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Abstract—Data on gabbro-dolerite pyrite–chalcopyrite–pyrrhotite, quartz vein sphalerite–chalcopyrite, and associated early and late 
gold–telluride–palladium mineralization of the Krutoi ore occurrence (Pai-Khoi Ridge, Yugor Peninsula) are presented. The early (mag-
matic) gold–telluride–palladium mineralization is represented by minerals of the ternary system Ag–Au–Cu, palladium antimonides and 
stibiotellurides, and platinum arsenides, and the late (hydrothermal) one, by minerals of the binary systems Au–Ag and Au–Pd as well as 
mercury, lead, and silver tellurides. Sudburyite and testibiopalladite have been first found in the Krutoi ore occurrence; moreover, testibio-
palladite has been first discovered in the Pai-Khoi Ridge. Their chemical compositions and Raman spectra have been examined. The results 
of sulfide sulfur, oxygen, and carbon isotope studies of calcium-containing minerals of chalcopyrite–quartz veinlets suggest assimilation 
of the material of the host deposits by the ore-forming mantle fluids. The fluid inclusions in the veinlets are divided into nitrogen–methane 
and carbon dioxide–nitrogen according to the composition of the gas phase. It has been established that the mineral-forming fluids were 
poorly saturated with gas. Magnesium and calcium salts were predominant in them. The temperature of the formation of quartz in the chal-
copyrite–quartz veinlets is close to 300–490 °C, and sphalerite–chalcopyrite and associated late gold–telluride–palladium mineralization 
formed at temperatures not exceeding 260 °C.

Keywords: Gabbro-dolerite, Krutoi ore occurrence, Pai-Khoi Ridge, chalcopyrite–quartz veinlets, gold–telluride–palladium mineralization, fluid inclu-
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INTRoDucTIoN

Sulfide mineralization spatially and genetically associat-
ed with gabbro-dolerite sills and dikes has been long known 
within the Yugor Peninsula located in the far northeast of 
European Russia, in the Arkhangelsk Region, between the 
Barents Sea and the Kara Sea (Ustritskii, 1954). However, 
the first geological survey on a scale of 1:50,000 in this area 
was performed by Sopchinskaya and Nyalpeiskaya Geologi-
cal Prospecting & Survey Teams (GPSTs) in 1966–1970. 
The geologic structure and composition of intrusive rocks 
are described in detail elsewhere (Zaborin, 1975; Ostash-
chenko, 1979; Chernyshov et al., 1990). The first informa-
tion about the presence of precious metals in gabbro-doler-
ites of the Pai-Khoi Ridge was provided by Yu.V. Zhukov. 
Later, N.M. Chernyshov presented results of Pt and Pd anal-
yses of 10 samples from the Savabei, Severnyi, Ruchei, 
Khengur-1, Pervyi, and Zaozernyi ore occurrences (Cher-
nyshov et al., 1990). The repeated investigation of the min-
eralized zones at the Krutoi site, performed by CJSC Polyar-
geo in the framework of the GDP-200 project, yielded Au = 
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0.11–0.43 and Pd = 0.03–0.10 ppm. These contents of pre-
cious metals do not give an idea of   their mineral species. 
The report by Yu.V. Zhukov and his colleagues provides 
only information about sulfide mineralization and the bulk 
contents of some chalcogenides in gabbro-dolerites. Earlier 
we studied sulfide and precious-metal mineralization in 
quartz veinlets cutting gabbro-dolerites in the Krutoi ore oc-
currence (Shaybekov, 2013a; Sokerina et al., 2016). How-
ever, our data did not give complete information about the 
distribution of these types of mineralization, their formation 
conditions, the mineral composition, and the presence of 
precious metals in the gabbro-dolerites. Therefore, we car-
ried out a comprehensive research into the ore mineraliza-
tion in gabbro-dolerites of the axial part of the sill and in the 
cutting thin quartz veins within the Krutoi ore occurrence. 
The goal of the research was to determine the paragenetic 
sequence of mineral formation, to elucidate the distribution 
of precious-metal and sulfide minerals, and to make their 
typification.

The objecT of STuDY

The Krutoi ore occurrence (68°53’N, 63°54’E) is located 
in the southwest of the Krutoi site, on the right bank of the 
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Khengor’’yu River in its upper course, 500 m southeast of 
the mouth of the Krutoi Brook. It is an elongate conformable 
sheet gabbro-dolerite body of NW strike (νβD3h, Fig. 1), 
dipping at 60–70° and localized among terrigenous-sedi-
mentary rocks of the Khengur Formation (Є3–O2hn). By 
now, the gabbro-dolerites, like the Khengur complex as a 
whole, have been dated at the Late Devonian–early Carbon-
iferous (Podsosov, 2000). The recently obtained U–Pb zir-
con dates show that the above sheet intrusions are of Late 
Devonian age (Shaybekov, 2006; Shishkin et al., 2009).

The intrusive body hosting ore mineralization has a dis-
tinct zonal structure: dolerite porphyrites at the endocontact 
with the host rocks, light greenish-gray fine-grained 
glomerogranular dolerites on the periphery, and coarse- and 
medium-grained prismatic amphibolized quartz gabbro-dol-
erites in the central part. The body has a number of pinches 

and swells along the strike; its visible thickness is within 
60–200 m.

The pinches and swells include a zone of regular 1–2 mm 
dissemination of pyrite–chalcopyrite–pyrrhotite mineraliza-
tion (5–20%; on average, 7–10%). The zone is several tens 
of cm to 20 m in visible thickness. It was traced by trenches 
for 1.5 km at 80–120 m intervals (Fig. 2). The predominant 
pyrrhotite and subordinate (≤1%) chalcopyrite and pyrite 
occur as worm-like veinlets, grain intergrowths, inclusions, 
and compact clusters in assemblage with quartz–albite myr-
mekite. They also fill the interstices between chaotically lo-
calized prismatic plagioclase grains, sometimes forming 
discontinuous rims at their edge. The intrusive body is cut 
by numerous thin (5–10 cm) chalcopyrite–quartz veinlets.

Despite their metamorphism, gabbro-dolerites hosting 
ore mineralization have preserved their relict structure. They 

fig. 1. Geological map of the Krutoi site. 1, Khengur (Central Pai-Khoi) gabbro-dolerite complex: gabbro-dolerites, picrodolerites, and dolerites; 
2, Tal’beityvis Formation: calcareous sandstones, siltstones, sandy limestones, siliceous-argillaceous shales, and, in places, basalts and tuffaceous 
lavas; 3, Khengur Formation: argillaceous-siliceous and siliceous-argillaceous shales, their carboniferous varieties, limestones, and, in places, 
basalts, tuffaceous lavas, sandstones, siltstones, gritstones, conglomerates, silty shales, and carbonaceous-argillaceous shales; 4, geologic boundar-
ies; 5, faults; 6, contact hornfelses; 7, predicted zone of gold–telluride–palladium mineralization.

fig. 2. Geological map of the Krutoi site, compiled by O.V. Zaborin (Zhukov et al., 1969), modified and supplemented. 1, Quaternary deposits; 
2, Tal’beityvis Formation (O2–3tb). Dark gray thin-platy argillaceous shales; 3, Khengur Formation (Є3–O2hn). Light gray platy quartz–albite 
schists; 4, Khengur gabbro-dolerite complex (νβD3h). Gabbro-dolerites: melanocratic coarse-grained quartz, mesoleucocratic medium-grained 
porphyritic quartz-containing, and glomerogranular; 5, zone of disseminated pyrite–chalcopyrite–pyrrhotite mineralization (>10%); 6, zone of 
contact hornfelses; 7, geologic boundaries: a, proved, b, predicted; 8, faults: a, proved, b, predicted; 9, trenches and their numbers, red circles are 
our observation/sampling points; 10, sample numbers; 11, rock dip; 12, zone of gold–telluride–palladium mineralization: a, proved, b, predicted.
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consist of partly or highly saussuritized plagioclase, variably 
altered clinopyroxene (overgrown with brown hornblende), 
quartz, quartz–albite myrmekite, and accessory minerals 
(apatite, ilmenite, titanite, pyrrhotite, rutile, zircon, etc.). In 
the chemical composition the rocks of the Krutoi ore occur-
rence are generally identical to the rocks of the Khengur 
gabbro-dolerite complex (Table 1).

According to earlier data (chemical analysis of furrow 
samples), the contents of mineral-forming components in 
the gabbro-dolerites were as follows (%): Cu = 0.01–0.1, Ni 
= 0.001–0.01, and Co = 0.007–0.01. Recent chemical analy-
sis of furrow, ore lump, and shearing samples of gabbro-
dolerites and quartz–sulfide veinlets has shown a Cu content 
of 0.09–0.67% and Ni and Co contents below their fire as-
say–AAS detection limits.

The petrochemical composition of these gabbro-dolerites 
and the host rocks is described in more detail by Silaev 
(1978).

MeThoDS

The SEM images of ore mineralization were obtained at 
the Institute of Geology UB RAS, Syktyvkar, using a Tes-
can Vega3 LMH scanning electron microscope with an ac-
celerating voltage of 20 kV and a current of 15 nA (analysts 
S.S. Shevchuk and E.M. Tropnikov). The chemical analysis 
of minerals was performed in the EDS mode, using an Ox-
ford Instruments INCA X-MAX (50 mm) X-ray microprobe 

with an accelerating voltage of 20 kV, a current of 15 nA, a 
vacuum of 0.05 Pa, and a beam diameter of 2 μm. Exposure 
time, 500 000 pulses Standards and characteristic lines: Pt 
(Pt Lα), Pd (Pd Lα), Au (Au Mα), Ag (Ag Lα), Pb, Te (Pb Te, 
Pb Mα, Te Lα), Bi (Bi Mα), Sb (Sb Lα), Cu (Cu Kα), Ni (Ni 
Kα), Fe, S (FeS2, Fe Kα, S Kα), Hg (HgTe, Hg Mα), Co (Co 
Kα), Zn (Zn Kα, Lα), As (InAs, As Lα), Se (Se Lα), Cd (Cd 
Lα), Ti (Ti Kα), V (V Kα), Mn (Mn Kα), Ca (wollastonite Kα), 
Si, O (SiO2, Si Kα), Al (Al2O3, Al Kα), K (KBr Kα), Mg 
(MgO Kα), Sc (Sc Kα), Na (albite Kα), U (U Mα), Th (ThO2 
Mα), P (P Kα), and Sn (Sn Lα). The detection limits of ore-
forming elements (>3σ criterion) (wt.%): Se, Cd, and Ni — 
0.1–0.2, S, Fe, Zn, Cu, Pb, Sb, Hg, Te, Co, Sn, Pd, As, Bi, 
and Ag — 0.2–0.4, Pt — 0.5, Mo — 0.6, and Au — 0.4–0.8.

Monomineral fractions were separated and sampled from 
chalcopyrite–quartz veinlets as follows. The 300 g samples 
were crushed to the fraction 0.25–0.50 mm, sieved, treated 
with bromoform to separate the light fraction, and separated 
into magnetic and nonmagnetic parts using a Sochnev mag-
net. Then, the obtained concentrates of the light, magnetic, 
and nonmagnetic fractions were cleaned manually under a 
binocular microscope (analysts N.K. Khachaturyan and 
R.I. Shay bekov, Syktyvkar) to separate monofractions of 
ore and nonmetallic minerals. First, the separated monofrac-
tions were placed on a conductive double-sided carbon tape 
and were subjected to carbon spraying for a subsequent 
SEM study of the natural surfaces and cavities. Then, the 
same mineral grains were placed in an epoxy washer for 
surface polishing permitting a study of their internal compo-

Table 1. Chemical composition of rocks, wt.%

Component

Contents of components

584401
(melanocratic coarse-grained gabbro-
dolerite, Krutoi ore occurrence)

585308
(melanocratic coarse-grained quartz-contain-
ing gabbro-dolerite, Krutoi ore occurrence)

Average chemical composition (108 
analyses) of rocks of the Khengur com-
plex (Shaybekov, 2013)

SiO2 49.20 51.21 49.04
TiO2 1.99 2.21 1.44
Al2O3 15.10 15.19 13.55
Fe2O3 4.55 2.95 3.12
MnO 0.18 0.19 0.19
MgO 5.50 4.65 7.19
CaO 7.63 6.72 10.15
Na2O 2.54 3.56 2.20
K2O 0.24 0.53 0.63
P2O5 — — 0.09
LOI 4.22 3.89 4.01
Total 100.00 100.00 100.00
Fe2O3tot 14.39 12.83 13.46
FeO 8.86 8.90 8.41
H2O 0.40 0.49 0.37

Note. Hereafter, dash — not found. The chemical composition of rocks was determined by X-ray fluorescence spectroscopy on an XRF-1800 Shimadzu 
spectrometer (analyst S.T. Neverov). The H2O and FeO contents and LOI were determined by a quantitative chemical analysis, and the Na2O and K2O 
contents were measured on an FP-640 flame photometer.
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sition. In addition, samples with chalcopyrite grains were 
taken for isotope analysis of sulfur, and quartz–albite–epi-
dote aggregates were sampled for measuring the isotopic 
composition of carbon and oxygen.

Analysis for precious metals was carried out in the Cen-
tral Laboratory of A.P. Karpinsky Russian Geological Re-
search Insti tute, St. Petersburg (analysts V.A. Shishlov and 
V.L. Kud ryashov), following technique 17 based on Russian 
Federation Patent No. 2425363 “A method for measuring 
the contents of precious metals in rocks and mining dumps” 
dated 27 July 2011 (the patent priority date is 17 May 2010). 
The technique consists in chemical decomposition of samp-
les with a complex of concentrated acids, fusion of the resi-
due with sodium peroxide, dissolution of the alloy in HCl, 
and ICP MS analysis of the solution on an Agilent 7700x 
mass spectrometer ensuring an efficient removal of isobaric 
noise during a PGE analysis. This technique ensures a detec-
tion limit of 0.002 ppm for all PGE.

The structure of minerals was determined by X-ray dif-
fraction analysis (Shimadzu XRD-6000 diffractometer, Cu 
anode, current of 30 mA, voltage of 30 kV, Ni filter, 2θ 
scanning step of 0.05º, recording speed of 1 g/min) (analysts 
Yu.S. Simakova and B.A. Makeev, Syktyvkar). The maxi-
mum permissible error in the measurement of 2θ was 
±0.025º.

Isotope analysis of sulfur in chalcopyrite from chalcopy-
rite–quartz veinlets was carried out on a Finnigan MAT 253 
(ThermoFinnigan, Bremen, Germany) mass spectrometer in 
the Laboratory of Stable Isotopes of the Center for Common 
Use of the Far Eastern Geological Institute, Vladivostok 
(analyst T.A. Velivetskaya), following the technique of a 
dual injection system elaborated by Grinenko (1962). The 
sulfur isotope composition is given relative to the CDT stan-
dard (sulfur of troilite from the Canyon-Diablo meteorite). 
The mass of the analyzed samples was 10 mg. The error in 
the determination of δ34S (2σ) was ±0.1‰.

Carbonates were decomposed in H3PO4 for mass spec-
trometry studies. The isotopic compositions of carbon and 
oxygen in calcites were measured (analyst I.V. Smoleva, 
Syktyvkar) by flow mass spectrometry in a helium flow 
(CF-IRMS), using a ThermoFisher Scientific (Bremen, Ger-
many) analytical setup including a GasBench II gas prepara-
tion and introduction system connected to a DELTA V Ad-
vantage mass spectrometer. The δ13С values   are given 
relative to the PDB standard, and the δ18O values, relative to 
the SMOW standard. The NBS 18 and NBS 19 international 
standards were also used during the measurements. The er-
ror in the measurement of δ13С and δ18O was ±0.1‰.

Fluid inclusions in quartz were studied in polished plates 
using a Linkam THMSG600 heating/freezing stage, which 
permits measurements at temperatures from –196 to 600 ºС. 
The measurement error was <1 ºС. The salinity of the inclu-
sion fluids was evaluated from the melting point of ice. The 
salt composition of the inclusions was determined from the 
eutectic temperature of the water–salt system (Borisenko, 
1977). The syngenetic nature of the inclusions was estab-

lished from their arrangement. Syngenetic inclusions inclu-
ded primary and primary–secondary inclusions localized 
singly, in small groups, or in quartz cracks.

For identification of minerals and gases in the inclusions, 
Raman spectra of the polished plates were recorded on a 
LabRam HR 800 (Horiba Jobin Yvon) spectrometer at room 
temperature at the Geonauka Common Use Center of the 
Institute of Geology, Syktyvkar. The spectrum recording 
conditions: monochromator grating, 600 l/mm; confocal 
apertu re, 300 and 500 μm; slit, 100 μm; exposure time, 
1–10 s; number of signal accumulation cycles, 10; exciting-
radiation power of a He–Ne laser (λ = 632.8 nm), 20 mW; 
and exciting-radiation power of an Ar+ laser, 12 mW (λ = 
514.5 nm). After registering the Raman spectra of the sam-
ples, the positions of the maxima of the spectral lines were 
determined by the convolution of the Gauss–Lorentz func-
tions of the LabSpec standard spectrum processing program 
(5.36).

The bulk composition of the inclusion gases was ana-
lyzed with a Tsvet 800 gas chromatograph with an attach-
ment for thermal unsealing of inclusions (analyst S.N. 
Shanina, Syktyvkar). The analysis was carried out using 
0.5 g quartz samples (fractions 0.25–0.50 mm). The inclu-
sions were unsealed at 500, 600, 800 and 1000 ºC. The sam-
ples were heated in the reactor in the helium atmosphere. 
The detection limit for the main components was as follows 
(μL): 2×10–2 for N2 and CO, 3×10–2 for СН4 and СО2, and 
3×10–3 for Н2О (Borisenko, 1977).

ReSulTS 

Mineralogical and geochemical characteristics. The 
ore zone is nonuniformly distributed within the intrusive 
body and is localized mostly in melanocratic quartz and 
quartz-containing coarse-grained gabbro-dolerites. This fact 
is established by field observations and results of analysis of 
the small number of furrow (dash-furrow) and lump ore 
samples (Shaybekov, 2013a).

Comprehensive studies of the ore zone revealed pyrite–
chalcopyrite–pyrrhotite and sphalerite–chalcopyrite quartz 
vein mineralization spatially and genetically associated with 
gold–telluride–palladium mineralization.

Sphalerite–chalcopyrite quartz vein mineralization has 
been first found by us in the Krutoi ore occurrence. It is lo-
calized in thin chalcopyrite–quartz veinlets.

Analysis of the mineral composition of chalcopyrite–
quartz veinlets has shown that quartz prevails (>98%), 
sphalerite and chalcopyrite add up to 1%, and quartz–albite–
epidote aggregates amount to <1%.

Quartz is the main mineral in the quartz veinlets. It oc-
curs as transparent milky-white grains of different sizes in-
tergrown with chalcopyrite and quartz–albite–epidote ag-
gregates. The grains are often covered with iron hydroxides.

Quartz–albite–epidote aggregates were identified in a 
binocular study of the heavy-fraction minerals. These are 
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fig. 3. Quartz–albite–epidote aggregate. a, BSE images: on the left is natural surface, on the right is polished surface; b, diffraction pattern of 
aggregate; c, diffraction patterns of albite and clinozoisite. Czo, clinozoicite; Ab, albite; Aug, augite; Chl, chlorite; Act, actinolite; Qtz, quartz; Ttn, 
titanite; Po, pyrrhotite; Rt, rutile; Ep, epidote; Amph, amphibole; Px, pyroxene. 

Am
ph
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light green to gray sugar-like nonrounded angular grains 
measuring fractions to few millimeters. Electron microscope 
study showed that the aggregates are compact intergrowths 
of quartz, albite, augite, clinozoisite, and chlorite (Fig. 3a). 
The ratio of the intensities of basalt reflexes and hkl = 0.60 
with d/n ~ 1.497 Å in the X-ray diffraction patterns of the 
aggregates (Fig. 3b) suggest the presence of dioctahedral 
mica (muscovite). Raman spectroscopy confirmed that al-
bite and clinozoisite are the main minerals of the aggregates 
(Fig. 3c). The chemical composition of the minerals of the 
quartz–albite–epidote aggregate is given in Table 2.

Chalcopyrite is another main mineral in the quartz vein-
lets. It occurs mostly as nests, schlieren up to 2 cm in size, 
and, more seldom, fine (1–4 mm) dissemination and veinlets 
in quartz (Fig. 4a). It has a highly cracked surface and voids 

filled with quartz (Fig. 4c). The chemical composition of 
chalcopyrite (n = 15) is variable (wt.%; the parenthesized 
value is the average content): Cu = 24.82–33.86 (32.84), Fe 
= 28.56–34.92 (30.99), and S = 33.96–39.18 (35.54); the 
total is 99.31–100.88 (99.84). One sample contains impuri-
ties of Ni (3.97) and Ag (2.96) (Table 3). The Cu/Fe ratio 
varies from 0.71 to 1.11, averaging 1.06. Thus, the mineral 
has a deficit of Cu, whereas Fe and S are often present in 
excess. The calculated average empirical formula of the 
chalcopyrite is Cu0.95Fe1.02S2.03.

There are iron hydroxides and covellite with Ag inclu-
sions on the periphery and in the cracks of chalcopyrite 
(Fig. 4a, d; Tables 3 and 4). In addition, sphalerite with im-
purities of Cd, Fe, and Cu (most likely, trapped during the 
mat rix analysis), cassiterite, gold, porpezite, empressite, 

Table 2. Chemical composition of minerals of quartz–albite–epidote aggregate, wt.%

Na2O MgO Al2O3 SiO2 K2O CaO Sc2O3 TiO2 V2O5 MnO FeO ∑

Epidote (clinozoisite)

— — 30.71 40.80 — 22.29 — — — — 3.99 97.79
2.95 — 29.49 46.06 — 17.93 — — — — 2.37 98.80
— — 31.30 39.79 — 24.21 — — — — 4.77 100.07
— — 30.69 40.23 — 24.55 — — — — 4.42 99.89
— — 32.74 39.63 — 24.68 — — — — 2.26 99.31
— — 32.55 39.95 — 24.61 — — — — 2.15 99.26
— — 31.55 40.15 — 24.22 0.33 — — — 3.70 99.95

Plagioclase (albite)

11.13 — 20.07 68.80 — 0.37 — — — — — 100.37
11.26 — 20.08 68.18 0.13 0.53 — — — — — 100.18
11.25 — 19.94 69.13 — — — — — — — 100.32
11.26 — 20.03 69.12 — — — — — — — 100.41
11.08 — 20.04 68.59 — 0.33 — — — — — 100.03
11.01 — 20.51 68.82 — — — — — — — 100.34

Chlorite

— 17.32 20.13 27.90 — — — — — 0.27 22.91 88.54
— 16.55 19.80 29.24 — 0.15 — — — 0.33 21.84 87.91

Amphibole (actinolite)

— 15.21 1.70 54.68 — 12.13 0.19 — — 0.25 14.59 98.75
— 16.28 1.37 56.12 — 13.07 0.19 — — 0.16 12.20 99.39

Pyroxene (augite)

— 13.15 1.58 52.06 21.92 — — — — 11.10 99.81

Titanite

— — 1.7 30.71 28.34 39.02 — — 0.46 100.23

Rutile

— — — — — — — 99.93 1.09 — — 101.02

Quartz

— — — 100.23 — — — — — — — 100.23

Note.  The chemical compositions of clinozoisite, actinolite, and chlorite are given without water.
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hes site, altaite, and coloradoite are present as inclusions and 
intergrowths (Fig. 4b; Table 3).

Iron hydroxides (hydrogoethite) are found in hypergene-
sis zones and are the product of oxidation of sulfide miner-
als. Their segregations measure few millimeters, have a 
colloform concentric zonal structure, and usually form rims 
over chalcopyrite grains with pyrrhotite and sphalerite in-
clusions (Fig. 5a–c). These iron hydroxides (n = 23, Table 4) 
have the following chemical composition (wt.%): Fe2O3 = 
65.74–76.81 (73.67), CuO = 1.81–2.49 (2.04), SO3 = 2.72–
5.72 (4.26), SiO2 = 0.56–2.03 (1.04), Al2O3 (n = 5) = 0.17–
0.28 (0.21), P2O5 (n = 4) = 0.23–0.39 (0.29), K2O (n = 1) = 
0.19, and CaO (n = 1) = 0.15; the total (without H2O) is 
72.66–84.48 (81.12). Since it is impossible to establish the 
mineral type of iron hydroxides from their chemical compo-
sition, we examined them by Raman spectroscopy (Fig. 5). 
The spectra have three narrow peaks at 217, 287, and 
396 cm–1. These wavenumbers are typical of goethite (Oh et 
al., 1998), which is characterized by the following wavenum-
bers (cm-1) (the parenthesized values are data from other au-
thors mentioned in the above paper; the wavenumbers of in-
tense peaks are bold-typed): 205, 247 (245), 300 (303), 386 
(390, 397), 418 (420), 481 (480, 485), and 549 (550, 554).

Pyrite–chalcopyrite–pyrrhotite mineralization. This type 
of mineralization is specific to gabbro-dolerites in the axial 
zone of the intrusive body. Pyrrhotite is its most abundant 
ore mineral. It has xenomorphous cavernous cracked grains 
of irregular shape, few microns to few centimeters in size, 
localized among rock-forming minerals. Pyrrhotite is pres-
ent in assemblage with apatite, ilmenite, titanite, K-feld-
spars, pyrite, chalcopyrite, and quartz (Fig. 6, Tables 5 and 
6). It has a stable chemical composition with a slight deficit 
of iron and excess sulfur (Table 5, n = 14, wt.%): Fe = 
59.62–60.76 (60.09), S = 39.06–40.20 (39.50), the total is 
99.04–100.29 (99.60). The calculated empirical formula of 
the pyrrhotite is Fe0.93S1.00. The mineral contains inclusions 
of sphalerite (free of Cd impurities in contrast to sphalerite 
present in chalcopyrite of quartz–sulfide veinlets), hessite, 
and altaite. Native lead and galena with Se and Te impuri-
ties are often found in its cracks. One sample contains an 
intergrowth of pyrrhotite and cubanite (Fig. 6c).

Chalcopyrite is scarcer and occurs as phenocrysts in sili-
cates and as rims over pyrrhotite grains. Often, chalcopyrite, 
together with pyrrhotite, forms nests and is localized in their 
cores. Chalcopyrite is also present as intergrowths with ga-
lena containing an impurity of Se. The chalcopyrite segrega-

fig. 4. Ore mineralization of quartz–sulfide veinlets (BSE images). a, Chalcopyrite intergrown with quartz, polished surface; b, chalcopyrite with 
sphalerite inclusions; c, grain, natural surface; d, chalcopyrite with covellite rim containing silver inclusions; e, chalcopyrite intergrown with cas-
siterite (on the right, SE image of the natural surface). Qtz, quartz; Gt, hydrogoethite; Ccp, chalcopyrite; Sp, sphalerite; Ag, silver; Cv, covellite; 
Cst, cassiterite.

1 mm

8d
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tions measure few tens of microns to several millimeters. 
The chemical composition of the mineral shows minor vari-
ations (Table 5, n = 6, wt.%): Cu = 32.26–33.78 (33.30), Fe 
= 29.85–32.64 (30.68), S = 34.40–35.73 (35.11), the total is 
98.09–100.88 (99.22); one sample contains an impurity of 
Zn. The Cu/Fe ratio varies from 1.06 to 1.11, averaging 
1.09. Chalcopyrite of this mineral assemblage has a more 
stable composition than chalcopyrite of sphalerite–chalco-
pyrite assemblage, which has a deficit of Cu.

The identified Ti minerals are, most likely, the exsolution 
product of titanomagnetite, namely, titanite and ilmenite 
(Table 6). Ilmenite occurs mainly as elongate drop-like 
grains forming myrmekite structures and, less often, as large 
skeletal segregations intensely replaced by titanite and over-
grown with hornblende, often chloritized. These segrega-
tions measure few microns to 7–10 mm and are in assem-
blage with sulfides present as xenomorphic grains in ilmenite 
interstices, which suggests the later genesis of sulfides. Sin-
gle ilmenite segregations contain bornite inclusions few tens 
of microns in size.

In addition, we have found an intergrowth of cobaltite 
(Co = 32.24, Ni = 2.40, As = 45.79, and S = 19.20; the total 
is 100.03 wt.%) and sphalerite in ilmenite, a molybdenite 
inclusion in hornblende (Mo = 58.15, S = 41.37, the total is 
99.52 wt.%), and native bismuth and cassiterite in the inter-
stices of rock-forming minerals.

Gold–telluride–palladium mineralization. This type of 
mineralization has been first revealed in the Pai-Khoi Ridge 
and can be subdivided into early and late assemblages ac-
cording to its composition and spatial occurrence.

Early magmatic mineral assemblage (minerals of the ter-
nary Ag–Au–Cu system, sudburyite, and sperrylite) is pres-
ent only together with pyrite–chalcopyrite–pyrrhotite miner-
alization in the axial zone of the gabbro-dolerite sill. An ICP 
MS analysis of three gabbro-dolerite samples from this zone 
showed the following contents of PGE (ppm): Ru < 0.0020, 
Rh ≤ 0.0110, Pd ≤ 0.0470, Ir ≤ 0.0070, Pt ≤ 0.0190, and 
Au ≤ 0.0057. The early assemblage of gold–telluride–palla-
dium mineralization of the Krutoi ore occurrence is usually 
nonuniformly disseminated in pyrrhotite, hornblende, albite, 
and chlorite; in the latter minerals it always coexists with 
sulfides.

Minerals of the Ag–Au–Cu system of this assemblage are 
mostly the products of exsolution of Ag–Au–Cu phases. 
Their isometric grains are ≤5 μm in size (mainly, few mi-
crons) and are localized as inclusions in the rock-forming 
minerals and pyrrhotite (Fig. 7a, f). The above ternary sys-
tem significantly varies in composition because of Cu and 
Ag impurities. We have not revealed a dependence of this 
composition on the size and localization of inclusions, 
which might be due to a small number of the studied sam-
ples. Only two samples are similar in chemical composition 
to cuproauride (AuCu3) and tetra-auricupride (AuCu); the 
rest are varieties of Cu-containing gold or Au-containing 
copper (Table 7). These Ag–Au–Cu minerals were recog-
nized approximately, because they differ in syngony and the 

sizes of microinclusions of Cu-containing gold make it im-
possible to obtain structural data.

Platinum minerals are represented by occasional isomet-
ric sperrylite (PtAs2) grains few microns in size in albite 
(Fig. 7d). The mineral has the following chemical composi-
tion (n = 2, wt.%): Pt = 54.93 and 55.65 (55.29), As = 43.06 
and 43.36 (43.21), and Fe = 0.30 and 0.67 (0.49); the total is 
98.59 and 99.37 (98.98). The calculated empirical formula 
is Pt0.91As2.09. There are also scarce grains of sudburyite 
(PdSb) and testibiopalladite (Pd(Sb,Bi)Te) up to 5 μm in 
size in chlorite and amphibole (Fig. 7e, f). A mineral compo-
sitionally similar to sudburyite was first found in the miner-
alization zone of Mt. Khengor’’yu (Shaybekov, 2018). Test-
ibiopalladite has been first revealed in the Pai-Khoi Ridge. 
Figure 7g presents the Raman spectra of these minerals. The 
spectrum of sudburyite has peaks at wavenumbers of 83, 
114, 174, 286, and 461 cm–1, and the spectrum of testibio-
palladite, at 81, 96, 113, 127, 142, and 155 cm-1 (the intense 
peaks are bold-typed). There are many research works con-
cerned with Raman spectroscopy of Pd tellurides. The most 

Table 3. Chemical composition of sulfide minerals, wt.%

Cu Fe S Zn Cd Ag ∑

Chalcopyrite

24.82 34.92 33.96 — — 2.96 100.63*
31.59 28.56 39.18 — — — 99.33
32.96 30.82 35.58 — — — 99.36
33.78 30.75 35.16 — — — 99.69
33.78 31.36 35.73 — — — 100.88
33.86 31.07 35.48 — — — 100.42
33.56 31.03 35.39 — — — 99.98
33.55 30.91 35.17 — — — 99.63
33.40 30.39 35.72 — — — 99.51
33.77 30.92 35.35 — — — 100.04
33.43 30.87 35.18 — — — 99.49
33.45 30.85 35.21 — — — 99.51
33.57 30.48 35.48 — — — 99.53
33.38 30.63 35.30 — — — 99.31
33.72 31.35 35.14 — — — 100.22

Sphalerite

1.64 7.46 33.12 56.02 1.96 — 100.21
— 7.90 33.94 56.67 1.88 — 100.38
— 10.28 33.29 55.40 1.90 — 100.87
3.10 8.33 33.42 52.31 2.06 — 99.21
1.22 7.82 33.43 55.42 1.97 — 99.85
1.29 7.55 33.41 55.37 1.71 — 99.33

Covellite

52.29 11.58 36.43 — — 0.53 100.83
60.01 1.55 34.03 — — 3.66 99.25
57.28 7.48 35.63 — — 0.37 100.76

* Ni = 3.97.
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detailed ones are referenced by Bakker et al. (2014), but this 
publication lacks Raman spectra of sudburyite and testibio-
palladite or spectra similar to those in Fig. 7g. The Raman 
spectrum of stibiopalladite most similar in composition to 
testibiopalladite has two characteristic peaks at 108 and 
136 cm–1 and weak peaks at 169 and 187 cm–1.

Late hydrothermal mineral assemblage (minerals of the 
binary Au–Ag and Au–Pd systems and Hg, Pb, and Ag 
tellu rides) is localized in chalcopyrite–quartz veinlets cut-
ting gabbro-dolerites and, partly, in gabbro-dolerites of the 
axial zone of the sill. Analysis of chalcopyrite from these 
veinlets showed the following contents of precious metals 
(ppm): Ru = 0.031, Rh = 0.021, Pd = 0.100, Ir = 0.031, Pt = 
0.140, and Au = 0.420; the total content is 0.740.

Minerals of the Au–Ag and Au–Pd systems are present as 
intergrowths of Pd-containing gold (porpezite) and chalco-
pyrite and as inclusions of native gold in chalcopyrite 
(Fig. 8b–f, Table 7) of quartz veinlets and in hornblende of 
gabbro-dolerites in the axial zone of the sill (Fig. 7f, Ta-
ble 7). The inclusions are mostly 2 to 10 μm (seldom, up to 
100 μm) in size. Gold is of medium to high fineness (Petro-
vskaya, 1993).

Coloradoite (HgTe) was first found in the Krutoi ore oc-
currence in 2013. It is the only finding of this mineral on the 

Table 4. Chemical composition of iron hydroxides (hydrogoethite), wt.%

Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 CuO H2O*
∑
(without 
H2O)

0.25 1.22 — 4.40 — — 74.03 2.49 17.61 82.39
0.17 1.75 — 2.74 — 0.15 65.74 2.10 27.34 72.66
— 1.81 0.27 3.40 — — 72.02 1.99 20.51 79.49
— 1.05 — 2.72 — — 72.21 1.82 22.20 77.80
— 2.03 — 3.20 — — 71.44 1.85 21.48 78.52
— 0.70 0.23 4.41 — — 72.31 2.11 20.24 79.76
— 0.83 — 5.63 — — 73.46 2.01 18.08 81.92
0.19 1.30 — 3.38 — — 72.89 1.88 20.37 79.63
— 0.94 — 3.84 — — 72.51 1.97 20.74 79.26
— 0.65 — 4.12 — — 72.46 2.14 20.63 79.37
— 0.79 — 4.97 — — 74.87 2.01 17.35 82.65
— 0.56 — 5.08 — — 76.13 1.97 16.26 83.74
0.22 0.95 0.28 3.83 — — 76.07 2.04 16.60 83.40
— 0.68 — 5.72 — — 75.63 1.93 16.04 83.96
— 0.66 — 5.44 0.19 — 73.70 2.46 17.55 82.45
— 0.69 — 5.48 — — 74.90 2.24 16.69 83.31
— 0.68 — 3.68 — — 76.81 2.03 16.80 83.20
0.20 0.92 0.39 4.18 — — 76.74 2.05 15.52 84.48
— 0.74 — 4.06 — — 73.94 1.99 19.28 80.72
— 0.77 — 4.68 — — 76.79 1.94 15.82 84.18
— 1.74 — 3.64 — — 73.56 1.91 19.15 80.85
— 1.84 — 4.52 — — 74.77 1.81 17.06 82.94
— 0.70 — 4.80 — — 71.51 2.08 20.91 79.09

* Calculated values.

Table 5. Chemical composition of sulfide minerals in gabbro-dolerites, wt.%

Cu Fe S Pb Te Se Zn ∑

Pyrrhotite

— 60.27 39.06 — — — — 99.33
— 60.11 39.42 — — — — 99.53
— 59.82 39.67 — — — — 99.49
— 60.55 39.74 — — — — 100.29
— 59.77 39.37 — — — — 99.14
— 60.09 39.74 — — — — 99.83
— 59.62 39.42 — — — — 99.04
— 60.27 39.17 — — — — 99.44
— 60.76 39.22 — — — — 99.98
— 60.76 39.38 — — — — 100.14
— 59.88 40.20 — — — — 100.08
— 59.87 39.45 — — — — 99.33
— 59.58 39.57 — — — — 99.15
— 59.94 39.62 — — — — 99.56

Chalcopyrite

33.78 31.36 35.73 — — — — 100.88
32.77 30.87 34.82 — — — — 98.45
33.11 30.96 34.83 — — — — 98.90
33.78 30.75 35.16 — — — — 99.69
33.11 30.30 34.68 — — — — 98.09
33.24 29.85 35.45 — — — 0.74 99.29

Sphalerite

— 13.83 34.85 — — — 51.66 100.35
— 7.60 31.74 — — — 60.53 99.88

Pyrite

— 47.36 52.73 — — — — 100.09
— 47.22 53.54 — — — — 100.76

Galena

— — 13.63 84.61 — — — 98.24
0.90 1.94 11.13 82.78 — 3.46 — 100.21
— 0.92 11.53 86.39 — 0.79 — 99.62

Bornite

62.014 12.28 25.91 — — — — 100.20

Cubanite

24.33 40.50 35.05 — — — — 99.88

Native lead

— — — 88.16 0.61 8.59 — 100.37
— — — 99.86 — — — 99.86
— — — 92.04 — 8.22 — 100.20
— — — 96.28 — 1.78 — 98.06

Yugor Peninsula and, in particular, in the Khengur gabbro-
dolerite complex (Shaybekov, 2013a). Coloradoite is in in ti-
ma te assemblage with chalcopyrite in quartz veinlets. It oc-
curs as isometric inclusions several microns in size in chal -
co pyrite zones subjected to hypergene processes (Fig. 8a) 
and contains impurities of Ni, Pb, and Ag (Table  7). The 
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Ag- and Pb-rich inclusions are, most likely, a mix ture of 
seve ral mineral phases: empressite (AgTe), hes site (Ag2Te ), 
altaite (PbTe), and coloradoite (HgTe).

Pyrrhotite in gabbro-dolerites of the axial zone of the sill 
and chalcopyrite in quartz veinlets contain microinclusions 
of altaite (PbTe), hessite (Ag2Te), and empressite (AgTe). 
Altaite and hessite in pyrrhotite are individual microinclu-
sions up to 5 μm in size (Fig. 7b, c). Microinclusions in 
chalcopyrite are usually a fine mixture of altaite and empres-
site; their small size (1–2 μm) makes it impossible to deter-
mine the exact proportion of the components.

A similar gold–telluride assemblage (porpezite, gold, al-
taite, hessite, coloradoite, and empressite) is typical of many 
epithermal gold–telluride deposits of the world (Kovalenker 
et al., 1990; Cooke and Phail, 2001; Pals and Spry, 2003; 
Shackleton et al., 2003; Ciobanu et al., 2004; Spry and 
Scherbarth, 2006; Voudoris, 2006; Nikolaev et al., 2013; 
Zhai and Liu, 2014).

Chalcopyrite–quartz veinlets with productive late gold–
telluride–palladium mineral assemblage were additionally 
studied.

The isotopic composition of sulfur, carbon, and oxy-
gen of chalcopyrite–quartz veinlets. Sulfur of the studied 
chalcopyrites is characterized by δ34S = –2.4 to –2.5‰ 
(CDT), which is close to the isotopic composition of sulfur 

of igneous rocks formed from mantle sources (δ34S = –1.5 
до +1.5‰) (Ohmoto and Rye, 1979; Faure, 1986). The 
slight enrichment of chalcopyrites in light isotope (32S) 
relative to “mantle” sulfur indicates that the igneous rocks 
are contaminated with sulfur of sulfides of sedimentary 
rocks (Ohmoto and Rye, 1979). The isotopic composition 
of sulfur of chalcopyrite monofractions (n = 5) is well per-
sistent, which testifies to a single homogeneous source of 
sulfur.

The isotopic composition of carbon and oxygen of vein 
calcite also points to a significant contribution of crustal ma-
terial to the composition of ore-forming fluids. Oxygen of 
calcite from a quartz–albite–epidote aggregate (n = 5) is 
characterized by δ18O = +15.3‰ (SMOW), which signifi-
cantly exceeds the values   typical of unaltered igneous rocks 
(δ18O = +7‰) (Taylor, 1974). Calculation shows that CO2 
being in equilibrium with H2O in the ore-forming fluid is 
characterized by δ18O = 25–30‰ (SMOW) at the fluid ho-
mogenization temperatures and formed, most likely, during 
the thermal dissociation of the host carbonates. The isotopic 
composition of calcite carbon, δ13С = –17.7 ‰ (PDB), also 
indicates the contribution of the material of the host sedi-
mentary rocks. This composition is typical of carbon of car-
bonates formed during magmatic and hydrothermal process-
es involving crustal organic matter.

fig. 5. BSE images of iron hydroxides. a, b, Iron hydroxide rim with pyrrhotite and sphalerite inclusions; c, segregations in pyrrhotite. Below is 
the Raman spectrum of hydrogoethite.
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Study of fluid inclusions in quartz of chalcopyrite–
quartz veinlets. To elucidate the formation conditions of 
vein quartz and associated ore mineralization, we studied 
syngenetic (localized singly, in small groups, or in the min-
eral cracks) fluid inclusions in this quartz. Sometimes, such 
inclusions are distributed throughout the mineral grain. Spe-
cial attention was given to inclusions in sulfide (mostly chal-
copyrite) zones.

The gas composition of some inclusions was studied by 
Raman spectroscopy. We have recognized nitrogen–meth-
ane and carbon dioxide–nitrogen inclusions. This suggests 

two sources of gases, which might be of mantle, crustal, or 
mixed nature. The origin of gases in inclusions was dis-
cussed elsewhere (Mazzini at al., 2011; Sokerina et al., 
2013; Smirnov et al., 2014; Zykin and Sokerina, 2015).

Study of the bulk composition of fluid inclusions by gas 
chromatography showed that the rocks contain little gas 
(Sokerina et al., 2016) and the inclusions contain mainly 
water (~99%), which agrees with visual observations. Car-
bon dioxide is predominant among the gas components, and 
methane and nitrogen are subordinate. Moreover, on stan-
dard heating of quartz to 500 °C, nitrogen was not detected. 

fig. 6. BSE images of ore and accessory mineralization in gabbro-dolerites. Qtz, quartz; Ccp, chalcopyrite; Hbl, hornblende; Ab, albite; Py, pyrite; 
Po, pyrrhotite; Gn, galena; Ap, apatite; Kfs, K-feldspar; An, anorthite; Aug, augite; Ilm, ilmenite; Ttn, titanite; Sp, sphalerite; Cbt, cobaltite; Mlb, 
molybdenite; Cbn, cubanite; Pb, native lead; Bn, bornite.
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The release of nitrogen and most of methane begins at 
>500 °C and continues to 800 °C. Taking into account that 
these gases were reliably established in the inclusions by 

Raman spectroscopy, we think they are part of fluid inclu-
sions but not the product of decomposition of organic matter 
during the sample heating.

fig. 7. BSE images of early gold–telluride–palladium mineral assemblage. a–c, Inclusions in pyrrhotite: a, gold, b, altaite; d–f, inclusions in the 
interstices of rock-forming minerals: d, sperrylite, e, Au-containing sudburyite of early assemblage, f, gold and testibiopalladite; g, Raman spectra 
(notch filter = 83–85 cm–1) of sudburyite and testibiopalladite. Au, gold; Alt, altaite; Gn, galena; Hes, hessite; Ab, albite; Spy, sperrylite; Sdb, 
sudburyite; Tsp, testibiopalladite; Chl, chlorite; Qtz, quartz; Po, pyrrhotite; Hbl, hornblende; Czo, clinozoicite.
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Table 6. Chemical composition of Ti-containing minerals in gabbro-dolerites, wt.%

TiO2 V2O5 MnO FeO CaO SiO2 Al2O3 ∑

Titanite

39.17 0.35 — 2.20 27.69 30.32 — 99.73
36.70 2.36 — 1.26 28.54 31.37 — 100.23
38.74 0.61 — 2.28 27.56 30.24 — 99.43
36.39 1.25 — 2.27 27.22 31.04 1.94 100.11
39.02 — — 0.46 28.34 30.71 1.70 100.23
38.97 — — 1.39 28.17 29.81 0.69 99.03
38.30 — — 1.24 26.24 32.56 2.40 100.75
40.79 — — — 28.61 31.67 — 101.08

Ilmenite

52.49 0.63 3.75 43.61 — — — 100.49
51.92 0.69 3.61 43.27 — — — 99.50
52.72 1.51 3.72 42.64 — — — 100.59
53.10 — 3.76 43.62 — — — 100.48
52.34 1.43 3.52 42.34 — — — 99.63
50.98 2.48 3.16 42.94 — — — 99.56
53.87 — 3.98 42.82 — — — 100.68

Table 7. Chemical composition of minerals of gold–telluride–palladium mineralization, wt.%

Au Ag Pd Cu Ni Pb Te Sb Hg ∑ Note

Early assemblage

58.44 10.16 — 30.68 — — — — — 99.28 Au0.68Ag0.22Cu1.11

68.79 10.21 — 21.46 — — — — — 100.46 Au0.89Ag0.24Cu0.86

85.43 — — 14.19 — — — — — 99.62 Cu1.36Au1.64

61.67 2.78 — 35.71 — — — — — 100.17 Au0.35Ag0.03Cu0.62

72.07 — — 27.92 — — — — — 99.99 AuCu (Au0.91Cu1.09)
33.13 2.69 — 64.68 — — — — — 100.50 Au0.14Ag0.02Cu0.84

35.50 2.77 — 61.30 — — — — — 99.56 Au0.15Ag0.02Cu0.82

— — 44.54 — — — 4.10 51.14 — 99.84 Pd0.97(Sb0.96Te0.07)1.03

— — 27.69 — — — 32.28 26.14 — 99.62 (Pd0.95Fe0.13)1.08Te0.93(Sb0.79Bi0.20)0.99
(Fe = 2.04, Bi = 11.33)

Late assemblage

94.83 — 5.10 — — — — — — 99.93 Pzt (Pd0.09Au0.91)
96.14 — 3.66 — — — — — — 99.80 Pzt (Pd0.07Au0.93)
85.02 15.30 — — — — — — — 100.32 Au (847 ‰)
92.01 7.43 — — — — — — — 99.50 Au (925 ‰)
100.80 — — — — — — — — 100.80 Au
99.99 — — — — — — — — 99.99 Au
92.55 7.26 — — — — — — — 99.81 Au (rim, 927 ‰)
98.80 — — — — — — — — 98.80 Au (core)
— 1.13 — — — — 41.02 — 57.60 99.76 Clr ((Hg0.93Ag0.03)0.96Te1.04)
— 47.82 — — — 8.07 31.13 — 13.92 100.94 Mix (Clr+Alt+Em)
— 1.77 — — 0.54 4.72 37.74 — 55.10 99.87 Clr ((Hg0.89Pb0.07Ag0.05Ni0.03)1.04Te0.96)

— 5.22 — — 1.59 13.88 31.42 — 45.87 97.97 Mix (Clr+Alt+Em)
— 19.46 — — — — 33.23 — 46.67 99.36 Mix (Clr+Em)
— 62.73 — — — — 36.71 — — 99.44 Hes
— — — — — 62.94 36.67 — — 99.61 Alt

Note. Au, gold, AuCu, tetra-auricupride, Pzt, porpezite, Clr, coloradoite, Alt, altaite, Em, empressite.
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DIScuSSIoN

The early study showed that the precious-metal mineral-
ization in gabbro-dolerites of the Khengur complex is most-
ly of magmatogene and hydrothermal nature (Shaybekov, 
2013b).

The revealed early gold–telluride–palladium mineral as-
semblage of the Krutoi site comprises Ag–Au–Cu minerals 
(predominantly Cu-containing gold and Au-containing cop-
per), sperrylite, sudburyite, and testibiopalladite.

The highest-temperature minerals of this assemblage are 
sudburyite, testibiopalladite, and sperrylite. Sudburyite is 
the first to crystallize. Its synthetic analogue melts at 800 °C. 
At 600 °C, it forms a complete isomorphous series with 
kotulskite PdTe and with nonequilibrium solid solutions 
with compositions intermediate between PdTe and PdTe2 
produced at 575–710 °C (Kim and Chao, 1991; Barkov et 
al., 2002; Makovicky, 2002). Some researchers (Dare et al., 
2010; Barnes et al., 2016) classify sperrylite as a high-tem-
perature mineral with crystallization temperatures of 900–
1200 °C. Others (Hanley 2007; Piña et al., 2012; Helmy et 
al., 2013; Bai et al., 2017) believe that sperrylite, along with 
testibiopalladite, can form in magmatic sulfide ores through 
crystallization from a residual sulfide melt at a low tempera-

ture, which is limited to the lower interval of the melting 
temperatures of Cu-enriched magmatic sulfide liquid (Craig 
and Kullerud, 1969).

Copper-containing gold is usually considered in the 
framework of the binary Au–Cu system including solid so-
lutions and intermetallic compounds (auricupride, cuproau-
ride, tetra-auricupride, and CuAu3). Since this gold often 
contains an impurity of Ag (sometimes, significant), it is 
more correct to consider the Ag–Au–Cu system. Lozhech-
kin (1939) showed the phase inhomogeneity of Cu-contain-
ing gold as a result of exsolution of the Au–Cu–Ag phase 
and its platy intergrowth with electrum. Much later, Murzin 
et al. (1987) established that Cu-containing gold corre-
sponds in composition to the AuCu phase and that electrum 
has a fineness of 470–610‰. Experimental studies of the 
ternary system Ag–Au–Cu demonstrated that the solubility 
of all of its components significantly decreases as the tem-
perature drops from 700 to 350 °C and lower (Chang et al., 
1977). The serious temperature decrease significantly re-
stricts the formation of Ag–Au–Cu minerals but does not 
prevent the formation of the binary Au–Ag and Au–Cu 
phases with a wide range of compositions (Murzin and Var-
lamov, 2018). The arrangement of the composition points of 
Cu-containing gold in the Ag–Au–Cu diagram with iso-

fig. 8. BSE images of late gold–telluride–palladium mineral assemblage. a, Coloradoite in chalcopyrite; b, gold in chalcopyrite; c, gold in quartz; 
d, intergrowths of porpezite and chalcopyrite; e, intergrowth of porpezite and chalcopyrite; f, gold grain with a high-fineness core and Ag-contain-
ing rim. a–c, e, f, polished surface; d, natural surface. Ccp, chalcopyrite; Clr, coloradoite; Au, gold; Qtz, quartz; Pzt, porpezite.
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therms of ternary solid solutions shows that this gold might 
have formed at 350–500 °C, whereas the temperatures of 
formation of cuproauride and tetra-auricupride are some-
what lower (Fig. 9). According to Okamoto et al. (1987), the 
temperature of the phase transition of CuAu II (35–65 at.% 
Au, i.e., Cu2Au–CuAu2, “rozhkovite”) into CuAu I (40–60 
at.% Au, i.e., Cu3Au2–Cu2Au3, tetra-auricupride) is about 
385 °C.

The late gold–telluride–palladium mineral assemblage 
occurs as porpezite intergrowths, as inclusions of native 
gold and silver, altaite, empressite (hessite), and coloradoite 
in chalcopyrite of quartz veinlets, and as inclusions of altaite 
and hessite in pyrrhotite of gabbro-dolerites in the axial 
zone of the Krutoi ore occurrence.

Afifi et al. (1988a,b) were among the first to summarize 
available data on the thermodynamics of the phase equilib-
ria of tellurides, including data for ore deposits, obtained in 
the temperature range 100–300 ºC and with variations in 
fTe2

, fS2
, and fO2

. As follows from these data, the above min-
eral assemblage formed with decreasing temperature and 
fTe2

 and increasing fS2
, which might have been due to the 

mixing of reduced hydrothermal high-temperature fluids 
and oxygen-saturated seawater (Cabri, 1965; Afifi et al., 
1988a,b; Maslennikov et al., 2013). Some researchers be-
lieve that the simultaneous deposition of native gold, native 
silver, and tellurides (altaite, hessite, coloradoite, and em-
pressite) took place at 150–200 ºC (other authors report 
130–200 ºC for these minerals (Vikentyev, 2006) and 230–
260 ºC for electrum, altaite, and hessite (Maslennikov et al., 
2013)) and at pH ~ 6–8 (Hannington and Scott, 1989; Bort-
nikov et al., 2003). Earlier experimental data showed that 
empressite is stable at T < 210 ºC (Honea, 1964) (according 

to recent data, at T < 191 ºC (Voronin et al., 2017)) and the 
intermediate phase of monoclinic (low-temperature) hessite 
aAg2Te is stable at T < 145 ºC (Karakaya and Thompson, 
1991).

The study of fluid inclusions in chalcopyrite–quartz vein-
lets has shown their formation under decrease in tempera-
ture from 490–300 to 260–134 ºC, which is typical of the 
formation of gold–quartz–sulfide veins and was earlier es-
tablished in the Novogodnee-Monto, Petropavlovskoe, Ber-
eznyakovskoe, Byn’govskoe, Kochkanarskoe, and other 
gold deposits in the Urals (Prokof’ev and Spiridonov, 2000; 
Andreev and Mansurov, 2008; Plotinskaya and Groznova, 
2008; Klyukin, 2012; Mansurov, 2013). These deposits bear 
gold–telluride mineralization. Many researchers report the 
oxidizing conditions of mineral formation there (Prokof’ev 
and Spiridonov, 2000; Plotinskaya and Groznova, 2008; 
Klyukin, 2012), which are evident as a predominance of 
CO2 in the fluid and as the presence of inclusions with high-
density carbon dioxide. Under carbon dioxide action, low-
grade and dispersed ores transformed into commercial ones 
(Roizenman, 2008). The Krutoi ore occurrence lacks a zone 
saturated with CO2-rich fluids. Quartz veins and associated 
precious-metal mineralization formed under reducing condi-
tions, as evidenced by Raman spectroscopy studies of the 
composition of fluid inclusions. The mineral-forming fluid 
was poor in gas. On heating to 500 ºC, the fluid amounts to 
no more than 360 ppm, and most of it is water. The varying 
salt composition of inclusions, expressed in a wide range of 
eutectic temperatures, might be due to tremolite (Ca2Mg5 
(OH)2[Si4O11]) acicules in quartz. The high salinity suggests 
the magmatic origin of the mineral-forming solutions. There 
is a direct correlation between the salinity and the homoge-
nization temperature, which indicates a gradual cooling of 
the mineral-forming medium.

It is difficult to compare gold–telluride–palladium miner-
alization of the Krutoi ore occurrence with gold ores of the 
Urals and Siberia because of the different geologic struc-
tures, ages, and compositions of the ore-hosting rocks, dif-
ferent geodynamics, genesis, localization of ore minerals, 
etc. The Krutoi ore occurrence is most similar in mineral 
composition to the Ozernoe ore occurrence with an assem-
blage of precious metals and copper sulfides and with sig-
nificant contents of Pd and Te impurities and minerals 
(Kuznetsov et al., 2014). In Siberia, the most similar depos-
its are located in the Norilsk ore field. They are rich in low-
temperature mineral assemblages containing Au, Ag, As, 
Pd, Pt, Sn, Bi, Sb, and Te (Spiridonov and Gritsenko, 2009). 
The ICP MS data on chalcopyrite from quartz veinlets and 
on the host gabbro-dolerites with sulfide mineralization 
have shown that the veinlets are the main concentrators of 
precious metals. We have established that Pd is present in 
the chalcopyrite–quartz veinlets as porpezite, whereas the 
species of Pt are still debatable. Taking into account that the 
estimated crystallization temperature of sulfides in the chal-
copyrite–quartz veinlets is <260 ºC, we assume that Pt is 
present as a microimpurity either in sulfides (which is typi-

fig. 9. Au–Ag–Cu composition diagram (wt.%) with solid-solution 
isotherms for gold of early (black circles) and late (black squares) 
gold–telluride–palladium mineral assemblages, based on experimental 
data (Murzin and Varlamov, 2018).
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cal of sulfides of magmatic Cu–Ni deposits (Cabri, 2002; 
Dare et al., 2010, 2011; Helmi et al., 2013) or in coloradoite 
(Augé et al, 2002). Another possible source of Pt is gold and 
Pd-containing gold, which often contain microimpurities of 
Pt, not exceeding few hundredths or few tenths of percent, 
which are not detected in an EDS analysis. We do not rule 
out the presence of unrecognized inclusions of low-temper-
ature platinum minerals. For example, at 230–240 ºC, coo-
perite (PtS) can be produced from hydrothermal solutions 
contained in sulfides (Evstigneeva and Tarkian, 1996). Me-
tallic platinum crystallizes in a hydrothermal solution at 
200–300 ºC, and sperrylite, at ≤300 ºC (Plyusnina et al., 
2007; Plyusnina and Likhoidov, 2009). A similar fact is re-
ported by Watkinson and Melling (1992) for sperrylite in 
assemblage with high-temperature copper sulfides. Platinum 
minerals are also recognized in hydrothermal low-tempera-
ture mineral assemblages of the Norilsk ore field (Spiri-
donov and Gritsenko, 2009). Although platinum is found as 
sperrylite in sulfides of gabbro-dolerites in the axial zone of 
the Krutoi site, its content is negligible (ICP MS data).

coNcluSIoNS

Based on the results of detailed studies of the ore zone of 
the Krutoi ore occurrence (Pai-Khoi Ridge), two types of 
sulfide mineralization have been recognized: pyrite–chal-
copyrite–pyrrhotite (in gabbro-dolerites) and sphalerite–
chalcopyrite (in quartz veins), which are spatially and gene-
tically associated with gold–telluride–palladium mine ra-
lization. The formation of chalcopyrite–quartz veins with 
gold–telluride–palladium mineralization in the Krutoi ore 
occurrence is consistent with the concept of the hydrother-
mal stage of mineral formation. According to this concept, 
ore components accumulated in the residual fluid at the final 
stages of hydrothermal process. This fluid participated in the 
formation of postmagmatic hydrothermal mineralization, as 
evidenced both by the relationship between chalcopyrite–
quartz veinlets and host gabbro-dolerites and by the compo-
sition of gas–liquid inclusions.

We have established that the vein quartz formed at 300–
490 ºC and the sphalerite–chalcopyrite mineralization and 
associated late gold–telluride–palladium mineralization were 
produced at ≤260 ºC. The mineral-forming solution con-
tained Mg and Ca salts, whose excess led to the formation of 
filamentous tremolite crystals in vein quartz. The mineral-
forming fluid was poor in gas. The isotopic compositions of 
sulfur, carbon, and oxygen of the studied minerals formed 
during magmatic and hydrothermal processes conform to the 
concepts of contamination of magmatic minerals with sulfur, 
oxygen, and carbon of the host sedimentary rocks.

Gold–telluride–palladium mineralization in assemblages 
of different ages has been first revealed in the study area. It 
is of great interest, because tellurides, bismuthotellurides, 
and gold and palladium minerals are also present in other 
ore occurrences and mineralization sites within the Pai-Khoi 

gabbro-dolerite complexes. This indicates that the region is 
promising for precious metals. The recorded Raman spectra 
of sudburyite and testibiopalladite in gabbro-dolerites of the 
axial zone of the Krutoi ore occurrence permit one to use 
Raman spectroscopy as an additional method for identifying 
these minerals.
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