5 2 100.20 100.2 Aui g
3 MG-63_10-5 3 28.24 18.17 34.12 0.91 19.29 100.73 (Ago,56Au0,4g)1,04(Sbo,g3ASg.04)o,97Sz,0()
4 MG-63_10—5 4 28.42 18.69 25.11 8.22 20.37 100.81 (AgO.SSAUU.45)l.00(SbO.GSASO.SS)l.OOSZ.OO
5 MG-63_10-5 5 27.76 20.24 21.37 10.24 20.08 99.69 (Ago.50 Auig.44)1.03(Sbo.55A50.43)0.9851.98
6 MG-63710-5 6 27.65 19.03 25.48 8.47 20.28 100.91 (Ag0_55Au0_44)0_99(Sb0_66A50_36)1_0251_99
7 MG-63_10-5 7 23.18 19.63 33.53 1.85 19.97 98.16 (Ag()_é()Au0_39)0,99(Sbo_goASo_gg)o_ggSz_m
8 MG-63_10-5 8 52.12 36.95 10.35 99.42 Ag110AU0.8551.04
9 MG-63_10-5 9 52.74 38.01 10.13 100.88 Ag1.13Au08651.01

10 MG-63710-5 10 51.59 36.36 1.45 10.09 99.49 Agl_[)gAUQ_34(Sl_01 580_05)1_07

11 MG-63_10-7 11 100.51 100.51 Aui g

12 MG-63_10-7 12 100.52 100.52 Aui o

13 MG-63_10-7 13 36.69 52.25 10.92 99.86 Agog7Au 115202

14 MG-63_10-7 14 31.23 57.05 2.17 9.47 99.92 Ags14AU094(S1.755€0.16)1.91

15 MG-63710-7 15 28.29 57.89 0.73 10.12 97.03 Ag3_2(]Au0_35(51_38580_05)1_94

16 MG-63_10-7 16 30.29 56.66 11.48 98.43 Agz.00Au) 895207

17 MG-63_10-8 44 39.19 50.58 2.61 7.45 99.83 AU3_00(S3.51SGQ,50)4_01 Te5,99

18 MG-63_10-8 51 38.58 49.46 1.99 7.65 97.68 AU3,01 (53‘66590,39)4.051‘95.95

19 MG-63_10-8 52 38.91 49.81 2.33 7.48 98.53 Auz 2(S3575€0.45)4.02Tes 97

20 MG-63710-8 49 38.16 50.08 2.55 7.3 98.09 AuZ_gg (S3_50580_50)4_00T66_()3

21 MG-63_10-8 45 30.57 4224 22.80 1.05 3.62 100.28 (Ags.44AU2 55)599(S1.865€022)2. 08 Tez 04
22 MG-63_10-8 50 30.43 41.94 23.00 1.09 3.68 100.14 (Ag(,,ggAuZ,54)3,93(51,39560,23)2,12Tez,96
23 MG-63_10-8 46 31.26 29.65 31.21 1.40 4.00 97.52 (Ag5.59AU3.29)8,98(52.58560‘37)2,95"[‘95_07

1-2, 11-12—gold; 3-7—miargyrite (Ag,Au)(Sb,As)S,; 8-10—petrovskaite AgAuS; 13-16—uytenbogaardtite
AgzAuS;; 17-20—tolstykhite AuzSsTes; 21-23 13-16—unnamed phases from the Ag-Au-Te-S-Se system:
(Ag,Au)y(S,Se),Tez and (Ag,Au)y(S,Se)3Tes; 17-20—tolstykhite AuzS,Tes; 21-23—unnamed phases from the
Ag-Au-Te-S system: (Ag,Au)g(S,Se), Tez and (Ag,Au)y(S,Se)3Tes.

3.2.2. Maletoyvayamite—Tolstykhite Solid Solution in Ag-Bearing Samples

Native tellurium, calaverite, and Mty-Tls ss occur in both Ag-free and Ag-bearing
associations (Figure 11a). However, a complete series of solid solution is characteristic of
the Ag-free association (Mt-8), whereas, in Ag-bearing samples (MG-63), only the sulfur
analogue (tolstykhite) is found; on the other hand, Se is absent in calaverite.

a Au b Se

Mty-Tls
solid solution:

4 MG-63 (Ag-rich)
¢ Mt-8 (Ag-free)

z\ ~

\/

\ / '\_‘ /\ o0 7 /‘
/Auy(Se,S)Te. s /
\ / 7 , /

\

X / \ e O\ /
.. PRV, - \/ Ao AV A\

Se+S Te-Se solid solution T S Te
Figure 11. Compositions of maletoyvayamite-tolstykhite solid solution, occurring in the Ag-bearing

association (MG-63) in (Se + S) — Au — Te (a), and S — Se — Te systems (b), compared to those in the
Ag-poor association (Mt-8) in the Au - (Se + S) — Te and Se-S-Te systems.
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3.2.3. Gold Complex Oxides in the Ag-Bearing Association

Complex compositions of Au-oxides have been reported in the Ag-bearing association,
as well as in the previously described Ag-free assemblage [8,9]. They occur, forming
rims (Figure 12a), as composites with other chalcogenides and gold (Figure 9f), as well as
complete pseudomorphs of primary minerals more likely to be calaverite (Figure 12b,c).

MG-63_10-1

adpm

Figure 12. SEM back-scatter images of Au-complex oxides occurring intergrown with gold (a,c) and
as an individual grain (b) from Ag-bearing associations. The reference number on samples, as well as
the marked points, correspond to the analyses in Table 8.

Table 8. Compositions (wt. %) of Au(Ag)-Fe-Sb oxides, shown in Figure 12, from Ag-bearing associations.

Sample Sp. Fe Au Ag Sb Te As o Total Formulas

MG-63710-1 4 8.25 62.89 9.89 1.59 14.95 89.32 (Au1_37FE()_555b()_07AS[)_()4Te(]_03 )2.06 02_95
MG-63_10-3 6 8.78 77.16 2.51 0.96 0.75 13.48 94.86 (Au%zFeg_525b0_04A50_03Te0A02)1_2303_75
MG-63_10-3 8 16.66 69.39 3.00 1.46 1.37 34.29 109.51 (AuggoFeg.50Sbo 31A80.08)1.7803.22
MG—63_10—11 67 11.09 53.47 12.65 2.12 17.44 85.68 (Au0,77Fe0_605b0_31 A50‘09Ag0‘03)1.3003.21
MG-63710-11 71 12.00 54.29 1.05 13.74 2.29 18.41 89.78 (Au(]_s5FE[)_57Sbo_29AS[)_UgAg[]_()3)1_gzo3_19
MG-63710-11 72 10.75 57.14 091 12.06 1.99 17.37 89.47 (AU1_4(,FE(]_57ASQ_07)2_1002_90
MG-63_10—11 73 7.98 72.05 1.30 11.64 84.99 (Au1 _35F€0_55AS[)_()7Sb()_03)2_0()03_()‘1
MG-63_10-11 74 8.21 71.76 0.96 1.37 12.97 87.06 (Aul‘45Feo,54A50.o7Sb(),03)2,1002.90
MG-63_10-11 75 7.87 75.31 0.97 1.37 12.14 89.79 (Auy.06Fe0.49Sb0.27A80.07)1.8903.11

The composition of oxides vary considerably, trending from fine-grade or slightly
oxidized gold to tripuhyite or even hematite (Figure 13). Many compositions move towards
the general formula (Au,Fe,Sb,As,Se,Te),O3. For example, the composition of the oxide in
Figure 9f is represented by the formula (Auy 50Sbg 20 Ago.08Fep.06A50.03)1.9603.04 Or simply
(Au,Sb);03. In some grains, the composition gets closer to the formula (Au,Fe,Sb),O3 or
(Au,Fe,As),03, where iron prevails over antimony and other elements (Table 8).

Typically, the composition of oxides in the Ag-bearing assemblage are more oxidized,
with a higher concentration of Fe, Sb, Te, As, and Se than those from Ag-free associations
(Figure 13). The clustering of compositional points near the hypothetical AuszO are usually
linked to high-grade “mustard” porous gold. These tiny pores may be filled with iron and
antimony hydroxides [8].
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Fe+Sb+Te+As+Se

Sample:
@ MG-63 (Ag-rich)
A Mt-8 (Ag-free)

O Stoichiometric
compositions

FeSbO,

Au  AuLO AW 0

Figure 13. Compositional variations of Au, Fe, and Sb complex oxides, with minor Te, As, Se.

4. Discussion
4.1. Possible New Minerals in the Au-Te-Se-S System

The unnamed AuTe,Se compositions, at the current stage of research, also belong to
the maletoyvayamite field AuzSesTes, expanding its stability towards gold enrichment.
Nonetheless, it should be noted that, in these compounds, the substitution Se by S is limited,
up to 0.52 apfu of S (Figure 2b). Thus, it is very likely that compounds with empirical
formula Au(Se,S)Te; correspond to a theoretically new mineral in the Au-Te-Se-S system,
different from maletoyvayamite.

There are also a series of compositions that, according to its empirical formula
AuTe,Seq_, where 0.2> x < 0.5, differ greatly from gachingite, and similarly from au-
roselenide, mainly owing to its high tellurium content (Table 6). These compositions lie on
the range Au(Se 5, Tep 48)-Au(Seg g4 Tep 36) (Figure 2a) and are located next to the gachingite
series, more precisely, towards its end-member Au(Tey55e(5). This innominate phase is
separated from pure auroselenide by an immiscibility region, and it is also distinguished by
lower S concentrations (Figure 2b). The morphology of this mineral is comparable to that
of auroselenide, although it may be differentiated in back-scatter SEM images due to the
lighter shades presented in other associated minerals (e.g., auroselenide, maletoyvayamite,
tolstykhite) (Figure 8). Furthermore, it is likely that this solid solution series, of apparent
limited compositional range Au(Sep¢-95Tep.4-05), corresponds to a new mineral phase of
formula Au(Se;_xTey) 0.4 =~ x < 0.5; however, this requires additional experimental research.

The unusual composition of goldfieldite is due to selenium in the formula, comple-
menting the tellurium group, although it does not substitute sulfur. In this case, and
by assuming an admixture of Se and S, goldfieldite composition would be far from the
empirical formula. This problem, however, should be further discussed in future studies.

4.2. Solid Solutions in Natural Gold Chalcogenides

Selenium minerals may be found in sandstones, skarn, uranium deposits, and at
epithermal deposits, where Se-rich parageneses occur in association with Te-rich minerals.
However, tellurium and selenium do not form mixtures or compounds, due to the fact that
the geochemical behavior of tellurium and selenium is different [17]. In nature, tellurides
are more common than selenides, with the former tending to produce its own minerals in
epithermal deposits, owing to its incompatibility with selenium in the structure of minerals.
Therefore, the formation of tellurides is only caused by a Te-rich source, whereas, to form a



Minerals 2023, 13, 420

15 of 20

selenide mineral, a high fSe;(s)/fSy(g) ratio is not enough, since additional conditions are
also required.

They require a highly oxidizing environment with a high pH to form, which is con-
trolled by the HySe/H,S ratio in aqueous fluids [17-19]. A substantial increase of these
ratios contributes to the successive substitution of Au-S by Au-Se complexes [20]. Selenium
atoms in the structure of sulfides substitute sulfur in sulfides and sulfosalts, even at low
H,Se/H,S values, as observed in many low sulfidation epithermal deposits. In particular,
it is typical for the Rodnikovskoye and, to some extent, the Baranievskoye deposits in
Kamchatka [21,22].

Additionally, selenium often plays a significant role in the formation of ores in LS ep-
ithermal deposits around the world, e.g., Kremnica ore district and Central Slovakia, where
the experimental contents of Se in sulfosalts are the highest ever measured worldwide [23].
Selenide minerals in the Hope’s Nose occurrence is part of an epithermal system and is
linked to a basic-intermediate igneous rocks, hosted in carbonaceous shale [24], which
supports the general idea of a correlation between selenium and organic matter, as well
as their general evolution [10]. Furthermore, most of the Au-Ag LS epithermal deposits
in Chukotka belong to the Se-bearing type (Korrida, Valunistoye, Dvoynoye, etc.) whose
ores contain important amounts of selenium-bearing minerals [25,26]. In the Koch-Bulak
deposit in Uzbekistan, the main selenium concentrators are sulfides and sulfosalts [27].
Au-Ag selenide (fischesserite) has been described in the West Tuva ore occurrence [28].
The Se concentration in ores from LS deposits, such us the Baran’evskoe and Rodnikovoe
deposits in Kamchatka, is 36 and 25 ppm, respectively. However, selenium reaches the
highest concentrations at the Maletoyvayam deposit (92 ppm) [10], which is characterized
by Au-selenides and sulfoselenides.

In the Au-Ag-Te-Se-S system for epithermal deposits, as a rule, either tellurides—
petzite AgsAuTe;, krennerite AuzAgTeg, sylvanite AgAuTe;, muthmannite AuAgTe,,
montbrayite AuyTes (simplified formula); or selenides—fischesserite Ag; AuSe;, nauman-
nite AgySe; or sulfides—acanthite Ag,S, uytenbogaardtite Ag3AuS,, and petrovskaite
AuAg are found. All these minerals are characterized by three types of elemental substitu-
tions: (1) between Au and Ag, (2) Se — S, and (3) Te — Se. In the first case, the existence of
a continuous solid solution from naumannite Ag,Se to a-fischesserite AgzAuSe; has been
experimentally demonstrated; intermediate compositions between monoclinic calaverite
AuTe; and orthorhombic krennerite AgzAuTeg have also been demonstrated [29,30]. In
addition, significant Au-Ag exchanges have been reported in natural compositions from
various deposits in the Au-Ag-S system, including uytenbogaardtite Agz AuS; and petro-
vskaite AuAgS substitution [31].

The substitution of S for Se and Se for S is more common and typical for LS deposits:
monoclinic acanthite series from Ag,S to AgrSp 45ep ¢ and orthorhombic naumannite series
from AgySp35ep 7 to AgyrSe [32,33]. In the fischesserite—uytenbogaardtite series (Ags AuSe,—
AgsAuS,), there are two structurally different solid solutions: cubic AgzAuSe,—AgsAuSeS
and trigonal AgzAuSe 755125 — AgzAuS; [34]. Uytenbogaardtite AgzAuS, allows the
substitution of S for Se up to 0.5 apfu (AgAuSy 55€( 5), while mineral phases with a higher
Se concentration are metastable [35].

The alloys containing up to 10-15 at.% Te consist of a Te-Se solid solution (by substi-
tution) of phase A, whereas those bearing Te between 50-100 at.% are solid solutions of
phase B. Alloys with 15 to 50 at. % Te consist of a two-phase mixture (A + B) [36]. Most
of the Te-Se ss compositions in this study are native tellurium (phase B), and only a few
analyses lie in a two-phase field (Figure 1). It is likely that, among natural Te-Se solid
solutions in epithermal deposits, the Maletoyvayam compositions are the most Se-rich (up
to 45.9 wt. % Se or SesTe,); meanwhile, in epithermal gold deposits, such as HS Kochbulak
and Kairagach, Se does not exceed 10.3 wt. % in native tellurium [37]. Te-Se solid solu-
tions obtained, empirically, the following for silver minerals: Ag,Te — Ag(TepsSep2) and
Ag(Teg¢Sep4) — AgyrTeSe, with monoclinic and orthorhombic structure, respectively [38].
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However, for Au minerals, only a limited substitution of Te for Se is known to occur in
calaverite Au(TeygSeg») [39].

A typomorphic feature of the ore association in the Maletoyvayam deposit, compared
to other deposits in the world, is the presence of ternary compounds in the system Au-
Te-S-Se (Au sulfoselenotellurides (Figure 2), while Ag plays a very limited role, varying
from 0.5 to 1.5 wt. %, never exceeding 3 wt. % (in native alloys and calaverite), whereas,
in other minerals, it is usually below the detection limit. In this particular deposit, S-Se
solid solutions are widely spread, showing a complete series from maletoyvayamite to
tolstykhite, as well as auroselenide, in which the content of S reaches up to 35 apfu—
Au(Se55035). In addition, there is a Te-Se trend in the recently approved gachingite
Au(Teq 8p-0.505€0.20-0.50), and in the unnamed Au(Se,Te) phase, in which Te reaches up
to 0.48 apfu Au(Sep5,Tegag). Thus, it may be assumed that the complete series of solid
solutions of gachingite Au(Te,Se) continues into the selenium region of the diagram and
mixes with a series of compositions of the unknown Au(Se,Te) phase, forming a single
solid solution from (Teg gySeq 20) to Au(Teg365ep 64), with no miscibility break (Figure 2a).
Moreover, both of these series are characterized by a single substitution Se-Te trend, which
differs from the typical Se-S trend of auroselenide (Figure 2b).

4.3. Calaverite Transformation and the Formation of Au Oxides and Native Tellurium

All compositions of AuTe; are intimately linked to calaverite, since Ag concentration
in these minerals (up to 3.94 wt. %) is inadequate to form krenerite, and it is required that
Ag exceeds 6 wt. % in the formula AusAgTeg. Furthermore, krennerite is always metastable
at low temperatures and will not form below 270 °C [40]. On the other hand, calaverite is
presumably the main, primary mineral of the ores studied in the Maletoyvayam epithermal
deposit, although it occurs no more frequently than other minerals. This is due to the
fact that calaverite is weakly stable and, under oxidizing conditions, is replaced by Au-
Fe-Sb oxides (Figure 4), which are also very common at the Maletoyvayam deposit. Such
replacements, from partial to almost complete pseudomorphs, are observed in different
ore associations (Figure 5d—f). In earlier publications, including [8], the initial stage of
calaverite replacement was revealed in the shape of worm-like veinlets of secondary
products, comprising a mixture of fine particles of native gold and Fe-Sb oxides. One
of the mechanisms for primary calaverite replacement is AuTe; + Fe, Sb, Bi, As, Se, and
S-containing solutions + O, — Au + Te,Se solid solution + TeO; + Fe(Sb,As)O3. The reaction
products correspond to high grade (spongy) gold with Sb-Fe oxide £ admixtures and
native Se-rich tellurium [8]. All the textural observations considered, in these replacements,
suggests that tellurium, which is released from calaverite during detellurization processes,
is not redeposited at the place of substitution. Rather, this one migrates as transferable units
and bonds with mobile selenium, all of which are later recombined in the form of Te-Se
solid solutions, in association with Te-bearing sulfosalts (goldfieldite) (Figure 4). Moreover,
the replacement of calaverite by gold oxide only occurs in hydrothermal solutions [41], but
not under near-surface conditions. The porosity of mustard gold is deemed as textural
evidence for reactions that lead to a negative volume [42]. Thus, the influx of Fe, Sb, As,
Se, Bi-atoms, and the removal of oxidized Te takes place in the reaction, contributing to
a local decrease in oxygen activity, and hence, favoring the deposition of Au(I) gold [41].
Depending on the degree of oxidation and the rate of Te removal, the final products
can be either (1) a fine mixture of spongy gold (redeposited), along with Fe-Sb oxide
(tripuhyite), or (2) homogeneous complex Au oxides. These oxides tend toward a stable
state when the amount of oxygen reaches 60 at. %, which corresponds to the formula
(Au+Fe+Sb+As,Te,Se), O3 (Table 4). Micron-sized gold particles are the building blocks
in the formation of secondary mustard gold aggregates. At the same time, tripuhyite is
oxidized to limonite [8], and high-grade gold either clumps, forming coarse-grained gold
due to the accretion of smaller particles, or crumbles into dust-like particles, enriching the
dusty fraction of ores as a result.
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4.4. Comparison of Typomorphic Features in Ag-Free (Au-Rich) and Ag-Bearing Associations

Ag-bearing association of the Maletoyvayam deposit is typical for one sample out of
many studied. Within this silvery assemblage, sulfur prevails over Se in chalcogenides.
Au-Ag sulfides are rather common and are represented by petrovskaite AuAgS and
uytenbogaardtiteAgzAuS,, which have typical Au-Ag variations [31] and sporadic Se.
Only S-rich tolstykhite associates with these minerals (Figure 10b). In the case of miargyrite,
the significant range of Se-S substitution is characteristic in other deposits as well: up to
0.75 apfu of Se in the Kremnica ore district, Central Slovakia [23], and up to 0.62 apfu
from Kutna Hora, Czech Republic [43]. However, in the Ag-bearing association of the
Maletoyvayam deposit, no S-Se substitutions have been observed. On the other hand,
miargyrite includes As, which is not typical for Au-rich associations, constituting a solid
solution with proustite AgSbS3-AgAsSs, up to 0.43 apfu of As. A particular feature of this
mineral is defined by its high Au content (up to 0.48 apfu of Au) (Table 7). Furthermore,
we suggest the possibility of this compound representing a potential new mineral whose
approximate formula may correspond to AuAgSb,Se. Finally, the presence of mineral com-
pounds, including all five elements of the Au-Ag-5-Se-Te system, such as maletoyvayamite,
tolstykhite, gachingite, and auroselenide, within the Ag-bearing association, had not yet
been reported in natural samples. All this, once again, is evidence of the uniqueness of this
geological body and the ore-forming environment.

Au-Ag LS-type epithermal deposits, which are characterized by Ag-rich and S-rich
associations (acantite-augilarite), were derived from neutral pH solutions under conditions
of fSep /fS; < 1[19]. Atlow HySe/H;S values in aqueous fluids, selenium enters sulfides as
solid solutions [17] and does not form Au-selenides. The formation of selenides is aided by
a significant increase in the activity of selenium, which is only possible in acidic solutions at
elevated fO,, when Au-S complexes are successively replaced by Au-Se. Accordingly, the
concentration of Ag in ores is positively correlated with the S/Se ratios in such ore-forming
systems. At the same time, S/Se ratios in maletoyvayamite-tolstykhite solid solutions are
good indicators of the physicochemical conditions of the ore-forming environment. Since
LS-type deposits, where silver mineralization dominates, were derived from neutral pH
solutions under conditions of fSe, /fS; < 1 [19], it means that a must-have condition during
the formation of the Ag-bearing (and S-rich) association of Maletoyvayam deposit has to
do with a decrease in the acidity of solutions. This could have been achieved by diluting
acidic magmatic solutions with meteoric water.

5. Conclusions

Two ore associations are typical of the Maletoyvayam deposit: Au rich (Ag-free) and
Ag-bearing. The former crystallized from acidic solutions, whereas the latter formed from
more diluted ones.

1.  Inthe Au-rich type, in addition to the usual calaverite AuTe;, triple gold chalcogenides,
i.e., compounds of the Au-Se-Te-S system, are typical. This association is characterized
by Se-S and Te-Se substitution in minerals. The Se-S trend is confirmed by a complete
solid solution between maletoyvayamite and tolstykhite AuzSesTeg — AuzSyTeg, as
well as by a limited solid solution of auroselenide, from AuSe up to Au(Se(450.36)-
Te-Se substitution is quite evident in native Te-Se alloys up to 0.58 Se apfu, and
in two combined series of solid solutions of gachingite Au(Te,Se) and an unnamed
Au(Se,Te) phase with common variations of selenium Seg 299 60, as well as in calaverite
Au(Te,Se),, with Se content up to 0.2 apfu.

2. In the Ag-bearing association, an increased role of silver and sulfur is observed.
Au-Ag sulfides dominate: petrovskaite AuAgS, miargyrite (Ag,Au)(Sb,As)S,, uyten-
bogaardtite AgzAuS;, and fischesserite AgzAuSe;. Among the Mty-Tls ss, only
S-rich tolstykhite is present. Au-Ag sulfides are characterized by Au-Ag substitution.
Moreover, miargyrite (Au,Ag)SbSs contains significant Au, the amount of which is
sufficient to form a new unnamed mineral AgAuSb,S4. Additionally, a rare compound
(Ag,Au)y(S,Se), Te3 within the same association has been revealed.
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3. Complex Au oxides are rather common in both associations, ranging from a finely
dispersed mixture of redeposited gold and tripuhyite to homogeneous compounds of
(Au,Sb,Fe),O3 composition. These oxides are mostly the result of calaverite replacement:
the removal of oxidized Te and the addition of Fe,Sb into hydrothermal solutions.
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