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Abstract––Data on geochemistry, distribution of ore and rare-earth elements and precious metals, and micromineralogy are presented. 
The objects of study are late Permian sedimentary and volcanosedimentary deposits of the Tikhonya Brook (Atkan (P3at) and Omchak 
(P3om) formations) and hydrothermally metamorphosed rocks of the Natalka and Pavlik gold deposits of the Omchak ore–placer cluster. 
Analysis of the deposit ores showed enrichment in chalcophile trace elements Au, Ag, As, W, and Sb relative to their average contents in 
the upper crust and the host Permian rocks. The high contents of W and Bi in the ores suggest the participation of a magmatic fluid. The 
absence of abnormal contents of Ni, Co, Sb, Mo, Cr, and Se indicates the redeposition of these elements from ore-bearing rocks, without 
their input by ore-forming fluids, which is confirmed by the isotopic composition of sulfide sulfur and the characteristics of carbonaceous 
ore material. The formation of deposits proceeded with a change in REE contents. All objects show similar trace-element patterns: The 
rocks are enriched in LREE and lack a Ce anomaly. The identical REE patterns of ores reflect their inheritance from unaltered late Permian 
deposits. It has been established that the ores formed under different redox conditions, mainly with the participation of a relatively oxi-
dized fluid enriched in LREE of the hydrothermal system NaCl–H2O, with domination of Cl over F. The studies have shown that the host 
carbonaceous sedimentary complexes, which served as additional sources of precious and associated metals, played a crucial role in the 
formation of the Natalka and Pavlik gold deposits. Some of the ore elements in the unaltered deposits form their own minerals.

Keywords: Late Permian; black-shale strata; Natalka and Pavlik gold deposits; rare-earth elements (REE); ore minerals; precious metals; microinclusions; 
micromineralogy

INTRODUCTION

Permian deposits are widespread within the Kular–Nera 
turbidite terrane, which is part of the Yana–Kolyma orogenic 
belt. They host the large Natalka, Pavlik, and Degdekan gold 
deposits located in northeastern Asia and a number of pre-
cious-metal ore occurrences of different sizes. The high in-
terest of researchers to Permian deposits is primarily due to 
different views of the source of metals and ore formation and 
to the particular role of ore-bearing strata in the formation of 
gold mineralization. Formation of gold deposits localized in 
carbonaceous-terrigenous (black shale) complexes is usually 
interpreted in the framework of models of sedimentary 
(Gar’kovets, 1973; Button, 1976), hydrothermal-sedimentary 
(Hutchinson, 1987; Konstantinov et al., 1988; Konstantinov, 
1993), volcanosedimentary (Barnett et al., 1982; Tomich, 
1986), and metamorphogenic (Boyle, 1979; Buryak, 1982; 
Buryak et al., 1988) ore formation. One of the main draw-
backs of such models is their insufficient support by special 
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lithological and geochemical studies of ore-bearing carbona-
ceous-terrigenous complexes. Since these deposits are poor 
in gold, the high gold contents of ore-bearing areas might be 
due to a subcrustal source of ore elements. Such elements are 
supplied with submarine hydrothermal solutions during ter-
rigenous sedimentation. The metamorphogenic model does 
not explain the low contents of gold in rocks subjected to 
metamorphism. The contents of gold supplied from sedimen-
tary strata are insufficient for the formation of its deposits 
(Konstantinov, 1993; Safonov, 1997).

Studies of the gold contents of carbonaceous-terrigenous 
complexes in northeastern Asia (Sidorov and Volkov, 1998, 
2001, 2002; Sidorov and Thomson, 2000) showed that zones 
of sulfide-disseminated mineralization in black-shale strata, 
called basic formations, can be an intermediate source of 
gold during the formation of endogenous deposits. The de-
gree of lithogenesis and the specifics of authigenic mineral 
formation depend significantly on the facies composition of 
sediments and the geodynamic type of evolution of sedi-
mentary basins (Yapaskurt, 1999). At the same time, it was 
shown that the phase differentiation of matter, induced by 
hypergenesis and sediment genesis, continues during dia-
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genesis and catagenesis and, depending on the tectonic set-
ting, leads to the formation of stratiform deposits of copper, 
lead, zinc, or uranium (Kholodov, 1982, 2001; Kholodov 
and Shmariovich, 1992).

Thus, ore-forming processes in sedimentary strata are in-
timately related to the specifics of lithogenesis and the de-
gree of postsedimentary transformations, which, in turn, 
depend on the geodynamic setting. Taking into account all 
these facts, it is necessary to consider the prehistory of the 
formation of gold deposits in carbonaceous-terrigenous 
complexes within the framework of ore-lithogenic systems. 
As for the ore-bearing terrigenous strata of the Yana–Koly-
ma orogenic belt, there are a number of insufficiently stud-
ied issues, namely, the behavior of gold during various geo-
logic processes, the role of the host rocks, their lithologic 
and geochemical characteristics, and the regularities of the 
localization of gold mineralization in the certain lithologic 
and stratigraphic units of sediments.

Therefore, we chose objects that made it possible to ob-
tain a new factual material on the chemical composition of 
variably altered rocks, using modern research methods.

The study area is located within the Ayan–Yuryakh anti-
clinorium, which is one of the largest tectonic structures of 
the terrane. It borders upon the In’yali–Debin synclinorium 
in the northeast and is part of the Yana–Kolyma metallo-
genic belt. A specific feature of the area is domination of 
gold–quartz ores (forming numerous placer deposits) over 
other types of ore mineralization (Khanchuk, 2006).

The Ayan–Yuryakh anticlinorium is a linearly folded 
structure with gentle flanks complicated by high-rank folds, 
with a predominance of NW-striking faults, and with E–W-
striking faults hosting dikes and granitoid plutons. It is 
formed by mainly Permian marine terrigenous and volcano-
terrigenous deposits subdivided into the Pioner (P1-2pn), At-
kan (P3at), Omchak (P3om), and Staratel’ (P3st) formations 
(Biakov and Vedernikov, 1990) (Fig. 1). The sedimentary 
unit is intruded by granitoid bodies and dikes of different 
compositions and ages (J3–K1). Within the study area, the 
sedimentary rocks were transformed by initial regional 
greenschist facies metamorphism, as evidenced by the host-
ed low-temperature mineral assemblages.

FACTUAL MATERIAL AND METHODS OF STUDY

This research is based on the materials obtained by us dur-
ing the field work and studies in the Laboratory of Petrology, 
Isotope Geochronology and Ore Formation of the Northeast-
ern Interdisciplinary Scientific Research Institute, Magadan.

Rock material was sampled from natural exposures in the 
southwest (Tikhonya Brook on the right bank of the 
Nel’koba River, remote from large faults and ore objects; 
107 samples) and at the center (Omchak ore–placer cluster; 
99 samples) of the Ayan–Yuryakh anticlinorium. The main 
criterion for sampling was the presence of unoxidized iron 
sulfides and no obvious hypergene alteration of rocks. A to-

tal of 43 samples of unaltered rocks and 46 rock samples 
from gold deposits were analyzed.

The starting sample material was rock fragments 5–10 to 
10–15 cm in size. The samples were crushed in a mortar to 
obtain a heavy fraction for micromineralogical studies, 
which prevented contamination of the samples at this stage.

The micromineralogical composition of rocks was deter-
mined by scanning electron microscopy with electron probe 
microanalysis (EPMA). The contents of major oxides and 
trace elements in the rocks were determined by X-ray fluo-
rescence and atomic-emission spectral analyses (Analytical 
Center of the Northeastern Interdisciplinary Scientific Re-
search Institute, Magadan). The contents of precious and 
rare-earth elements were determined by mass spectrometry 
with inductively coupled plasma (ICP MS) (Common Use 
Center of the Institute of Tectonics and Geophysics, 
Khabarovsk).

The main problem in the study of disseminated gold–sul-
fide ores is their significant dispersion, which complicates 
their reliable analysis by common mineralogical methods. 
Therefore, along with the classical methods of petrographic 
(Axioplan Imaging polarizing microscope), mineralogical, 
and geochemical analyses, we used highly sensitive and pre-
cise methods of special electron microscope study of ores.

Micromineralogical studies were carried out on a QEMS-
CAN automated system (Australia, Germany). It is an EVO-
50 scanning electron microscope equipped with four Bruker 
energy-dispersive spectrometers (EDS) and a Quantax X-
ray microanalysis system. The device has EDS detectors lo-
cated opposite each other, which permits an analysis of un-
polished samples.

The search for mineral inclusions and their study were 
performed in the back-scattered electrons (BSE) mode, 
when the brightness of a phase correlates with its mean 
atomic number. Precious metals having a large atomic num-
ber exhibit a bright “glow” as compared with other minerals.

The minerals of the heavy fraction of ores were studied 
after their separation in bromoform. Then, samples of two 
types were prepared: (1) the minerals were applied as a thin 
layer on a carbonaceous tape and sprayed with carbon; (2) the 
minerals were mounted in polished epoxy-resin blocks. Op-
erating conditions: accelerating voltage 25 kV, beam current 
120  pA, emission region ~4  μm across, and magnification 
>500. During the analyses of fine phases (smaller than the 
X-ray generation zone or commensurate with it), the matrix 
matter was captured. Therefore, it was necessary to remove 
the matrix elements and recalculate the resulted bulk chemi-
cal composition. These recalculations were based on the data 
obtained by a microscope study of the thin sections. All elec-
tron microscope images are presented in the BSE mode.

To reconstruct the original nature of metasedimentary 
rocks, we considered their REE patterns, because REE show 
inert behavior at the early stages of metamorphism (Balas-
hov, 1976; Efremova and Stafeev, 1985; Kholodov, 2001). 
The mobility of lanthanides is still a debatable issue. As fol-
lows from the literature data (Grauch, 1989; Lottermoser, 
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Fig. 1. Schematic geologic structure of the Ayan–Yuryakh anticlinorium (Astakhov et al., 2010). 1–5,  sediments: 1, T1, undivided; 2, P1–2pn; 
3, P3at, P3om1; 4, P3om2–3, P3st; 5, N; 6, gK1–2 granites, granite-porphyry, and leucogranites; 7, gδK1–2 granodiorites and granodiorite-porphyry; 
8, λК2 subvolcanic rhyolites and rhyodacites; 9, δК1–2 diorites; 10, reverse faults (a), thrusts (b); 11, dikes: λJ3 (a), qμJ3 (b); 12, faults: proved (a), 
predicted (b); 13, regional metamorphosed greenschist facies rocks; 14, ore occurrences (a), ore clusters with mineralization sites and placers (b), 
ore clusters with deposits and ore occurrences (c).

Duskan’ya
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1992), REE are the most mobile in hydrothermal and meta-
somatic processes (Kolonin et al., 2001), less mobile during 
low- and moderate-temperature metamorphism (Hellman et 
al., 1979; Ague, 2001), and are inert during high-tempera-
ture metamorphism (Muecke et al., 1979; Gil’bert et al., 
1988; Bingen et al., 1996).

Rare-earth elements were studied in the late Permian 
sedimentary and volcanosedimentary rocks (Atkan and Om-
chak formations) of the Tikhonya Brook and in the metaso-
matic and ore-bearing rocks of the Natalka and Pavlik gold 
deposits. The REE patterns were chondrite-normalized 
(Taylor and McLennan, 1985). The REE compositions were 
estimated from the following parameters: Euan = Eu/Eu* = 
EuN/(SmN × GdN)1/2; СеN = Ce/Ce* = CeN/((2LaN + SmN)/3) 
(Dubinin, 2006). To compare the chemical composition of 
ore-bearing and unaltered rocks, we considered the follow-
ing petrochemical parameters: normalized alkalinity index 
(NAI) — (Na2O + K2O)/Al2O3, alkali index (AI) — Na2O/
K2O, femic index (FI) — (Fe2O3 + FeO + MnO + MgO)/
SiO2, hydrolysate index (HI) — (TiO2 + Al2O3 + Fe2O3 + 
FeO + MnO)/SiO2, and potassium index (PI) — K2O/Al2O3 
(Yudovich and Ketris, 2000).

OUTLINE OF THE OBJECTS OF STUDY

The objects of study are the Natalka and Pavlik primary 
gold deposits discovered by an ore-prospecting team guided 
by E.P. Mashko in 1942. As a reference object for studying 
the chemical composition of the main ore-bearing strata, we 

chose a section made up of late Permian monoclinal rocks, 
from the deposits of the Atkan Formation (P3at) to the Low-
er Triassic deposits (T1), more than 4000 m in total thick-
ness. It is located along the Tikhonya Brook (right bank of 
the Nel’koba River) on the southwestern flank of the Ayan–
Yuryakh anticlinorium, within the northeastern limb of the 
Ten’ka anticline, at a distance from ore objects (Fig.  1) 
(Mikhalitsyna, 2011, 2014). Below, we briefly describe the 
lithology of two late Permian formations (from bottom to 
top) hosting the Natalka and Pavlik gold deposits.

The Atkan Formation is a marking regional horizon 
owing to the specific structure. It is made up of massive or 
obscure-bedded sedimentary and volcanosedimentary rocks 
(diamictites). The clastics are predominantly effusive rocks; 
their amount varies from single grains “suspended” in the 
diamictite matrix to 50% or more (Mikhalitsyna, 2014). The 
presence of tuffs and the numerous in situ volcanic frag-
ments and acute-angled glass fragments in the matrix point 
to sedimentation within the neighboring Okhotsk–Taigonos 
volcanic arc. This is also evidenced by Bhatia’s diagrams 
for these volcanics, showing a REE distribution typical of 
an ensimatic island arc (Isbell et al., 2016). The U–Pb 
(SHRIMP) zircon dating of tuff interbeds in the diamictites 
yielded ages of 262.5 ± 0.2 and 269.8 ± 0.1 Ma, which is 
consistent with the fossils preserved in the matrix (Biakov et 
al., 2010; Davydov et al., 2016; Isbell et al., 2016).

By chemical composition, the deposits of the Atkan For-
mation are of sodium alkalinity (AI = 1.54). There is a direct 
correlation between the titanium and femic indices, which is 
due to the presence of effusive-rock inclusions (Table 1).

Table 1. Average chemical composition of the unaltered rocks and ore-bearing strata, wt.%

Component/index PAAS Unaltered rocks Deposits

Natalka (P3at) Pavlik (P3om)

P3at P3om Average Average

20* 12 31 24 22

SiO2 62.8 65.23 64.97 74.37 67.25
TiO2 1.0 0.80 0.76 0.45 0.54
Al2O3 18.9 15.90 15.78 8.93 12.85
Fe2O3 tot 6.5 6.08 5.21 3.15 4.40
MnO 0.11 0.10 0.05 0.08 0.11
MgO 2.2 2.08 1.60 1.36 1.43
CaO 1.3 0.59 0.86 2.57 2.38
Na2O 1.2 3.49 3.05 2.60 1.62
K2O 3.7 2.26 3.04 2.01 2.89
P2O5 0.16 0.14 0.23 0.10 0.13
HI 0.42 0.35 0.33 0.19 0.28
FI 0.14 0.12 0.10 0.07 0.09
TI 0.053 0.050 0.048 0.049 0.042
KI 0.20 0.14 0.19 0.22 0.22
NAI 0.26 0.36 0.39 0.54 0.35
AI 0.32 1.54 1.00 1.96 0.66

Note. Chemical analysis was carried out at the Analytical Center of the Northeastern Interdisciplinary Scientific Research Institute, Magadan 
(analyst S.V. Mikhailova). Hereafter, PAAS is the Post-Archean Australian Shale.
* Hereafter, number of samples.
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The Omchak Formation is made up of alternating fly-
schoid sandstones, siltstones, and mudstones and has hori-
zontal and, to a lesser extent, cross and gradational bedding. 
The contents of Na and K are unevenly distributed in the 
rocks. The coarse-grained rocks are characterized by Na2O/
K2O = 3.10, (Na2O + K2O)/(Al2O3) = 0.55, TiO2/Al2O3 ≤ 
0.066, and average AI = 1.00, and the clayey rocks, by 
Na2O/K2O = 0.43–0.90 and TiO2/Al2O3 = 0.035–0.041.

In general, the late Permian rocks are of normal alkalini-
ty, with domination of Na over K. Potassium alkalinity is 
specific to silt interbeds in the upper part of the Omchak 
Formation. The average content of organic carbon (Corg) is 
0.45% in the Atkan Formation (P3at) and 0.35% in the Om-
chak Formation (P3om) (Vedernikov, 2009). As shown ear-
lier (Kokin et al., 1999), the initial content of Corg in the 
sediments is twice as high as that in lithified rock, which 
gives grounds to regard the late Permian deposits under 
study as black-shale strata. There are single beds with Corg 
contents an order of magnitude higher than the background 
one (23%), but they were ignored during the calculation of 
the average Corg content (Vedernikov, 2009).

The rocks of both formations contain pyrite, rutile, and 
apatite. The lower beds of the Omchak Formation are the 
most enriched in pyrite. In the Atkan Formation, pyritization 
is observed in members of alternating diamictites and finely 
foliated mudstones. The total amount of pyrite is 1–3%, sel-
dom reaching 30%. It comprises primary globular pyrite and 
metagenetic crystalline pyrite (Buryak et al., 2002). Study of 
the sulfur isotope composition of syngenetic pyrite showed 
its heterogeneity, δ14S = +17.8 to –15.69‰, in contrast to 
vein pyrite having a stable light sulfur isotope (Chanyshev 
and Stepanov, 1987; Mirzekhanov and Mirzekhanova, 1991).

The content of gold in pyrite varies from 0.14 to 3 ppm 
(on average, 0.57  ppm), and in arsenopyrite it averages 
1.34 ppm. In the late Permian rocks of the Ayan–Yuryakh 
anticlinorium, the average gold content in pyrite is 0.58 ppm 
(Chanyshev and Stepanov, 1987). Pyrrhotite occurs as scat-
tered dissemination and small lenses in rocks; less often, it 
forms veins of two generations: magnetic and nonmagnetic. 
It is usually younger than pyrite.

Other sulfides (galena, sphalerite, and chalcopyrite) form 
fine dissemination and, less often, metacrystals (arsenopy-
rite) in the rock matrix, amounting to no more than 1–2%.

According to the intensity of chemical weathering in the 
provenance area, the deposits are classified as clayey rocks 
and graywackes (HI = 0.35 (P3at) and 0.33 (P3om)) and are 
normally alkaline (NAI = 0.36 (P3at) and 0.39 (P3om)) (Ta-
ble 1).

The contents of trace elements Au, Ag, Co, Cu, Zn, Mo, 
Pb, and Bi and platinum group elements in the Permian 
rocks are higher or close to their clarke contents in the upper 
crust (Taylor and McLennan, 1985) (Table 2). We have 
identified typical geochemical associations: Mo–Pb–Li–Fe–
Zn–Ag (1) and Mn–Cr–Ca–Co–Mg (2) in P3at; Ca–Mn (1), 
Co–Ag–Cu (2), and Sn–Fe–Ni–Cr–Mg–Zn (3) in P3om 
(Mikhalitsyna, 2014). According to the IСP MS data, the Au 

contents in the siltstones of the Omchak Formation are close 
to those in the diamictites of the Atkan Formation (Table 2). 
Platinum group elements are unevenly distributed through-
out the section. The maximum Pd contents are found in the 
P3om mudstones. The P3at rocks have high Pt contents. The 
Permian rocks of the section show a strong Au–Pd correla-
tion and a weak Au–Pt one.

The Natalka and Pavlik gold deposits. These gold de-
posits are part of the Omchak ore–placer cluster, which in-
cludes a large number of ore occurrences, mineralization 
sites, and placers. Mineralization is controlled by large 
faults of NW strike localized in the Ten’ka deep-fault zone. 
The terrigenous rocks of the Permian Verkhoyansk Com-
plex in the study area are intruded by granite and granodio-
rite plutons and small bodies of different compositions. 
Among the igneous rocks, there are Early–Late Cretaceous 
volcanism relics (Goryachev, 2003) responsible for the late 
gold mineralization of the deposits (Sidorov et al., 2003).

The Natalka and Pavlik gold deposits are of the same 
metallogenic type. They are characterized by gold–quartz 
low-sulfide mineralization of the pyrite–arsenopyrite type 
and are localized in the zone of the chlorite–sericite subfa-
cies of the greenschist metamorphism facies.

The Natalka deposit is one of the largest gold deposits in 
Russia. The Permian hydrothermally metamorphosed sedi
mentary and volcanosedimentary deposits of the Pioner  
(P1-2pn), Atkan (P3at), and Omchak (P3om) formations are 
ore-bearing. The orebody location is controlled by lithology 
and stratigraphy. Most of the deposit orebodies are localized 
in the diamictites of the Atkan Formation. In the over- and 
underlying rocks, orebodies are traceable along large-fault 
zones for 200 m from their contact with the Atkan Forma-
tion (Struzhkov et al., 2006). The mineralization zone of the 
Natalka gold deposit extends for ~5 km, reaching 1 km in 
total width and 900–1000 m in vertical span. The gold min-
eralization is controlled by NW-striking faults and is pre-
dominantly of vein–veinlet type. The orebodies are zones of 
contiguous quartz veinlets with sites of metasomatic silicifi-
cation and scarce quartz lenses and veins. 

The deposit comprises more than 70 vein and ore miner-
als, with quartz prevailing (70–80%). Carbonates and feld-
spars are subordinate. The major ore minerals (95–99%) are 
arsenopyrite and pyrite; the accessory minerals are pyrrho-
tite, galena, sphalerite, scheelite, chalcopyrite, native gold, 
ilmenite, and rutile. Sulfides amount to ≤1–3 or, seldom, 5% 
(Goncharov et al., 2002).

The rock metasomatism is expressed as carbonation (pre-
ore stage), beresitization (gold ore stage), and wallrock al-
teration with the formation of carbonate–feldspar–arsenopy-
rite–quartz veinlets. Carbonation is pronounced as 
replacement of chlorite and quartz by carbonates and weak 
sulfidization (the presence of pyrite or, less often, pyrrho-
tite) in the deposits of both formations (P3at and P3om). Hy-
drothermal alteration is manifested as beresitization, evi-
denced from the uniform dissemination of pyrite and the 
replacement of albite by sericite and quartz, and as the pres-
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ence of quartz–feldspar, quartz–carbonate, and quartz vein-
lets with arsenopyrite inclusions. The maximum number of 
newly formed minerals is observed in the diamictites of the 
Atkan Formation (Alpatov and Mikhalitsyna, 2000).

The host rocks are characterized by high alkalinity (NAI 
= 0.54), with domination of sodium over potassium (Na2O/
K2O (AI) = 1.96). In the intense-beresitization zone, the 
relative content of potassium increases (AI = 0.21). Accord-
ing to the hydrolysate index, the rocks are classified as clay-
siliceous shales (HI = 0.19) (Table 1).

The rocks of the ore-bearing strata of the Natalka gold 
deposit have a varying content of carbonaceous matter 
(CM). Most of CM is localized as clusters of dispersed or-
ganic matter along the foliation zone. There are also finest 
(thousandths of mm to 0.1–0.2 mm) graphite flakes, isomet-
ric rounded, lenticular-oval, and angular inclusions of oil 
series CM (0.1–0.4  mm), and clusters of globular CM in 
small quartz and quartz–chlorite lenses (0.05–0.06  mm) 
(Pluteshko et al., 1988). The average carbon isotope compo-
sition (δ13С) of the rocks and ores of the Natalka deposit is 
about –22‰, and that of the tectonites is –17‰, which indi-
cates the primary sedimentary nature of organic matter and 
the formation of carbonates in the rocks, tectonites, and ores 
through its transformation (Voroshin et al., 2000; Goncharov 
et al., 2002).

The Pavlik deposit is localized in the late Permian depos-
its of the Omchak and Atkan formations. The ore-control-
ling structures of the deposit are similar to those of the Na-
talka ore field. The deposit orebodies are confined to the 
feathering fractures of major faults, mostly to the shear frac-
tures of NW strike. The rock metasomatism is expressed as 
beresitization (stockwork carbonate–quartz hydrother-
malites with pyrite, arsenopyrite, and gold dissemination) 
and propylitization (chlorite, sericite, and pyrite). The veins 
are of essentially quartz, quartz–carbonate, and, seldom, 
carbonate composition. Quartz is a predominant vein min-
eral (90 vol.%). Calcite, chlorite, sericite, albite, kaolinite, 
K–Na-feldspar, and adularia are minor. The amount of cal-
cite–quartz material in the ores seldom exceeds 5–10 wt.%. 
The ore minerals are arsenopyrite (prevailing), pyrite, and 
native gold; sphalerite and galena are subordinate; and chal-
copyrite, ilmenite, rutile, scheelite, and apatite are scarce. 
The total amount of ore minerals is no more than 0.5–
1.0 wt.% (Goncharov et al., 2002).

The ore-bearing rocks of the Pavlik deposit are character-
ized by normal alkalinity (NAI = 0.35) with a predominance 
of potassium (AI = 0.66) (Table 1).

Analysis of the sulfur isotope composition of arsenopy-
rite and pyrite from the ores of the two deposits showed 
close δ34S values: –3.4 to –3.8‰ (Natalka) and –2.8 to 
–3.5‰ (Pavlik), which suggests a crustal source of sulfur.

The ore-bearing rocks of the deposits have high contents 
of chalcophile elements Au, Ag, As, W, and Sb and near-
clarke contents of Pb, Cu, Zn, Ni, and Co relative to their 
average contents in the upper continental crust (Taylor and 
McLennan, 1985) and in the unaltered Permian rocks of the 

Tikhonya Brook (Table 2). Note that the rocks of the Pavlik 
deposit are orders of magnitude richer in Bi than those of the 
Natalka deposit. A similar specific feature was established 
for the Rodionovskoe gold deposit (Volkov et al., 2016).

Geochemical associations in the Natalka and Pavlik ores 
were identified by calculation of element correlations at a 
99% confidence level (Smagunova and Karpukova, 2012). 
The geochemical associations typical of the Natalka deposit 
are as follows: (1) strong correlation between Au and ore-
indicative elements Pb–Bi–W, (2) Co–Zn–Cu, (3) Ni–Sn–
Ag (and a weaker correlation with Mo), (4) As–Sb, and (5) 
Se–Te. The geochemical associations specific to the Pavlik 
deposit are: (1) Ag–Au, (2) Co–Zn–Ni–Pb–Mo–Sn, and 
(3) W–Sb–Se (and a weaker correlation with Cu).

REE patterns of the unaltered late Permian rocks. Table 2 
presents the determined contents of REE in the unaltered 
sedimentary and volcanosedimentary rocks of the Tikhonya 
Brook and in the hydrothermally metamorphosed rocks of 
the Natalka and Pavlik gold deposits.

The Tikhonya Brook section. To determine the compo
sition of sedimentary rocks and the redox conditions of their 
formation, we used the following efficient techniques: 
(1) comparison of the composition of clay shales and mud-
stones with the composition of the PAAS, NASC, ES, or 
RPSC geochemical standards; (2) analysis of the behavior 
of the Eu/Eu* and Ce/Ce* anomalies; and (3) analysis of the 
ratio of trace elements typical of acid or basic rocks in the 
clay shales and mudstones (Th/La, Nb/La, U/Th, and Co/
Ni). The Eu/Eu* and Ce/Ce* anomalies are used to estimate 
the redox parameters of a solution, because these elements 
are present in two valence states (Bau, 1991).

The maximum total REE contents are found in the P3om 
siltstones (173.25 ppm), and the minimum ones, in the P3at 
diamictites (63.67 ppm). The LREE/HREE ratios in the P3at 
rocks vary from 4.9 to 9.3, averaging 7.57 ((La/Yb)N = 
6.76–9.00). The highest REE fractionation is observed in the 
deposits of the Omchak Formation, where LREE/HREE 
varies from 5.2 to 11.16, averaging 8.60 ((La/Yb)N = 8.27–
16.83).

The P3om deposits are enriched in LREE and show a 
well-pronounced negative Eu anomaly (Eu/Eu* = 0.60), 
which is close to the average Eu/Eu* value in the PAAS 
(0.66). The P3at rocks show a LREE fractionation and a 
weak negative Eu anomaly (Eu/Eu* = 0.79). Cerium anom-
aly (Ce/Ce*) is not pronounced in the unaltered rocks. The 
analyzed samples from the Tikhonya Brook are slightly de-
pleted in LREE relative to the PAAS (Nance and Taylor, 
1976) (Table 3).

The unaltered rocks of the Tikhonya Brook are character-
ized by Eu/Eu* < 1, which indicates a predominance of Eu3+ 
and, accordingly, the relatively oxidizing conditions of sedi-
mentation.

Monazite (kularite), Nd-monazite, and xenotime are 
REE-concentrating minerals. In the P3om rocks, REE phos-
phates are represented by oval and rounded monazite grains 
with a shagreen surface, 47–93  µm in size; the monazite 
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contains Ce and La oxides. The deposits of the Atkan and 
Omchak formations contain lumpy-angular Nd-monazite 
grains 28–70 μm in size, sometimes with a ThO2 impurity, 
and xenotime grains with Dy2O3, Er2O3, and Gd2O3 impuri-
ties (Mikhalitsyna and Sotskaya, 2016).

To assess the redox conditions in the late Permian sedi-
mentary basin, we used the U/Thav and Сo/Niav indices 
(Jones and Manning, 1994; Kun et al., 2014).

In an oxidizing medium, U/Th ≤ 0.75; in an anoxic me-
dium, U/Th = 0.75–1.25; and in a reducing medium, U/Th > 
1.25. The Co/Ni < 1 value indicates a low temperature of 
mineralization, and Co/Ni > 1.5 points to a relatively high 
temperature of mineralization with the participation of a 
magmatic fluid (Jones and Manning, 1994; Kun et al., 2014).

The U/Thav value is 0.27 and 0.20 in the unaltered rocks 
of P3at and P3om, respectively, which is close to the upper-
crust value (0.25 in the PAAS) and indicates the oxidizing 
conditions of sedimentation. The Co/Ni ratios vary from 
1.11 in the fine-grained rocks to 2.11 in the diamictites of 
P3at and from 1.17 in the sandstones to 1.50 in the mud-
stones of P3om. The high Co/Ni values in the diamictites of 
the Atkan Formation suggest the contribution of a magmatic 
source to their formation.

REE patterns of the ores of the Natalka and Pavlik gold 
deposits. The REE patterns are chondrite-normalized (Fig. 2). 
To estimate the behavior of REE during the ore-forming 
process, we normalized the REE contents of hydrothermally 
altered rocks to the background REE contents of the primary 
rocks (Tikhonya Brook) (Fig. 2).

The analyzed ore-bearing rocks of the deposits are of the 
same structural and chemical types and are tentatively di-
vided into four groups: Group I (weakly altered rocks) com-
prises carbonaceous clay shales and siltstones with rare sul-
fide dissemination (<1%), tuffaceous-material impurity 
(≤5%), and single quartz and carbonate breakthroughs; 
group II (beresites) is siltstones with sulfide dissemination 
(~3%) and quartz and carbonate veinlets; group III is silici-
fied and brecciated rocks; and group IV is veined quartz.

The maximum total REE contents are found in the weak-
ly altered rocks (group I) of the Natalka and Pavlik gold 
deposits (103.95 and 150.07  ppm, respectively), and the 
minimum ones, in the vein quartz (group IV) (14.46 and 
24.13 ppm, respectively). The average total REE content in 
the deposit ores is lower than that in the host rocks (Ta-
ble 3).

All hydrothermally altered rocks are enriched in LREE. 
The highest LREE/HREE values are determined in the ore-
bearing rocks of the Pavlik deposit, 10.21–12.63 (the aver-
age is 12.33) ((La/Yb)N = 13.16–16.43). In the rocks of the 
Natalka deposit, the LREE/HREE value varies from 8.65 to 
10.55, averaging 9.40 ((La/Yb)N = 9.74–13.21).

The average REE contents in the deposit ores are much 
lower than those in the PAAS (Taylor and McLennan, 
1985); the ores of the Pavlik deposit show high LREE/
HREE values (Table 3).

The Eu/Eu* value in the rocks of the Pavlik deposit var-
ies from 0.41 to 0.90, averaging 0.64, which is close to the 
average values of the continental crust (PAAS, Eu/Eu* = 
0.66) and P3om deposits (Eu/Eu* = 0.60) (Tikhonya Brook). 
The Eu/Eu* value in the rocks of the Natalka deposit varies 

Fig. 2. Chondrite-normalized REE patterns of ore and unaltered rocks 
from the deposits: a,  Natalka, b,  Pavlik: I,  weakly altered rocks, 
II, beresites (metasomatized rocks) with inclusions of cubic pyrite and 
quartz veinlets, III,  silicified and brecciated rocks, IV,  vein quartz; 
c, REE patterns normalized to the Tikhonya Brook rocks (Natalka de-
posit (solid line) and Pavlik deposit (dashed line)).
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from 0.68 to 1.01, averaging 0.82, which is close to that of 
the P3at deposits (Tikhonya Brook) and is higher than the 
average Eu/Eu* value of the PAAS.

The Ce/Ce* values of the studied samples are close to the 
background ones (Table 3), averaging 1.04 at the Natalka 
deposit and 1.06 at the Pavlik deposit. The Eu/Eu* values 
are mostly lower than unity, which indicates a predomi-
nance of Eu3+ and the contribution of a relatively oxidizing 
fluid to their formation. The Eu/Eu* increase to 1.01 in 
some samples indicates a slight reduction of the mineral-
forming fluid (Anan’ev, 2012).

The ores of the Natalka and Pavlik deposits are charac-
terized by U/Th < 0.75 (0.16–0.20) (Table 2), which indi-
cates their formation under oxidizing conditions. The Co/
Ni index in the Natalka ores is smaller than 1.5 (0.45–1.23); 
such values are typical of low and moderate ore formation 
temperatures. The Сo/Ni index in the Pavlik ores is signifi-
cantly lower, 0.11–0.59, thus indicating a low temperature 
of ore-bearing fluids. In general, the data obtained are in 
agreement with the results of previous studies (Savchuk et 
al., 2018).

As shown earlier (Oreskes and Einaudi, 1990; Kun et al., 
2014), Cl-enriched hydrothermal fluids perfectly concen-
trate LREE but are poor in HREE, with their Nb/La and Th/
La values being ​​smaller than unity, whereas F-enriched hy-

drothermal fluids concentrate both LREE and HREE, and 
their Nb/La and Th/La values are usually greater than unity 
(Oreskes and Einaudi, 1990; Kun et al., 2014). The ores of 
both deposits are characterized by Nb/La and Th/La values 
smaller than unity (Table 2), which is typical of the hydro-
thermal NaCl–H2O system enriched in Cl relative to F.

The REE patterns normalized to the primary rocks (Tik-
honya Brook) show a redistribution of REE: The weakly 
altered rocks of the Natalka deposit are enriched in REE, 
and those of the Pavlik deposits, in LREE only. The bere-
sites are characterized by the input of MREE (detected in 
the Natalka ores) and the removal of other REE. The silici-
fied metasomatites, quartz breccias, and vein quartz from 
both deposits show almost identical REE patterns, which 
probably confirms the common nature of hydrothermal flu-
ids (Fig. 2).

Thus, both gold deposits formed with a change in REE 
contents. All studied rocks demonstrate similar REE pat-
terns: They are enriched in LREE and lack a Ce anomaly 
(0.95 < Ce/Ce* < 1), which indicates an insignificant role of 
oxidized meteoric waters in the formation of mineralization. 
The weak Eu anomaly (Eu/Eu* < 1) indicates a relatively 
oxidized fluid with a predominance of Eu3+ (Anan’ev, 2012). 
The Eu/Eu* increase in the P3at volcanosedimentary rocks 
(0.82–0.86) suggests a magmatic source of REE.

Fig. 3. Ore mineralization in the P3at rocks of the Tikhonya Brook: a, Cubic crystal and irregular-shaped pyrite grain (sample 2-8); b, galena 
microinclusions in pyrite; c, native gold (sample 2-4); d, microinclusions of native bismuth and copper and Fe–Cr inclusion in quartz (sample 2-2).
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Micromineralogy. The Atkan Formation (Tikhonya 
Brook). A comprehensive study of the diamictites of the At-
kan Formation revealed sulfides: pyrite, arsenopyrite, gale-
na, and sphalerite. Pyrite is present as cubic crystals and ir-
regular-shaped grains 20–52 μm in size (Fig. 3a). Sphalerite 
and galena are rare. Galena occurs as cubic crystals measur-
ing up to 20 μm and their intergrowths and also as elongate 
microinclusions 4–12 μm in size in pyrite grains (Fig. 3b). 
There are also a single grain of native gold, 2–4 μm in size 
(Fig. 3c), and microinclusions of native bismuth, up to 2 μm 
in size. The silty mudstones contain marcasite, single inclu-
sions of native bismuth (0.8–1.2  μm) and native copper 
(1.2 μm), and a Fe–Cr inclusion (2.6 μm) (Fig. 3d).

Nd-monazite and xenotime often occur in diamictites. 
Nd-monazite is present both as thick-tabular prismatic 
crystals 30–53 µm in size and their intergrowths (Fig. 4a) 
and as lumpy-angular grains. According to the EPMA data, 
the content of Nd2O3 in monazite varies from 7.79 to 
31.73 wt.% (Table 4). Xenotime (20–70 µm) is present as 
lumpy grains with angular edges and also as short-colum-
nar and bipyramidal crystals (Fig. 4b–d). It contains 7.07–
10.54  wt.% Dy2O3, 4.35–4.93  wt.% Er2O3, and 3.73–
7.46  wt.% Gd2O3 (Table  4). Sometimes, there is a ThO2 
impurity (3.46–7.21  wt.%) in monazite and xenotime. In 
addition to individual large grains, REE- minerals are pre

sent as microinclusions ~3 μm in size in the intergrowths of 
their grains with sericite, chlorite, and rutile. There are also 
intergrowths of monazite (23  µm) and xenotime (75  µm) 
grains (Fig. 4d).

The fine-grained rocks (silty mudstone) also contain REE 
phosphates (Nd-monazite and xenotime). The Nd-monazite 
has compact elongate and isometric lumpy-angular grains 
measuring 28–70  µm. The content of Nd2O3 varies from 
11.51 to 21.12  wt.%. There is often a ThO2 impurity 
(3–6 wt.%) (Table 4). The xenotime has tetragonal–bipyra-
midal grains 36–100 µm in size with impurities (wt.%) of 
Dy2O3 (7.37–7.89), Er2O3 (4.49–4.51), and Gd2O3 (3.83–
4.08) (Table 4).

The Omchak Formation (Tikhonya Brook). The siltstones 
contain sulfides pyrrhotite (43–85  µm) and arsenopyrite 
(40 µm) (Fig. 5a, b), zircon grains (Fig. 5a), and single ga-
lena grains.

REE phosphates are represented by monazite (kularite) 
and Nd-monazite (Fig. 5c, d). The kularite (47–93 µm) has 
lumpy, oval, and rounded grains with a shagreen surface and 
contains only Ce and La oxides (Fig. 5c). The Nd-monazite 
has compact grains with 22.10–31.47 wt.% Nd2O3 (Fig. 5d; 
Table 4). In addition to REE phosphates, one siltstone sam-
ple contains Ce-allanite (Се2О3  =  12–13  wt.%, La2О3 ≈ 
7 wt.%) grains measuring 47–121 µm (Table 4).

Fig. 4. REE-minerals in the P3at rocks of the Tikhonya Brook: a, Prismatic Nd-monazite crystal; b, Nd-monazite and xenotime grains; c, inter-
growths of bipyramidal xenotime crystals (a–c, sample 2-8); d, intergrowth of monazite and xenotime grains (sample 2-4).
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Table 4. Composition of REE-minerals in the rocks of the Atkan and Omchak formations of the Tikhonya Brook, wt.%

No. Сe2O3 La2O3 Nd2O3 ThO2 Y2O3 Dy2O3 Er2O3 Gd2O3 P2O5 Total

Silty mudstone (Atkan Formation, Tikhonya Brook,  sample 2-2)

1 29.25 13.11 16.33 6.17 — — — — 35.14 100.00
2 36.77 18.13 11.51 — — — — — 33.58 100.00
3 28.63 12.77 21.12 3.82 — — — — 33.67 100.00
4 — — — — 41.10 7.89 4.49 4.08 42.44 100.00
5 — — — — 39.47 7.37 4.51 3.83 44.82 100.00

Diamictite (Atkan Formation, Tikhonya Brook, sample 2-1)

6 34.24 22.44 7.79 — — — — — 35.53 100.00
7 34.85 20.22 9.74 — — — — — 35.19 100.00
8 35.62 11.73 17.39 — — — — — 35.26 100.00
9 28.68 8.02 26.29 — — — — — 37.02 100.00
10 35.78 18.91 9.76 3.46 — — — — 32.09 100.00
11 29.88 14.07 14.80 7.21 — — — — 34.04 100.00
12 32.75 17.25 12.70 4.22 — — — — 33.08 100.00
13 — — — — 38.54 7.71 4.52 4.49 44.73 100.00
14 — — — — 42.69 7.07 4.63 6.99 38.61 100.00

Diamictite (Atkan Formation, Tikhonya Brook, sample 2-4)

15 34.75 18.19 11.39 — — — — — 35.67 100.00
16 32.26 17.40 17.06 — — — — — 33.28 100.00
17 27.55 9.49 28.39 — — — — — 34.57 100.00
18 28.57 16.75 18.07 4.32 — — — — 32.29 100.00
19 28.29 12.42 19.59 5.16 — — — — 34.53 100.00
20 — — — — 41.56 7.57 4.63 3.80 42.44 100.00
21 — — — — 40.00 7.66 4.62 3.90 43.83 100.00
22 — — — — 42.35 8.37 4.74 4.78 39.77 100.00
23 — — — — 40.54 7.80 4.57 4.52 42.57 100.00

Diamictite (Atkan Formation, Tikhonya Brook, sample 2-8)

24 33.10 18.83 16.50 — — — — — 31.57 100.0
25 31.33 14.85 18.71 — — — — — 35.11 100.0
26 25.53 8.93 31.73 — — — — — 33.81 100.0
27 — — — — 48.34 8.54 4.93 3.73 34.46 100.0
28 — — — — 49.47 8.90 4.35 5.50 31.78 100.0
29 — — — — 45.36 10.54 4.71 7.46 31.93 100.0

Coarse-grained sandstone (Omchak Formation, Tikhonya Brook, sample 2-37)

30 50.28 15.86 — — — — — — 33.86 100.0
31 47.61 17.44 — — — — — — 34.95 100.0
32 44.52 23.48 — — — — — — 32.00 100.0
33 47.40 20.93 — 8.70 — — — — 22.97 100.0
34 21.79 6.75 37.38 — — — — — 34.08 100.0
35 36.41 12.07 24.29 — — — — — 27.23 100.0
36 29.02 14.79 20.28 9.03 — — — — 26.88 100.0
37 — — — — 59.03 6.84 3.36 2.33 28.44 100.0
38 — — — — 53.67 8.19 3.89 3.76 30.49 100.0

Siltstone (Omchak Formation, Tikhonya Brook, sample 2-38)

39 45.77 12.77 — — — — — — 41.46 100.0
40 47.33 19.03 — — — — — — 33.64 100.0
41 43.79 23.33 — — — — — — 32.88 100.0

(continued on next page)
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The studied coarse-grained sandstones contain pyrrhotite 
(40–50 µm), zircon, and REE phosphates (monazite (kula-
rite), Nd-monazite, and xenotime). The kularite, containing 
Ce and La oxides, has lumpy oval and rounded grains (47–
93 μm) with a shagreen surface. The Nd-monazite (Nd2O3 = 
20.28–37.38 wt.%) has compact lumpy grains (Table 4), sel-
dom with a ThO2 impurity (8.70–9.03 wt.%). The xenotime 
(46–90 μm) has thick-tabular and elongated prismatic grains 
with impurities (wt.%) of Dy2O3 (6.84–8.19), Er2O3 (3.36–
3.89), and Gd2O3 (2.33–3.76) (Table 4).

Streaky–disseminated ores of the Natalka and Pavlik 
gold deposits. Sulfide minerals of streaky-disseminated 

ores form fine dissemination, or, more seldom, clusters (5–
10 mm) in rocks. The main heavy-fraction minerals are ar-
senopyrite and pyrite. Arsenopyrite occurs as prismatic, 
flattened hexagonal, and rhombic crystals and their frag-
ments. Pyrite forms clusters of euhedral cubic and penta-
gon–dodecahedral crystals, often with an As impurity (up 
to 6.0%).

In addition to pyrite and arsenopyrite, the ores contain 
galena, chalcopyrite, sphalerite, scheelite, and rutile; some-
times, monazite and xenotime are present. Galena forms fine 
dissemination (measuring few microns) in arsenopyrite, py-
rite, and sphalerite as well as intergrowths with cobaltite and 

Table 4 (continued)

No. Сe2O3 La2O3 Nd2O3 ThO2 Y2O3 Dy2O3 Er2O3 Gd2O3 P2O5 Total

42 42.92 30.69 — — — — — — 26.39 100.0
43 32.59 8.93 31.47 — — — — — 27.01 100.0
44 30.26 14.31 22.10 6.64 — — — — 26.69 100.0

Siltstone (Omchak Formation, Tikhonya Brook, sample 2-17)

45 13.31 6.92 11.83 14.58 22.60 27.76 3.00 100.0
46 12.28 6.90 11.56 12.76 24.86 28.64 3.00 100.0

Note. Dash, not found.

Fig. 5. Ore and REE mineralization in the P3om deposits of the Tikhonya Brook: a, Elongate pyrrhotite grain; b, pseudopyramidal arsenopyrite 
grain (a, b, sample 2-17); c, monazite (kularite) grains; d, Nd-monazite grain (sample 2-38).
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gold; sometimes, it is present as individual cubic crystals 
(up to 60 μm).

Native gold is the main commercially valuable compo-
nent of the deposits. It is present in different forms, from 
microscopic rounded or, sometimes, irregular-shaped flakes 
and films to individual crystals and intergrowths. Gold mi-
croinclusions are found as fine (0.6–6 μm) dissemination in 
arsenopyrite and pyrite. Coarse grains of native gold (30–
60 μm and larger) are irregular-shaped and lumpy. There are 
also rounded and angular gold grains, often branched; crys-
tals with visible octahedral faces are rare. At the Natalka 

deposit, gold also occurs as intergrowths with galena, sphal-
erite (Fig. 6e), and scheelite and as fine dissemination in co-
baltite (Fig. 6f).

The Natalka gold deposit. The deposit ores contain epi-
taxic intergrowths of galena and arsenopyrite, tabular and 
pseudo-octahedral scheelite crystals measuring 60–90  µm 
and their intergrowths (Sotskaya et al., 2012), and gersdorf-
fite and cobaltite inclusions 2–3  µm in size, forming in-
growths in the rock matrix composed of sericite, albite, 
chlorite, ankerite, quartz, and ilmenite (Fig. 6a, b). The con-
tents of Ni and Co in the gersdorffite are 27–30% and ~7%, 

Fig. 6. Microinclusions in the Natalka ores: a, Gersdorffite; b, cobaltite; c, bismuthine; d, native cadmium in silicate matrix; e, intergrowth of gold, 
galena, and sphalerite; f, filmed gold in assemblage with colbaltite.
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respectively; the cobaltite has a Ni impurity (~5–8%). In ad-
dition to fine inclusions of Ni and Co sulfoarsenides, there 
are single cubic and octahedral cobaltite crystals 20–35 μm 
in size, often intergrown with pyrite and arsenopyrite.

The cobaltite grains contain galena inclusions measuring 
0.5 to 10–15  μm, and pyrite contains molybdenite flakes 
(7–14 µm) (Sotskaya et al., 2012). Most of the ore-bearing 
rocks (albite, sericite, and ankerite) have single inclusions of 
bismuthine (~1 µm) and native cadmium (2.6  µm) 
(Fig.  6c,  d). Earlier, native cadmium was found as inter-
growths with quartz of hydrothermal veins and veinlets and 
with chlorite and amphibole (containing 0.23–0.49% Cr) in 
the rocks of the South Verkhoyansk region. Probably, Cd 
formed at low temperature and pressure during the hydro-
thermal metasomatic alteration of terrigenous and carbonate 
rocks preceding the formation of streaky-disseminated min-
eralization (Lazebnik, 1984).

The REE mineralization of the Natalka deposit is repre-
sented by monazite and xenotime. Monazite microinclu-
sions measuring 1–7  µm or, seldom, up to 10–15  µm are 
often present in arsenopyrite and pyrite grains and grain ag-
gregates in the ore-bearing rocks (Fig. 6b) (Sotskaya et al., 
2012). The monazite contains REE oxides, mainly Ce and 
La ones, and no impurities of other HREE, in contrast to the 
authigenic kularite found earlier in the Tikhonya Brook sed-
iments (Nekrasova and Nekrasov, 1983; Tyukova et al., 
2007). Xenotime present as single fine inclusions (2–4 µm) 

in the ore-bearing rocks has no REE impurities other than 
Y2O3 (Table 5).

The Pavlik gold deposit. The deposit ores contain Ni and 
Co minerals both as individual crystals and as intergrowths 
with sulfides. Cobaltite with Ni (3–4%) and Fe (6–9%) im-
purities occurs as inclusions (2–3 to 20 µm) in pyrite. Two 
ore samples contain inclusions (4–50  µm) of freibergite 
(with 6–28 wt.% Ag) intergrown with chalcopyrite, arseno-
pyrite, and pyrite (Fig. 7a).

Native gold occurs as isometric inclusions (0.6–6 µm) in 
arsenopyrite (Fig. 7b) and pyrite. The ores also contain spo-
radic intergrowths of Au–Ag selenide (fischesserite(?)) 
grains (0.6–2.5 μm) intergrown with arsenopyrite (Sotskaya 
et al., 2012).

The detected REE phosphates are monazite, Nd-mona-
zite, and xenotime (Fig.  7c; Table  5). Their grains are of 
nearly the same shape and size as the REE phosphate grains 
from the Natalka gold deposit.

Rounded native-silver grains (1.1–5 µm) intergrown with 
arsenopyrite and, less often, arsenopyrite were found in the 
ores of both gold deposits. In addition, a single grain of Ag 
selenide (naumannite) was discovered at the Pavlik deposit, 
and silver telluride (hessite) grains measuring 2–59 μm were 
found at the Natalka deposit (Sotskaya et al., 2012).

Native gold and silver, Au and Ag selenides, and Ni and 
Co sulfoarsenides are present in assemblage with arsenopy-
rite and arsenous pyrite in the ores. Gold is often intergrown 

Table 5. Composition of REE-minerals from the Natalka and Pavlik gold deposits, wt.%

No. Сe2O3 La2O3 Nd2O3 Y2O3 P2O5 Total Sample, deposit

Monazite

1 43.22 25.31 — — 31.47 100.00 N-11-2-33, Natalka
2 43.54 23.54 — — 32.92 100.00 N-11-2-33, Natalka
3 46.18 22.56 — — 31.26 100.00 1-2-33, Natalka
4 44.45 22.92 — — 32.63 100.00 N-11-1-5, Natalka
5 47.02 21.10 — — 31.88 100.00 N-11-1-5, Natalka
6 46.00 22.67 — — 31.33 100.00 N-11-1-19, Natalka
7 46.20 22.77 — — 31.03 100.00 N-11-1-19, Natalka
8 61.13 — — — 38.87 100.00 R-11-2-9, Pavlik

Nd-monazite

9 17.73 — 41.31 — 40.96 100.00 R-11-2-9, Pavlik
10 25.62 — 35.45 — 38.93 100.00 R-11-2-9, Pavlik
11 34.57 — 26.38 — 39.05 100.00 R-11-2-9, Pavlik
12 27.74 — 36.98 — 35.28 100.00 R-11-2-9, Pavlik
13 29.59 — 33.87 — 36.54 100.00 R-11-2-9, Pavlik

Xenotime

14 — — — 56.29 43.71 100.00 700072, Natalka
15 — — — 59.11 40.89 100.00 700072, Natalka
16 — — — 57.13 42.87 100.00 700003, Natalka
17 — — — 68.05 31.95 100.00 N-11-1-19, Natalka
18 — — — 69.62 30.38 100.00 R-11-2-9, Pavlik

Note. Dash, not found.
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with galena, scheelite, and cobaltite. In addition to coarse 
grains, native gold is widespread as microscopic drops, 
films, and veinlets.

DISCUSSION

The Permian rocks over the area under study underwent 
postdiagenetic and regional metamorphic transformations 
(the initial stage of the greenschist facies metamorphism). 
This led to a change in the mineralogical composition and 
structure of the late Permian rocks, namely, exfoliation, the 
appearance of dissolution structures in granular rocks under 
pressure, and the formation of carbonate, sericite, and dis-
seminated sulfides. A large number of effusive fragments 
not resistant to dissolution under pressure led to the forma-
tion of conformal structures and the regeneration of frag-
ments. The rocks show different degrees of exfoliation (the 
coarse-clastic rocks are weakly foliated, and the clayey ones 
are cleavaged). Dispersed pyritization is observed in all 
studied rocks.

The above data on petrochemical indices show minor 
variations in their values in the unaltered and ore-bearing 
rocks of the deposits. The most contrasting difference is ob-
served for the hydrolysate index values: The unaltered rocks 
are siallites (clayey rocks), and the host rocks of the Natalka 

and Pavlik gold deposits are clay silicites (siliceous-clay 
shales). The studied rocks have normal titanium contents, 
which is typical of clayey rocks. The maximum alkali con-
tents are observed in the rocks of the Atkan Formation (Tik-
honya Brook) and Natalka gold deposit, which is due to the 
inflow of volcanic material into the sedimentation basin.

The Permian rocks of the Omchak Formation (P3om) 
contain Ca–Mn carbonate minerals, which might have 
formed from biogenic carbonate. Many trace elements (Co, 
Cr, Pb, Zn, Mo, Ag, Sn, Fe, Cu, and Ti) accumulate in ter-
rigenous deposits containing concentrating components, such 
as clay minerals, organic matter, iron and manganese hydrox-
ides, and finely dispersed iron sulfides (McMurtry et al., 
1991; Astakhov et al., 1995).

The ICP MS data show that the late Permian rocks of the 
Tikhonya Brook are enriched in Au, Ag, PGE, Co, Zn, Bi, 
and Pb and the ores of the Natalka and Pavlik gold deposits 
are enriched in As, Sb, W, Pb, Au, Ag, Pd, Ir, Bi, Cu, and Zn 
relative to the upper crust (Taylor and McLennan, 1988). 
The Bi enrichment of the Pavlik ores suggests the presence 
of a magmatogene fluid.

The Co/Ni ratio in the Pavlik ores is much smaller than 
unity, which is typical of a low mineralization temperature. 
The Natalka ores are characterized by Co/Ni = 0.45–1.23 
corresponding to the low–moderate temperatures of the fluid 
ore formation.

Fig. 7. Microinclusions in the Pavlik ores: a, Freibergite; b, gold intergrown with arsenopyrite; c, Nd-monazite.
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The formation of gold deposits proceeds with a change in 
REE contents. The Natalka and Pavlik gold deposits show 
similar REE patterns. The rocks are enriched in LREE; (La/
Yb)N increases from primary to hydrothermally and metaso-
matically transformed rocks. No Ce anomaly is observed, 
which indicates a minor contribution of oxidized meteoric 
waters to the ore formation.

The high Eu* anomaly in the P3at volcanosedimentary 
rocks (0.82–0.86), the morphology of REE-mineral grains, the 
presence of Nd impurity in them, and the high Co/Ni ratios 
(>1.5, up to 2.11) confirm the presence of a magmatic fluid.

We have established that the gold deposits formed under 
different redox conditions (U/Th ≤ 0.75, Nb/La < 1, and Th/
La < 1), mainly with the participation of a relatively oxi-
dized fluid enriched in LREE of the hydrothermal system 
NaCl–H2O, with domination of Cl over F.

Microminerals of ore-forming and associated elements 
are typical of ores of black-shale strata; some of them might 
be products of redeposition from the ore-bearing strata. The 
crucial role of the protoliths in the formation of mineraliza-
tion is evidenced by the isotopic composition of sulfide sul-
fur suggesting its crustal nature and by the composition of 
the organic matter of rocks and ores indicating its sedimen-
tary nature.

The Au and Ag contents in the Natalka and Pavlik ores 
are significantly higher than those in the late Permian rocks 
of the Tikhonya Brook. The abnormal As and W contents in 
the ores are due to the presence of arsenopyrite and scheelite.

At the Pavlik deposit, naumannite and fishesserite (Au 
and Ag selenides) were found at the faces of arsenopyrite 
crystals (Sotskaya and Goryachev, 2012). According to 
thermobarometric studies (Goncharov et al., 2002; 
Goryachev et al., 2008), the ores of the Natalka and Pavlik 
deposits formed at 220–350  ºC, which ensured the forma-
tion of mainly Ag and Au selenides because of the stronger 
affinity of Ag for Se rather than S at such P–T parameters of 
the fluid (Nekrasov, 1991). The scarcity of selenides is due 
to the low Se contents in the ore-bearing carbonaceous stra-
ta and, accordingly, in the fluid system of the gold deposits.

Electron microscope study of the unaltered rocks of the 
Tikhonya Brook showed that the P3om deposits are poor in 
ore and REE mineralization (pyrrhotite, arsenopyrite, mona-
zite, Nd-monazite, Ce-allanite, and xenotime). The P3at 
rocks have a more diverse mineral composition: pyrite, arse-
nopyrite, galena, sphalerite, marcasite, native bismuth, cop-
per, and gold, Fe–Cr inclusions, monazite, Nd-monazite, 
and xenotime, which mark their volcanosedimentary nature.

The REE phosphate with oval grains is usually called ku-
larite. The authigenic monazite (kularite) examined earlier 
in the Permo–Triassic strata of the Kular Ridge (Nekrasova 
and Nekrasov, 1983) and at the Natalka gold deposit (Tyu-
kova et al., 2007) have ellipsoidal or, more seldom, lumpy 
grains with a shagreen surface, 0.1–1.5 mm in size. The ku-
larite described by Nekrasova and Nekrasov (1983) contains 
not only Ce and La but also Th (≤1.40 wt.%) and Eu (up to 
2.19 wt.%), as well as Sm, Pr, Nd, Gd, Tb, and Dy. The 

kularite of the Natalka gold deposit contains Nd2O3, Pr2O3, 
Y2O3, and ThO2 (Tyukova et al., 2007).

Monazite from the P3om sediments of the Tikhonya 
Brook, having oval and rounded grains with a shagreen sur-
face and containing Ce and La oxides, can be referred to as 
sedimentary kularite. There are also compact lumpy-angular 
grains of Nd-monazite and igneous xenotime in the P3at and 
P3om sediments.

In the streaky-disseminated ores of the Natalka and Pav-
lik gold deposits, REE phosphates (monazite and xenotime) 
are present as microinclusions in arsenopyrite, pyrite, and 
aggregates of metasomatites.

In addition to the morphologic difference, the above min-
erals have different chemical compositions: The monazite 
from streaky-disseminated ores contains only Ce and La ox-
ides and no ThO2 impurity, and the xenotime lacks Dy2O3, 
Er2O3, and Gd2O3. Since REE are most mobile during hy-
drothermal and metasomatic processes (Kolonin et al., 
2001), they might dissolve and be redeposited from the host 
rocks in the ores. The intimate assemblage of the ore mona-
zite with the minerals of metasomatized rocks and with sul-
fide minerals (pyrite and arsenopyrite) as well as its mor-
phology and above-mentioned difference from xenotime in 
the set of impurities suggest its hydrothermal genesis. The 
intergrowths of monazite and xenotime with pyrite and arse-
nopyrite at the studied deposits suggest that REE migrated 
with hydrothermal fluids containing reduced sulfide sulfur 
(Giere, 1993). A minor part of REE migrated in the form of 
phosphate complexes, as evidenced by the high contents of 
P2O5 (Tikhonya Brook).

The REE and gold types of mineralization in other simi-
lar deposits are also of hydrothermal nature. Monazite in as-
semblage with pyrite, rutile, and apatite was found in the 
metasomatites of the Muruntau gold deposit, where a rela-
tionship between REE and gold minerals during the hydro-
thermal ore formation was established (Dunin-Barkovskaya, 
2007). Microinclusions of native gold (about 2 μm in size) 
were found in Ce-allanite from the Chudnoe gold deposit 
(Sotskaya et al., 2014), which also indicates a relationship 
between REE and precious-metal minerals in the course of 
hydrothermal metasomatic processes. The same is evidenced 
by the revealed finest (4–5 µm) isometric inclusions of REE 
minerals (tissonite, Ce, La, and Nd oxides, and monazite) in 
the matrix of metasomatites from the Chertovo Koryto gold 
deposit, composed of fluorapatite (up to 7.5% F), ankerite, 
calcite, sericite, and albite (Tarasova et al., 2016).

The ores of the studied gold deposits often contain cobalt-
ite and gersdorffite and, more seldom, bismuthine. Part of the 
Ni–Co-minerals was, most likely, inherited from the host 
rocks, and the other part formed during the rock formation.

CONCLUSIONS

Thus, the host late Permian carbonaceous strata partici-
pated in the formation of the Natalka and Pavlik gold depos-
its. This is evidenced by the redistribution of precious and 
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associated elements from the host and underlying rocks as a 
result of hydrothermal metasomatic processes and their con-
centration as new phases in ores.

The Permian rocks are characterized by supraclarke and 
near-clarke contents of Au, Ag, Co, Cu, Zn, Mo, Pb, Bi, and 
PGE relative to the upper crust.

The obtained data on the accessory minerals of the late 
Permian carbonaceous rocks showed that some of the ore 
elements form their own minerals. The ore minerals (pyrite, 
arsenopyrite, galena, sphalerite, and native bismuth, copper, 
and gold) revealed in the unaltered rocks with near-clarke 
contents of ore-forming elements suggest the presence of 
dispersed arsenic and bismuth minerals.

The local enrichment of the Permian Tikhonya Brook 
section (Mikhalitsyna, 2011; Goryachev et al., 2012) in 
trace elements Ni, Cr, and Co is confirmed by the presence 
of accessory minerals (native bismuth and copper, Fe–Cr in-
termetallic compounds) in the late Permian unaltered rocks 
and thus indicates their leading role in the ore formation of 
the Ayan–Yuryakh anticlinorium. Although Pt and Pd min-
erals were not found in the Natalka ores, the bead of these 
ores contains 1% Pt (Voroshin et al., 1995).

The analysis of the trace-element distribution in the de-
posit ores has shown their enrichment in chalcophile ele-
ments Au, Ag, As, W, and Sb relative to the average compo-
sition of the upper crust and the host Permian rocks. The 
high W and Bi contents in the ores suggest the involvement 
of a magmatic fluid in their formation.

The revealed microminerals of ore-forming and associ-
ated elements (Ni, Co, Sb, Mo, Cr, and Se) are typical of 
ores localized in black-shale strata. The fact that there are no 
abnormal contents of these elements indicates that they were 
redeposited from the ore-bearing strata but not supplied with 
ore-forming fluids. This is also evidenced from the isotopic 
composition of sulfide sulfur and the characteristics of car-
bonaceous ore material. As shown earlier, the host rocks are 
the main source of sulfur, whereas the deep-seated sources 
play a minor role (Goncharov et al., 2002; Tyukova and 
Voroshin, 2003; Goryachev et al., 2013).

The ore formation is accompanied by the destruction of 
rock-forming minerals and the removal of iron, which reacts 
with S, As, and Au supplied by solutions to form gold-bear-
ing pyrite and arsenopyrite (Zakharevich et al., 1987). The 
rock metasomatism is accompanied by the removal of Au, 
which leads to an increase in its concentration in the solu-
tion (Letnikov and Vilor, 1981). Obviously, gold was depos-
ited from hydrothermal solutions on sulfides (reduction bar-
rier); thus, gold microparticles formed. Microscopic gold 
intergrown with arsenopyrite and pyrite was deposited si-
multaneously with disseminated sulfides.

Rare-earth element mineralization in assemblage with 
gold-bearing sulfides and sulfoarsenides is also widespread 
in the ores. Probably, the ore formation was accompanied by 
the active leaching of REE from primary minerals (alumino-
silicates) and their subsequent migration in hydrothermal 
fluids, followed by the deposition of newly formed phases as 

finest segregations. All studied rocks have similar REE pat-
terns: They are enriched in LREE and show no Ce anomaly, 
which suggests the inheritance of REE from the late Perm-
ian unaltered rocks.

We have established that the gold deposits formed under 
different redox conditions, mainly with the participation of a 
relatively oxidized fluid enriched in LREE of the hydrother-
mal system NaCl–H2O, with domination of Cl over F.

The studies have shown that the host carbonaceous sedi-
mentary complexes, which served as additional sources of 
precious and associated metals, played a crucial role in the 
formation of the Natalka and Pavlik gold deposits. This is 
evidenced from the obtained geochemical and microminer-
alogical data on the redistribution of gold and associated 
elements during the formation of gold mineralization.
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