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Abstract: This study considers the features of the chemical composition, internal structure,
and oscillatory zoning of sulfosalts and sulfates in the epithermal high–intermediate-
sulfidation-type Au-Ag-Te Emmy deposit (Khabarovsk Territory, Russia). In Emmy deposit,
sulfosalts primarily represent goldfieldite, probably corresponding to a high-sulfidation
(HS) mineral association replaced bytennantite–tetrahedrite group minerals. The latter is as-
sociated with tellurides and native tellurium, corresponding to an intermediate-sulfidation
(IS)-type ore assemblage and suggesting an increasing influx of Te, Sb, and As in the system.
Goldfieldite is replaced by native tellurium and tellurides along its growth zones, and is
characterized by oscillatory zoning. The replacement of goldfieldite by mercury, nickel,
lead, and copper tellurides indicate a new influx of native gold, native tellurium, and
gold–silver tellurides into the open mineral-forming system. At deeper levels of the Emmy
deposit, an advanced argillic alteration assemblage includes aluminum phosphate–sulfate
(APS) minerals, represented by members of the svanbergite–woodhouseite series. Element
mapping of the studied APS mineral grains indicated three distinct areas recording the
evolution of the hydrothermal system in the Emmy: an oscillatory-zoned margin enriched
in sulfur, lead, and barium, corresponding to the late influx of IS state fluids related to gold
and tellurides; an intermediate part, which is leached and corresponds to the HS mineral-
ization stage; and the central part of the grains, which is enriched in cerium, calcium, and
strontium, resulting from a replacement of magmatic apatite in the pre-ore alteration stage.
The leached zone between the core and rim of the APS grains is related to a change in crys-
tallization conditions, possibly due to the mixing processes of the fluids with meteoric water.
Barite, found in the upper level of the advanced argillic hypogene alteration assemblage, is
also characterized by oscillatory zoning, associated with the enrichment of individual zones
in lead. Micron gold particles associated with barite are confined to their lead-enriched
zones. The study of fluid inclusions in quartz within the Emmy deposit showed the hy-
drothermal ore process at a temperature of 236–337 ◦C. Homogenization temperatures for
quartz–pyrite–goldfieldite mineral association vary within 337–310 ◦C and salinity varies
within 0–0.18 wt.%NaCl equivalent, and for gold–silver–telluride–polymetallic mineral
association, they decrease and vary within 275–236 ◦C and salinity slightly increases from
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0.18 to 0.35 wt.%NaCl equivalent. This study demonstrates that the nature of oscillatory
zoning in sulfosalts and sulfates in the Emmy deposit results from an external process.
Such a process is of fundamental importance from a genetic point of view.

Keywords: epithermal Au-Ag-Te Emmy deposit; Far East; oscillatory zoning; sulfosalts;
aluminum phosphate–sulfate (APS) minerals

1. Introduction
Epithermal gold deposits are low-temperature deposits (<than 300 ◦C), usually lo-

cated at depths of up to 1000 m [1], often accompanied by advanced argillic and silicic
alteration [1–3]. In Russia, such deposits are widespread within the Far East, including
both recent [4] and ancient (Cretaceous age) [5] Pacific Rim epithermal deposits. This
type of ore deposit has recently become increasingly significant in Russia. However, it
was previously not considered a gold source due to the complexity of enrichment and the
small size of gold particles. In addition to gold and silver, these deposits contain many
valuable metals/metalloids such as Te, As, Bi, Se, and Sb (TABSS), which are trace elements
in another geological setting. Moreover, the established relationship between the critical
TABSS elements and precious metals can be used as a sensitive indicator of the conditions
for the formation of epithermal deposits and mineralization processes. TABSS elements
can form their mineral phases and incorporate as trace elements in significant sulfides and
sulfosalts, demonstrating fluid fluctuations during ore deposition and the various stages of
ore concentration.

Minerals that host trace TABSS elements can act as markers of changes in physico-
chemical conditions (redox potential, pH, or fluid parameters, for example, or sulfidation–
oxidation reactions at redox fronts) [6,7]. Sulfides, sulfosalts, and tellurides are particularly
interesting, as they accompany precious metals in ore deposits [6–10]. For example, gold
and silver tellurides themselves can constitute a significant proportion of the total gold
budget in a deposit [11]. Examples of these deposits include the following: Cripple Creek
and Golden Sunlight gold–silver-telluride deposits in the U.S.A. (Montana) [12], Em-
peror deposit (Fiji) [13], Dongping gold deposit (Hebei Province, China) [14], Acupan and
Baguio gold–silver-telluride districts (Philippines) [15], Sacarimb deposit (Romania) [16],
Kochbulak gold–telluride deposit (Uzbekistan) [17,18], Perama Hill Au-Ag-Te-Se deposit
(Greece) [19], Maletoyvayam deposit (Koryak Highland, Russia) [20,21], and Emmy gold–
silver–telluride deposit (Khabarovsk Territory, Russia) ([22], this study). The formation
of such deposits has been associated with deposition from fluids rich in TABSS elements
formed under certain regional conditions, for example, due to the subduction of tellurium-
rich sediments of the ocean floor, as observed within the Pacific Rim.

Bulk ore data of precious metal-bearing epithermal deposits provide little genetic
information about the sources, transport modes, fluctuations of the ore-bearing solution,
and the process of mineralization. The features of the mineral–chemical composition,
crystal habit, and internal structure of accompanying minerals can be more informative. For
example, oscillatory zoning—periodically repeating the maxima and minima of the values
of any component, as a process of organization of matter in the process of hydrothermal
mineral formation—is often encountered [23–26]. The factors that control the oscillatory
zoning of minerals can be both internal (i.e., self-organization mechanisms), due to the
ability of a crystal to absorb one or another component to varying degrees (such zoning is
individual for each crystal), or external (general); as a rule, the nature of zoning is preserved
in different grains and the number of bands in adjacent crystals is the same [24–26]. The
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last type of zoning is informative, as it may indicate any periodic changes in the mineral-
forming environment. According to Holten et al. [25], oscillatory mineral zonation is
usually associated with crystal growth in an open system, and is characterized by non-
equilibrium states. The zonation patterns will result in coupling between the generally
nonlinear crystal growth dynamics and the boundary conditions imposed by externally
controlled fluctuations [25].

This study expands on previous work by Yakich et al. [22] on the Svetloye epithermal
district within the Okhotsk–Chukotka volcanic belt. It presents new data on sulfosalt and
sulfate mineralogy of the Emmy deposit in this field. Emphasis is placed upon oscillatory-
zoned minerals in the deposit, namely goldfieldite (a member of the tetrahedrite group [27]),
aluminum phosphate–sulfate (APS) minerals (members of the alunite supergroup of min-
erals) [28–32]), and barite, which form part of the advanced argillic alteration assemblage
and are described here for the first time from the deposit. We use oscillatory zoning and
fluid microthermometry in quartz as tools for decoding the genetic information contained
in sulfosalts and sulfate crystals, aiming to reconstruct the conditions of deposit formation.

2. Geological Background
2.1. Geology of the Emmy Deposit

The gold–silver telluride Emmy deposit is part of the Svetloye epithermal gold ore
district, which, in turn, is confined to the Ul’insky trough, composed of Cretaceous volcanic
formations of the Okhotsk–Chukotka volcanic belt [33]. The Svetloye ore district contains
several deposits: Emmy, Lyudmila, Elena, Tamara, and Larisa [22]. The Emmy deposit is
confined to the northwestern volcanic edifice from the Coniacian–Santonian age (K2). It
differs from all the other deposits in the Svetloye ore district due to the presence of abundant
telluride mineralization not found in the other deposits and confined to the southeastern
volcanic center (Elena, Tamara, Lyudmila, and Larisa deposits). The latter is hosted within
the dacite–rhyolite–leucogranite formation of the Urak suite (Campanian–Maastrichtian
time age (K2)). The Khetanian Suite hosting the Emmy deposit is represented by andesites,
basaltic andesites, their agglomerate lavas, and more rarely, tuffs [22].

2.2. Mineralogy and Petrography of Altered Rocks

Based on the results of mineralogical and petrographic studies of 120 hand specimens
and their thin sections and using the interpretation of ASTER (Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer) data [34], a schematic map and cross-section of
hydrothermal alteration mineral zones for the Emmy deposit were developed (Figure 1a,b).
It was established that within the Emmy deposit, the wall rock alteration of the host rocks
is mainly represented by residual quartz and brecciated residual quartz (Figure 1c,d) and to
a lesser extent alunite- and dickite-bearing advanced argillic alteration (Figure 1e,f) as well
as quartz–muscovite-altered rocks (Figure 1g). In the latter alteration zone, the primary
host andesitic rocks and their tuffs display various degrees of alteration, with the relict
outlines of porphyritic phenocrysts replaced by sericite, muscovite, or illite (Figure 1h) [5].

Residual quartz zone: The groundmass of the rocks is composed of allotriomorphic,
granular (0.01–0.02 mm in size) quartz (I) of the metasomatic stage, among which larger
quartz (IIb and III) grains (up to 1 mm) are observed. The rock is characterized by many
differently oriented, mutually intersecting fractures (Figure 1c; hand specimen No. 1). The
fractures are filled with euhedral quartz (III), forming a system of intersecting veinlets. It is
also found that open spaces and druses are common (up to 4 mm) in the altered rocks.

Three generations of quartz have been distinguished: (i) is allotriomorphic, micro-,
and, less often, fine-grained quartz, which makes up the bulk of the rock (Qz I);
(ii) is (a) fine-grained or moganite quartz, growing along fractures (IIa) and (b) comb well-



Geosciences 2025, 15, 26 4 of 22

crystallized quartz, filling fractures and vugs (IIb), and overgrown quartz II, forming
clusters up to 2 mm (III) in diameter in the groundmass of the rock, and (iii) accompanied
by tellurides. The silicified rock is characterized by a high content of opaque minerals (more
than 5 vol. %), represented by pyrite. Opaque minerals form linear (Figure 1c,f) and cluster-
like assemblages (Figure 1d) and sporadic grains regularly dispersed in the groundmass.

The residual vuggy quartz zone is the most abundant and common rock type compared
to other structural and textural rock varieties occurring within the Emmy deposit. The size
of the vugs varies from 0.05 to 2 mm (average 0.2 mm), with vugs covering up to 50% of the
total volume of the thin section area. The vugs are characterized by overgrowth textures,
which are characterized by the development of euhedral quartz (IIb and III) along the walls
of the vugs (Figure 1c).

The brecciated residual quartz zone is represented by quartz I developing in silicified
volcanic rock matrix cementing clasts. Comb quartz (IIb and III) is observed, which
overgrows large cavities (Figure 1d). The groundmass of the silicified rock fragments is
composed of allotriomorphic, granular quartz I (0.01–0.03 mm) with disseminated pyrite I.
Quartz in the silicified fragments is fractured and crosscut by quartz II–pyrite II veinlets.
Pyrite dissemination has a streaky mass character. Pyrite is brecciated and associated with
prismatic rutile crystals.

The quartz–alunite zone is characterized by a porphyroblastic texture (Figure 1e).
The rock comprises a dark brown microcrystalline quartz I–clay aggregate fractured by
fractures up to 1 mm wide (Figure 1e). The fractures are filled with coarse-grained alunite
represented by long prismatic crystals of up to 0.01 mm in size. In addition to filling
fractures, alunite forms monomineralic clustered aggregates with a diameter of up to 1 mm.
Alunite has needle-shaped crystals of up to 0.2 mm in size in these clusters. APS (aluminum
phosphate–sulfate) minerals are not found in this zone, but barite may occur.

The quartz–dickite–kaolinite zone is composed of fine-grained quartz I (0.01–0.05 mm)
of an allotriomorphic texture associated with fine dickite/kaolinite flakes, among which
larger grains of quartz II (up to 0.5 mm) are distinguished. The content of dickite/kaolinite
is about 15 vol.% of the section area. In the groundmass, there are zones with crystals of
euhedral quartz III, having a zonal structure and ranging in size from 0.5 to 1 mm, with
cavities between crystals of up to 2 mm. Quartz III aggregates have a mosaic block structure.
This zone is associated with ore mineralization, represented by pyrite II deposited from
the first ore phase, which can form elongated zones (Figure 2f). In this zone, APS minerals
are present at a depth of 130–150 m from the top drill hole Em 3 (Figure 1b, APS sampling
point is marked with an asterisk).

Quartz–muscovite zones are found as interlayers between residual vuggy quartz and
quartz–dickite zones. This zone is observed in shallow levels (Figure 1b,g) and at a depth
of about 100–120 m within the drill hole Em 3. In the intergranular space, the development
of clay minerals such as kaolinite/dickite and pyrophyllite (at depth) are observed. The
groundmass of the rock is composed of allotriomorphic, granular (0.01–0.02 mm) quartz I.
Fan-shaped aggregates of muscovite/illite crystals stand out among the quartz II–clay
aggregate (Figure 1g). The groundmass contains numerous vugs ~ 0.5 mm in diameter.
Comb, euhedral quartz III (overgrowth textures) develops along the walls of the vugs up
to the complete filling. The rock is crosscut by numerous fractures up to 2 mm wide, with
an average thickness of 0.5 mm. The fractures are filled with quartz III (grain sizes up to
1 mm), muscovite/illite (up to 0.5 mm), and metallic minerals. Ore mineralization occurs
in veinlets and disseminations uniformly dispersed in the groundmass (Figure 1g). The
grain sizes of metallic minerals do not exceed 0.02 mm.
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Figure 1. (a) Schematic map of hydrothermal alteration zones and (b) geological cross-section (AB) of
the Emmy deposit, according to the author’s data (hand specimens (1–6) and thin sections (c–h)),
and data obtained from ASTER images [34]. Photographs of hand specimens and transmitted light
microphotographs of thin sections in plane (II)- and cross (X)-polarized light of the main varieties
of altered rocks. (c) Residual vuggy quartz zone with colloform (IIa) and comb quartz (Qz III)
filling vugs, and dissemination of ore minerals (Ore). (d) Brecciated residual quartz zone with rock
fragments composed of groundmass of allotriomorphic, fine-grained microgranular quartz (Qz I) and
unevenly distributed ore dissemination (Ore). Zoned crystals of colloform (IIa) and euhedral quartz
(Qz IIb, III) overgrow cavities (Vug). (e) Quartz–alunite zone with alunite (Alu) in veinlets and also
filling voids (Vug) of the quartz (Qz I). (f) Quartz–dickite–kaolinite zone composed of fine-grained
quartz (Qz I) and dickite/kaolinite (Dck/Kln) with Pyrite (Py I) of first ore phase associated with
colloform (QzIIa) comb quartz (QzIIb). (g) Quartz (QzIIa-IIb)–muscovite (Ms/Ilt)-altered rock with
disseminated pyrite (IIb) with other metallic minerals (Ore) and muscovite/illite–quartz veinlets.
(h) Muscovite-altered andesite with relic plagioclase phenocrysts replaced by muscovite (Ms) into
quartz-altered groundmass.
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Figure 2. (a–k,n) Photomicrographs (SEM-BSE-SE images) with X-ray element mapping with distribu-
tion of Te, As, Sb, S, Cu, Fe, O, and Si, demonstrating goldfieldite (Gf) grains with oscillatory zonation
in association with euhedral quartz (QzIIb and Qz III) replaced by tennantite (Tnt); (a–d,f) crystalline
Cu-bearing pyrite (Cry_PyCu(IIb)) overgrowing with sylvanite (Syl); (c–e,g–k) confined to growth
zones (i.e., zones of selective replacement of goldfieldite). Hemusite (Hm) is also present as a
synchronous growth phase with crystalline Cu-bearing pyrite (Cry_PyCu(IIb)); (l,m) cathodolumi-
nescence images demonstrating oscillatory-zoned quartz IIb in association with goldfieldite and
quartz III overgrowing with goldfieldite and quartz IIb.
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This zone contains APS minerals. They occur in a drill hole not shown in the cross-
section at a depth of 117.8 m from the drill head (Figure 1b). Their location is marked with
an asterisk No.1 only on the map (Figure 1a).

3. Samples and Methods
A total of 120 samples of altered rocks and ores were collected from four drill holes

and surface outcrops in the Emmy deposit. Electronic and optical microscopy studied
50 polished blocks and 120 thin sections of samples from mineralized veins and alteration
zones. Suitable thin sections and polished sections were selected for the study of major
and trace element analyses and mineral detection. Backscattered electron (BSE) images
were taken using a TescanVega 3 SBU scanning electron microscope equipped with an
energy dispersive spectrometer (EDS) from Oxford Instruments (Tomsk city, Tomsk Poly-
technic University, Russia), with an Aztec-based system of microanalysis and TescanVega
2 LMU scanning electron microscope combined with Oxford Instruments’ INCA Energy
350 energy dispersive spectrometer and cathodoluminescence (CL) detector (Tomsk city,
Tomsk State University, Russia). The operating conditions were in the high vacuum mode
(<9 × 10−3 Pa) at an accelerating voltage of 20 kV, with a high resolution and a distance
of 15 mm. The measurement parameters of accelerating voltage were 10–20 kV, beam
current 1.2–3.5 nA, and beam size 180–500 nm. The EDS detector was calibrated using Co
standard K-series 10.0063 eV, peak area 350,050. Samples containing APS were analyzed
using powder X-ray diffraction of bulk samples. XRD patterns were recorded using a
Rigaku Ultima IV X-ray diffractometer with a Cu anode, an X-ray tube voltage of 40 kV,
a current of 30 mA, and a power of 1.2 kW. Whole rock samples were scanned from 5 to
60◦ 2θ at a scanning speed of 1◦ per minute with a step of 0.02◦. In addition to the bulk
samples, clay fractions were also separated by sedimentation following disaggregation and
dispersion. In order to fully characterize the clay minerals, the clay fractions were scanned
in the air-dried state, then after saturation with glycol overnight and after heat treatment at
550 ◦C for 1 h. Comprehensive identification of the clay minerals was conducted follow-
ing procedures given by Moore and Reynolds [35]. Quantitative mineralogical analyses
of the whole rock data were performed by a Rietveld analysis [36], using PDXL and
Siroquant software [37]. We have conducted fluid microthermometry on twenty doubly
polished thick sections of quartz. Microthermometric measurements were performed by
the Linkam THGM 600 freezing–heating stage mounted on an Axio Scope. A1 microscope.
The precision of the temperature measurements was ±0.5 ◦C for heating and ±0.2 ◦C
for freezing. Salinities, pressure, and densities of fluid inclusions were calculated using
HokieFlincs_H2O-NaCl (a Microsoft Excel spreadsheet for interpreting microthermometric
data from fluid inclusions based on the PVTX properties of H2O–NaCl) [38]. A confocal
Thermo Fisher Scientific DXR2 Raman spectrometer was used to identify the inclusions’
vapor and liquid composition. All measurements were carried out with a laser wavelength
of 785 nm and 20–25 mW power. Spectra were acquired over a 5 s period for 0–3.364 cm−1

with a three-rate accumulation. Calibration stability of the thermal stage was controlled by
the melting temperature of carbon dioxide in an artificial/reference inclusion H2O-CO2 in
quartz. All microthermometry and Raman spectroscopy analyses were carried out in the
laboratory of Tomsk Polytechnic University, Russia.

4. Results
4.1. Sulfosalts

The Emmy deposit develops a variety of sulfosalts including tennantite–tetrahedrite [27]
(Table 1, Supplementary Materials); bournonite, due to the galena’s replacement; and em-
plectite, which appears in the form of single micron-sized grains in pyrite [22].
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Table 1. Representative electron probe microanalyses of TGM from the Emmy deposit (Drill hole
Em 3). Data normalized to 100% (bd: below detection).

Depth,
m Cu Fe Ag Zn Sb As Bi Te S Total Formula:

Tetrahedrite

31.6 36.22 6.10 1.16 1.87 21.44 6.27 bd bd 26.94 100.00 (Cu9.09Ag0.17Fe1.74Zn0.46)∑11.46(Sb2.81As1.33)∑4.14S13.4

49.8 42.04 6.90 bd bd 10.51 13.16 bd bd 27.39 100.00 (Cu10.09Fe1.88)∑11.97(As2.68Sb1.32)∑4.00S13.03

62.0 40.04 1.46 bd 3.94 21.83 2.19 bd 4.99 25.55 100.00 (Cu10.38Zn0.99Fe0.43)∑11.80(Sb2.95Te0.64As0.48)∑4.08S13.12

76.2 37.88 6.63 bd bd 26.00 3.18 bd bd 26.32 100.00 (Cu9.65Fe1.92)∑11.57(Sb3.46As0.69)∑4.14S13.29

83.2 37.27 6.54 bd 0.7 27.93 1.73 bd bd 25.83 100.00 (Cu9.60Fe1.92Zn0.18)∑11.69(Sb3.75As0.38)∑4.13S13.18

109.8 35.74 9.04 bd bd 26.45 2.24 bd bd 26.54 100.00 (Cu9.07Fe2.61)∑11.67(Sb3.50As0.48)∑3.98S13.34

Tennantite

46.4 40.92 7.29 bd bd 5.31 16.58 bd bd 27.77 100.00 (Cu9.80Fe1.99)∑11.97(As3.37Sb0.66)∑4.03S13.18

49.8 41.20 6.83 bd bd 12.48 11.66 bd 0.64 27.19 100.00 (Cu9.99Fe1.89)∑11.88(As2.40Sb1.58Te0.08)∑4.06S13.07

70.2 38.49 8.68 bd bd 11.16 13.85 bd bd 27.82 100.00 (Cu9.22Fe2.37)∑11.58(As2.81Sb1.40)∑4.21S13.21

76.2 41.99 7.59 bd bd 0.84 20.47 bd bd 29.11 100.00 (Cu9.66Fe1.99)∑11.64(As3.99Sb0.1)∑4.09S13.27

83.2 42.21 7.64 bd bd 1.02 20.36 bd bd 28.76 100.00 (Cu9.74Fe2.01)∑11.74(As3.98Sb0.12)∑4.11S13.15

Argentotetrahedrite

31.6 4.11 5.16 47.12 1.99 14.47 6.11 - - 21.05 100.00 (Ag8.55Cu1.27Fe1.81Zn0.60)∑12.22(Sb2.33As1.60)∑3.92S12.85

Goldfieldite

38.2 42.25 1.60 2.39 bd 6.11 3.12 bd 19.00 25.52 100.00 (Cu11.00Ag0.37Fe0.47)∑11.84(Te2.46Sb0.83As0.69)∑3.98S13.17

38.8 44.93 bd bd bd 9.19 2.83 3.01 15.44 24.60 100.00 Cu11.90(Te2.04Sb1.27As0.64Bi0.24)∑11.90S12.91

38.2 44.16 bd bd bd 6.97 4.17 2.43 16.95 25.32 100.00 (Cu11.57)∑11.57(Te2.21Sb0.95As0.93Bi0.19)∑4.28S13.15

38.2 43.84 bd bd bd 7.39 3.42 2.38 17.80 25.17 100.00 (Cu11.55)∑11.55(Te2.34Sb1.02As0.76Bi0.19)∑4.31S13.14

38.2 44.91 0.61 bd bd 8.04 3.16 bd 17.55 25.73 100.00 (Cu11.61Fe0.18)∑11.79(Te2.26Sb1.08As0.69Bi0.19)∑4.04S13.18

38.2 44.07 bd bd bd 4.88 5.88 bd 19.03 26.13 100.00 (Cu11.32)∑11.32(Te2.44Sb0.65As1.28)∑4.37S13.31

38.2 46.08 0.37 bd bd 6.85 2.42 bd 19.08 25.19 100.00 (Cu11.98Fe0.11)∑12.09(Te2.47Sb0.93As0.53)∑3.93S12.98

38.2 43.00 1.40 bd bd 5.58 2.84 bd 20.84 26.33 100.00 (Cu11.09Fe0.41)∑11.50(Te2.68Sb0.75As0.62)∑4.05S13.45

38.2 43.54 0.35 bd bd 6.85 4.06 3.05 16.79 25.37 100.00 (Cu11.42Fe0.10)∑11.53(Te2.19Sb0.94As0.90Bi0.24)∑4.28S13.19

38.2 46.09 0.91 bd bd 8.34 2.89 bd 16.24 25.54 100.00 (Cu11.87Fe0.27)∑12.13(Te2.08Sb1.12As0.63)∑3.83S13.03

Stibiogoldfieldite

62.0 43.02 0.38 bd 0.80 14.30 1.98 1.98 12.23 25.32 100.00 (Cu11.32Zn0.21Fe0.11)∑11.64(Sb1.96Te1.60As0.44Bi0.16)∑4.16S13.20

38.2 43.85 0.86 bd 0.00 12.79 4.13 bd 12.62 25.75 100.00 (Cu11.32Fe0.25)∑11.57(Sb1.72Te1.62As0.91)∑4.25S13.18

In the Emmy deposit, goldfieldite and stibiogoldfieldite were detected (Table 1). Gold-
fieldite contains later sylvanite, coloradoite, altaite, tellurantimony, tellurobismuthite, and
melonite (Supplementary Materials) replacing goldfieldite along their growth zones. Gold-
fieldite in the Emmy deposit is characterized by oscillatory zoning, reflecting the different
distributions of arsenic, antimony, and tellurium and the incorporation of bismuth in some
places within the crystal structure (Figure 2, Table 1, Supplementary Figure S1).

After conducting cathodoluminescence analysis of euhedral quartz (IIb), which is
associated with goldfieldite, and quartz (III) overgrowing quartz (IIb), it was found that
both quartz’s generations are characterized by oscillatory zoning (Figure 2l,m), indicating
non-equilibrium conditions for the formation of these crystals.

4.2. APS Minerals

In the quartz–dickite–kaolinite and quartz–muscovite zones, the APS minerals are
disseminated in an argillaceous substrate made up of hypogene kaolinite/dickite, pyro-
phyllite, muscovite, and quartz. The varieties, composition, and quantities of clay minerals
accompanying APS minerals in the bulk rock are shown in the X-ray diffraction (XRD)
pattern of Figure 3.
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Figure 3. XRD patterns based on bulk composition of APS-bearing rocks. Sampling locations are
shown by asterisks on the hydrothermal alteration map and the geological cross-section (AB) of
Emmy deposit (see Figures 2a and 2b, respectively).

The APS minerals in the Emmy deposit are represented by the beudantitehinsdalite
groups [30,34], and can be classified as calcian svanbergite, svanbergite, strontian wood-
houseite, and plumbian woodhouseite (Table 2). They are characterized by a leached and
uniform character, predominantly in the intermediate to outer parts (Figure 4). The central
part of the APS grains, reflecting the process of apatite dissolution and replacement, is
enriched in Sr and Ca (svanbergite and woodhouseite), rare earth elements (REE), and Ce,
and is characterized by the irregular distribution of these components, causing a fluctuant
vermiform randomly distributed pattern (Figure 5a,b). Following the leaching process
and the goldfieldite–kawazulite–hemusite mineralization, which is associated with quartz
(IIb), kaolinite/dickite, and pyrite IIb, a new hydrothermal pulse introduces gold and
enriches the marginal parts of the APS grains with Pb and Ba, forming an oscillatory zoning
pattern (Figures 4 and 5c,d). BSE data confirm a similar pattern of grains and demonstrate
features of the internal structure of numerous APS grains (see Figure 4). This pattern of
oscillatory zoning is also observed in barite, which is enriched in lead in some zones, where
micron-sized grains of native gold are observed (Figure 6).

4.3. Petrography and Microthermometry of Fluid Inclusions

We studied samples of doubly polished sections containing quartz–pyrite–gol–fieldite
and gold–silver–telluride–polymetallic mineral association, which correspond to the ore
hydrothermal stage. In the growth zones of euhedral crystalline quartz (generations IIb
and III), primary (P) and secondary (S) fluid inclusions (FIs) were diagnosed (Figure 7a–f).
Ore euhedral quartz (IIb and III) is saturated with gas–liquid inclusions to varying degrees.
There are grains with many inclusions and pure grains, almost devoid of inclusions. Pseu-
dosecondary (PS) inclusions are arranged linearly in the form of chains, confined to cutting
cracks and crossing grain boundaries. They are also characterized by unlacing, reflected in
the variable amount of liquid and gaseous phases.
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Table 2. Representative electron probe microanalyses of APS minerals from the Emmy deposit (bd:
below detection).

Nr Al2O3 P2O5 SO3 CaO SrO BaO La2O3 Ce2O3 Nd2O3 PbO Total Formula: Mineral

1 32.13 22.19 11.20 3.97 9.38 bd 1.94 3.46 0.85 bd 85.12
(Sr0.424Ca0.332Ce0.099La0.056

Nd0.024)∑0.933Al2.949(PO4)1.463
(SO4)0.655(OH4.096,H2O1.90)

Ca-Svanbergite

2 34.02 23.65 10.72 2.23 13.45 bd 2.54 4.33 1.43 bd 92.36
(Sr0.672Ca0.206Ce0.137La0.081

Nd0.044)∑1.14Al2.956(PO4)1.476
(SO4)0.593(OH2.326,H2O3.67)

Ca-Svanbergite

3 33.68 22.47 13.32 bd 21.16 bd bd bd bd bd 90.63 Sr1.02Al2.941(PO4)1.409(SO4)0.741
(OH2.752,H2O3.248) Svanbergite

4 33.30 23.75 9.96 2.40 10.89 bd 2.31 4.55 2.36 bd 89.53
(Sr0.525Ca0.214Ce0.138La0.063

Nd0.070)∑1.02Al2.978(PO4)1.526
(SO4)0.567(OH3.075,H2O2.93)

Ca-Svanbergite

5 29.69 21.58 9.16 1.25 12.98 bd 1.93 3.11 0.90 bd 80.60
(Sr0.572Ca0.102Ce0.087La0.054
Nd0.024)∑0.839Al2.95(PO4)1.54
(SO4)0.579(OH5.122,H2O0.79)

Ca-Svanbergite

6 31.32 20.06 12.19 1.23 18.69 bd bd bd bd bd 83.49
(Sr0.839Ca0.102)∑0.941Al2.945

(PO4)1.355(SO4)0.73
(OH4.52,H2O1.48)

Ca-Svanbergite

7 32.49 22.65 11.10 2.07 13.40 bd bd 2.29 bd bd 84.00
(Sr0.595Ca0.17Ce0.064)∑0.828

Al2.999(PO4)1.501
(SO4)0.652(OH4.52,H2O1.48)

Ca-Svanbergite

8 32.05 20.82 13.03 4.96 9.79 bd 1.35 2.69 0.72 bd 85.41
(Sr0.441Ca0.413Ce0.076La0.039

Nd0.020)∑0.989Al2.909(PO4)1.357
(SO4)0.753(OH4.00,H2O1.99)

Ca-Svanbergite

9 31.69 22.06 10.38 2.48 11.73 bd 1.86 4.02 1.54 bd 86.64
(Sr0.552Ca0.216Ce0.119La0.056

Nd0.045)∑0.988Al2.949(PO4)1.475
(SO4)0.615(OH3.83,H2O2.17)

Ca-Svanbergite

10 31.33 15.53 16.40 3.60 7.00 4.03 bd bd bd 11.46 89.54
(Sr0.355Ca0.338Pb0.27

Ba0.137)∑0.955 Al3.019(PO4)1.075
(SO4)1.00(OH3.238,H2O2.76)

Ca-Svanbergite

11 32.36 22.28 9.76 2.00 12.28 bd 2.06 4.56 1.78 bd 87.08
(Sr0.581Ca0.175Ce0.136La0.062

Nd0.052)∑1.00Al2.985(PO4)1.476
(SO4)0.573(OH3.726,H2O2.27)

Ca-Svanbergite

12 33.63 24.96 8.91 1.79 9.77 bd 3.43 6.32 2.35 bd 91.17
(Sr0.483Ce0.197Ca0.164La0.108

Nd0.072)∑1.02Al2.993(PO4)1.596
(SO4)0.505(OH2.662,H2O3.338)

Ce-Svanbergite

13 34.47 22.99 11.88 5.54 5.02 0.49 2.41 3.87 1.25 bd 87.92

(Sr0.23Ca0.469Ce0.112La0.070
Nd0.035Ba0.015)∑0.915Al3.02

(PO4)1.449(SO4)0.664
(OH2.662,H2O3.34)

Sr-Woodhouseite

14 35.70 25.23 10.87 6.44 4.98 bd 3.00 4.79 1.61 bd 92.62
(Ca0.575Sr0.241Ce0.146La0.092

Nd0.048)∑1.102Al2.977(PO4)1.511
(SO4)0.577(OH2.17,H2O3.83)

Sr-Woodhouseite

15 29.67 12.49 16.69 4.96 bd 4.54 bd bd bd 13.40 81.74
(Ca0.420Pb0.285Ba0.141)∑0.706

Al3.051(PO4)0.923
(SO4)1.093(OH5.105,H2O0.895)

Pb-Woodhouseite

16 34.67 15.41 19.31 5.73 1.30 5.24 bd bd bd 15.49 97.15
(Ca0.58Pb0.394Ba0.194

Sr0.071)∑1.045 Al3.008(PO4)0.96
(SO4)1.067(OH0.951,H2O5.05)

Pb-Woodhouseite

17 31.67 14.00 18.26 5.16 1.36 5.75 bd bd bd 13.93 90.49
(Ca0.486Pb0.329Ba0.198

Sr0.069)∑0.884 Al2.978(PO4)0.946
(SO4)1.093(OH2.952,H2O3.05)

Pb-Woodhouseite

18 31.53 12.13 20.91 5.43 bd 4.31 bd bd bd 10.75 86.75
(Ca0.475Pb0.236Ba0.138)∑0.711

Al3.033 (PO4)0.838
(SO4)1.281(OH3.824,H2O2.18)

Pb-Woodhouseite

19 31.35 13.57 18.18 5.44 bd 6.21 bd bd bd 11.78 86.54
(Ca0.468Pb0.261Ba0.20)∑0.741

Al3.016 (PO4)0.938
(SO4)1.114(OH3.919,H2O2.08)

Pb-Woodhouseite

20 30.17 12.70 17.70 4.38 bd 5.74 bd bd bd 15.68 86.38
(Ca0.397Pb0.357Ba0.19)∑0.754
Al3.015 (PO4)0.912(SO4)1.126

(OH4.07,H2O1.93)
Pb-Woodhouseite
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Figure 4. (a–i) Photomicrographs (SEM-BSE images) of aluminum phosphate–sulfate (APS) miner-
als from the Emmy deposit (samples collected at a depth of 117.8 m and marked by the first asterisk 
in Figure 1a, XRD bulk sample data (see Figure 5)). Associated minerals are pyrite (Py IIb), 
dickite/kaolinite (Dck/Kln), Ms/Ilt (muscovite/illite), xenotime (Xnt), rutile (Rtl), quartz (Qz IIb and 
III), tellurobismuthite (BiTe), and native gold with alloys of Ni,Zn,Cu (Au + Ni + Zn + Cu). 

Figure 4. (a–i) Photomicrographs (SEM-BSE images) of aluminum phosphate–sulfate (APS) minerals
from the Emmy deposit (samples collected at a depth of 117.8 m and marked by the first asterisk
in Figure 1a, XRD bulk sample data (see Figure 5)). Associated minerals are pyrite (Py IIb), dick-
ite/kaolinite (Dck/Kln), Ms/Ilt (muscovite/illite), xenotime (Xnt), rutile (Rtl), quartz (Qz IIb and III),
tellurobismuthite (BiTe), and native gold with alloys of Ni,Zn,Cu (Au + Ni + Zn + Cu).

The shape of the vacuoles of such inclusions is irregular and amoeba-like. Primary (P)
inclusions are rare and have the form of negative crystals of an elongated or rounded semi-
faceted shape (Figure 7d). They are usually observed in the form of irregular accumulations
in the central parts of quartz III grains.

In total, three types of fluid inclusions were identified, differing in phase composition
at room temperature (Table 3).

Table 3. Results of microthermometric studies of two-phase and gas FIs in the Emmy deposit.

Incl.
Type N Th (◦C) Tm ise (◦C) Sal. (wt.% NaCl eq.)

Quartz–pyrite–goldfieldite mineral association

Type I 42 337–310 −0.1–0.0 0.00–0.18

Gold–silver–telluride–polymetallic mineral association

Type I 31 275–236 −0.1–−0.2 0.35–0.18
Note: N—number of measurements.

Type I—P and PS two-phase FIs have an oval or irregularly curved shape–size from a few
microns to 10 microns. Thermometric studies reliably reveal the composition LH2O + GH2O

(Figure 7a,b,e,f).
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Type II—less common steam single-phase FIs (Figure 7c). As a rule, solitary.
Type III—less common PS FIs of LH2O + GCO2 (Figure 7d–g). Located along the crack.

They are found in quartz IIb.
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Figure 5. (a–d) Photomicrographs of aluminum phosphate–sulfate (APS) minerals in secondary
(b) and backscattered (c–d) electrons. Multi-element maps illustrate the distribution of Ca, Ce,
K, P, S, Al, Si, Fe, Ba, Pb, and O within the APS grain and its enlarged fragment. The profile
AB reflects the concentration of trace elements in the absorption edge. Ms/Ilt—muscovite/illite,
Dck/Kln—dickite/kaolinite, Py—pyrite, and Qz III—quartz.

Microthermometric studies were carried out on type I inclusions. The results are
presented in Table 3. Homogenization temperatures for quartz–pyrite–goldfieldite mineral
association vary within 337–310 ◦C and salinity within 0–0.18 wt.%NaCl equivalent. These
data were determined for quartz IIb with pyrite IIb inclusions (Figure 7a). According to
Raman spectroscopy data, the gas phase in quartz IIb FIs is represented by carbon dioxide
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(Figure 7g). Homogenization temperatures for gold–silver–telluride–polymetallic mineral
association decrease and vary within 275–236 ◦C and salinity slightly increases from 0.18 to
0.35 wt.%NaCl equivalent.
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Figure 6. (a–g) Photomicrographs of barite (Brt) in backscattered electrons. Multi-element maps
illustrate the distribution of Ba, Pb, O, and S within its grains, and its enlarged fragments demonstrate
oscillatory zonation resulting from the enrichment of individual barite zones with lead (Brt + Pb).
Qz III—quartz, Au—native gold.
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Figure 7. (a–f) Microphotographs of secondary vapor–liquid (a,e–f), represented by water (H2O),
observed within the quartz (Qz IIb, III) in the Emmy deposit, and primary vapor(V)–liquid(L)
(b–d) and vapor (c) fluid inclusions hosted in quartz (Qz III), (g) Raman spectra of carbon dioxide
reflecting gas composition of the pseudosecondary two-phase liquid- and vapor-rich inclusion in
quartz IIb; summary histogram of homogenization temperatures–salinity pair (h) for inclusions of
the Emmy deposit.

5. Discussion
5.1. Sulfosalts

Tetrahedrite group minerals (TGMs) [27] are a widespread group of sulfosalts in hy-
drothermal gold deposits that can be sensitive indicators of the composition of the initial
solutions involved in the formation of deposits. They are formed from hydrothermal
solutions at temperatures of more than 100 and less than 400 ◦C (usually 200–300◦C) and a
pressure of no more than 4 kbar [39–44]. Given the ability of TGMs to form solid solutions,
they are a suitable petrogenetic tool for determining the environment of mineral forma-
tion [43,45–47]. The composition of TGMs can directly depend on the composition of the
metal-bearing solutions involved in the formation of deposits. Therefore, the composition
of the TGMs and the nature of their internal structure can be used as an indicator of the
physicochemical conditions at the time of mineral formation [48]. Goldfieldite is one of the
very rare minerals. Goldfieldite [41] attracts attention in this paper due to its important
role in the mineralization; it provides physicochemical constraints on ore formation, which
help us to understand trace element distribution and fluid flow paths within the deposit,
and can be used to aid mineral exploration [42,43]. Recently, two varieties of goldfieldite
have been approved by the IMA, namely, stibiogoldfieldite [44] and arsenogoldfieldite [45].
Goldfieldite formation should occur at a relatively high oxygen potential and in a relatively
acidic (pH up to 3–5) environment. Such conditions are common in the formation of min-
eralization at shallow depths. The oscillatory zoning of goldfieldite in the Emmy deposit
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is represented by multiphase zonality, provided that the number and location of zones in
the central part of different crystals from the same polished section is repeated. This fact
indicates that the reason for such zoning lies not only in internal but in external factors,
leading to the transition of Te from oxidized states in goldfieldite into neutral (Te0 native
tellurium) and then reduced (Te2− in tellurides) [26].

The formation of oscillatory zoning of sulfosalts (tetrahedrite group minerals) in the
epithermal Emmy deposit is attributed to chemical disequilibrium conditions, which may
appear in an open system. A similar composition of goldfieldite is also characteristic
of the Pefka and St. Demetrios/Sapes high- and intermediate-sulfidation deposits in
northeastern Greece [45].

Hence, according to the modeling provided by T. Holten [25], oscillatory mineral
zonation is usually associated with crystal growth in an open system and is characterized
by non-equilibrium states or a hydrothermal system after a period of either mixing or
degassing. They examined the effects of noisy boundary conditions on four different crystal
growth models and decided that the observed pattern may be a direct consequence of
spatial and temporal fluctuations in the environment where minerals formed. Oscilla-
tory intracrystalline mineral zonation almost invariably occurs in an open system, with a
continuous or discontinuous mass flux into or through the crystal growth region [25]. Con-
sequently, it is expected that many natural patterns, including mineral zonation patterns,
are affected by noise and system heterogeneities. Noise need not be restricted to fluctua-
tions in the concentration of the crystal-forming components, but can also be associated
with fluctuations in other intensive variables such as oxygen fugacity, pH, and temperature.
However, pattern formation would not occur without the internal autonomous nonlinear
dynamics of the system [25]. For example, goldfieldite from various deposits exhibits
oscillatory zoning, while other TGMs are rarely characterized by it [49]. Oscillations can
be associated with periodic pressure releases or mixing in geothermal fields [24,25,50].
According to [45,51], inclusions of native Te and tellurides were not contemporaneous
to goldfieldite. However, they were instead the result of the new influx of volatiles and
metals/metalloids in the system during hydrothermal post-volcanic activity. This study
suggests that by the time the new fluid impulse was introduced in the Emmy deposit,
the stibiogoldfieldite crystals had not yet completely crystallized, as evidenced by plastic
deformations and continued grain growth. The new influx was also enriched in addition to
metals (Au, Ag, Hg, and other elements).

5.2. Sulfates

APS minerals are represented in the Emmy deposit by svanbergite SrAl3(P0.5S0.5O4)2

(OH)6, woodhouseite CaAl3(P0.5S0.5O4)2(OH)6 in the central part of APS grains, and
plumbian woodhouseite CaAl3(P0.5S0.5O4)2(OH)6 in the rims, according to the classifi-
cation of Scott [28], Dill [52], and Mills et al. [32]. The APS minerals can also be formed
during weathering [53]; these minerals in the Emmy deposit have a hypogene genesis, as
they are intimately associated with crystalline pyrite IIb (see Figure 4). Their formation is
related to the transformation of magmatic apatite, firstly into monazite or xenotime and
then to APS, in the deep levels of the advanced argillic alteration zone, in accordance with
observations elsewhere (i.e., [54,55]) (see Figures 4 and 5).

The APS minerals occur within zones of advanced argillic and transitional advanced
argillic to sericitic alteration zones in several porphyry and high-sulfidation epithermal
deposits in, for example, Lepanto [3], Baquio [56], El Salvador [57], Summitville, La Granja,
La Escondida [58], and Melitena and Sapes [19,59]. Analysis of APS mineral compositions
can reveal useful information regarding local conditions of formation with respect to fluid
composition, pH, and fO2 [58].
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The central parts of aluminum phosphate–sulfate (APS) minerals present in the Emmy
deposit are Ca-Sr-Ce-dominant APS minerals that fall within the svanbergite–woodhouseite
compositional field. These parts of APS minerals in the Emmy deposit were deposited
during an initial stage of primary apatite and alkali earth elements dissolution by acid
solutions of magmatic–hydrothermal origin, as suggested by Stoffregen and Alpers [58].
Subsequent hydrothermal alteration in the Emmy deposit leaches these grains, due to
the interaction of reactive acidic solutions in the system, resulting in the crystallization of
plumbian woodhouseite in the rims of the APS grains.

In the analysis of elemental maps and due to the results of the distribution of elements
within the studied grains of APS, it was found that sulfur, together with lead and barium,
enriches the marginal zone, characterized by oscillatory zoning. In contrast, the central part
of the grains is enriched with cerium, strontium, and calcium. Between these two parts of
the crystals, there is a break or a sharp change in crystallization conditions, possibly due to
the process of mixing of the fluid, accompanied by precipitation of the mineralization, which
is associated with pyrite IIb, goldfieldite, kawazulite, and hemusite. This crystallization of
Pb-bearing APS minerals (i.e., hinsdalite) with pyrite occurs in the Summitville gold–copper
deposit (Colorado) [58] and the Mavrokoryfi HS silver–gold–copper deposit (Greece) [59].
The marginal parts of APS minerals in the Emmy deposit exhibit preferential sorption
of Pb. This enrichment may indicate proximity to a porphyry-style mineralization at
depth, as stated for the Melitena porphyry-epithermal deposit (Greece) by Voudouris and
Melfos [60]. Similarly, the svanbergite–woodhouseite solid solution series of APS minerals
with a similar internal structure and zoning is associated with the moderately to highly
mineralized quartz veins of the Kuh-e-Lakht lithocap NE Isfahan, Iran [61].

Since we observe a repeating pattern of oscillating texture in different grains of APS
minerals in the studied material, we conclude that these textures are the result of external
conditions, i.e., the behavior of the general ore-forming hydrothermal process, and that
they are not related with the internal self-organization of individual APS grains. In the
latter case, the grains should have a more individual internal structure without a regular
alternation of zones.

In the upper parts of the advanced argillic alteration zone, barite, similarly to APS
minerals demonstrates oscillatory zonation within the grains and exhibit preferential
sorption of Pb, confirming a change in external conditions of mineralization process of the
Emmy deposit.

5.3. Microthermometry of Fluid Inclusions

According to the study of FIs in quartz IIb and III within the Emmy deposit, a slightly
saline fluid flow is noted at the modern level of the erosion section. Despite the almost flat
trend in the salinity–temperature graph (see Figure 7), a slightly raised upward trend can
indirectly indicate possible mixing processes. The textural and structural features of ore and
vein minerals indicate their sharp and rapid precipitation, and then slow crystallization.
However, this fact is definitely not confirmed by our limited FI data. The solubility of
silica drops sharply, and amorphous and cryptocrystalline quartz (moganite, according to
the XRD bulk data) with collomorphic and croustification-striped textures is deposited,
which may indirectly indicate mixing processes. However, such a variety of quartz is not
favorable for capturing primary fluid inclusions. Therefore, only crystalline quartz (IIb and
III) were studied. Within the limits of the Emmy deposit, the hydrothermal ore process
forming the productive mineral associations took place at a temperature of 236–337 ◦C.

The quartz–pyrite–goldfieldite–hemusite mineral association was formed in the tem-
perature range of 337–310 ◦C, while the gold–silver–telluride–polymetallic one was formed
within 275–236 ◦C.
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According to Li Wang [62], deposits of a moderately acidic type often have a close
relationship with andesite–dacite volcanogenic–subvolcanic rocks formed in subduction
environments at depths from 300 to 1000 m, as a result of calcareous-alkaline magmatism.
The homogenization temperatures of gas–liquid inclusions vary from 150 to 350 ◦C [62,63],
similar to the data we obtained during microcryothermometric experiments. According
to [64], most Au-Ag epithermal deposits are characterized by low salinity (<5 wt.%), with
dilute fluid and homogenization temperatures of FIs ∼ 200–300 ◦C.

5.4. Paragenetic Sequence

Based on mineralogical and petrographic studies of sulfosalts (goldfieldite) and sul-
fates (APS minerals and barite) we suggest that within the Au-Ag-Te Emmy deposit, the
periods of rapid deposition of ore are due to the mixing of solutions with meteoric water,
followed by long-lasting conditions of mineral formation in an open ore-forming system.

The most common sulfide, especially in gold deposits, is traditionally considered to
be pyrite [65–68]. The Emmy deposit is no exception, in which the main sulfide is pyrite,
which occurs in several generations and crystal forms:

(i) Pre-ore pyrite (I) with cubic habit is fine-grained, with an average crystal size from
20–50 µm to 500 µm. It is almost pure pyrite and corresponds to the early barren
stage (Supplementary Figure S2a). Pyrite (I) hosts inclusions of galena, sphalerite,
tetrahedrite group minerals (TGMs), carbonates, and quartz, filling voids in the
process of further mineral formation;

(ii) Pyrite (II) from the ore stage is represented by two morphological varieties—colloform
(IIa) (Supplementary Figure S2b), most likely earlier, which is overgrown by crys-
talline (idiomorphic) pyrite (IIb) (Supplementary Figure S2c). Both morphological
varieties contain Cu (0.06–6.03 wt %). Pyrite of this stage occurs in association with
goldfieldite (Supplementary Figure S2b), hemusite (Supplementary Figure S2c,d),
and kawazulite (Supplementary Figure S2e), and is replaced by tetrahedrite–tennantite,
chalcopyrite (Supplementary Figure S2f–i), gold, silver, and other tellurides
(Supplementary Figure S2g–m), suggesting an influx of later fluids enriched in Cu,
Ni, Pb, Hg, Au, Ag, and tellurium. Crystalline pyrite (IIb) has euhedral crystal
habit that deviates from cubic depending on the depth of formation. For example,
at deeper levels, pyrite (IIb) is represented by pentagondodecahedrons (i.e., pyri-
tohedron) (Supplementary Figure S2j), whereas, towards the surface, it acquires a
predominantly prismatic shape. Pyrite IIb also displays chemical heterogeneity with
respect to its depth of formation; it is practically pure at the deepest levels and con-
tains copper at intermediate depths (~38–46 m), where it is associated with colloform
pyrite (IIa), and it is enriched with arsenic close to the surface [22].

According to the RDA data, copper-bearing pyrite of a collomorphic texture [22]
(Supplementary Figures S1 and S2) associated with cryptocrystalline moganite may indicate
a rapid precipitation process during abrupt cooling due to mixing with meteoric water. The
subsequent formation of euhedral crystals of Cu-bearing pyrite bordering the colloform
pyrite is attributed to a slow crystallization in a quiescent formation environment. Under
these conditions, the system was possibly open, as evidenced by the oscillatory-zoned
goldfieldite, accompanying crystalline Cu-bearing pyrite, emphasizing the rhythmic change
in growth zones of enrichment in either arsenic or tellurium. A similar textural pattern,
confirming the presence of a non-equilibrium state of the Emmy deposit, was found by
studying euhedral quartz (IIb and III) and APS minerals in the marginal parts of the grains
using cathodoluminescence.

The following schematic paragenetic sequence was developed (Figure 8) to visualize
the identification of several stages of mineral formation within the Au-Ag-Te Emmy deposit.
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According to this sequence, an early pre-ore alteration stage is followed by Cu-bearing min-
eralization, including an early Sn-Mo-Bi-Se-Te-rich (goldfieldite, hemusite, and kawazulite)
stage, followed by a later As-Sb-Pb-Zn-Au-Ag-Ni-Hg-Bi-Te-rich (tetrahedrite–tennantite,
galena, chalcopyrite, tellurides, and native Au) stage. All these stages are within the
stability fields of APS minerals. Goldfieldite can form as part of IS ore assemblages in
porphyry-epithermal deposits. However, it is also a characteristic mineral in HS mineralogi-
cal assemblages [41,46]. With typical HS minerals such as enargite, luzonite, and famatinite,
we can classify the goldfieldite–hemusite–kawazulite assemblage as HS type. However, we
suggest here an HS affinity for this assemblage, due to its intimate relationship with kaolin-
ite/dickite and pyrophyllite in the Emmy deposit. The paragenetic sequence demonstrates
an evolution of the system towards lower sulfidation states and more reducing conditions
with time.
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6. Conclusions
(1) Based on mineralogical and petrographic studies of sulfosalts (goldfieldite) and sul-

fates (APS minerals and barite), we suggest possible scenarios within the most produc-
tive horizons of ore deposition within the Au-Ag-Te Emmy deposit, and that periods
of rapid ore deposition due to the mixing of solutions with meteoric water were fol-
lowed by long-lasting mineral formation conditions in an open ore-forming system.

(2) Oscillatory-zoned goldfieldite is part of a HS mineral association in the Emmy de-
posit, followed by an IS assemblage composed of the tennantite–tetrahedrite group,
tellurides, and native tellurium corresponding to a new influx of Te, Sb, and As.

(3) Members of the svanbergite–woodhouseite series represent the APS minerals, and
can be classified as calcian svanbergite, svanbergite, strontian woodhouseite, and
plumbian woodhouseite. The core of the APS grains is enriched in cerium and
strontium and was formed during the pre-ore stage due to apatite replacement. The
intermediate part of the APS grains is leached vs. the deposition of goldfieldite–
kawazulite–hemusite assemblage, respectively. The APS minerals’ rim indicated lead
enrichment in the marginal, oscillatory-zoned part of the grains, related to the gold–
silver–telluride–polymetallic association of the mineralization, i.e., the late influx of
IS fluids.

(4) Barite found in the upper level of the advanced argillic alteration zone is characterized
by oscillatory zoning and the lead enrichment of individual zones.

(5) The study of fluid inclusions in quartz within the Emmy deposit showed that the
hydrothermal ore process takes place at a temperature of 236–337 ◦C. Homogeniza-
tion temperatures for quartz–pyrite–goldfieldite mineral association vary within
337–310 ◦C, and salinity varies within 0–0.18 wt.%NaCl equivalent, and for gold–
silver–telluride–polymetallic mineral association, they decrease and vary within
275–236 ◦C, and salinity slightly increases from 0.18 to 0.35 wt.%NaCl equivalent.

(6) This study demonstrates the fundamental importance of external processes, as re-
flected by the evolution of the physicochemical conditions of mineral formation.
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