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Abstract: While gold partitioning into hydrothermal fluids responsible for the formation of porphyry
and epithermal deposits is currently well understood, its behavior during the differentiation of
metal-rich silicate melts is still subject of an intense scientific debate. Typically, gold is scavenged into
sulfides during crustal fractionation of sulfur-rich mafic to intermediate magmas and development
of native forms and alloys of this important precious metal in igneous rocks and associated ores are
still poorly documented. We present new data on gold (Cu-Ag-Au, Ni-Cu-Zn-Ag-Au, Ti-Cu-Ag-Au,
Ag-Au) alloys from iron oxide deposits in the Lesser Khingan Range (LKR) of the Russian Far
East. Gold alloy particles are from 10 to 100 µm in size and irregular to spherical in shape. Gold
spherules were formed through silicate-metal liquid immiscibility and then injected into fissures
surrounding the ascending melt column, or emplaced through a volcanic eruption. Presence of
globular (occasionally with meniscus-like textures) Cu-O micro-inclusions in Cu-Ag-Au spherules
confirms their crystallization from a metal melt via extremely fast cooling. Irregularly shaped Cu-
Ag-Au particles were formed through hydrothermal alteration of gold-bearing volcanic rocks and
ores. Association of primarily liquid Cu-Ag-Au spherules with iron-oxide mineralization in the
LKR indicates possible involvement of silicate-metallic immiscibility and explosive volcanism in the
formation of the Andean-type iron oxide gold-copper (IOCG) and related copper-gold porphyry
deposits in the deeper parts of sub-volcanic epithermal systems. Thus, formation of gold alloys
in deep roots of arc volcanoes may serve as a precursor and an exploration guide for high-grade
epithermal gold mineralization at shallow structural levels of hydrothermal-volcanic environments
in subduction zones.

Keywords: Russian Far East; gold alloys; mineralized volcanic systems; spherules; explosive volcan-
ism; liquid immiscibility; iron oxide copper-gold deposits; subduction zones

1. Introduction

Previous studies have established a firm link between gold mineralization and
magmatic-hydrothermal processes and have shown close genetic and paragenetic relation-
ship between gold and intrusive igneous activity [1–12]. Volcanic processes also appear
to play significant role in gold transformations at the upper crustal levels, as native gold
and gold-bearing alloys occur in lava flows of basaltic to dacitic composition [13–17], gas
vents and fumaroles [18–23] as well as volcanic ash plumes [19,24–27]. The presence of
native gold in ultramafic rocks [28–30] along with bulk-rock gold enrichments in some
mantle peridotites [31–34] and crustal plutonic complexes [35–37], indicate that gold is
transported from lithospheric mantle sources through magmatic plumbing conduits and
finally concentrated at economic levels in epithermal environment [16,19,38–44]. Although
gold appears to behave as an incompatible element during magmatic differentiation under
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certain conditions [45–48], its geochemical behavior is strongly controlled by sulfur and
oxygen fugacity in most magmatic-hydrothermal systems [49–53]. In general, gold is scav-
enged into sulfides in sulfur-rich, mafic to intermediate magmas [54–58] and is deposited
as native metal or intermetallic compound in presence of reduced fluids [14,15,17,38,39,47].
The formation of native gold and gold-bearing alloys in magmas and volcanic systems is
still a poorly documented and ambiguously understood phenomenon, which requires fur-
ther constraints both from representative suites of natural samples as well as experimental
studies. Specifically, the data concerning textures and compositions of gold and gold-
bearing alloys in the early-stage magmatic plumbing systems are conspicuously lacking
as most available information is related to the later-stage epithermal environments. This
obvious gap in our knowledge of gold behavior in fluid-saturated igneous systems can be
explained by high mobility of gold and, consequently, by almost complete replacement of
magmatic gold with secondary textural and compositional forms during evolution of gold
mineralization in hydrothermal settings. Therefore, the best conditions for the preservation
of magmatic gold forms can be expected in igneous rocks that experienced fast cooling
or quenching without substantial later-stage hydrothermal impact. These rocks include,
first and foremost, various volcanic and sub-volcanic formations such as explosive breccias,
ignimbrites and various tuffs.

We present in this paper results of study of gold micro-particles in iron oxide ores
and associated volcanic rocks from Poperechnoye, Kostenga and Kaylan iron oxide (with
manganese) deposits of the Lesser Khingan Range (LKR) ore province in the Russian
Far East. Previous studies established significant role of mafic to felsic volcanism in the
formation and evolution of these mineral deposits [59–61]. We also discuss possible models
for origin and evolution of gold in deep-seated crustal magmatic systems with special
emphasis on formation of gold deposits in volcanic environments.

2. Tectonic Background

The Poperechnoye, Kostenga and Kaylan deposits, together with more than 30 smaller
deposits and showings, are part of an extensive cluster of iron oxide and iron-manganese
mineralization within the LKR metallogenic province [62,63]. These deposits and mineral
prospects are hosted in Vendian-Cambrian carbonate units of the Bureya-Jiamusi-Khanka
composite terrane (Figure 1), which forms the easternmost segment of the Central Asian
Orogenic Belt [61,64,65].
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One of the main geologic features of these iron-oxide deposits is the widespread occur-
rence of volcanic rocks such as explosive breccias, tuffs, lavas and sub-volcanic bodies.

3. Materials and Methods

Representative samples of iron-oxide mineralization and associated volcanic rocks
from the LKR Fe-Mn deposits were collected by the authors during 2018–2019 field work.
Substantial amount of the data presented in this study has been obtained on samples from
earlier exploration workings and stored at the DV TFGU (Regional Fund of Geological
Information, Khabarovsk, Russian Federation). All samples were collected inside freshly
cut exploration trenches to avoid any possibility of anthropogenic contamination. Gold-
bearing particles were liberated from the host iron-oxide ore and volcanic rocks through
crushing to 0.25 mm followed by separation into various size fractions and washing
with water. Heavy liquid separation and dissolution of excessive magnetite, hematite
and carbonate in hydrochloric acid was applied to some samples in order to increase
the amount of heavy mineral concentrate. Heavy concentrates were then hand picked
under the Discovery V.12 stereomicroscope (Carl Zeiss, Oberkochen, Germany). Thin
section studies were carried out using Imager A2m petrographic microscope (Carl Zeiss,
Oberkochen, Germany).

A systematic study of gold-bearing grains was done using a VEGA 3 LMH TESCAN
(Brno, Czech Republic) scanning electron microscope with the Oxford X-Max 80 (GB) EDS
spectrometer (High Wycombe, UK, accelerating voltage—20 kV, beam current—530 pA,
beam diameter—0.2 µm). A set of reference materials including 37 natural and synthetic
oxides, minerals and metallic chemical elements (Oxford/108699 #6067) was used as refer-
ence standards; Co-standard Oxford Instruments/143100 #9864-15 was used for routine
daily instrument calibration. The EDS compositions are considered to be precise within
approximately ±0.1 mas.%. X-ray diffraction (XRD) analysis of gold-bearing particles was
conducted using the Miniflex II diffractometer (Rigaku, Tokyo, Japan) under the following
set of conditions: CuKα-radiation, accelerating voltage of 30 kV and beam current of 15 mA.

Major element compositions of the bulk ore sample were determined on pressed pel-
lets using a S4 Pioneer XRF spectrometer (Bruker, Billerica, MA, USA). International—LDI-3
(gabbro) and WMG-1a (mineralized gabbro)—as well as Russian—DVB (basaltic andesite),
DVA (andesite) and DVD (dacite)—reference standards were used for calibration. Analyt-
ical uncertainty for major elements is ±10%. Trace element abundances were measured
using an ELAN 9000 ICP-MS (Perkin Elmer, Waltham, MA, USA), after an acid digestion of
sample powder. The same set of rock reference standards (LDI-3, WMG-1a, DVB, DVA and
DVD) along with Perkin Elmer standard solutions PE# N9300231–9300234 were used to
monitor analytical accuracy and precision. The accuracy was ±5% for the trace elements
with abundances of >20 ppm and ±10% for elements with abundances of <20 ppm. Addi-
tional details of analytical methods utilized in this study are reported in [61]. All analytical
procedures were carried out at the Khabarovsk Innovative-Analytical Center (KhIAC) of
the Kosygin Institute of Tectonics and Geophysics (Khabarovsk, Russian Federation).

4. Geology, Petrology and Geochemistry

Iron-oxide mineralization at the Poperechnoye deposit is represented by silicic
hematite-magnetite ores and associated breccias containing up to 20–35 wt.% of total iron.
Fe-oxide (with manganese) ore is concentrated within narrow (50–70 m) sub-longitudinal
zone and can be subdivided into two sub-units: 1) Mn-rich (1 to 10 m thick) and 2) Fe-rich
(up to 25 m thick) [61]. Ores are composed of dolomite, Mg-siderite, chlorite, quartz, mag-
netite, hematite with minor apatite, albite, orthoclase and rare grains of barite, monazite
and xenotime. Manganese minerals include braunite and pyrolusite.

Breccias are essentially hybrid explosive rocks with andesitic to dacitic matrix with
fragments of host dolomites, as well as earlier generation iron-oxide ores and breccias
ranging in size from fractions of a millimeter to several tens of centimeters. These explosive
breccias do not display any evidence for sorting or clastic sediment compaction (Figure 2).
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Figure 2. Iron-manganese ore at the Poperechnoye deposit associated with volcanic explosive breccia:
(a) field photograph, thin section microphotographs of explosive breccia (b) and iron-oxide ore (c).
Scale in photos b and c is 40 µm.

Explosive breccia and iron-oxide ore from the Poperechnoye deposit contain high
concentrations of platinum-group metals (up to 11.3 ppm) and gold (up to 2.5 ppm) [59],
which were interpreted as the result of contamination of fluid-saturated magma by PGE-
and Au-rich material from the deeper levels of sub-continental lithosphere underlying
Bureya-Jiamusi-Khanka terrane [61].

Fe-oxide mineralization along the eastern flank of the Poperechnoye deposit is associ-
ated with steeply dipping basaltic bodies (Figure 3a,b), which are replaced by mineralized
breccias towards the southern terminus of the Poperechnoye deposit. Preliminary drilling
completed within the deposit in 1955 by M.V. Chebotarev and his exploration team suggests
that basaltic bodies converge at depth with primary ore bodies and associated (variably
mineralized as well) explosive breccias. Basalts display typical porphyritic texture with phe-
nocrysts composed of olivine, orthopyroxene, clinopyroxene, amphibole and plagioclase
(almost completely replaced by secondary albite). Accessory minerals include ilmenite,
magnetite, Fe-Cr spinel (occasionally with Ni), zircon, sulfides (pyrite, pyrrhotite, chal-
copyrite) and apatite. Secondary alteration assemblages are dominated by albite replacing
plagioclase and actinolite, tremolite, chlorite and sericite replacing iron-magnesian silicates,
as well as hematite and various carbonates (calcite, dolomite, siderite) in the groundmass.

Several small peculiar carbonatite-like rocks are associated with iron-manganese
mineralization and explosive breccias. They form sub-vertical, stock-like bodies up to
15 m in width, which elevate over 10 m above the surrounding erosional edifice, and are
mostly composed of dolomite with minor olivine, orthopyroxene, fluor-apatite, corundum,
vanadium-bearing and chrome-bearing magnetite and titano-magnetite, plagioclase, rutile,
tremolitic-actinolitic amphibole, chlorite, pyrite, quartz and wollastonite (Figure 3c,d).

The iron-oxide ore at the Kostenga depost is hosted in the Cambrian terrigeneous-
carbonaceous sediments and intruded by Ordovician granitoid and Middle to Late Car-
boniferous gabbroic complexes, as well as extensive felsic to intermediate dike swarms and
Late Permian to Early Triassic granites. Along the northern edge of the Kostenga deposit,
iron-oxide ore bodies are unconformably overlain by Cretaceous volcanic-sedimentary
complexes including volumetrically important felsic tuffs and ignimbritic agglomerates
and lava flows.
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Figure 3. Basaltic (a,b) and carbonatite-like rocks (c,d) from the Poperechnoye deposit. (a,c)—hand
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Magnetite-hematite ores display laminated fluidal texture composed of lenticular
quartz, magnetite, hematite, Fe-hydrooxides and hydromica (Figure 4a,b). Minor con-
stituents include chlorite, orthoclase, gedritic-gruneritic amphibole, stilpnomelane, apatite,
monazite, Mn-minerals (pyrolusite and braunite). Textural features and mineralogic com-
position suggest primary magmatic origin for some samples of Kostenga iron-oxide ore
(“magnetite lava”). Iron-oxide ore at the Kostenga deposit is closely associated with felsic
explosive breccia containing fragments of host carbonates and iron-oxide ores (Figure 4c,d).
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Figure 4. Iron-oxide ore (a,b) and explosive breccia (c,d) from the Kostenga deposit. (a,c)—hand
specimens, (b)—SEM image, (d)—thin section microphotograph. SEM images here and throughout
this manuscript were obtained in the backscatter electron (BSE) mode.



Geosciences 2021, 11, 103 6 of 30

Kaylan Fe-oxide deposit is located approximately 10 km to the north-east from the
Kostenga site (Figure 1). Mineralization straddles the contact between Upper Neopro-
terozic (Vendian) dolomites and Lower Cambrian terrigeneous-carbonaceous metasedi-
ments. Northern extension of the deposit is overlain by Cretaceous felsic to intermediate
volcanics and tuffs, and the mineralization appears to be largely controlled by N-S-striking
normal faults. Magnetite-hematite mineralization of the Kaylan deposit forms several iso-
lated ore intervals with reduced thicknesses of 0.2 to 2.4 m. These ore bodies are composed
of ferruginous tuffs (Figure 5a,b) and quartzites, as well as massive hematite ore. Fe-oxide
mineralization at the Kaylan deposit are closely (both spatially and structurally) associated
with explosive volcanic breccias and agglomerate tuffs (Figure 5c,d). Groundmass of these
explosive volcanic rocks is composed of quartz, various carbonates, chlorite, tremolitic
amphibole, mica and rare olivine. In some cases, altered matrix in volcanic breccia is
composed of almost pure fine-grained hematite. Poorly sorted, unabraded and frequently
deformed fragments of host carbonates along with minor quartz dominate clastic popula-
tions in both breccia and mineralized ore, suggesting genetic relationships between these
two lithologies at the Kaylan deposit.Geosciences 2020, 10, x FOR PEER REVIEW 7 of 31 
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Chemical composition of igneous rocks and samples of mineralized ore from iron-
oxide deposits in the Lesser Khingan Range are listed in Table 1.

Most ore samples as well as volcanic rocks have low-Ti chemical compositions with
highly variable FeO, MgO and CaO contents (Table 1). Associated magmatic rocks display
general sub-alkaline character, while explosive breccia samples from the Poperechnoye and
Kostenga sites are characterized by elevated K2O contents (2.34 and 1.81 wt.%, respectively;
Table 1) approaching those typical of shoshonitic volcanic series [67,68]. Ores and volcanic
rocks from the Lesser Khingan are enriched in large-ion lithophile (LIL) elements (although
not without significant intra-element variations mostly attributable to secondary alter-
ation and metasomatism) and display well-pronounced high-field strength (HFS) element
depletions indicative of their subduction origins (Figure 6).



Geosciences 2021, 11, 103 7 of 30

Table 1. Chemical composition of magnetite-hematite ores and magmatic rocks from the Poperechnoye, Kostenga, and
Kaylan deposits.

Poperechnoye Kostenga Kaylan

Oxide/Element Fe-Ore Breccia Carbonate. Carb.- Like
Rock Basalt Fe-Ore Breccia Tuff Fe-Ore Breccia Tuff

SiO2 (wt.%) 48.32 50.68 7.77 9.39 52.08 65.85 41.39 49.98 39.06 54.79 57.75
TiO2 0.17 0.81 0.09 0.02 1.57 0.11 0.55 0.96 0.23 0.65 0.71

Al2O3 2.24 11.37 0.87 0.22 10.46 1.88 8.60 11.43 2.47 9.27 9.81
Fe2O3 38.32 9.02 1.68 1.88 10.72 26.67 6.86 8.38 48.29 16.31 11.15
MnO 0.50 0.18 0.15 0.87 0.13 0.99 1.27 0.13 0.22 2.19 3.92
CaO 2.79 6.88 29.35 29.68 4.72 0.69 11.43 6.26 0.67 3.08 3.24
MgO 3.47 7.02 18.11 16.49 10.93 1.52 9.65 7.75 2.46 1.80 1.33
Na2O 0.58 1.08 0.25 0.00 5.54 0.10 0.11 0.37 0.14 0.21 0.21
K2O 0.58 2.34 0.01 0.01 0.32 0.37 1.81 2.23 0.05 0.55 1.85
P2O5 0.40 0.08 0.02 0.00 0.14 0.33 0.08 0.14 0.23 0.12 0.09
LOI 2.55 10.99 43.32 * 43.65 * 3.38 1.48 18.4 12.14 6.02 10.92 9.66
Total 99.93 100.45 101.61 102.21 99.98 99.99 100.16 100.49 99.85 99.91 100.00

Sc (ppm) 3.89 15.65 1.77 <0.001 17.96 3.48 10.00 22.31 6.75 11.51 14.47
V 40.65 62.58 15.31 0.38 134.24 47.78 96.09 167.88 59.33 132.59 149.56
Cr 21.45 34.57 16.77 5.03 356.63 22.84 75.78 135.74 17.95 83.27 78.57
Co 7.15 8.93 1.43 9.36 45.57 22.97 43.07 10.86 1.21 49.19 154.18
Ni 15.27 106.73 15.64 11.51 166.39 37.11 122.36 34.68 12.27 78.47 781.52
Cu 3.40 49.24 13.36 17.32 51.53 <0.001 23.89 25.00 12.67 31.28 146.84
Zn 27.96 73.3 18.24 24.77 127.97 32.89 65.06 78.53 27.61 57.15 81.38
Ga 2.52 15.24 1.65 0.30 19.92 2.07 11.66 13.64 4.55 15.08 16.38
Rb 28.22 89.67 8.93 0.31 8.10 31.42 60.70 92.67 2.20 24.05 76.19
Sr 61.63 56.54 99.30 67.96 208.9 41.88 85.74 94.04 11.31 36.96 48.88
Y 7.73 14.85 5.53 0.87 15.37 4.82 8.60 15.35 32.35 17.92 19.69
Zr 7.18 61.64 10.12 2.41 57.49 6.44 60.54 131.69 13.64 60.78 63.66
Nb 4.60 2.10 0.25 0.19 9.92 1.38 1.31 6.42 3.04 4.89 5.43
Ag 0.59 0.29 <0.001 0.07 0.16 2.44 0.62 0.81 0.33 0.50 0.26
Sn 0.23 1.99 0.11 <0.001 1.17 <0.001 1.38 2.74 0.05 1.84 2.44
Cs 6.73 4.17 0.40 0.09 2.54 18.91 2.20 3.84 0.57 4.00 6.13
Ba 107.22 557.71 69.81 47.79 308.44 822.80 824.37 498.14 82.09 151.73 220.81
La 3.87 21.43 3.62 0.49 6.11 2.31 21.56 30.84 11.91 23.86 28.03
Ce 9.11 48.44 7.94 1.00 13.81 4.83 42.25 63.81 20.77 47.08 56.70
Pr 1.19 5.46 0.95 0.11 1.84 0.68 5.21 7.85 3.63 5.92 6.77
Nd 5.53 23.56 3.89 0.44 8.73 2.96 19.67 30.65 16.40 21.71 23.51
Sm 1.26 5.02 0.86 0.09 2.67 0.71 3.76 5.75 3.82 4.06 4.58
Eu 0.26 0.91 0.20 0.03 1.02 0.19 0.73 1.04 0.97 0.69 0.88
Gd 1.56 4.93 1.05 0.12 3.57 0.87 3.62 5.27 5.04 4.21 4.93
Tb 0.22 0.63 0.15 0.02 0.56 0.13 0.41 0.61 0.77 0.57 0.73
Dy 1.53 3.63 0.85 0.10 3.19 0.78 2.00 3.06 4.83 3.11 3.92
Ho 0.31 0.64 0.17 0.02 0.60 0.16 0.38 0.58 1.07 0.64 0.80
Er 1.01 1.99 0.51 0.07 1.59 0.52 1.21 1.85 3.28 1.94 2.37
Tm 0.14 0.26 0.07 0.01 0.21 0.08 0.18 0.32 0.46 0.30 0.37
Yb 0.98 1.90 0.47 0.07 1.28 0.57 1.35 2.04 3.00 1.92 2.39
Lu 0.15 0.27 0.07 0.01 0.18 0.10 0.22 0.32 0.47 0.31 0.40
Hf 0.23 1.69 0.23 <0.001 1.80 <0.001 1.59 3.28 0.35 1.83 1.81
Ta 0.29 0.19 <0.001 <0.001 0.84 0.03 0.21 0.39 0.13 0.46 0.51
Pb 5.91 6.59 0.58 <0.001 2.33 0.79 15.03 2.34 4.35 9.24 18.00
Th 1.37 6.89 0.72 <0.001 0.68 0.77 6.24 9.48 1.47 6.94 7.31
U 0.36 0.52 0.16 0.00 0.21 0.27 1.08 3.94 1.65 1.85 2.60

Note: * High LOI in samples 3 and 4 is caused by carbonate decomposition.
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Most compositions are also characterized by distinctive negative Sr anomaly reflec-
tive of plagioclase fractionation during the course of magmatic differentiation of primary
basaltic magma (Figure 6). All ores and volcanic rocks are enriched in light rare earth
elements, with basaltic small intrusions displaying highest variability in La/Sm and La/Yb
ratios (Figure 6). Most REE patterns are also characterized by prominent negative Eu and
Tm anomaly. Some subtle variations in LILE and REE may be attributed to variable alter-
ation and metasomatic processes that affected both ores and associated volcanic rocks from
the LKR deposits. Trace element systematics suggests general affinity of the LKR igneous
rocks with the volcanic arc, island arc and calc-alkaline basalts in Cr-Y (Figure 7a), Ti-Zr
(Figure 7c), Nb/U-Nb (Figure 7d), Th-Zr-Nb (Figure 7e) and Th-Zr-Ta (Figure 7f) tectono-
magmatic discrimination diagrams. The LKR rocks plot in or near the active continental
margins field in the Th/Yb-Ta/Yb discrimination plot exhibiting rather significant Th/Yb
variations (1 to 10; Figure 7b), which, again, may be a reflection of secondary chemical
changes rather differences in mantle sources or differentiation processes. In addition, both
ores and volcanic rocks from the LKR are characterized by uniformly low Nb/U ratios
typical of modern arc basalts (Figure 7d). On the contrary, basalts from the Poperechnoye
deposit display elevated HFSE concentrations (Nb = 9.92 ppm; analysis 5 in Table 1) and
plot into the ocean island basalt (OIB) fields in some geochemical discrimination diagrams
(Figure 7e,f).



Geosciences 2021, 11, 103 9 of 30

Geosciences 2020, 10, x FOR PEER REVIEW 9 of 31 

 

Most compositions are also characterized by distinctive negative Sr anomaly reflec-
tive of plagioclase fractionation during the course of magmatic differentiation of primary 
basaltic magma (Figure 6). All ores and volcanic rocks are enriched in light rare earth ele-
ments, with basaltic small intrusions displaying highest variability in La/Sm and La/Yb 
ratios (Figure 6). Most REE patterns are also characterized by prominent negative Eu and 
Tm anomaly. Some subtle variations in LILE and REE may be attributed to variable alter-
ation and metasomatic processes that affected both ores and associated volcanic rocks 
from the LKR deposits. Trace element systematics suggests general affinity of the LKR 
igneous rocks with the volcanic arc, island arc and calc-alkaline basalts in Cr-Y (Figure 
7a), Ti-Zr (Figure 7c), Nb/U-Nb (Figure 7d), Th-Zr-Nb (Figure 7e) and Th-Zr-Ta (Figure 
7f) tectonomagmatic discrimination diagrams. The LKR rocks plot in or near the active 
continental margins field in the Th/Yb-Ta/Yb discrimination plot exhibiting rather signif-
icant Th/Yb variations (1 to 10; Figure 7b), which, again, may be a reflection of secondary 
chemical changes rather differences in mantle sources or differentiation processes. In ad-
dition, both ores and volcanic rocks from the LKR are characterized by uniformly low 
Nb/U ratios typical of modern arc basalts (Figure 7d). On the contrary, basalts from the 
Poperechnoye deposit display elevated HFSE concentrations (Nb = 9.92 ppm; analysis 5 
in Table 1) and plot into the ocean island basalt (OIB) fields in some geochemical discrim-
ination diagrams (Figure 7e,f). 

 
Figure 7. Tectonomagmatic discrimination diagrams for volcanic rocks associated with iron-oxide mineralization in the 
Lesser Khingan Range: (a) Cr-Y [70]; (b) Th/Yb-Ta/Yb [71]; (c) Ti-Zr [70]; (d) Nb/U-Nb [72]; (e) Th-Zr-Nb [73] (A—N-
MORB, B—E-MORB, C—OIB, D—VAB); (f) Th-Hf-Ta [73]. VAB—Volcanic Arc Basalt, MORB—Mid-Ocean Ridge Basalt, 
WPB—Within-Plate Basalt, IAB—Island-Arc Basalt, OIB—Ocean Island Basalt, CAB—Calc-Alkaline Basalt, IAT—Island 
Arc Tholeiite, N-MORB—Normal (depleted) MORB, E-MORB—Enriched MORB. 

5. Gold and Gold-Bearing Alloys in Ores and Igneous Rocks 
Gold in studied samples from the three LKR deposits ranges in size from 10 to 100 

µm, rarely over 200 µm and forms two distinct compositional and textural groups. The 

Figure 7. Tectonomagmatic discrimination diagrams for volcanic rocks associated with iron-oxide mineralization in the
Lesser Khingan Range: (a) Cr-Y [70]; (b) Th/Yb-Ta/Yb [71]; (c) Ti-Zr [70]; (d) Nb/U-Nb [72]; (e) Th-Zr-Nb [73] (A—N-
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5. Gold and Gold-Bearing Alloys in Ores and Igneous Rocks

Gold in studied samples from the three LKR deposits ranges in size from 10 to 100 µm,
rarely over 200 µm and forms two distinct compositional and textural groups. The most
numerous group (more than 200 studied grains) is represented by gold-silver alloys with
gold contents ranging between 65 and 100 wt.% (Figure 8). These are mostly shapeless,
lumpy, frequently elongated and flattened grains with homogeneous internal structure.
They exhibit uneven surfaces, occasionally with some elements of surficial sculpture. The
second group includes spherical grains with the following compositional ranges: Au
= 55–70 wt.%, Ag = 0–13 wt.%, Cu = 30–45 wt.% (Figure 8). Most spherules from this
group display “shagreen”-type sculptured surfaces with characteristic indentations formed
during solidification and compaction of noble metal particles.
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5.1. Gold in Explosive Breccia and Fe-Oxide Ore of the Poperechnoye Deposit

A single sample of explosive breccia from the Poperechnoye iron-oxide deposit yielded
40 shapeless (with rare elements of surficial sculpture) and subordinate rounded and nodu-
lar grains of gold-silver alloys ranging in size from 70 to 150 µm (Figure 9). Gold content
in these grains ranges from 70 to 100 wt.% (Figure 8). They typically have homogeneous
internal structure and chemical composition. Several rounded grains exhibit overgrowth
of native bismuth (with minor lead and tin) on pure gold particle (Figure 9f).
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More than 100 grains of gold-silver alloys were extracted from hematite-magnetite
(with Mn) ore samples. These particles also range in size from 70 to 150 µm (Figure 9)
and display homogeneous internal structure and bulk chemical composition. Their gold
content ranges between 65 and 100 wt.% (Figure 8), with seven grains showing copper
content of 0.6 to 3.9 wt.%. Minor palladium (5.9 wt.%) was detected in single gold-silver
particle. Figure 9d,e demonstrates grains of pure (100%) or nearly pure (91%) gold particles
included in magnetite ore in situ. Relatively large (>50 µm) rounded grains are imbedded
in magnetite-quartz-dolomite matrix (Figure 9d), while smaller (3–5 µm) angular grains
are clearly texturally associated with euhedral magnetite crystals (Figure 9e).

5.2. Gold in Basaltic Intrusion from the Poperechnoye Deposit

Two types of gold-bearing alloys were identified in steeply dipping basaltic body,
which is associated with iron-oxide mineralization along the eastern flank of the Poperech-
noye deposit. The most common (48 individual grains identified) are shapeless particles
with overall subhedral to anhedral appearance (Figure 10a). Their composition varies from
71 to 100 wt.% Au (Figure 8).

Most gold particles of this type are internally homogeneous. Twelve gold grains
out of 48 analyzed particles (25%) include minor iron (0.3–2.6 wt.%), five grains (10%)
contain copper (0.5–0.6 wt.%) and one grains contains 1 wt.% of titanium. One rounded
grain is enclosed in the pure (100 wt.% Au) gold rim, which contains micro-inclusions
of euhedral monazite (Figure 10c). The core of the same spherule also includes euhedral
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magnetite crystal (Figure 10b). Four grains display almost spherical shapes with sculptured
surfaces (various indentations) consistent with compaction and solidification of previ-
ously molten material during cooling (Figure 10d). These grains are composed of copper
(27–31 wt.%), silver (8–10 wt.%) and gold (61–64 wt.%) and are frequently covered with
rims of predominantly copper-oxide and magnesium-silicate composition (Figure 10d).
These spherules commonly display heterogeneous internal structures. The main volume
of an individual spherule is composed of homogeneous (at the detection levels of our
SEM-EDS instrumentation) alloy, which contains a) spherical inclusions (first microns in
diameter) of mostly copper-oxide composition with minor iron admixture and b) larger
(around 5 µm) spherical cavities. The latter are either partially empty, or contain dendritic
formations, compositionally similar to the bulk spherule matrix (lower left part of the BSE
image in Figure 10e). Some spherules display sharp and clear meniscus-like boundaries
between Cu-Ag-Au core and copper-oxide rim (Figure 10e), as well as Cu-Ag-Au alloy and
Cu-oxide partially encrusting some cavities in copper-silver-gold spherules (Figure 10f).
Both textures are indicative of liquid immiscibility processes accompanying formation of
these spherules.
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Figure 10e). Some spherules display sharp and clear meniscus-like boundaries between 
Cu-Ag-Au core and copper-oxide rim (Figure 10e), as well as Cu-Ag-Au alloy and Cu-
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Figure 10. Gold-bearing grains in basaltic intrusion from the Poperechnoye deposit: (a)—shapeless particle with partially
preserved original magmatic crystal faces and gold-silver alloy in association with magnetite (Mag) (inset); (b,c)—rounded
particles (micro-spherules) with pure gold rims and inclusions of euhedral magnetite (Mag) (b) and monazite (Mnz) (c);
(d)—Cu-Ag-Au micro-spherule with compaction-related deformations and copper oxide and magnesium-silicate outer shell
(rim); (e,f)—internal structure of the spherule in (d) with abundant spherical cavities and copper-oxide micro-inclusions.
Surface of the spherule (e) and some larger internal cavities (f) exhibit clear and sharp meniscus-like boundaries indicative
of liquid immiscibility.

5.3. Gold in Carbonatite-Like Rocks of the Poperechnoye Deposit

Carbonatite-like rocks from the Poperechnoye deposit contain exclusively spherical
gold-bearing alloys and no shapeless gold particles have been encountered so far. A total
of 32 Cu-Ag-Au spherules ranging in size from 15 to 35 µm were extracted from these
exotic formations at Poperechnoye (Figure 11). Gold spherules commonly feature abundant
indentations indicative of compaction process that typically accompany solidification of
previously molten material (Figure 11a).
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Precious metal spherules in carbonatite-like rocks either display homogeneous inter-
nal structure (Figure 11c) or contain abundant spherical copper oxide inclusions (Figure 
11d,e). Homogenous Cu-Ag-Au spherules and matrices of spherules with spherical cop-
per oxide inclusions appear to be compositionally similar with copper ranging from 26.4 
to 37.5 wt.% (average of 31.9 wt.%), silver—from 2.2 to 13.6 wt.% (average of 5.4 wt.%) 
and gold—from 57.2 to 68.6 wt.% (62.7 wt.%) (89 total analyses; Figure 8).  

Copper-oxide inclusions (Figure 11d–f) are also compositionally similar to the cop-
per-oxide rims in composite (zoned) spherules (e.g., mostly copper and oxygen, with mi-
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Figure 11. Gold-bearing spherules in carbonatite-like rocks from the Poperechnoye deposit: (a)—sculptured spherule
exterior with multiple compaction-related deformations; (b)—internal structure of a homogeneous spherule; (c–f)—internal
structures of gold-bearing spherules with copper oxide rim (c), and spherical (d,e) or dendritic (f) copper oxide inclusions.

Thirteen spherules carry rims, partially enclosing Cu-Ag-Au cores, composed of
copper oxides (Figure 11b). Visually, precious metal cores and copper oxide rims form
a single sphere with a clear convex meniscus-like boundary between the two phases
(Figure 11d). Rims are composed of copper (35.6 to 86.5 wt.%; average of 65.8 wt.%) and
oxygen (8.5 to 47.7 wt.%; average of 20.8 wt.%) along with iron (0.2 to 20.2 wt.%; average
of 3.7 wt.%). In addition, our SEM-EDS study detected nickel (up to 8.2 wt.%; average of
1.6 wt.%) and silicon (up to 5.1 wt.%; average of 0.8 wt.%) in 10 out of 13 analyzed rims,
zinc (up to 11.4 wt.%; average of 2.7 wt.%) in 8 rims, calcium (up to 1.5 wt.%; average of
0.3 wt.%) in 7 rims, sulfur (up to 0.7 wt.%; average of 0.7 wt.%) in 6 rims, chlorine (up to
3.6 wt.%; average of 0.6 wt.%) in 4 rims, aluminum along with potassium and titanium
(up to 0.8, 0.6 and 4.2 wt.% respectively) in 3 rims and sodium together with chromium
and indium (up to 7.5, 10.2 and 0.6 wt.%, respectively) in 2 rims. One copper oxide rim
contains 1.0 wt.% of magnesium.

Precious metal spherules in carbonatite-like rocks either display homogeneous internal
structure (Figure 11c) or contain abundant spherical copper oxide inclusions (Figure 11d,e).
Homogenous Cu-Ag-Au spherules and matrices of spherules with spherical copper oxide
inclusions appear to be compositionally similar with copper ranging from 26.4 to 37.5 wt.%
(average of 31.9 wt.%), silver—from 2.2 to 13.6 wt.% (average of 5.4 wt.%) and gold—from
57.2 to 68.6 wt.% (62.7 wt.%) (89 total analyses; Figure 8).

Copper-oxide inclusions (Figure 11d–f) are also compositionally similar to the copper-
oxide rims in composite (zoned) spherules (e.g., mostly copper and oxygen, with mi-
nor nickel and zinc). However, it is difficult to obtain representative compositions of
copper-oxide micro-inclusions due to their extremely small dimensions. EDS analyses
of micro-inclusions commonly include components from the precious metal matrix due
to the commonly wider (in comparison with the micro-inclusion size) area excited by
the analytical X-ray radiation (Figure 12). This results in various additions of Cu, Ag
and Au to the individual inclusion compositions. This can be demonstrated, at least to
a certain extent, by Figures 11e and 12, which show inclusions 1, 2 and 3 with progres-
sively increasing cross-section (emphasized by increasing lighting of their BSE images)
well correlated with changes in Au, Ag and Cu contents (specifically increase in Ag and
Cu contents). Thus, analyses with lowest gold contents (gold is the most abundant metal
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component of the spherule matrix) are considered as the best approximation for the bulk
inclusion composition.
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the degree of exposure (cut level) of the individual Cu-Ag-Au spherule (a schematic illustration).

Along with spherical copper-oxide inclusions, Cu-Ag-Au spherules contain dendritic
and irregular Cu-O segregations (Figure 11f). These segregations display higher copper
and lower silver and gold contents coupled with ubiquitous presence of oxygen in their
compositions. If, like in the case of spherical micro-inclusions, most of gold and silver
in the relevant SEM-EDS analyses is due to the influence of the precious metals-rich
matrix, predominantly copper-oxide composition of the dendritic segregations appears to
be reasonably well-established by this study.

5.4. Gold in Ores and Pyroclastic Rocks from the Kostenga Deposit

Iron-oxide ores and associated pyroclastic rocks from the Kostenga deposit contain
abundant gold-bearing alloys (a total of 90 grains were recovered in the course of this study;
Figure 13). They commonly have lumpy or flattened appearance, occasionally with partially
sculptured surfaces (Figure 13a,c), but some (total of 28 particles) have well-established
spherical shape (Figure 13e–i). Shapeless (lumpy or flattened) grains are mostly composed
of silver-gold alloy (51 grains) with gold content ranging from 72 to 100 wt.% (Figure 8).
These Ag-Au alloys commonly have homogeneous internal structure. Some irregular
grains (11 in total) are associated with yttrium-bearing baddeleyite (Figure 13c) and con-
tain exsolution phases composed of Ti-Cu-Ag-Au intermetallic compounds (Figure 13c,d;
Table 2).

Table 2. EDS compositions (wt.%) of gold-bearing alloys and related mineral phases in iron-oxide ore and pyroclastic rocks
from the Kostenga deposit.

Element 1 2 3 4 5 6 7 8 9 10 11 12 13

O 3.6 5.0 4.7 6.5 9.1 25.5 9.7 11.1 6.9 17.1
Ti 0.7 13.1 11.9 1.9 39.3
Cr 0.3 0.4 1.6
Fe 0.3 0.6 0.4
Ni 3.1 0.6 2.0 6.1
Cu 61.8 17.8 13.9 6.1 8.6 29.0 33.8 58.8 31.8 51.8 43.5 78.1 42.6
Zn 2.5 7.6 2.0 13.9
Ag 8.0 1.5 1.0 68.2 2.2 8.4 6.3 3.2 6.2 4.9 3.7 2.3 2.4
Au 23.5 62.2 68.5 17.3 40.8 62.7 59.9 1.2 61.9 32.7 37.8 12.3 15.8

Numbers of individual EDS analyses correspond to encircled data points in Figure 12. 1–5—Ti-bearing exsolution phases from irregular
particles; 6, 9—matrix compositions from Cu-Ag-Au spherules; 7—composition of dendritic phase encrusting cavities in some spherules;
8—composition of partial rim on Cu-Ag-Au spherule; 10, 11—compositions of faceted (10) and dendrite-like (11) copper-oxide inclusions;
12, 13—analyses of the composite spherical copper-oxide inclusion with the meniscus-like texture in Figure 13h.
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irregular Ag-Au grain with elements of the surface sculpture; (b)—Cu-Ag-Au alloy with distorted spherical shape; (c)—
highly irregular grain associated with baddeleyite; (d)—enlarged fragment of the internal structure of the grain shown
in (c) with exsolved Ti-Cu-Ag-Au phases (points 1–5 correspond to EDS analyses in Table 2); (e)—internal structure of a
homogeneous Cu-Ag-Au spherule; (f)—exterior view (inset) and internal structure of Cu-Ag-Au spherule with partial
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with faceted and dendrite-like Cu-rich inclusions and a single, relatively large composite Cu-rich phase with meniscus-like
texture; (i)—internal structure of Ni-Cu-Zn-Ag-Au spherule with exsolution textures. Numbers (data points) in figures a–i
correspond to EDS analyses in Table 2.

Copper-silver-gold spherules (total of 28 recovered) range in size from 30 to 82 µm and
commonly display solidification and compaction textures (Figure 13e–g). Some Cu-Ag-Au
spherules exhibit surficial dendritic encrustations (Figure 13f,g) as well as fragments of
partial rims with complex Cu-rich chemical compositions (Figure 13f; Table 2). Some of
these spherules are internally homogeneous (Figure 13e) and display virtually no composi-
tional differences between individual Cu-Ag-Au spherules (Figure 8). Analogously to the
spherules from basaltic and carbonatite-like rocks from Poperechnoye deposit, Kostenga
spherules contain rounded micro-inclusions ranging in size from fractions of a micrometer
to 7.3 µm (Figure 13f–h). These spherical micro-inclusions are evenly distributed through-
out the volume of individual Cu-Ag-Au spherules (Figure 13f), or concentrated along
the spherule margins, still leaving very thin (~3 µm) outermost rims inclusion-free and
chemically homogeneous (Figure 13g). The micro-inclusions and chemically similar partial
rims on Cu-Ag-Au spherules are composed of copper oxide with minor iron, nickel and
silver (Table 2).

Occasionally, some larger copper-oxide inclusions are characterized by meniscus-like
texture, typically indicative [74–76] of solidified co-existing immiscible liquids (Figure 10h).



Geosciences 2021, 11, 103 15 of 30

The two phases separated by the meniscus-like border display clear compositional differ-
ences: volumetrically predominant, darker (BSE colors) phase in the center of this inclusion
has Cu-rich chemistry, while lighter phase along the inclusion periphery is enriched in O,
Cr, Fe and Zn (Table 2, analyses 12 and 13). Some Cu-Ag-Au spherules contain faceted
(crystalline) Cu-rich inclusions, which display cubic or hexagonal shapes in spherule cross-
sections, as well as dendrite-like inclusions with irregular outlines. Individual spherules
include rounded cavities encrusted with dendritic Cu-Ag-Au segregations (Figure 13f;
Table 2).

Two gold-bearing spherules with bulk Cu-Ag-Au-Ni-Zn composition (Ni = 8.06 wt.%,
Cu = 27.95 wt.%, Zn = 5.36 wt.%, Ag = 1.98 wt.%, Au = 56.65 wt.%) are characterized by well-
developed exsolution texture (Figure 13i). Figure 13i illustrates the typical distribution of
dendritic arrays (lamellae) within an individual spherule with «dark» and «grey» lamellae
concentrating within the upper and central portions of the spherule and «white» lamellae
concentrating within its lower part. Compositional differences between various lamellae
are shown in Figure 14. Dark lamellae are slightly depleted in Au and Ag and enriched in
Ni and Cu in reference to the average spherule composition (determined by EDS scanning
of the entire cross-section through these spherules). Grey and white lamellae appear to
be enriched in Au and depleted in Cu and Ni in comparison with the average spherule
(Figure 14). Silver and zinc are slightly enriched in the grey lamellae and virtually absent
in the white lamellae (Figure 14).
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Figure 14. Compositional variations in various lamellae and their host Cu-Ag-Au-Ni-Zn spherules.

5.5. Gold in Pyroclastic Rocks from the Kaylan Deposit

Hematite-rich tuff from the Kaylan iron-oxide deposit contains a single irregular
grain of Fe-Ni-Cu-Ag-Au composition (Figure 15a) and multiple (total of 10 grains re-
covered) Cu-Ag-Au spherules with typically deformed surfaces due to solidification and
compaction during progressive cooling (Figure 15b–f). Two of the gold-bearing spherules
are characterized by homogeneous internal structure (Figure 15b), while other Cu-Ag-
Au spherules contain abundant Cu-rich inclusions, which are frequently grouped into
spiral-shaped arrays and clusters chaotically distributed with the volume of individual
spherules (Figure 15c). Copper-rich micro-inclusions (typically under 1 µm in size) in most
cases display rounded shapes (Figure 15d) along with less common faceted (hexagonal
and prismatic; Figure 15e) or dendritic (Figure 15f) outlines. Based on the EDS analyses,
all micro-inclusions, independently of their shape and texture, are enriched in copper
and oxygen in comparison with spherule matrices (Figure 15d–f) and contain minor zinc
(0–4.2 wt.%) and iron (0–1.5 wt.%).
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Figure 15. Shapeless gold-bearing particle (a) and spherules (b–f) in hematite-bearing tuff from the Kaylan deposit: (b)—
homogeneous spherule; (c)—spherule with spiral-shaped arrays of Cu-rich inclusions; (d–e)—rounded (d), faceted (e) and
dendritic (f) Cu-rich inclusions.

5.6. Some Experimental Considerations

To provide further constraints on possible origins of the Cu-Ag-Au spherules, we
have carried melting experiments at atmospheric conditions using synthetic alloys with
compositions (Cu30Ag15Au55), which closely approximate chemistry of natural spherules
determined by the SEM-EDS. Spherules ranging in size between 0.2–0.5 mm were formed
under the propane burner flame (~1300 ◦C) in both presence and absence of the anti-oxidant
flux (Na2B4O7). The quenching of spherules was achieved through termination (several
seconds) of propane burner application, or through dropping of molten spherule into cold
water (fractions of a second). Results of these experiments are summarized in Figure 16.Geosciences 2020, 10, x FOR PEER REVIEW 17 of 31 
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Our data indicate that oxygen-free melting and quenching results in the formation of
compositionally homogeneous spherules (Figure 16a). At the same time, differences be-
tween actual analytical data points and composition of original Cu-Ag-Au mixture used in
melting experiments suggests incipient chemical differentiation in quenched experimental
spherules. Melting under atmospheric conditions followed by quenching in water leads to
the formation of skeletal crystals enriched in Cu and O within experimentally produced
spherules (Figure 16b). Increase in cooling time is coupled with the increase of the skeletal
crystal size and further differentiation of the spherule matrix to the point of formation
of alternating areas with different copper and silver contents (Figure 16c). Composition
of skeletal crystals and matrix differentiates is well reflected in SEM images produced
via scanning of the sample in characteristic Au, Cu, O and Ag radiation (Figure 16d–g).
Copper to oxygen ratio based on numerous EDS analyses of the skeletal crystals ranges
from 1 to 2 possibly reflecting variable oxygen fugacity values within different portions of
experimental spherules.

It is important to mention that spherules obtained in experimental melting runs do
not contain spherical Cu-O inclusions and meniscus-like textures (Figure 10e,h, Figure 11d,e,
Figures 13f–h and 15c,d). This can possibly be explained by the difference in cooling processes
between experimental runs and natural conditions, where relatively large (3–50 × 10−2 mm3)
synthetic spherules experience longer cooling times (under equal other conditions) in
comparison with the smaller (4–550 × 10−6 mm3) natural spherules. X-ray diffraction
pattern of water-quenched synthetic spherules shows presence of Cu3Au substitution
solid solutions in the experimental run products (Figure 17). Characteristic broadening of
diffraction peaks and non-stoichiometric compositions (closer to Cu2.7Au1) may indicate
existence of imperfections (defects) in the crystal lattice of these intermetallic compounds.

 

 

 

Figure 17. X-ray diffraction pattern of quenched (cold water) Cu-Ag-Au spherules obtained in experimental melting runs at
atmospheric conditions (see text for details).

6. Discussion
6.1. Origin of Cu-Ag-Au Spherules

Most rocks in this study contain numerous Cu-Ag-Au intermetallic spherules. One
exception includes iron-oxide ores and associated explosive breccias from the Poperechnoye
deposit, which are dominated by almost copper-free gold-silver alloys (see discussion
below). The spherical shape and common soft deformations of the most gold-bearing
spherules suggest their formation in a volcanic melt or fluid. Based on the phase diagram
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for the ternary Au-Cu-Ag system [77–79], gold-bearing spherules from the LKR ores and
volcanic rocks were formed at temperatures of not less than 950 ◦C (Figure 18). Gold and
silver form homogeneous alloys with copper within the temperature range characteristic
of most high-temperature hydrothermal and magmatic processes [80,81]. Decrease of
temperature in the molten Cu-Ag-Au alloys will trigger their solidification followed by the
exsolution of solid phases with variable concentrations of Cu, Ag and Au [82]. As we do
not observe Cu-, Ag- and Au-rich exsolution structures similar to [82] in our samples, we
conclude that homogenous intermetallic spherules in the LKR deposits have experienced
very fast cooling, possibly below the solidus temperature. Since Cu-Ag-Au alloys produced
in our experiments and natural spherules share clear compositional similarities, we propose
that the matrix of the latter is also dominated by Cu3Au compositions.
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Temperature range characteristic of most high-temperature hydrothermal and mag-
matic processes [80,81]. Decrease of temperature in the molten Cu-Ag-Au alloys will trigger
their solidification followed by the exsolution of solid phases with variable concentrations
of Cu, Ag and Au [82]. As we do not observe Cu-, Ag- and Au-rich exsolution structures
similar to [82] in our samples, we conclude that homogenous intermetallic spherules in the
LKR deposits have experienced very fast cooling, possibly below the solidus temperature.
Since Cu-Ag-Au alloys produced in our experiments and natural spherules share clear
compositional similarities, we propose that the matrix of the latter is also dominated by
Cu3Au compositions.

6.2. Origin of Cu-O Micro-Inclusions in Gold-Bearing Spherules

Cu-Ag-Au spherules frequently contain spherical, dendritic or faceted Cu-O micro-
inclusions (Figures 10, 11, 13 and 15). Globular shape of some Cu-O inclusions suggests
their formation through liquid immiscibility. Gold and silver oxides are unstable at respec-
tive temperatures of 160 ◦C and 230 ◦C [78,79]. Consequently, gold and silver in Cu-Ag-Au
alloys are completely dissolved in copper at temperatures above the liquidus and exhibit
chemically inert behavior during formation of Cu- and O-rich phases (inclusions). This
allows us to analyze this process using the phase diagram for the Cu-O system (Figure 19).
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The Cu-O diagram defines an area of splitting of primary copper melt into two
immiscible liquids (L1 + L2) represented by conjugate copper-rich (L1) and oxygen-rich (L2)
compositions (Figure 18). We suggest that in our samples, copper-rich melt L1 represents
the spherule matrix, while oxygen-rich melt L2 is compositionally similar to Cu-O micro-
inclusions. The Cu-O system below 1223 ◦C within this given compositional range will be
represented by copper liquid in equilibrium with cuprite, with the latter being stable all the
way to the room temperature. Our data (Table 2, analyses 10 and 11) suggest predominant
copper-oxide composition of the micro-inclusions in Cu-Ag-Au spherules with an average
atomic ratio of Cu/O of 3/2. At least a portion of oxygen analyzed by the EDS will be
partitioned in iron oxides. Moreover, several studies indicate that the EDS analysis of
metallic surfaces commonly overestimates oxygen concentrations by up to 3.8 wt.% [84–86].
Based on the above, we expect the Cu/O ratio in the spherule-hosted micro-inclusions to
be even higher, which is consistent with the bulk cuprite (Cu2O) compositions of the latter.

Formation of Cu-O inclusions requires that the cooling alloy contain sufficient amount
of oxygen. This requirement is consistent with the results of our melting and fast cooling
experiments with Cu-Ag-Au alloys. Melting and cooling of molten Cu-Ag-Au droplets
in presence of the antioxidant flux (Na2B4O7) indicate that no formation of copper oxide
inclusions takes place under these conditions. The latter start to occur only during the
flux-free cooling of molten Cu-Ag-Au droplets in air (Figure 16). According to the phase
diagram for the system Cu-O (Figure 19), the immiscibility field L1 + L2 (responsible for the
formation of initially liquid Cu2O-enriched inclusions in Cu-Ag-Au spherules) correspond
to logP(O2) of around −3. This value appears to be representative of oxygen fugacity
during formation of the LKR ores and associated magmatic rocks.

Some larger copper oxide inclusions in Cu-Ag-Au spherules display presence of
solidified meniscus-like textures (Figure 10e,h and Figure 13h), separating two phases
with distinctly different chemical compositions (Table 2). This interesting petrologic phe-
nomenon requires further detailed investigations. In the current study, we would like to
preliminary propose that these textures may represent liquid immiscibility processes devel-
oping at several levels: (1) immiscibility related to separation of initially liquid Cu-Ag-Au
spherules from a primary metal-silicate melt; (2) formation of immiscible copper-oxide in-
clusions in molten Cu-Ag-Au spherules and, finally, (3) separation of molten copper-oxide
globules into two conjugate liquids with contrasting chemical compositions. According
to [87,88], such “multi-immiscibility” processes may occur only under conditions of ex-
tremely fast cooling (super-cooling) of metallic melts (not less than 100–200 K/s [89]),
which may lead to the formation of metastable alloys.
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Copper oxide inclusions in Cu-Ag-Au spherules from the LKR iron oxide deposits mostly
display spherical (Figure 11d,e, Figures 13f–h and 15d), dendritic (Figures 11f, 13h and 15f) or
faceted (Figure 15e) shapes. All three types may also co-exist in a single sample and within
one cross-section of the individual intermetallic spherule (Figure 13h). Cuprite melt in case
of spherical inclusions have solidified without visible crystallization (formation of initial
crystallites). Dendritic inclusions record initial stages of crystallization of a copper-oxide
liquid, while faceted inclusions are developed in case of the protracted crystallization of
primary copper-oxide melt trapped in Cu-Ag-Au spherules. Crystallization temperature
for cuprite is estimated at 1242 ◦C [90]. Apparently, this temperature is characteristic
of cooling processes involving Cu-Ag-Au spherules above their liquidus temperature
of ~950 ◦C (Figure 18). Differences in the degree of crystallinity of copper-oxide micro-
inclusions (e.g., evolution from spherical to dendritic to faceted shapes) are most probably
related to their cooling rates. Extremely fast cooling leads to the formation of homogeneous
spherical inclusions, while slower cooling rates result in dendritic or faceted crystalline
forms. It is worth to mention that no spherical inclusions or meniscus-like textures were
produced in our experimental runs; all cuprite inclusions display clear skeletal crystalline
shapes (Figure 16a–c). We tend to explain this discrepancy by intrinsic differences between
volumes (mass) of studied spherules in both cases. Synthetic spherules typically have
larger volumes (3–50 × 10−2 mm3) resulting in slower cooling gradients, while smaller
individual volumes of natural spherules (4–550 × 10−6 mm3) trigger much faster cooling
(quenching) conditions.

6.3. Origin of Ni-Cu-Zn-Ag-Au Spherules

Rare Ni-Cu-Zn-Ag-Au spherules from the Kostenga iron-oxide ore (Figure 13i) are
characterized by high-temperature metastable state of the intermetallic alloy. Ni- and
Zn-enriched compounds of this alloy are lacking any textural evidence for the incipient
crystallization centers as well as for the expansion and continuation of crystal growth
within an individual metallic spherule. Ni-Cu-Zn-Ag-Au spherules are characterized
by fuzzy boundaries between compositionally similar areas as well as by presence of
isolated areas with elevated gold concentrations consistent with abrupt termination of
metal diffusion processes. This, in our opinion, is best explained by fast cooling of metal
droplets. Under equilibrium conditions, based on the chemical composition of these
spherules, progressive cooling would have resulted in the formation of dendritic [91,92],
granular [93], or lamellar [82] spherule textures.

6.4. Origin of Ti-Cu-Ag-Au Intermetallic Compounds in Association with Baddeleyite

Among the total of nine grains of intermetallic Ti-Cu-Ag-Au compound extracted
from the LKR rocks, six grains are associated with baddeleyite (Figure 13c) and, in some
cases, with zircon and quartz. Formation temperatures for zircon-quartz-baddeleyite
mineralization from the Algama deposit (Khabarovsk region of the Russian Far East), deter-
mined using fluid inclusions in ore minerals, range from 110◦ to 370 ◦C [94]. Korzhinskaya
et al. [95] demonstrated stability of the association ZrSiO4-SiO2-ZrO2 in alkaline solutions
at temperature of 500 ◦C and pressure of 1 kbar. Grains of intermetallic Ti-Cu-Ag-Au
are composed predominantly of two major constituents: a) matrix (copper-based solid
solution with compositions close to Al5Ti1Cu76Zn3Ag6Au9; Here and elsewhere chemical
formula coefficients are calculated on the oxygen-free basis using the SEM-EDS analyses
(atomic%)), which occupies on average 64% of the internal structure of individual grains
and b) network of titanium- and gold-enriched inclusions, which occupy the remaining
36% of a typical cross-section through the Ti-Cu-Ag-Au grains (Figure 13c). Ti-bearing in-
clusions display complex internal structure under higher magnification (Figure 13d). These
inclusions are characterized by the gradual transition from Au-rich, Ti31Cu32Ag1Au36
phase in the center of the inclusion (analysis 2 in Figure 13d) to the Ti30Cu26Ag1Au43 phase
with higher levels of Au enrichment (analysis 3 in Figure 13d) and, finally, to the Ag-rich,
Cu12Zn3Ag73Cd5Au6 compositional rim of the zoned intermetallic Ti-Cu-Ag-Au (with Zn
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and Cd) compound (analysis 4 in Figure 13d). In addition, the matrix of Ti-Cu-Ag-Au
grains contains phases with compositions approaching Al4Ti65Cu12Ag2Au17, which are
not texturally associated with Au-rich micro-inclusions (analysis 5 in Figure 13d).

Intermetallic Ti-Cu-Ag-Au and Ti-Cu-Au systems commonly display rather complex
phase structure and thermodynamic behavior [96,97]. In the Ti-Ag binary system at temper-
atures below 1000 ◦C, formation of Ti2Ag and Ti-Ag is permitted and possible, while Ti3Au,
TiAu, TiAu2, TiAu6 alloys are formed in the Ti-Au binary system under 960 ◦C and Ti2Cu,
TiCu, Ti3Cu4, Ti2Cu3, TiCu2 and TiCu4 compounds form in the Ti-Cu compositional space
at the temperatures below 1495 ◦C [98]. Based on these thermodynamic considerations, we
propose that the intermetallic solid solution with several Ti-bearing phases crystallized in
the range of 960 to 1495 ◦C. Ti-enriched phases in the matrix (analysis 5 in Figure 13d) are
probably best approximated by titanium oxide composition.

Therefore, we conclude here that Ti-Cu-Ag-Au intermetallic grains were formed under
high-temperature (>960 ◦C) conditions. Their average composition, normalized to the
sum of Cu + Ag + Au + Ti, corresponds to Ti13Cu53Ag5Au29 composition and is similar
to the general compositional range of Cu-Ag-Au spherules (Cu54Ag16Au30), where silver
is substituted for titanium. Based on these chemical comparisons, we suggest that Cu-
Ag-Au spherules and Ti-Cu-Ag-Au intermetallic compounds were formed via the same
petrologic processes, but, most probably, at different titanium concentrations. Textural
differences (spherical versus irregular shapes) can be explained by the molten state of
the spherules and solid state of Ti-alloys within the range of temperatures established in
this study (960–1495 ◦C). Under this scenario, the lower-temperature baddeleyite-zircon-
quartz assemblage in association with the Ti-bearing intermetallides was formed at a later
stage, most probably during hydrothermal-metasomatic (skarn-related) re-organization of
primary gold alloy-bearing volcanic rocks.

6.5. Origin of Ag-Au Alloys

Gold-silver alloys were recovered from all types of ores and associated volcanic rocks
from the LKR iron oxide deposits with an exception of Poperechnoye carbonatite-like rocks
and Kaylan Fe-Mn mineralization (Figure 8). Au-Ag grains are typically compositionally
homogeneous and their gold fineness (650–1000‰) is comparable with fine gold from
peridotites in the Ospinsky-Kitoysky massif (Buryatia), Talnakh and Oktyabrsky sulfide
deposits in Norilsk, Berezovy mineralization in the Urals, Batu-Hijau gold-copper system
in Indonesia, Kondyor alluvial mineralization (Khabarovsk region) and ultramafic-mafic
rocks of the Khurai-Zhalginsky massif in the East Sayan Mountains [81]. In all the cases
mentioned above, gold is crystalline in nature and its formation is attributed to the late- and
post-magmatic stages of the evolution of ultramafic-mafic magma [81]. We suggest that
Ag-Au alloys from the LKR ore province were formed through the hydrothermal alteration
of gold-bearing volcanic (especially pyroclastic) rocks. This is consistent with occurrence of
Ag-Au grains that are syngenetic with the hydrothermal iron-oxide mineralization at the
Poperechny deposit (Figure 9d,e). The lack of Ag-Au grains in carbonatite-like rocks from
the Poperechny and iron oxide ores from the Kaylan deposits can be possibly explained by
weak hydrothermal alteration of these formations. We propose that the LKR volcanic rocks
and iron-oxide ores contain at least two generations of gold mineralization: 1) the early
magmatic Cu-Ag-Au spherules and 2) the later-stage hydrothermal Ag-Au grains.

6.6. Formation of Au-Bearing Compounds in Mineralized Volcanic Systems

The data presented above suggest an initially magmatic origin for gold-bearing alloys
in iron-oxide ore and associated volcanic rocks from the LKR deposits and emphasizes
role of liquid immiscibility processes in precious metal evolution in mineralized volcanic
systems. However, possible trigger mechanisms and conditions necessary for separa-
tion of precious metal phases from silicate, sulfide and sulfide-silicate melts still remain
quite enigmatic [16,35,38,39,44,48,49,52]. Previous studies suggest that gold crystallizes
from silicate melt as native element or intermetallic compound (typically with copper and
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silver) [14–17,39,47,48,99], or as a minor component in base metal sulfides [100–103]. In
subduction-related environments, gold is preferentially partitioned into sulfide (mono-
sulfide solid solution, or MSS) phase, especially under oxidized and sulfur-rich condi-
tions [28,31,32,49–56,58]. Other factors contributing to either gold concentration or frac-
tionation in magmatic environment include pressure and salinity of melts and associated
fluids [104–107]. For example, gradual decrease in pressure in crustal magma conduits will
result in sulfide decomposition and partitioning of gold into the silicate liquid [106]. At
shallow levels, in sub-volcanic environment, other factors such as redox conditions may
play the most important role in determining overall gold budgets in mineralized volcanic
systems [108–113]. Moreover, addition of ~3000–4000 ppm (0.3–0.4 wt.%) of chlorine to
the hydrous andesite melt increases solubility of gold by a factor of 1.5 in comparison
to Cl-poor melts [105]. Below we briefly review current petrologic models explaining
behavior of gold in evolving (through fractional crystallization, liquid immiscibility and
fluid-triggered transport) magmatic systems with variable sulfur activity.

The behavior of gold (as well as copper and silver) during magmatic differenti-
ation of silicate magmas appears to be strongly controlled by sulfur content of these
magmas [51–53,58,102]. In S-poor melts, gold is either preferentially sequestered (most
probably as micro- and nano-nuggets [114,115]) along with platinum-group metals into
fractionating silicate liquids or the early-stage crystalline mush below the top of convec-
tive, differentiating magma chamber [116]. Experimental data suggest that gold-bearing
compounds (compositionally similar to Cu-Ag-Au alloys from the Lesser Khingan sites)
can precipitate directly from silicate magma, typically as “nano-nuggets” (sub-micrometer
phases) in the absence of any significant sulfide component [107,115,117]. Under this “gold
nano-nugget crystallization” model, Cu-Ag-Au grains may have formed through direct
crystallization of noble metals and copper from S-poor silicate melt under low-sulfur activ-
ity conditions. Under certain conditions in explosive systems, the Cu-Ag-Au alloys may
become immiscible with the host silicate melt and form droplet-shaped micro-spherules.
This model is consistent with the established formation conditions for the LKR deposits
that lack any substantial primary sulfide mineralization, or sulfides observed in some
samples are clearly of the later-stage hydrothermal origin.

Another way of forming gold-bearing alloys is through the desulphurization of pri-
mary magmatic sulfides enriched in noble and chalcophile metals. Noble metals are parti-
tioned into base metal sulfides that crystallize from sulfide-rich silicate melts under wide
range of pressures, temperatures, and sulfur and oxygen fugacity values [49–55,58,99–103].
Gold, in particular, exhibits chalcophile behavior during partial melting and magmatic
crystallization and is strongly affected by presence or absence of sulfide phases during
these processes [16,30–33,51–53]. Since sulfides are common minerals both in the man-
tle [31–33,118–120] and in various primitive and evolved silicate melts [51,102,121–124],
gold is effectively scavenged by sulfide liquids during the course of magmatic evolu-
tion [16,49,53,55,116,122]. Further liberation of gold and formation of native gold particles
or gold-bearing intermetallic compounds may follow several different scenarios.

Lawley and co-authors proposed that base metal sulfides also carrying substantial
quantities of gold and platinum-group elements (PGE) become unstable during serpen-
tinization of sulfide-bearing ultramafic rocks [125]. Under this scenario, Au, Ag, Pt and
Pd partition into intermetallic compounds, when sulfides are replaced by metal alloys
and native metals during serpentinization [125]. Co-existing base metal sulfides (chal-
copyrite, bornite, pentlandite) and gold-bearing alloys (as well as native gold in some
cases) have been reported from peridotites [28,126,127] and subduction-related ultramafic
rocks [38,39,128]. These findings suggest that such serpentinization process accompanied
by sulfide breakdown is operational in mantle-derived peridotites. However, the LKR vol-
canic systems and related noble metals mineralization were developed and emplaced under
crustal conditions and are essentially of basaltic to dacitic bulk composition [59–61]. These
rocks never experienced any serpentinization ([61], this study) and it is highly unlikely
(based on bulk chemistry and petrology of the systems under consideration) that observed
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Au-bearing spherules and intermetallic compounds in the LKR rocks were formed via
sulfide replacement by native metals and noble metal alloys.

Large array of experimental data complemented by detailed studies of natural samples
suggest that noble metals (Au, Ag and PGE) are preferentially partitioned into sulfides
during crystallization of terrestrial magma [50–53]. In some cases (Norilsk), Au and Ag
form Au-Cu and Au-Ag alloys in Cu-sulfides [129], while detailed studies indicate presence
of PGE-Au nanoparticles in mineralized, sulfide-bearing horizons within the Merensky
Reef of Bushveld Complex in South Africa [114]. Recent experiments suggest that the
formation of noble metal nanoclusters and nanoparticles may precede large-scale sulfide
crystallization of sulfur-rich silicate melts [130]. Reduction (desulfurization) of these Au,
Ag and PGE-bearing Fe-Cu-Ni sulfides can potentially liberate noble metals as either native
metals or intermetallic (Cu-Ag-Au) compounds [131]. Peregoedova and co-authors listed
four possible mechanisms of sulfide desulfurization based on their experimental studies
as well as natural examples [131]: (1) desulfurization may be triggered by pressure drop
during crustal differentiation of mantle-derived, sulfide-rich magma, (2) excessive sulfides
can be removed from Au-enriched sulfide mineralization by S-poor (under-saturated) melts
or fluids, (3) reduction occurs during degassing of early-stage sulfide droplets in a sub-
volcanic magma chamber and (4) sulfur can be potentially removed during interaction of
sulfide with chromite in hypothetical magmatic conduit. Magma chamber degassing model
is potentially applicable to the LKR situation on general geologic grounds (widespread
occurrence of explosive volcanic rocks, evidence for magmatic differentiation, etc.). How-
ever, all proposed reduction mechanisms do not completely eliminate sulfide signature of
noble metal-bearing melts and, based on experimental data, this desulfurization is only
partial [131]. Absence of magmatic sulfides in the LKR volcanics argues against desulfu-
rization of noble metal-bearing sulfides as a viable mechanism for the formation of the
LKR Cu-Ag-Au alloys. We conclude that crystallization of Au-bearing compounds from
metal-rich silicate melts accompanied by local metal-silicate liquid immiscibility was most
probably responsible for the formation of precious metal mineralization associated with
the LKR mineralized volcanic systems.

6.7. Possible Metallogenic Implications

As we attempted to show in the previous sections of this paper, textural and composi-
tional features of gold-bearing alloys in the LKR iron-oxide ores and associated magmatic
rocks are consistent with their origin through liquid immiscibility processes in the silicate-
metallic liquid system with further dispersion of the gold-bearing particles through the
evolving sub-volcanic plumbing system. Fast cooling features documented in many metal-
lic micro-spherules could have been caused by injection of highly mobile fluid-saturated,
spherule-bearing melt into upper crustal gashes, cavities and cracks during its progres-
sive movement to the surface, or generated during the process of sub-aerial, sub-glacial
or sub-marine eruption. The association of the LKR Cu-Ag-Au alloys with large-scale
iron-oxide mineralization indicates possible involvement of silicate-metallic immiscibility
and explosive volcanism in the formation of iron-oxide gold-copper (IOCG) deposits of the
Andean type and related (by depth?) copper-gold porphyry systems as well as the deeper
parts of sub-volcanic epithermal environments.

The IOCG deposits are characterized by distinctive magnetite and/or hematite en-
richment [132] and, in case of the Andean Iron Belt, are spatially and temporally associ-
ated with prolific arc-related tholeiite and calc-alkaline plutonism of gabbroic to dioritic
composition [133,134]. Andean iron oxide gold-copper deposits were formed mainly by
magmatic-hydrothermal processes related to the emplacement and evolution of crustal plu-
tonic complexes with additional (although, rather moderate) contribution from the accreted
basement terranes and host volcanic rocks [134–136]. Besides volumetrically dominant
iron oxides, IOCG-type mineralization includes copper sulfides (chalcopyrite, bornite),
pyrite and gold [137]. Re-Os concentrations and initial Os isotope ratios in Andean IOCG
are similar to those for Andean Cu-Au deposits suggest that both styles of this subduction-
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related mineralization were formed by similar magmatic-hydrothermal processes and their
relevant metal inventories were derived from comparable crustal sources in the Central
Andes [136]. This conclusion is further supported by the Fe-O isotope systematics in the
Mantoverde IOCG deposit in Chile [138]. Additional geologic (association with evaporitic
minerals, such as phosphates; correlation with arid belts or evaporate-bearing basins; volu-
minous sodic alteration) and geochemical (presence of marialitic scapolite; fluid inclusions
with salinities over 20 wt.% NaCl; isotopically heavy sulfur with δ34S > 5‰; low δ18O;
radiogenic isotope ratios consistent with recycled meteoric waters) data also suggests
involvement of regional basinal, non-magmatic fluids in the IOCG genesis [139–141].

Several studies suggested that both IOCG and gold-copper porphyry deposits are
associated with potassic oxidized intermediate to felsic granitoids but differ in age, alter-
ation styles, fluid compositions and ore mineralogy [142–145]. Fundamentally, IOCG are
sulfur-poor and Precambrian in age, while porphyry deposits are sulfur-rich and occur
in Phanerozoic subduction-related terranes [9,134,135,144,145]. The two Cu-Au-bearing
systems are also characterized by contrasting fluid compositions: predominantly magmatic-
hydrothermal H2O-CO2-NaCl fluid with contributions from other (evaporitic, basinal, etc.)
fluid sources in case of IOCG [134,139–142,146] and high salinity brines with significant va-
por phase typical of Cu-Au porphyry systems [5,6,142,147–149]. Numerous studies suggest
that gold in typical porphyry environment is transported in Cu-Fe-S-rich hydrothermal flu-
ids [42,53,147,149,150] and deposited as small particles of native gold along the boundaries
of bornite grains, or included as minor component (0.1–20 ppm) in sulfide phases [151].
Magmatic gold occurrence in the LKR ores and associated volcanic rocks suggests that
primary magmatic forms can be introduced into a sub-volcanic environment and preserved
in mineralized volcanic systems through fast cooling and quenching during explosive vol-
canic eruption. Our data also may indicate that gold in subduction-related environments
crystallizes from metal-enriched silicate melts predominantly in the form of Cu-Ag-Au
intermetallic compounds. Presence of liquid immiscibility phenomena (meniscus-like
boundaries between different phases in some Cu-Ag-Au spherules) suggest that multi-
level immiscibility processes could have taken place during evolution of the mineralized
sub-volcanic conduits. Finally, our data point to possible existence of evolutionary forms
in the magmatic-hydrothermal environments from Cu-Ag-Au alloys observed in (possibly
deeper) ICOG-like systems to almost pure gold or gold-silver particles typical of common
porphyry and epithermal environments. We may conclude that the formation of gold
alloys in crustal magmatic plumbing systems (deep roots of arc volcanoes) may serve as a
precursor (and also as an exploration guide) for high-grade epithermal gold mineralization
at shallow structural levels of subduction-related hydrothermal-volcanic environments.

7. Concluding Remarks

Textural and compositional features of gold (Cu-Ag-Au, Ni-Cu-Zn-Ag-Au, Ti-Cu-Ag-
Au, Ag-Au) alloys from iron oxide deposits in the Lesser Khingan Range (LKR) of the
Russian Far East suggest their precipitation from evolving metal-rich silicate melts within
the roots of volcanic mineralized systems. Hydrothermal processes that follow formation
of magmatic gold assemblages resulted in redistribution, purification and concentration of
gold that may lead to the formation of epithermal and porphyry deposits in magmatic arcs
and accretionary orogens.

Emergence of magmatic gold alloys in the LKR iron deposits appears to be triggered
by high concentrations of gold, silver and copper in primary silicate melts. Gold spherules
were formed through silicate-metal liquid immiscibility and then injected into fissures
surrounding the ascending melt column, or emplaced through a volcanic eruption. Presence
of globular (occasionally with meniscus-like textures) Cu-O micro-inclusions in Cu-Ag-Au
spherules suggests their crystallization under extremely fast cooling conditions. Irregularly
shaped Cu-Ag-Au particles were formed through hydrothermal alteration of gold-bearing
volcanic rocks and ores. We propose that slow cooling in the evolving melt conduits will
lead to deformation of primary gold spherules during the magmatic mineral growth and
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formation of irregularly shaped Cu-Ag-Au particles observed in some subduction-related
plutonic complexes [39].

Presence of Cu-Ag-Au spherules in a wide range of igneous formations (explosive
volcanic breccias and tuffs, basaltic intrusions, carbonatite-like and ultramafic rocks) along
with their relatively constant chemical composition (restricted variations of the Cu:Au:Ag
ratio in gold alloys from all above mentioned rock types), suggest that Cu-Ag-Au alloys
may represent a universal textural and compositional manifestation of gold during early
stages of evolution of mineralized magmatic-hydrothermal systems.

The association of the LKR Cu-Ag-Au alloys with large-scale iron-oxide mineralization
indicates possible involvement of silicate-metallic immiscibility and explosive volcanism in
the formation of the Andean-type IOCG and copper-gold porphyry deposits. We propose
that gold mineralization in magmatic-hydrothermal systems evolves from Cu-Ag-Au alloys
observed in deeper ICOG-type systems to almost pure gold or gold-silver particles typical
of porphyry and epithermal environments.
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