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Abstract—The ratios of vein and ore minerals bearing native gold, the shape and size native gold particles,
their surface features, variations in chemical composition, and the presence and distribution of impurities and
inclusions in them, allow sufficiently substantiated assumptions about ore-forming settings and composition,
phase state, and certain other parameters of ore-forming fluids that precipitated native gold. If these data are
insufficient for a full-fledged judgment on the ore formation processes, they can at least be used to curtail var-
ious genetic speculations. Certain typomorphic features of native gold were studied from one of the largest
orogenic gold deposits in northeastern Russia. New data on the grain size distriubtion and chemical compo-
sition of native gold and gold contents in sulfides of the Pavlik deposit were obtained. Optical and SEM
images were used to determine the ore texture, morphology, and internal structure of native gold and aurif-
erous pyrite and arsenopyrite. ICP-MS, EDS, EDX were used to assess the composition of gold grains,
EPMA and LA-ICP-MS were used to qualitatively and quantitatively characterize gold-bearing grains of
pyrite and arsenopyrite. It was established that microscopic (finely dispersed (>0.0005–0.01), dusty (>0.01–
0.05), extremely fine (>0.05–0.1)) (peak size at 0.075 mm), visible (very fine (>0.1 –0.25)), and fine (>0.25–
1.00)) (size peaks at 0.25, 0.55 and 0.85 mm) native gold in association with sphalerite, pyrrhotite, pyrite,
arsenopyrite, quartz, carbonates, albite, and sericite is widespread at the Pavlik deposit. Gold particles with
an average size of 0.3 mm predominate by weight. Comparison of grain size distribution data with the tech-
nological properties of ores and the results of mining in the Omchak ore–placer district made it possible to
establish that the share of dusty and fine-dispersed size classes accounts for at least 15–20% of the gold mass
at the deposit.
ICP-MS analysis of a bulk sample of a monofraction of native gold, which included native gold grains from
different parts of the deposit, showed that the composition of the monofraction includes Fe, Hg, As, Zn, Cu,
and Pb impurities. The average gold fineness was 806 with additional peaks of 775, 855, and 985 (EPMA
determinations). The heterogeneity of native gold is due to the redistribution of silver during late deformation
events and, to a lesser extent, removal of silver from gold in the ore oxidation zone. Inclusions in gold are rep-
resented by microvoids, disseminated fragments of host metasomatites, and crystals or crystal fragments of
potassium feldspar, albite, ankerite–dolomite, and arsenopyrite. The low gold content in pyrite and arseno-
pyrite, with a high (up to 287 g/t) gold content in arsenic-bearing pyrite and ratios of molar amounts of gold
and arsenic in arsenopyrite, may indicate that gold is bound in the crystal structure of sulfides. The relation-
ship between native gold and vein and ore minerals, the features of native gold, and the regularities of gold
distribution in pyrite and arsenopyrite do not contradict the hypothesis that native gold was deposited at a
single mineralization stage in a different substrate: (1) in the intergranular space (quartz–carbonate metaso-
matites), (2) in the interstitial space (in arsenopyrite and carbonates), (3) in microfissures in the host miner-
als. Obviously, the deposition of native gold is an independent process occurring against a background of
metamorphogenic (quartz–carbonate veins) and magmatic–metamorphogenic (disseminated pyrite and
arsenopyrite) mineralization. Comparison of native gold from ore and placer objects of the Omchak ore–
placer district has culminated in methods for using the typomorphic features of native gold to search for placer
sources. It seems that various inclusions in native gold with a porous surface are promising for identifying old
sources and reconstructing its crystallization conditions.
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INTRODUCTION

Orogenic Au deposits (mesothermal, vein) cur-
rently include the family of mineral deposits formed
during tectonic events at convergent tectonic plate
boundaries (Goldfarb et al., 2005). According to cal-
culations (Phillips, 2013), these deposits and their
accompanying placers (excluding Witwatersrand) are
responsible for about 45% of global Au production.
Orogenic deposits have formed throughout the
Earth’s geological history, and they are maximally
concentrated within Late Archean cratons, Paleopro-
terozoic mobile belts, and Phanerozoic orogenic
fold–thrust belts (Goldfarb et al., 2001). Various ore-
hosting rocks metamorphosed under upper–middle
crustal temperature and pressure conditions (200–
650°C and 1–5 kbar) (Groves, 1993; Tomkins and
Grundy, 2009; Bortnikov, 2006; Bortnikov et al.,
1998, 2004, 2007). Orogenic deposits are formed in
a compression setting within large strike-slip zones
(Groves et al., 2003). Fluids move along cleavage
zones that developed layer-by-layer (intraformational
fractures) and along subvertical regional fracture
structures during major seismic events and/or a sharp
increase in hydrostatic pressure (Cox, 2005).

As shown in recent reviews on orogenic gold depos-
its (Goldfarb et al., 2005; Goldfarb and Groves, 2015),
the long debate about the genesis of these deposits is
far from over. The authors of the reviews attribute this
to the fact that orogenic gold deposits form at crustal
depths from 3 to 15 km, and large objects younger than
50 Ma have not reached the surface; therefore, f luid
sources cannot be studied directly. Various processes
within or near gold deposition areas make it difficult to
reconstruct the original chemical composition of the
ore f luid. Extended fluid f low paths yield ambiguous
interpretations of the data obtained in f luid inclusion
(FI) and isotope studies. In addition, the formation of
orogenic gold deposits encompasses an extremely
broad time interval, during which the main changes in
Earth’s thermal state, its tectonosphere, hydrosphere,
and atmosphere took place.

Citing for comparison 30-year-old data (Kerrich,
1991) and (Nesbitt, 1991), Goldfarb and Groves
(2015) demonstrated that over that time, it was possi-
ble to amass reliable arguments against the hypothesis
of meteoric waters taking part in ore formation and the
absence of a genetic relationship between gold miner-
alization and halos from the development of lampro-
phyric magmatism. The main geological–genetic ore
deposit formation models consider f luid sources to be
various magmas (magmatogenic–hydrothermal), vol-
canosedimentary sequences with their metamorphic
(metamorphogenic model) or metagenetic (lateral-
secretion model) dewatering, volcanic activity syn-
chronous with sedimentary accumulation (hydrother-
mal sedimentary model), and, lastly, the hypothesis
on mantle sources of some fluids (Goldfarb and
Groves, 2015 and references therein). In recent years,
G

the idea of predominant metamorphogenic f luids
removed during dewatering of the sedimentary cover
and basalts of a subducting oceanic plate has won out
over other models. New evidence was recently
obtained by Prokofiev et al. (2020). In a core from the
Kola superdeep borehole, highly-gold-bearing f luid
inclusions have been established at depths from 9 to
11 km in gold-bearing quartz veins that formed during
Proterozoic regressive metamorphism of Archean
two-mica schists and amphibolites. The f luid inclu-
sions contain gold nanoparticles. The sources of the
gold and fluid itself are obviously exogenic (e.g., oce-
anic crust subducted in the Proterozoic), which were
dewatered under amphibolite facies conditions.
A hypothesis on the participation of magmatogenic
and metamorphogenic f luids in the formation of oro-
genic (mesothermal) deposits is currently being devel-
oped at IGEM RAS (Bortnikov, 2006; Bortnikov
et al., 1998, 2004; Vikent’eva et al., 2017).

Deposits hosting gold–quartz and gold(arsenic)–
sulfide ore assemblages can be found in Russian ore-
formation classifications that compare certain geolog-
ical conditions of deposits with the compositions of
productive mineral assemblages closest to orogenic
gold deposits in Phanerozoic orogenic fold–thrust
belts (see, e.g., (Konstantinov et al., 2000; Prostranst-
vennye …, 2002; Safonov, 2010). One of Russia’s larg-
est gold-ore provinces in which such deposits are
widespread is the Yano-Kolyma gold-bearing prov-
ince (YKGP), which tectonically corresponds to the
eastern part of the Mesozoic Yano-Kolyma fold region
(fold–thrust belt). For over 90 years, almost 4000 t of
gold have been mined from ore and, mainly, placer
deposits in this belt (according to (Mikhailov et al.,
2007) with an additional average annual output of
about 20 t). The majority of modern researchers, fol-
lowing the generalizing work of Soviet and American
geologists (Metallogenesis …, 2005), classify gold
objects that are the sources of a majority of placers, as
typical orogenic gold deposits in terrigenous com-
plexes (Voroshin et al, 2014).

In addition to geotectonic position (the rear zone
of the fold–thrust belt of a collisional orogen (Aristov,
2019)), the features of host rocks (terrigenous
sequences with a distinctly subordinate role of volca-
nic and carbonate deposits (Konstantinovskii, 2009),
distinct control of en echelon structures of regional
strike-slip faults (Shakhtyrov, 1997), and inconsistent
relationships with granitoids (Voroshin et al., 2014;
Goryachev., 2014), gold ore objects in the YKGP are
characterized by an assemblage of closely spaced or
partially spatially overlapping:

—zones and areas of noncoeval carbonate–seric-
ite–albite–quartz metasomatites, carbonate–quartz
veinlets, and banded and massive quartz veins (quartz
zone);

—zones and areas of sulfide (pyrite–arsenic
pyrite–arsenopyrite) impregnation in host rocks,
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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some metasomatites, and individual quartz veins and
veinlets (sulfide zone);

—zones of gold mineralization (from finely dis-
persed to large veinlets) in host rocks, veinlets and
veins, and sulfide impregnations (gold zone).

The ratios of quartz (free silica) and sulfides at the
YKGP deposits can vary quite strongly (from 99 : 1 to
1 : 1), but these objects are conventionally called
gold–quartz (Skornyakov, 1949). Although a detailed
mineral composition study made it possible (Gamy-
anin, 2001) to distinguish polymetallic (galena–
sphalerite), sulfosalt (boulangerite-bournonite), and
antimonite (berthierite–antimonite) ores, geochemi-
cally, the ores are virtually monometallic. An excep-
tion is As, which is consistently present in ores, but not
always in geochemical association with Au.

Below, we use both names of ore objects: gold–
quartz in cases of specific deposits of the YKGP, as
described above; for comparison with gold objects of
other Phanerozoic orogenic belts, the term orogenic
gold deposits is used.

For the gold–quartz ore objects of the YKGP,
there are two groups of hypotheses on their genesis:
the first does not separate the f luid sources from which
the mineral assemblages of the quartz, sulfide, and
gold zones formed, and the second envisages an inde-
pendent source of gold, associated to varying degrees
with sources of other f luids. The first group includes:

—the orthomagmatic hypothesis relating these
objects with dikes, small intrusions, batholiths, or
granitoid magma chambers in general (see, e.g., refer-
ences in (Voroshin et al., 2014);

—the metamorphogenic hypothesis (Firsov, 1985),
which is closer to the lateral-secretion hypothesis
(Boyle, 1979) than to modern hypotheses on meta-
morphogenic sources of ores at orogenic deposits sup-
ported by North American geologists.

The second group of hypotheses includes:
—A hypotheses emphasizing the importance of

host sequences as an intermediate gold source for
deposit formation (Buryak et al., 2002; Sidorov and
Thomson, 2000; Konstantinov, 2009), in particular:
(1) host sequences enriched with disperse gold trans-
ported from ancient sources and deposited at organic
and other barriers (Politov et al., 2008); (2) host
sequences enriched in syngenetic (Kryazhev, 2017),
diagenetic (Large, 2007), or contact-metamorphic
(Tyukova and Voroshin, 2007) sulfides. Various ther-
mal and tectonic events (programmatic metamor-
phism or emplacement of batholith intrusions) are
considered as subsequent events that redistributed
gold, which caused breakdown of sulfides and gold
migration in the form of nanoparticles or disulfide
complexes in accordance with temperature and pres-
sure gradients.

—Modifications to the magmatogenic hypothesis,
which emphasize the importance of magma transport
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
and concentration of ore material (see e.g. (Bortnikov,
2006; Goryachev, 1998; Goryachev et al., 2008)), sug-
gest that the magmatogenic f luid dominates during
ore deposition; i.e., sources of gold and sulfide sulfur
are located in deep-seated granitoid massifs, and the
presence of a certain amount of metamorphogenic
fluid is explained by contact metamorphism of the
host sequences. Precision studies of sulfides of pro-
ductive mineral assemblages at the Nezhdaninskoe
orogenic gold deposit (Chernyshev et al., 2011;
Chugaev et al., 2010) made it possible to prove the
presence in their composition of both “magmatic”
lead and lead removed from terrigenous rocks.

—The gold-bearing f luid is separated during man-
tle degassing (Anikeev et al., 1966; Gelman, 1976;
Novgorodova et al., 2004), and the remaining f luids
participating in the formation of veins and veinlets and
quartz impregnation of the sulfide zone form in situ
during different thermal and tectonic events, e.g.,
when sedimentary sequences subside to the level of
f luid and magma generation (Konstantinov, 2009).

As noted by (Goldfarb and Groves, 2015), the data
obtained on orogenic gold deposits from the results of
FI studies, variations in the composition of stable and
radiogenic isotopes, and the trace element composi-
tion of ores  are interpreted ambiguously due to the
complex formation history of the analyzed material.

For gold–quartz objects of the YKGP, the reasons
for this ambiguity may be:

—the recurring mass formation of compositionally
identical carbonate–quartz veinlets and accompany-
ing alterations in host rocks in the quartz zone, which
makes it difficult or almost impossible to verify the
occurrence of any directional changes in the composi-
tion of ore-forming f luids;

—variability of the morphological and physico-
chemical properties of pyrite and arsenopyrite of the
sulfide zone, which (i.e., the properties) are not
unambiguously related to the productivity of orebod-
ies, especially since a genetic relationship between sul-
fides of the sulfide zone and native gold has not yet
been established;

—owing to the difficulty in identifying metaso-
matic alterations and vein minerals directly related to
the formation of a productive mineral assemblage, the
ratio of native gold to ore and vein minerals is debat-
able and can be interpreted in different ways;

—ore minerals of variable composition, which are
usually considered indicators of the physicochemical
ore deposition conditions, are absent within the gold
zone or are found in ores in insignificant amounts;
variations in the composition of these minerals evi-
dence the surprising homogeneity of the ore-forming
environment.

A significant number of gold–quartz objects are
confined to long-lived shear zones and are located in
an active neotectonic zone; therefore, the formation of
secondary inclusions in deformed and regenerated
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quartz can continue, and in reactivated tectonic zones,
halogens and various noble gases may ascend to the
surface, which can also be used to reconstruct the for-
mation conditions of gold–quartz objects.

The diversity of the hypotheses also indicates that
the broad range of mineralogical and geochemical
data used allows researchers to more or less reliably
substantiate their viewpoints. For example, the entire
dataset on f luid inclusions and stable isotopes is
attributed to quartz zone formations. The isotopic
composition of sulfur and, in most cases, lead has been
determined for minerals of the sulfide zone. However,
the timing of the formation of the three zones, as well
as the quantitative ratio of mineral-forming and ore-
forming f luids, remains an open question and, more-
over, can significantly affect the adoption of a partic-
ular genetic and, accordingly, prospecting model.

Goldfarb and Groves (2015) believe that the prob-
lem of choosing between models involving the evolu-
tion of one f luid and models in which several f luids
evolve is generally philosophical and depends on the
personal preferences of the researchers. However, it
seems to us that the problem is not philosophical, but
rather consists in the choice of research object and
strict limitations of the data used. Consequently, ques-
tions arise: Which typomorphic features of which vein
and ore minerals and what FI, isotope, and other data
can be used to determine the formation conditions of
native gold and, accordingly, as prospecting features of
gold–quartz objects without additional qualifica-
tions?

In our opinion, to answer this question, it is neces-
sary to study native gold. As different researchers have
shown (Petrovskaya, 1973; Amosov and Vasin, 1995;
Samorodnoe …, 2015), the ratio of native gold to host
minerals, its shape, size of segregations, surface fea-
tures, variations in chemical composition, and the
presence of impurities and inclusions permit fairly
well-substantiated judgments about the permeability
parameters of the ore-hosting medium, the composi-
tion, phase state, and certain PT parameters of the
ore-forming f luids that deposited the native gold. If
this is insufficient for full-fledged judgments about the
ore formation processes, such parameters can be used
to limit the diversity of genetic speculations.
G

Geological studies have repeatedly proved the pos-
sibility of using native gold with certain typomorphic
features to predict the geological and economic type
and scale of ore objects, as well as as a direct feature in
prospecting for the primary sources of placers. The
importance of identifying and comparing typomor-
phic features of native gold at gold–quartz objects of
the YKGP is particularly high due to the ubiquitous
development of placer gold occurrences in Quaternary
deposits with low contrast and poorly expressed zon-
ing of geochemical halos associated with mineraliza-
tion. The morphology, size, and fineness of placer
gold in the YKGP has been quite well researched; sev-
eral published studies have generalized the data
obtained during placer mining of (Savva and Preis,
1990; Amuzinsky et al., 1992; Moskvitin et al., 1997).
The presence of native gold remains the only reliable
indicator of the outlook of prospecting sites for gold–
quartz objects, and variations in the morphology and
composition of native gold in placer halos or primary
occurrences at a site provide one of the few opportuni-
ties to establish the mineralogical and geochemical
zoning of the mineralization, as shown for the YKGP
(see, e.g., (Skryabin, 2010)). All these data were
obtained from bulk samples; modern analytical
research methods were used sporadically. Inhomoge-
neities and inclusions in native gold are not well
understood. Typomorphic features of native gold from
primary deposits have hardly been studied compre-
hensively and systematically, with few exceptions
(Pluteshko et al., 1988; Ostapenko et al., 2004; Lit-
vinenko, 2009).

The aim of this article is to identify the main gold
species, to determine some features of native gold at
the Pavlik gold–quartz deposit typical of the YKGP,
and to show the directions in which these features may
be used, both in genetic constructions and solving
practical problems.

BRIEF GEOLOGY
OF THE PAVLIK DEPOSIT ORE FIELD

The Pavlik deposit is located in the Omchak ore dis-
trict (Fig. 1, inset) of the Ten’ka gold ore metallogenic
zone. The Degdekan, Rodionovskoe, and Natalka
deposits are in the same zone (Eremin et al., 1994;
Fig. 1. Geological structure of Pavlik deposit ore field. (1) Quaternary alluvial deposits; (2–5) Permian system, upper section:
(2–4) Neryuchinskaya sequence: (2) upper subsequence: clay shale, (3) middle subsequence: silty-argillaceous shale, clayey
sandstone, diamictite, conglomerate, (4) lower subsequence: silty-argillaceous shale, sandstone, diamictite; (5) Atkan sequence,
diamictite with clayey sandstone and conglomerate lenses; (6–7) intrusive formations: (6) Late Cretaceous subvolcanic bodies of
explosive rhyolites with numerous fragments of siltstone, diorite, quartz veins (Vanin stock) (a), dikes (b); (7) Early Cretaceous
stocks of diorites (a), diorite dikes (b), lamprophyre dikes (c); (8) faults: Ten’kinsky fault (a), normal faults (b), strike-slip faults
(c), thrust faults (d), inferred under the cover of Quaternary deposits (e); (9) quartz vein zones; (10) zones with vein-disseminated
ankerite–quartz and pyrite–arsenopyrite mineralization (ore zones): in plan view (a), on section (b); (11) bedding elements.
Inset: tectonic diagram of eastern part of Verkhoyansk–Kolyma fold belt (after (Aristov, 2019) with simplifications). (1) Upper
Jurassic-Cenozoic orogenic formations: volcanic and terrigenous (a), granitoid (b); (2) Verkhoyansk–Kolyma sedimentary
basin; (3) North Asian craton (Siberian Platform) and Kolyma–Omolon superterrane; (4) Okhotsk terrane; (5) modern litho-
spheric plate boundary ((NA, North American, EU, Eurasian, after (Tektonika.., 2001); (6) largest fault systems: reliably estab-
lished (a), inferred (b); (7) Omchak ore–placer cluster (TR); (8) gold–quartz deposits: Natalka and Pavlik (a); other (b).
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Fig. 2. Quarry of Pavlik deposit. Northwest view. (a) Before workings for 2008; (b) as of August 19, 2017.

(a) (b)
Goncharov et al., 2002; Struzhkov et al., 2006;
Goryachev et al., 2008). The Pavlik is one of the larg-
est gold deposits in northern Russia. Gold resources of
categories C1 + C2 (measured and indicated
resources) for 2019 are about 220 t, and resources of
category P1 (inferred resources) are at least 80 t
(according to JSC Pavlik Gold Mining Company
(https://www.arlan.ru/gold/activities/mineral-resources-
base)).

The deposit was discovered by geologist N.A. Aseev
almost simultaneously with the Natalka deposit
(Goncharov et al., 2002), but for many years it
remained in the shadow of the latter. After repeated
works on appraisal and exploration of the deposit, its
development began only in 2008, which up to now has
been carried out in an open pit (Fig. 2).

The host Permian terrigenous and volcanic–terrig-
enous rocks are represented by f lysch interbedding of
mudstone and sandstone with interlayers of volca-
nomictic gravelstone (diamictite). The area of the ore
field (Fig. 1), with the exception of several thin (up to
1 m) dikes of intermediate composition, is nonmag-
matic. The Vanin stock is known at the NE periphery
of the ore field (Sidorov et al., 2010), the outcrop area
of which is about 1 km2. The stock is a complexly
structured Jurassic–Early Cretaceous diorite body of
the Nera-Bokhapcha Complex, broken by explosive
breccia with fragments of the same diorite and gold-
bearing quartz, cemented by Late Cretaceous rhyolite.
Comparison of the composition of the stock rocks
with those of igneous complexes identified by (Pal-
ymskii et al., 2015) permits the conclusion that the
gold mineralization of the Pavlik deposit is synoro-
genic.

A large NW-trending tectonic landform is consid-
ered the ore-controlling structure (Savchuk et al.,
2018), which corresponds to a fragment of the Ten’ka
fault zone (Shakhtyrov, 1997). The halos of sulfide
(pyrite–arsenopyrite) impregnation and quartz and
carbonate–quartz veinlets are predominantly concen-
trated within en echelon fractures of the footwall of
G

this structure; they are less frequently observed along
individual fissures in the hanging wall. The economic
gold content has only been revealed in footwall struc-
tures. Strike-slip faults steeply (70°–75°) dipping to
the east are represented by crush and expansion zones,
complicated by a series of subparallel reverse- and
normal-fault en echelon fractures. The morphology
and spatial position of adjacent fractures at the time of
their formation corresponds to right lateral strike-slip
paragenesis. The orientation of slickenlines and small
offsets along partial fault sutures suggest that early dis-
placements were reactivated in the case of sinistral off-
sets.

The sampling results revealed several linear ore
zones with a NW strike of 300° and NE dip of 40°–
70°. Ore mineralization zones consist of combined
blocks (from 0.1 to several meters) of weakly and
intensely metasomatically and tectonically altered
rocks with tectonic crush and mylonitization zones,
which contain fragments of boudinaged veins, vein-
lets, hydrothermal breccia, and fragments with a pyrite
(arsenopyrite)–carbonate–chlorite metasomatite–
sericite–quartz composition after siltstone. The larg-
est zones, 1 (steeply dipping) and 9 (relatively gently
dipping), are traced by the profiles of boreholes and
underground mine workings for more than 5000 m
along strike and 750 m along dip, with a width of 10–
300 m. From the sampling results, orebodies from 1.5
to 7.0 m thick have been identified within ore zones.
The ore zones of the Pavlik deposit were opened by a
quarry and boreholes to depths of more than 300 m
from the surface. The average gold grade in the ore is
2.61 g/t; in rich areas, up to 10 g/t. The gold–silver
ratio is 4.35 : 1. The gold distribution is uneven. The
gold reserves of the Pavlik deposit are 185.9 t (ore
reserves of 7.12 mln t of ore with an average gold grade
2.61 g/t or about 6 mln gold oz). Annual production
fluctuates around 6.5 t. Ore is proccessed by conven-
tional gold extraction technologies: gravity, f lotation,
and sorption leaching (according to data at
www.arlan.ru).
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Fig. 3. Typical ores of Pavlik deposit. (a) sample PLK108_1 (Au = 0.12 g/t). Early quartz vein with relict carbonaceous matter (1)
intersected by vein of milky white quartz with albite (2). Vein with gray quartz and disseminated arsenopyrite (3) crosscuts early
veinlets with displacement (sinistral shear or reverse fault) and in turn is intersected by vein of translucent chalcedony with voids
filled with plicated quartz (7). Arsenopyrite develops along suture seams made of carbonaceous matter in quartz (1). (b) Sample
PLK108 (Au = 8.1 g/t) and (c) sample. PLK110 (Au = 2.6 g/t), relationships between arsenopyrite–quartz–siltstone breccia (4),
productive gray quartz with arsenopyrite (3), and quartz–ankerite breccia and veins (5). (d) Sample PLK109 (Au = 0.48 g/t),
veinlets of productive gray quartz with arsenopyrite (3 and 4) and disseminated arsenopyrite intersected by late veinlets and ultra-
fine stringers of calcite (8); (e) sample PLK146 (Au = 13.7 g/t), relationships between gold-bearing (areas with native gold seg-
regations) quartz–sericite–carbonate microveinlets (6), layered veinlets of arsenopyrite–quartz–siltstone breccia (4), gray
quartz veins (3) and late veins with calcite (8); (f) Sample PLK101 (Au = 0.82 g/t), silicified and impregnated with sulfide impreg-
nation of mylonite, crosscut by late netlike vein of fine-grained pyrite (9).
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The ore is a mineralized crush zone in siltstone
with pyrite phenocrysts, less frequently arsenopyrite
and quartz, quartz–carbonate and pyrite(arsenopy-
rite)–quartz veinlets (Fig. 3). In the shear zone, bou-
dins of multistage quartz veins are widespread (Fig.
3a), along with gold-bearing breccia with siltstone
fragments in quartz and ankerite–quartz cement
(Figs. 3b, 3c). The morphological features of clasts in
breccia do not contradict the hypothesis that such
breccia formed during hydraulic fracturing. The ore
textures are streaked and disseminated (Figs. 3b, 3d–
3f). The sequence of vein formation, indicated by
numerals in Fig. 3, is individual for the Pavlik deposit
and does not completely coincide with that established
by us at other gold–quartz objects (e.g., Aristov et al.,
2016).

Among the ore minerals, ilmenite and various sul-
fides have been identified, in addition to native gold,
titanite, and rutile. The total amount of sulfides in ores
is no more than 2.0%. Arsenopyrite and pyrite of the
synore assemblage account for at least 95% of the total
amount of sulfides; up to 5% of sulfides represented by
pyrrhotite, sphalerite, chalcopyrite, fahlore, and
galena are even less common. According to (Sotskaya,
2017), traces of jamsonite, boulangerite, silver sele-
nide, and scheelite have been found.

In geological features (position in a large transpres-
sional shear zone, lack of direct relationship with
granitoid intrusions, and age between the initial (dio-
rite) and final (leucogranite and rhyolite) magmatism
of the orogenic stage in the evolution of the territory),
the deposit corresponds to an orogenic gold deposit
(after (Goldfarb et al., 2005)). In composition of the
productive mineral assemblage, the deposit can be
attributed to polymetallic gold–quartz objects (after
Gamyanin, 2001). The closest analogs of the Pavlik
are the Natalka and Degdekan deposits in the same
Omchak ore–placer region. The small amount of
quartz in the composition of ores (the SiO2 content in
ores rarely exceeds 67%) makes the Pavlik ores closer
to those of the Drazhnoe (Yakutia) and Bakyrchik
(Kazakhstan) deposits.

METHODOLOGY

To isolate native gold, 89 crushed samples were
taken, each weighing about 8 kg. Of these (Fig. 4),
29 samples from orebodies in the open pit, 56 samples
from borehole cores in the central part and on the
southeastern f lank of the deposit, and four samples in
the exo- and endomorphic contacts of the Vanin
stock. To analyze the fineness of native gold, we used
the results from a total analysis of 44 samples weighing
up to 300 kg, provided by the Pavlik Gold Mining
Company.

Field processing of the selected material included
the following:
G

1, sampling of chips for preparing transparent pol-
ished thin sections; 2 , comminution (up to 2 mm) and
partial abrasion of samples. To reduce mechanical
impact on free large native gold, abrasion was carried
out for 0.5 min with a standard duration of 10 min,
which made it possible to partially free thin native gold
and preserve a significant amount of nonabraded
material, +0.1 mm; 3 , selection and abrasion of sam-
ples for assay, X-ray f luorescence and mass spectrom-
etry (ICP-MS) analyses; 4, weighing of samples; 5,
washing of abraded material on a concentrating table
with isolation of gravity concentrate (gray concen-
trate); 5, selection from tailings; 6, weighing of con-
centrate; 7, manual finishing of the concentrate with
visual monitoring.

After finishing and drying of the concentrate, it was
viewed under a binocular microscope to determine the
quantitative ratios and morphological features of the
main sulfides (pyrite and arsenopyrite) and native
gold; native gold and sulfide monofractions were
selected, the amount of gold grains and ore minerals
were counted, and their linear dimensions were deter-
mined. When there was a sufficient amount of native
gold, it was weighed on a torsion balance; if weighing
was not possible, it was estimated using crossplots.
Then, to prepare sections for SEM and microprobe
analyses, gold particles with mechanical deformation
traces were removed from the samples. Traces of
deformations included fresh grooves on the surfaces of
gold grains, traces of hammering on the surface, twist-
ing of individual grains into wires or tubes, and hetero-
geneous contamination of gold grains with mechanical
impurities (fragments of arsenopyrite or quartz of dif-
ferent size).

The assay results were obtained in office conditions
for all samples. For the boreholes, the results of rou-
tine testing by the Pavlik Gold Mining Company
(assay analyses) were used; for 19 samples from the
quarry, the results of assay analysis carried out by the
standard method at the laboratory of TsNIGRI (Cen-
tral Research Institute of Prospecting for Base and
Precious Metals) (analyst T.V. Puchkov).

To determine the natural mineral assemblages of
native gold and clarify its main morphological fea-
tures, transparent polished thin sections were pre-
pared from chips taken from samples with a high gold
content, which were then examined and described.

The morphological features of native gold and its
relationship with other minerals were clarified by pho-
tographing individual gold and sulfide grains glued to
adhesive tape, as well as mounted and transparent pol-
ished sections in secondary and backscattered elec-
trons on a JSM-5610LV scanning electron microscope
(SEM) (Japan). All sections were preliminarily sput-
tered with a carbon coating. Sulfides, vein minerals,
and native gold were identified by semiquantitative
determination of their chemical composition on an
energy dispersive analytical spectrometer (INCA-
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Fig. 4. Sketch map of sampling points at Pavlik deposit site. (1) ore zones and bodies; (2) faults: confirmed (a) and inferred (b);
(3) IGEM RAS sampling points (numbered); (4) linear productivity of ore zones by boreholes (m g/t) (from data of V.A. Sidorov).
Inset: geographic position of deposit.
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Energy 450, UK) (EDS). The analysis was carried out
at a point with a locality of 7 μm for a light matrix and
1 μm for elements with large atomic numbers. This
was done according to the standard PhyRoZ proce-
dure, at an accelerating electron beam voltage of 25 kV,
and a radiation sampling angle of 450°, using an
INCAx-sight SDD detector with a resolution of <133
eV and a built-in set of standards. The content of trace
elements in native gold was determined along the line
Lα. For analyses of unpolished samples, the amounts
were normalized to 100%. Photography and analyses
were carried out by L.O. Magazina at the laboratory of
mineral crystal chemistry of IGEM RAS.
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
The character of the internal structure of gold
grains was determined at TsNIGRI by S.V. Yablokova
and L.N. Shatilova with etching of polished gold sec-
tions by Cr2O3 dissolved in HCl.

Categorization of the relationship between gold
grains and host rocks and sulfides, as well as identifi-
cation of inhomogeneities in their internal structure
was done in polished sections (checkered and thin sec-
tions) with photography in backscattered and second-
ary (SE) electrons and characteristic X-ray mapping
on a JEOL-JXA-8200 microprobe. The contents of
major and trace elements in sulfides and native gold
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were measured with a JXA-8200 electron probe
microanalyzer according to the standard method
(EDX) (laboratory for analysis of mineral matter,
IGEM RAS, analysts E.V. Kovalchuk and S.E. Bor-
isovsky). The analysis was carried out with an acceler-
ating voltage of 20 kV, a Faraday cup current of 20 nA,
and a sampling spot diameter of 1 μm. The exposure
time was 20 s. The WDS detector had a resolution of
<133 eV. Corrections were calculated by the ZAF cor-
rection method with JEOL software. The Au impurity
content in pyrite and arsenopyrite was also determined
on a JEOL JXA-8200 using a precision technique
(Kovalchuk et al., 2017) (increased exposure time).

To determine low Au concentrations in sulfides, we
used LA-ICP-MS on an XSeries2 quadrupole mass
spectrometer with a NewWave213 laser system. The
scanning rate was 15 Hz; the laser energy, 5–7 J/cm2.
The isotopes S33, V51, Mn55, Co59, Ni60, Cu65,
Zn66, Ga69, Ge72, As75, Se77, Mo95, Ag107, Cd111,
In115, Sn118, Sb121, Te125, Au197, Hg202, Pb208,
Bi209, which were selected after (Plotinskaya et al.,
2017). The LA-ICP-MS detection limit for gold was
0.01 g/t with a sampling spot size of D = 30–80 μm.
The detection limits for other elements are shown in
the tables.

To identify invisible gold, LA-ICP-MS analysis
was carried out in the profile version for some arseno-
pyrite and pyrite grains. Pyrite grains were scanned
both across the visible sections with 40-μm-wide lin-
ear profiles at a rate of 5 μm/s and over an area (about
80 μm in diameter) with a time delay of 95 s (to depth).
Each analysis was preceded by a 30-s recording of the
noise signal. The MASS1C-USGS commercial stan-
dard was used as the benchmark sample. Instrument
drift was corrected according to the Fe57 internal stan-
dard. Calculations were performed with Iolite 2.5 soft-
ware. All LA-ICP-MS analyses were performed at the
laboratory for analysis of mineral matter at IGEM
RAS (analyst V.D. Abramova).

For a composite (gross) sample, the composition
of native gold was determined at the TsNIGRI labora-
tory by ICP-MS on an ELAN 6100 device (a detailed
description of the method can be found in (Nikolaeva
et al., 2013)).

MAIN RESULTS
Mineral Assemblages

The study of veinlet intersections, mineral relation-
ships, features of mineral grain boundaries, as well as
ideas on possible equilibria of minerals under certain
physicochemical conditions, made it possible to iden-
tify several mineral assemblages and order them rela-
tive to the time of ore mineralization. There is insuffi-
cient evidence that the identified mineral assemblages
were in equilibrium. The compositions of these assem-
blages contain a number of recurring paragenetic min-
eral assemblages (e.g., quartz + carbonate + chlorite,
G

quartz + albite, arsenopyrite + pyrite, pyrite +
sphalerite), which is unsurprising: deposition ceased
after the available space healed, then continued after
each tectonic displacement. Equilibrium was repeat-
edly disturbed due to the change in PT conditions, not
due to changes in the f luid chemical composition.

The earliest mineral assemblage includes white
quartz, fragments of which are noted in tectonites
(Fig. 3a), sometimes fractured and cemented by late
quartz with ankerite and sulfides. Banded quartz tex-
tures suggest the development of these veins parallel to
cleavage planes.

All later veinlets crosscut regional cleavage
(Figs. 5e, 5g).

The earliest assemblage includes veinlets and
metasomatites of albite–ankerite–quartz composition
with titanite (Figs. 5a, 5e, 5f) and chlorite–hydrom-
ica–quartz composition with ilmenite and rutile. The
criterion for assigning vein formations to pre- and syn-
ore assemblages is the presence/absence of Ti minerals
together with albite.

The synore assemblage (the time of formation of
minerals in the assemblage partially or completely
overlaps the formation of minerals of the productive
(gold-bearing) assemglage) includes veinlets and
metasomatites of pyrite(arsenopyrite)–carbonate–
chlorite–sericite–quartz composition (Figs. 5c, 5d,
5f, 5g). Quartz–carbonate–sericite(±potassium feld-
spar), quartz–carbonate (chlorite)–albite–sericite,
and quartz–carbonate–albite metasomatite varieties
(facies) are the most clearly distinguished. Breccia
with fragments of host rocks and early quartz with
varying degrees of tectonic roundness were established
in all uncovered horizons and throughout the ore
zones. The fragments were cemented and partly
replaced by quartz, albite–quartz, and ankerite–
quartz cement (Fig. 5d).

The amount of sulfides of the synore assemblage
makes up about 95% of all sulfides in the deposit. The
amount of arsenopyrite in different samples varies
from 5 to 80%, and pyrite, from 20 to 99%. Arsenopy-
rite and pyrite are observed in disseminated halos in
metasomatites after siltstone and tectonite; in thin
quartz, ankerite–quartz veinlets; mineralized breccia
of siltstone with quartz and ankerite–quartz cement is
also encountered. The earliest iron sulfides are repre-
sented by disseminated framboid metasomatic pyrite
replacing consedimentary carbonates (Fig. 5b); the
most recent are microgranular pyrite aggregates in
veinlets with chalcedony-like quartz (Figs. 3f, 5g).
Some veinlike pyrite grains contain native gold inclu-
sions (Fig. 5g).

Unlike pyrite, which is widespread throughout the
entire area of the deposit, arsenopyrite tends to the
axial parts of ore zones. Analysis of the relationship
with pyrite shows that arsenopyrite forms separate
blocks in heterogeneous pyrite metacrystals (Figs. 5c,
5e), traps early pyrite crystals during growth (Fig. 6a),
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Fig. 5. Pre- and synore mineral assemblages of Pavlik deposit.(a) impregnation in host siltstones and titanite (tit) crystal in selvage
of albite (ab)–quartz (q)–ankerite (ank) veinlet (2 in Fig. 4), transparent polished thin section PLK-119, transmitted light,
nicols+ ; (b) framboid and subeuhedral pyrite (py) in ankerite–quartz–albite metasomatite with titanite, transparent polished
thin section PLK-132, reflected light, nicols=; (c) intergrowths of pyrite (py) metacrystals with heterogeneous (block) structure
closely intergrown with arsenopyrite (asp) and with inclusions of chalcopyrite (chp) along cracks, transparent polished thin sec-
tion PLK-119, reflected light, nicols=; (d) breccia (4 in Fig. 4) of silicified and sericitized siltstone with albite (ab)–quartz (q)
cement, replaced by carbonate (ank). Judging from induction boundaries, growth of well-formed arsenopyrite (asp) crystals
occurs almost simultaneously with growth of albite and quartz. Transparent polished thin section PLK-117, transmitted light:
nicols =, +; (e) metasomatic growth of pyrite–arenopyrite impregnation: pyrite metacrystals overgrow arsenopyrite in quartz–
carbonate vein (3 in Fig. 3) with arsenopyrite and leucoxene (lks), transparent polished thin section PLK-141, reflected light,
nicols=; (f) albite–quartz–carbonate veinlets (3, 4 in Fig. 4) with ore minerals crosscut cleavage, accompanied by thin, substan-
tially carbonate en echelon veins, transparent polished thin section PLK-143, transmitted light, nicols+ and reflected light,
nicols=; (g), aggregate of pyrite crystals connects filamentary sericite–carbonate veins (6 in Fig. 4), crosscuts carbonate vein (5 in
Fig. 4) and is subparallel to late micrograin quartz vein (7 in Fig. 4). Pyrite contains fine gold impregnation. Transparent polished
thin section PLK-125, transmitted light, nicols=, +, examined area, reflected light, nicols=.
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and grows pyrite crystals; ultimately, pyrite grows
arsenopyrite crystals (Figs. 6d–6f). Based on these
relationships, it can be concluded that the duration of
arsenopyrite crystallization is shorter than that of
pyrite crystallization. Judging from the composition of
inclusions in arsenopyrite from ore zone 1 (Fig. 6a),
the solutions from which arsenopyrite is formed are
not in equilibrium with the host rocks. While pyrite
hardly undergoes any alteration during arsenopyrite
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
crystallization, host rock minerals containing calcium
or magnesium (dolomite–ankerite, apatite) are
replaced or partially dissolved. Analogs of the synore
assemblage were observed on the northern f lank of the
deposit, in the Vanin stock’s zone of influence. Arse-
nopyrite hosts lellingite and bismuth telluride impreg-
nation (Fig. 6b).

The growth of metasomatic crystals with a large
number of relict host rocks and, partially, well-formed
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Fig. 6. Ratios of arsenopyrite with minerals of auriferous (productive) assemblage, (a) PLK185. Metasomatic growth of arseno-
pyrite (asp) into albite (Ab)–sericite (ser)–dolomite–ankerite (siderite) (dol–ank)–quartz (Q) microgranular aggregate with
apatite (Ap) segregations and pyrite (py) impregnation. Monazite (Mon) is formed in arsenopyrite due to apatite, and biotite (bt)
due to sericite and siderite. Pyrite relicts are preserved in arsenopyrite. Latest chalcopyrite (chp) grows at pyrite–arsenopyrite
boundary; (b) PLK188 (Vanin Stock). The increased temperature during formation of arsenopyrite impregnation in igneous
rocks recorded by formation of impregnated lellingite (Lo) and bismuth telluride (BiTe?) in arsenopyrite crystal. (c) PLK123.
Fractured arsenopyrite (asp1) contaminated with numerous inclusions in sericite–quartz–carbonate metasomatites and well-
formed crystals (asp2) with growth zones and inclusions of pyrrhotite (po) and chalcopyrite (chp) in quartz vein coeval with
metasomatites. (d) PLK325. Pyrite grows to arsenopyrite (asp)–chalcopyrite (chp)–sphalerite (sph) intergrowths; (e) PLK770.
Arsenopyrite metacrystal (asp) with inclusions of pyrite (py), chalcopyrite (chp), fahlore (ttr), quartz (q), and carbonate (ank).
(f) PLK770. Left, fragment of arsenopyrite (asp) crystal with inclusions along fractures of late galena (gal) intergrown with
sphalerite (sph); arsenopyrite (asp) intergrown with later pyrite (py), which contains inclusions of galena (gal) and gold (Au).
Host matrix is potassium feldspar (fsp); (g) gold forms fine impregnation and veins in arsenopyrite crystal and massive lumpy
segregation in interstitial space (PLK770). (h) PLK117. Regular prismatic arsenopyrite crystal overgrows porous surface of native
gold. Dissolution sculptures on surface of porous gold. (a, c) transparent polished thin sections. (a) image in secondary electrons
(SEM), (c) reflected light; (b, d–f) mounted thin sections, image in reflected electrons (microprobe, analyst S.E. Borisovsky);
(g, h) sections from heavy fraction of communited samples, secondary electron image (SEM). Analyst L.O. Magazina.
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arsenopyrite crystals in quartz veins starts before pyr-
rhotite and chalcopyrite crystallization (Fig. 6c).
These sulfides, as well as sphalerite, can be found in
certain arsenopyrite crystal growth zones and often
form induction surfaces with arsenopyrite, indicating
simultaneous growth (Fig. 6d). According to the
results of studying mounted thin sections from arsen-
opyrite monofractions, individual arsenopyrite crys-
tals (1–2 arsenopyrite grains per group of 30–40 grains)
contain polymineral pyrrhotite–chalcopyrite–sphalerite
or carbonate–sphalerite–pyrite–tetrahedrite inclu-
sions (Fig. 6e) and are crosscut by microveins of pyr-
rhotite, sphalerite, galena (Fig. 6f), or native gold. We
attribute polymineral inclusions to syngenetic inclu-
sions arising during growth of arsenopyrite and char-
acterizing the crystallization setting. The established
growth of arsenopyrite both before and after crystalli-
G

zation of native gold (Figs. 6g, 6h) suggests that arsen-
opyrite belongs to the synore assemblage. This is indi-
rectly confirmed by the wide distribution of low-gold-
bearing or barren arsenopyrite–quartz veinlets, which
were sampled from boreholes.

The ore assemblage include microveinlets and
impregnations (about 5% of sulfides of the deposit) of
pyrrhotite–chalcopyrite–sphalerite composition in
synore veinlets and metasomatites. The latest mineral
of the ore assemblage is galena (less than 1% of the
total amount of sulfides) (Fig. 6f), located in veinlike
inclusions in arsenopyrite, sometimes in intergrowths
with sphalerite, or isolated inclusions in pyrite. Vein
minerals are represented by sericite, chlorite, dolo-
mite–ankerite carbonate, albite, and potassium feld-
spar. The fact that these minerals belong to the ore
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Fig. 7. Forms of segregation and assemblage of native gold (a–c) microscopic finely dispersed and dusty (2–10 μm) gold in sul-
fides: (a) inpregnation of fine gold (5–10 μm) in cracks in arsenopyrite (asp) with pyrrhotite (po) inclusions (PLK131 ), (b) inclu-
sions of native gold (4 × 2 μm) intergrown with chalcopyrite (chp) and pyrite (py) in arsenopyrite (asp) (PLK130); (c) veinlets of
galena (Gal) with native gold (Au) crosscut arsenopyrite (Asp); in individual cracks in arsenopyrite, gold forms independent seg-
regations. Pyrite (Py) crystals contain gold inclusions and are crosscut by galena veins (PLK146). (d–f ) microscopic dusty and
fine (10–100 μm) gold in sulfide–sericite–carbonate–quartz metasomatites. (d) gold forms intergrowths with quartz (q) and car-
bonate (Ca) in microblocks bounded by oriented sericite (ser) aggregates (PLK143); (e) veinlike intergrowths of gold with
sphalerite (sph) crosscut fracture with a ilmenite layer (ilm) (arrows show orientation of veinlets) (PLK125); (f) intergrowths of
gold with sphalerite (sph) and pyrrhotite (po) (PLK143). (g–i) visible very fine and fine (>100 μm) gold in arsenopyrite and host
siltstones: (g) native gold crushes arsenopyrite, forms fine network of veinlets in it, and in interstices of albite–carbonate–quartz
aggregates in host rocks again forms massive aggregates (PLK146), (h) massive gold in central part of intergrowth of arsenopyrite
crystals (PLK108); (i) finest (from 5 to less than 1 μm) gold stringers (white) penetrate into crushed arsenopyrite (PLK108). (i)
photo of grain in secondary electrons (SEM) (analyst L.O. Magazina); remainder, photos of transparent polished sections in
reflected light.
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assemblage is evidenced by their intergrowth with
native gold and inclusions in native gold.

Microscopy established that native gold (up to
0.2% of the amount of sulfides) is disseminated in the
form of fine impregnations everywhere in the deposit
(e.g., in samples PLK-105 and PLK-770 of ore zone 1
and PLK-143 and PLK-146—of ore zone 9). Submi-
cron native gold is in the form of isolated impregna-
tions in pyrite (Figs. 5g, 6f), in fracture zones in pyrite
and arsenopyrite (Figs. 7a–7c), and in quartz–car-
bonate–sericite aggregates, including intergrowths
with carbonate (Fig. 7d), pyrrhotite, chalcopyrite, and
sphalerite (Figs. 7e, 7f). Larger veinlike monominer-
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
alic segregations of native gold are observed in arseno-
pyrite with (Fig. 7c) or without veinlets of galena
(Figs. 7g–7i) and, less frequently, in carbonate and
quartz of altered host rocks (Fig. 7g).

Induction boundaries of simultaneous growth are
observed between some segregations of carbonates,
pyrite, chalcopyrite, pyrrhotite, sphalerite, galena,
and native gold.

The relationships between native gold and arseno-
pyrite are the most diverse. Native gold forms impreg-
nations associated with fracturing and irregular inter-
stitial segregations; it grows on crystal rims in the form
of spongy and crystalline segregations, and cements
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Fig. 8. Gold grain distribution of Pavlik deposit. Results of grain size distribution (sieve) analysis (a), change in relative amount
of gold of various dimensions in vertical section along ore zone 1 (b), and distribution of gold grain size in ore zones of Pavlik
deposit (c, d).
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arsenopyrite fragments. Some gold grains contain
fragments of arsenopyrite crystals. The finest native
gold veinlets (0.1–5 μm) (Fig. 7i) penetrate into arse-
nopyrite from segregations of massive native gold,
while in the interstices of albite–carbonate–quartz
aggregates in host rocks, native gold again forms mas-
sive aggregates (Fig. 7g). The appearance of netlike or
linear veinlets of native gold is most frequently noted
on the periphery of large massive veinlike segregations
in arsenopyrite.

The study of the ratio of ore and vein minerals
allows us to conclude that the minerals of the ore (pro-
ductive) assemblage formed during the formation of
the synore mineral assemblage.

Native Gold

Native gold was successfully established in 61 of the
89 samples. The gold content in these samples varies
from 0.05 (the minimum detection limit for assay
G

analysis) to 19.3 g/t; the average value is 3 g/t, and the
content variance is 10.6.

The particle size of native gold established in com-
minuted samples varies from thousandths of a milli-
meter to 0.5 mm, rarely to 1.5–4.0 mm.

Counting the number of gold grains of various sizes
made it possible to establish that most of them at the
Pavlik deposit can be attributed to the following size
groups (in accordance with the classification of
(N.V. Petrovskaya, 1973)):

1. Microscopic (finely dispersed, dusty, and fine)
(peak size at 0.075 mm).

2. Visible (very fine and fine) (size peaks at 0.25,
0.55, and 0.85 mm)

These data fit the grain size distribution data (Fig. 8a)
according to which the main contribution to the total
weight of gold comes from gold grains of the fine class
with an average size of 0.3 mm, and the share of dusty
and finely dispersed grades (less than 0.05 mm)
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Table 1. Composition of native gold from primary deposits of the Omchak ore–placer cluster, wt %

Sign “–”, content of elements below sensitivity of analysis; N.d., data on element content are not given; sl, element content at sensitivity
level of analysis.
* In numerator, maximum values; in denominator, occurrence frequency (%).

** Composite (gross) sample for Pavlik deposit. PLK111, PLK112, PLK115, PLK116, PLK119, PLK183, PLK184, PLK185 (charge 13.4 mg).

Pavlik EDX, (excluding low- 
and high-grade rims)

Pavlik
ICP MS**

Natalka EDX
(Pluteshko et al., 1988)

Degdekan EDX
(Litvinenko, 2009)

N_Au 59

N EDX 152 63

Au 73.5–86.7 77.2 73.8–80.2 75.1–83.0

Ag 13.3–23.1 22.1 N.d. N.d.

Au/Ag 4.17 3.49

As*
– 0.13

Hg*
0.15 N.d.

Zn*
– 0.023 N.d.

Pb*
– 0.002

Cu*
0.004

Te*
– 7 × 10–4 N.d.

Se*
– N.d. N.d.

Sb*
2 × 10–4 N.d.

Bi*
– 9 × 10–5

Fe*
0.29

0.005
100

0.04
37

0.2
34

0.1
29

0.015
9

0.07
54

0.81
71

0.06
27

0.004
100

0.05
54

0.2
78

0.02
78

0.01
9

0.08
57

sl
27

0.18
32

0.93
50

0.03
72

0.6
62
accounts for 6 to 26%. It should be mentioned that
these grain size distribution data were obtained for
gravity concentrates and obviously underestimate the
amount of microscopic native gold.

Visible native gold predominates in steeply dipping
ore zone 1 (Fig. 8c); the amount increases towards the
surface. Figure 8b shows histograms reflecting the
amount of gold of various dimensions in ore zone 1 at
a certain vertical mark. At elevations of 730 and 770 m,
the proportion of visible gold (up to 1 mm) increases
irregularly, which may be associated with local hetero-
geneities of the ore-hosting tectonic zone. The
amount of native gold more than 1 mm in size remains
constant at all horizons (about 1.5%). The predomi-
nance of microscopic native gold is observed in shal-
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
low ore zone 9 (Fig. 8d). The amount of it grows in the
elevation range 770–750 m.

To obtain data for comparison with other primary
deposits and placers, the TsNIGRI laboratory carried
out bulk analysis (ICP-MS) of native gold from sam-
ples collected throughout the deposit. Fe, Hg, and As
were detected in the sample in appreciable amounts
(Table 1). The Zn content is smaller by an order of
magnitude. The Cu and Pb contents are even smaller.
Bi is contained in a significantly amount (up to 18 g/t).
Elevated Na, Mg, Al, Ti, Fe, and As contents indicate
the presence of albite, chlorite, dolomite, rutile, and
arsenopyrite inclusions in native gold. The significant
amount of inclusions in individual gold grains is con-
firmed by the fact that the gold fineness in the bulk
sample is slightly lower than the median value deter-
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Table 2. Variations in composition of native gold from ores of Pavlik deposit EDX, wt %.

N_Au, number of analyzed gold grains; N_n, number of analyses. EDX measurement error (1σ,%) Hg = 0.04, Cu = 0.03, Sb = 0.05,
Fe = 0.07. Numerator contains maximum values (high contents in edge parts of grains are excluded); denominator contains occurrence
frequencyof contents exceeding sensitivity level (%). “–”, content below analysis error; for Cu and Sb, measured values did not exceed 2σ.

Number (elevation, m) N_Au N_n Au Ag Au/Ag Hg Fe

PLK108 (941)
7 14 81.4–86.7 13.3–17.3 4.7–6.5

PLK154 (763)
7 14 75.9–81.1 18.3–22.6 3.4–4.4 “–”

PLK124 (631)
15 26 78.8–81.3 17.4–19.4 4.1–4.7

PLK125 (622)
5 11 68.0–79.7 18.8–29.4 2.3–4.2 “–”

PLK186 (742) 4 12 79.2–80.3 18.7–19.8 4.0–4.3 “–” “–”

PLK187 (797, Vanin stock, 
xenolith) 8 25 76.2–82.0 18.1–22.5 3.4–4.5

PLK103 (945)
3 15 73.5–98.2 0.44–23.1 2.9–222.1 “–”

PLK117 (718)
3 10 75.1–97.8 0.96–23.1 3.3–101.4 “–”

Omchak 7 25 72.8–99.3 1–23.8 3.0–99.3 “–”

0.08
21

0.62
64

0.15
57

0.22
36

0.93
68

0.29
64

0.12
36

0.6
76

0.76
13

0.43
50

0.5
44
mined by the XRD-measured fineness values at points
(the difference is about 35‰).

The chemical composition of native gold at points
for individual grains based on the EDS and EDX data
is given in an electronic appendix (Appendix 1). Vari-
ations in the composition of native gold based on the
XRD data are given in Table 2. The main impurity is
silver. Sporadically, up to 0.5% (EDX) (4.3% EDS)
mercury and 0.06% (EDX) (0.43% EDS) copper has
been noted. According to EDS determinations in sin-
gle samples, the Ni, Pd, Zn contents are elevated.
According to the EDX data, the remaining elements
are contained in quantities below the minimum detec-
tion limit. These differences are explained by the low
accuracy of EDS determinations along the Lα line. In
addition, nearer-surface parts of gold grains were ana-
lyzed with EDS; EDX was used to analyze their inter-
nal parts. Therefore, only the results obtained for gold
and silver based on the EDS data are given.

The average fineness of native gold f luctuates
around 800; the median and modal values for the sam-
ple coincide, 806‰ (Fig. 9a). The histogram shows
three additional fineness peaks. The first peak, with
maximum values of about 775, and most intense refers
to inhomogeneous native gold in dolomite–ankerite–
quartz aggregates. The second, with maximum values
of 840–860, was recorded for native gold from ore
zone 1 (770, PLK108). Finally, the third peak (980–
990) is associated with high-grade rims that developed
G

in tabular native gold. Although the fineness variance
even in neighboring gold grains can reach almost
100‰, based on the averaged data (EDS, EDX) for 13
samples from the ore zone 1 (Fig. 9a, inset) and on the
entire dataset (EDX) (Fig. 9b), there is an overall
poorly expressed tendency toward growth in fineness
from bottom to top in the vertical section of the field.
This tendency is violated in samples from zone 9.

Morphological Features of Native Gold

Finely dispersed (1–5 μm) and dusty gold grains
(10–50 μm) are characterized by jagged or even bor-
ders and a tabular or droplike shape (Figs. 5, 6, 7). In
most cases, such gold grains are isolated within sul-
fides or in microblocks composed of quartz and car-
bonate and bounded by oriented sericite aggregates.
The composition and morphology of these gold grains
are uniform, but their quantity and distribution are
most important for improving technological pro-
cesses, since neither finely dispersed native nor dusty
gold can be completely freed with standard grinding of
ores, and in a gravity–flotation ore processing
scheme, they end up in tailings.

Thin (50–100 μm), very fine (100–250 μm), and
fine (250-1000 μm) native gold is most often observed
in selvages of quartz veins and veinlets and in crush
and foliation zones of host rocks and arsenopyrite.
Native gold of this fraction is extracted in a gravity
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Fig. 9. Fineness variations of gold from ores of Pavlik deposit. (a) histogram of gold fineness (EDX); inset: variations in fineness
(median or single values according to EDX and EDS data) in vertical section, R2, reliability value of approximation of data for
ore zone 1 by curve of second-degree polynomial; (b) categorization of variations in fineness in vertical section (data of the EDX).
In “box&whisker” diagram: horizontal line indicates range of values; diagonal hatching indicates minimum, median, (connected
by lines), and maximum values. Central quartiles (50% of values) are shown with rectangles and are connected by shaded fields.
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concentrate; it is this gold that is of prospecting value,
since it accumulates in placers. Let us consider the
morphology of native gold of this fraction in more
detail.

Massive pseudocrystalline, fracture–vein–like and
lumpy morphological types (after Samorodnoe …,
2015) of extremely fine and fine native gold is ubiqui-
tous and predominantly abundant (Figs. 10a, 10b).
Octahedra and spherical formations were found in
only two samples. Other forms have features by which
one can judge certain gold formation conditions:

Lumpy-porous native gold. The massive central part
of gold grains is gradually replaced by a porous periph-
ery (Fig. 10c, d). The rims of grains often curl up.
Sometimes pseudocrystalline areas with a smooth sur-
face are observed (Fig. 10c). Native gold with this
morphology is common both in the northwestern
(PLK117, PLK118) and central and southeastern
(PLK154, PLK157, PLK770) parts of the field. As a
rule, spongy-porous native gold is associated with
arsenopyrite mineralization, which is confirmed by
numerous intergrowths of this gold with arsenopyrite.
The share of native gold of this morphological group is
about 15% of the total .

Platy (tabular) native gold is represented by f lat-
tened rounded or oval platelets (Figs. 10e, 10f) of red-
dish color. The ratio of the average diameter of the
platelets to the thickness is ≥10; the surface is finely
shagreen. They differ sharply from other gold grains by
their round or oval shape, as well as by the color and
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
character of the surface. Most Kolyma placer gold
researchers classify such grains as perfectly rounded
(Shilo, 2000), but we noted them at different slice lev-
els of the ore zones 1 and 9, both in boreholes
(PLK143, 154) and in the open pit (PLK185, 186). A
number of tablets are encountered in ores of the cen-
tral part of the deposit, as well as in placer halos
around it. The share of native gold of this morpholog-
ical group does not exceed 1.5% of the total .

Features of the Surface of Gold Grains, Inclusions
in Native Gold, and Heterogeneity of Native Gold

The character of the surface of gold grains (sculp-
ture marks on gold grains and porous surfaces) in
metasomatites is determined by the peculiarities of the
host setting (growth in the interstitial space), while in
arsenopyrite, it is governed by features of fractures
developing in sulfide, which are filled with native gold
during or immediately after formation. During oxida-
tion and further removal of arsenopyrite, netlike vein
aggregates result in a spongy surface of gold grains in
placers. The surface of the largest native gold grains is
of the same type, but not uniform. The pitted surface
of native gold with smooth pit walls is caused by
imprints of carbonate, quartz, sericite, and arsenopy-
rite crystals. The size of the pits is comparable to that
of gold grains (Figs. 10a, 10b). Host minerals can be
preserved in native gold as inclusions with clear crys-
tallographic outlines (Figs. 11a, 11b). A combination
of smooth and porous irregular areas is observed, as
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Fig. 10. Features of morphology of visible (>0.2 mm) gold. (a–d) irregular cementation and interstitial forms: (a) interstitial mas-
sive gold with imprints of quartz, albite, and carbonate crystal facets (PLK770); (b) fractured with fragments of porous gold, fill-
ing intergranular space (PLK770); (c) hemidiomorphic lumpy gold with fragments of crystalline gold (PLK157); (d) cementing
lumpy gold intergrown with spongy-porous gold (PLK-154); (e–f) fractured tabular gold (Omchak type) with a high-grade sur-
face: (e) intergrowth with sphalerite (PLK-128), (f) intergrown with chlorite (PLK-143); on the surface, late slickenlines. Photo
of grains in secondary electrons (analyst L.O. Magazina).
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well as porous microsculpture of the surface with
microgrooves and numerous imprints of other miner-
als. In some cases, on the surface of native gold segre-
gations, imprints of slickenlines from the walls of
ground surfaces where native gold crystallized are
observed (Fig. 11g). Spongy-porous native gold with a
large number of nodes and micropores on the surface
(up to 20 pores/100 μm2) develops on the periphery of
massive native gold segregations (Figs. 11f, 11g).
About 15% of pores differ in size (2–3 μm) and depth.
Some contain carbonates and sericite. A smooth sur-
face with imprints of other minerals and relatively
G

coarse (2–3 μm) is rare (1–2 pores/100 μm2); pores
are less common (Figs. 11a, 11e).

Some native gold grains contain relatively large
inclusions of pyrite, arsenopyrite, quartz, carbonate,
albite, potassium feldspar (K feldspar), sericite, chlo-
rite, and sphalerite. Monomineralic aggregates and
sometimes single crystals of sericite, albite, carbonate,
arsenopyrite, and less frequently K-feldspar, fill voids
in native gold, grow together with gold grains, or their
acute-angled fragments are cemented with native gold
(Figs. 11b–11d, 11g–11i). Each isolated inclusion is
filled with either sericite or albite, and sometimes
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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Fig. 11. Intergrowths of native gold with vein minerals and inclusions in gold. (a–d) visible very fine (>100 μm) interstitial and
cementat massive and spongy-porous native gold intergrown with dolomite–ankerite (ank), (white circle in Fig. 11a demarcates
carbonate with microinclusions of native gold (a)), sericite (ser) and chlorite (chl) (b); with arsenopyrite and chlorite (c); albite
(ab) (d); (e–g) surface of interstitial gold: (e) smooth surface with imprints of crystals of vein and ore minerals; (f) spongy-porous
gold with rough surface on periphery of massive segregations of gold with smooth surface; (g) casts of preore slickenlines on
porous gold. (h–j) microinclusions in gold. (h) gold grain with rare inclusions of carbonate (dol) and arsenopyrite (asp) frag-
ments, small black dots, microinclusions (mostly voids) (50–60 per 100 μm2); and, (i) gold grain in interstitial space of albite–
dolomite metasomatite contains inclusions of potassium feldspar (fsp). Inclusions of albite (ab) and arsenopyrite (asp) in gold
(Au) have clear crystallographic facets, which may indicate their trapping in solid state. Internal structure of gold grain is char-
acterized by development of microvoids (~30 per 100 μm2). Micron-sized imregnation of gold is developed around large segre-
gation (circled); (j) gold grain from xenolith of quartz vein in explosive breccia of Vanin stock is saturated with numerous micro-
inclusions; inset shows that these are predominantly voids 0.1–0.5 μm in diameter with average density of 39–40 per100 μm2;
(a–g, i) images in secondary electrons (SEM, analyst L.O. Magazina); (a–g) sections of grains on scotch tape; (a, c, e, g) sample
PLK118; (b) sample PLK157; (d, f) sample PLK154; (i) transparent polished section PLK103; (h, j) images in backscattered elec-
trons (analyst S.E. Borisovsky); mounted thin sections.
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Table 3. Some statistical characteristics of fineness of native gold from Pavlik deposit depending on analytical methods,
position of samples in space, and for individual samples

*, median value or calculated from a single measurement.

Analysis type Sampling site Eleva-
tion, m N_Au N _n 

(weight, g) Variance Fineness* Quartile_1 Quartile_3 Min Max

EDX Pavlik 59 152 2671 806 792 815 697 990
EDS Pavlik 34 45 2221 804 792 825 762 995
EDS + EDX Pavlik 93 197 2558 806 792 816 697 995
ICP MS Combined sample (0.013) 771
EDX Center of deposit 44 102 1950 807 802 816 697 990
EDX “Omchak” 7 25 7500 804 778 889 753 990
EDX PLK187 797 8 25 174 793 790 799 772 817
EDS + EDX 1 zone 67 146 2382 807 793 844 744 990
EDS + EDX Zone 9 26 51 1236 806 802 811 697 995

Ore zone 1
EDX PLK103 945 3 15 4114 811 791 835 744 982
EDS PLK103 945 1 1 972
EDX PLK108 941 7 14 155 849 845 855 819 866
EDX PLK117 718 3 10 9237 801 766 912 761 990
EDS PLK118 712 1 1 779
EDX PLK154 763 7 14 201 797 790 810 771 816
EDS PLK154 763 2 4 276 802 793 810 780 819
EDS PLK160 712 1 1 762
EDX PLK186 742 4 12 6 805 804 806 801 809
EDS PLK770 770 23 24 1117 813 792 835 774 884

Ore zone 9
EDX PLK124 631 15 26 26 810 806 814 802 823
EDX PLK125 622 5 11 1043 798 774 805 697 806
EDS PLK128 580.7 1 1 891
EDS PLK143 581.2 1 1 995
EDS PLK146 566 4 12 112 799 793 810 784 817
Fig. 12. Features of internal structure of gold. (a–c) most widespread veinlike homogeneous (fineness variance in samples from
26 to 155), single-crystal (?) gold grains. (a) (sample PLK124) intergrown with arsenopyrite; a1, photo of etched grain in reflected
light; a2, in secondary electrons (802–806); (b) (PLK146) photo in secondary electrons: b1, streaky monocrystalline (fineness
804–817) intergrown with quartz and dolomite–ankerite; b2, small mottled heterogeneities in gold (790–793) with arenopyrite
inclusions; (c) (PLK108), homogeneous veinlike in arsenopyrite, veinlets from massive to thin: b1, photo of etched grain in
reflected light; b2, photo of etched grain in reflected light; b3, photo in secondary electrons; (d–e) gold of heterogeneous (fine-
ness variance from 200 to 1120) mosaic structure with signs of initial epigenetic recrystallization, with formation of noncontrast-
ing network of veins of relatively low-fineness gold (dark); (d) (PLK 154) poorly expressed recrystallization; (e) (PLK125) dis-
tinctly expressed with formation of larger blocks of different fineness: d1, network of high-grade veinlets and low-grade blocks
record initial granulation (recrystallization) stage of gold, photo of etched grain in reflected light; d2–d3, native gold from dolo-
mite–ankerite–quartz metasomatites saturated with submicron fragments of carbonate (dol), arsenopyrite (asp), and micropo-
res, contains small number of isometric and deformed gas bubbles (circled); d2, low-grade veinlets among relatively higher-grade
gold; d3, homogeneous gold of average fineness; photo in reflected electrons.(f, g) irregular gold (fineness variance 4000–9500):
(e) gold from upper part (oxidation zone) of deposit (PLK103): e1, low- and high-grade intergrown with iron hydroxides, mala-
chite, and native copper, photo in reflected electrons; e2, homogeneous with high-grade boundary intergrown with oxidized arse-
nopyrite, microbreccia (carbonate (ank) and arsenopyrite (asp) in fine (<1 μm) fragments) and microporous structure, photo in
reflected electrons; (g) (PLK117), g1, zonal manifestation of heterogeneity: light, relatively high-grade gold, dark, low-grade,
photo of etched grain in reflected light; g2, deformation diffusion boundary on section of tabular (Omchak) gold. Multiple sub-
micron fragments and pores, as well as rare deformed voids (circled). Photo in BSE (a–d) analyst L.O. Magazina, (d–h) analyst
E.V. Kovalchuk.
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K-feldspar or carbonate. Combined inclusions of
sericite and chlorite are rare. The compositions of
inclusions in native gold does not contradict the
hypothesis that native gold crystallized during the for-
mation of synore metasomatites.

In the cross sections of gold grains (Figs. 11h–11j),
it can be seen that they contain abundant, evenly dis-
tributed impregnation of unidentifiable solid inclu-
sions less than 1 μm in size and voids with the same
dimensions. Inhomogeneities and evenly distributed
microinclusions were detected only in fine native gold
from dolomite–albite metasomatites. Carbonate and
arsenopyrite have been identified in native gold from a
xenolith of a quartz vein from the Vanin stock (PLK-
187), in native gold from the NW flank of ore zone 1
(PLK-108), from boreholes drilled in ore zone 9 (sam-
ples PLK-124, 125), and on sections of tabular
(Omchak) native gold in the largest acute-angled
inclusions (Figs. 11h, 11i). Native gold with a large
number of microinclusions is concentrated at the
periphery of ore zones, while massive gold is charac-
teristic of the central part of the deposit. Relatively
large voids that can be identified as deformed gas bub-
bles were found in native gold from sample PLK-125
(Fig. 12, d2, d3, g2). Solid-phase acute-angled inclu-
sions in gold can be interpreted as fragments of host
metasomatites, and rounded voids (since analysis of
the walls of such voids revealed nothing but gold) can
be primary syngenetic (according to Lemmlein, 1973)
gas or water inclusions.

An indicator of the heterogeneity of native gold is
the fineness dispersion, determined by measuring the
fineness of individual gold grains in one sample; and is
quite consistent with observations on etched gold
grains. This indicator varies from 216–155 in samples
with homogeneous (monocrystalline?) native gold
(PLK124, PLK146, PLK108), up to 200–1120 in sam-
ples with significant mottled inhomogeneities
(PLK154, PLK125), and reaches 4000–9500 in sam-
ples with contrasting inhomogeneities of native gold
(PLK103, PLK117). For the deposit as a whole, the
index is 2558, which may reflect a large number of
analyses to identify heterogeneities or differences in
native gold in ore zones 1 and 9 (Table 3).

From the results of etching gold grains and photo-
graphing them in reflected light and in backscattered
and secondary electrons, it was found that most gold
grains have a granular or single-crystal indistinctly
zonal structure (Fig. 12). Native gold with a homoge-
neous composition predominates, while gold grains
with high-grade rims or indistinct block structure and
irregular silver distribution make up no more than 2–
3% of analyzed grains. Native gold with a reduced
fineness is found in intergrowths with carbonates and
silicates (albite, sericite). In addition, fineness varia-
tions result from a decrease in silver content in high-
fineness rims that developed around the Omchak
gold.
G

Mottled irregularities are caused by an irregular sil-
ver distribution in native gold. The micrographs
clearly show a significant number of inhomogeneities
associated with redistribution of silver into separate
blocks with purification of interblock spaces (Fig. 12,
d1, d1). The etched surfaces show signs of initial
recrystallization associated with temperature and
pressure changes. Observable structures can be com-
pared to structures that form during granulation of
quartz.

The BSE photographs of gold grain sections with a
general uniform grain density show areas in the form
of irregular segregations or zones with increased or
decreased reflection of electrons (Fig. 12, b2, d2). For
example, in the central part of porous gold (Fig. 12, d2)
with a fineness of 763–766, a zone of reduced fineness
is observed (680). Quite significant (within 40 units)
fineness variations are characteristic of aggregates with
spongy-porous (from 783 to 807) and massive native
gold (from 795 to 826) (Fig. 11f). These variations may
be due to the irregular distribution of silver in the
deposition of native gold.

The contrasting heterogeneity in the distribution of
areas of different fineness over the grain volume is
most clearly expressed in f lattened flakelike gold
grains with smooth rims (Omchak type) (Fig. 12g).
Rims 3–10 μm thick in the marginal parts of gold
grains have a fineness from 950 to 998; thin wormlike
segregations (10–18 μm along the long side) have the
same gold composition, irregularly located in the bulk
grain, while the gold fineness varies from 750 to 785.
The rims repeat the irregular contours of native gold
deposits; their internal boundary is very indistinct.

Invisible Gold

The gold grade in pyrites based on the XRD is low,
reaching more that 2σ (30 g/t) in only three out of the
18 measured grains. LA-ICP-MS measurements
(60 measurements for 29 grains from 8 samples)
showed that in 8% of grains, the content is lower than
the sensitivity threshold; in 65% of grains, the content
is higher than 1 g/t; and in three grains (5%) of arse-
nic-bearing pyrite from sample PLK-146, the Au con-
tent reaches 213–287 g/t (variance of the sampling,
3076). The gold content in pyrites shows a high cor-
relation with As (+0.77) and significant positive cor-
relation with Sb (0.57) and Pb (0.54). Note the low
correlation for the Au–Ag pair (0.34). Transverse profil-
ing across pyrite grains from sample PLK-146 (Figs. 13a,
13b) shows the inhomogeneity of the impurity distri-
bution in pyrite grains associated with both its block
structure (shown by the example of Ag) and high frac-
turing and relict inclusions of host rocks. Depth pro-
filing (Fig. 13c) with a time delay yields similar fea-
tures of the impurity distribution.

Th gold content in arsenopyrite is 0–70 g/t,
exceeding 2σ (34 g/t) in 17.5% of cases (EDX, 40 anal-
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021



GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021

FORMS OF GOLD AND SOME TYPOMORPHIC CHARACTERISTICS 23

Fig. 13. Plots of Au and Ag distribution in gold-bearing arsenic-bearing pyrite (a–c) and arsenopyrite (d–f). Vertical axis, number
of pulses of corresponding element per second; (signal, cps); horizontal axis, time sweep (time, s); laser beam diameter D = 60 μm; pro-
file length (μm): (1) 400; 2) 426; (3) point analysis, (4) 345; 5) 545; (6) 398; D = 80 μm. Tables show minimum (min) and max-
imum (max) content of elements (g/t) in profile; dash, below detection limit. Photographs of grains in reflected electrons. Prob-
ing profiles obtained by LA-ICP-MS (analyst V.D. Abramova).
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yses). Similar results were obtained by laser ablation
(LA-ICP-MS, 105 analyses). The gold grade ranges
from 0.15 to 7.63 g/t, with grades higher than 1 g/t
observed in 47% of samples (variance 1.5). High-level
correlations were established for the pairs Sb–Bi
(0.71), Co–Ni (0.62), Cr–Zn (0.65), Ag–Pb, Ag–Bi,
Pb–Bi, and In–Sn. The gold content showed a posi-
tive correlation significance limit with Bi (0.46), Ag
(0.39), Sb (0.39), and Pb (0.36). The absence of a rela-
tionship between gold microimpurities and Fe, As,
and S is confirmed by analysis of the probing profiles
of individual arsenopyrite grains from samples with
high gold contents—PLK-186 (Fig. 13e) and PLK-146
(Fig. 13d)—and with low gold contents—325-1-7
(Fig. 13f). On both longitudinal and vertical profiles,
an extremely uneven distribution of impurities is
observed, as well as their localization in individual
blocks of arsenopyrite grains.

Among the sulfides of the synore assemblage, only
arsenic-bearing pyrite is an invisible gold concentra-
tor. This agrees well with the fact that for some pyrite
and native gold, ratios have been established that make
it possible to suggest their simultaneous crystalliza-
tion.

DISCUSSION
The results obtained from studying native gold

from the Pavlik deposit can be used to correct ideas
about the genesis of gold–quartz objects, to determine
the directions of their practical use, including when
prospecting for deposits and identifying possible
causes of gold losses during ore processing.

Native Gold Size
Our results indicate that the Pavlik deposit is dom-

inated by fine and extremely fine native gold in inter-
growths with vein minerals (quartz, carbonates) and
sulfides (pyrite, arsenopyrite). In sulfides, both fine
native gold in the form of inclusions and native gold
included in the crystal lattice of pyrite have been
established. Based on the results of microscopic and
electron microscopic studies of ores from the Pavlik
deposit, we have established finely dispersed (less than
10 μm) and dusty (10–50 μm) native gold. Our sample
processing technique used does not allow us to fully
assess its relative amount, since the revealed fine
native gold, which is found in intergrowths with quartz
and carbonates or in the form of the finest isolated
impregnations in carbonates, seems inaccessible to
gravity extraction with comminution up to 200 mesh
(about 74 μm). In order to supplement our under-
standing of the quantitative ratios of gold of various
sizes and the ratio of submicron and associated gold at
the deposits of the Omchak ore–placer cluster, we
compared our results to those of mining (reports of the
Polyus company in 2018–2019 (www.polus.com)),
phase analysis (Kazimirov et al., 2008), and techno-
G

logical studies (Sharov et al., 2002) of gold–quartz
ores 12 km to the north of the Natalka deposit.

For low-grade ores, gravity–flotation gold recovery
at the Natalka deposit ranged from 55.1 to 71.7% accord-
ing to Polyus reports in 2018–2019, (www.polus.com).
Earlier, based on the results of bulk analysis of sulfide
monofractions and single grains of arsenopyrite, the
opinion was repeatedly expressed (Goncharov et al.,
2002; Volkov et al., 2006; Sotskaya, 2017) that the low
recovery may be related to a significant amount of gold
associated with sulfides at the deposits of the Omchak
ore–placer region. The hypotheses about the develop-
ment of gold bound in sulfides are contradicted by the
results of phase analysis of ores (Kazimirov et al.,
2008), according to which free (amalgamable) gold in
the ores of the Natalka deposit is 82%; gold in inter-
growths (cyanided), 4%; in intergrowths with iron
hydroxides, 2.5%; in sulfides, 2.3%; in intergrowths
with carbonaceous matter, 2.2; and with rock-forming
minerals, 7%. The phase analysis data confirm the
results of previous technological studies. G.N. Sharov
et al. (2002) determined end-to-end gold recovery
from gold–quartz ores at 86–87%, and the main
losses (12%) are attributed to the stage of obtaining
gravity and flotation concentrates (extraction into
gravity concentrate, 69.9%; and in f lotation (inter-
growths with sulfides), 17.8%). After cyanidation of
the f lotation product, gold is almost completely recov-
ered from sulfides.

Analysis of these data shows that the largest dis-
crepancy (more than 12%) is observed between the
amount of free (amalgamated) gold (82%) and the
amount of native gold recovered by gravitation (70%
or less). This suggests the significant development of
finely dispersed gold intergrown with nonfloating
quartz, carbonate, and various silicates. Due to its
small size, this gold cannot be freed by grinding from
intergrowths with nonmetallic minerals and does end
up in either gravity or f lotation concentrates.

The combined technological scheme developed for
the conditions of the Pavlik Gold Mining Company
(https://www.arlan.ru/news/685) includes gravity
concentration, f lotation of gravity tailings, and sorp-
tion cyanidation of the obtained gold-bearing sulfide
gravity and flotation concentrates. Recovery of gold
into a final marketable product, Doré alloy, is 82–
83%. Comparing these data with the result of data
analysis for the Natalka deposit, we conclude that 17–
18% of the weight loss is associated with submicron
and dusty native gold. Comparison of these data on
losses during development of the Pavlik deposit with
the results of grain size distribution analysis (on aver-
age, about 6% of gold grains with dimensions less than
100 μm were extracted) makes it possible to increase
the estimate of the amount of dusty and submicron
native gold (74 μm) to 15–20%.

This confirms our hypotheses about the wide dis-
tribution of finely dispersed native gold not bound in
EOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
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sulfides at the Pavlik deposit and the insignificant
development of highly gold-bearing sulfides at the
deposits of the Omchak ore–placer cluster, in which
gold would have entered the crystal lattice or been in
the form of colloid-size impurities, as found at the
Nezhdaninskoe, Olympiada, and Sentachan deposits
(Genkin et al., 1998).

Possible ways to solve the problem of gold losses
can be ultrafine grinding of ores and/or cyanidation of
flotation tailings after their treatment with acids for
partial elimination of carbonates.

Mineral Deposition Sequence and Changes
in the Physicochemical Conditions

during Native Gold Deposition

Comparison of our mineral formation sequence
data does not contradict the data of predecessors
(Tyukova and Voroshin, 2007; Sotskaya, 2017).
Metasomatites can be compared with the beresites that
formed in tectonite zones of the Nezhdaninskoe
(Alpatov, 1998; Bortnikov et al., 2007) and Natalka
deposits (Struzhkov et al., 2006; Goryachev et al.,
2008). Breccia of host rocks and early quartz with
quartz, carbonaceous–quartz, and carbonate–quartz
cement has been established in many gold deposits
both in the Omchak district (Goncharov et al., 2002)
and outside it (Aristov et al., 2016). Such breccia usu-
ally mark local extension zones along the strike of
strike-slip faults or fault intersection zones. At the
Pavlik, in addition to the main ore zone, breccia is
often observed in gently dipping veinlets with normal-
fault kinematics. The characteristic breccia textures
make it possible to relate their formation to hydraulic
fracturing phenomena (Konstantinov, 1977; Je’brak,
1997). Pressure variations from 2.5 to 0.5 kbar estab-
lished by us (Savchuk et al., 2018) at the Pavlik from
fluid inclusions in quartz of different ages do not con-
tradict the hypothesis of significant pressure f luctua-
tions during breccia formation. It is possible that high-
temperature facies analogs of hydrothermal breccia
are the explosive breccia of the Vanin stock described
by (Sidorov et al., 2010). The established episodes of
quartz–carbonate veinlet formation, as well as the
development of hydraulic fracturing-related breccia,
allow us to consider that, just like in other orogenic
deposits (Sibson et al., 1988), the f luid pressure at the
Pavlik deposit repeatedly exceeded the lithostatic
pressure. The reason could be seismic events that led
to depressurization and development of fracture net-
work in the fault zone.

The relationship between native gold and pyrite
does not contradict the hypothesis that native gold at
the Pavlik deposit crystallized later than large metaso-
matic pyrite crystals and at about the same time as
pyrite aggregates of one of the late mineral assem-
blages.
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
Analysis of the relationships between arsenopyrite
and host rocks, metasomatite minerals (albite, potas-
sium feldspar, and carbonates), pyrite, and minerals of
the productive (gold-bearing) assemblage suggest that
the formation of arsenopyrite, as well as vein, veinlet,
and disseminated segregations of pyrite, quartz,
ankerite-dolomite, and albite, is a long, continuous,
background process. This process can be interrupted
by individual tectonic episodes, but it did not stop
during the entire period of ore formation at the Pavlik
deposit. Note that a change in f luid composition is
recorded by the appearance of newly formed potas-
sium feldspar instead of albite in inclusions in native
gold and arsenopyrite (Fig. 11i). The simultaneous
formation of native gold and some pyrite and/or arse-
nopyrite (Figs. 6f–6h) does not contradict facts estab-
lished at other orogenic gold deposits. For example, at
the Natalka deposit, arsenopyrites of several genera-
tions (Goryachev et al., 2008) formed before, together
with, and after native gold. A similar relationship
between native gold and arsenopyrite was emphasized
by N.V. Petrovskaya for the Sovetskoe deposit (Petro-
vskaya, 1973, p. 62).

Pyrite and arsenopyrite contain submicroscopic
inclusions of native gold and base metal sulfides (Figs. 5g,
6c, 6e–6g, 7a, 7b). Their formation under decreased
supersaturation conditions can be explained by a local
increase in the concentrations of Au, Zn, Cu, Pb due
to adsorption on the growing faces of pyrite and arse-
nopyrite. It is possible that crystallization of a small
amount of sphalerite, chalcopyrite, and galena
occurred upon an influx of solutions bearing Zn, Cu,
and Pb. Since inclusions are observed quite rarely (one
to two grains with inclusions per 10–15 grains with-
out), the second variant seems preferable. In this case,
both native gold and base metal sulfides can be depos-
ited at local redox barriers upon partial dissolution of
already crystallized pyrite and arsenopyrite (Pokrovski
et al., 2002). The closeness of the crystallization time
of chalcopyrite, sphalerite, pyrrhotite, and native gold
is confirmed by the fact that together they fill cracks in
pyrite and arsenopyrite or form intergrowths in
quartz–carbonate–sericite aggregates (Figs. 7a, 7b,
7e, 7f). At the same time, veins or halos of dusty gold
impregnation are often spatially separated from sul-
fides (Figs. 7d, 7g, 7h), which can be explained by the
low sulfur activity in the gold-bearing f luid, in contrast
to f luid bearing As.

Native gold is deposited in rocks in which meta-
morphic mineral assemblages already exist and
regional cleavage has developed (Fig. 5g). The frag-
mentation of arsenopyrite and the cementing of its
fragments with native gold (Figs. 7c, 7g) indicate tec-
tonic events immediately preceding the formation of
relatively large native gold segregations. In less brittle
quartz–sericite-chlorite–albite–carbonate metaso-
matic aggregates, the morphology of native gold is
subordinate to microcracks that developed along bro-
ken grain boundaries. No displacements have been
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identified along most cracks containing native gold
(e.g., Figs. 7d, 7e). These observations agree well with
data from the Bendigo (Wilson et al., 2013) and Fos-
terville (Voisey et al, 2020) deposits. However, native
gold from the Pavlik deposit is confined to detachment
and shear fractures and does not show a close relation-
ship with stylolite seams or pressure solution seams, as
established at the Fosterville deposit (Voisey et al.,
2020). The en echelon cracks filled with native gold in
arsenopyrite (e.g., Fig. 7c) may indicate the initial
stage of rock failure when the hydrostatic pressure
exceeds the lithostatic pressure and brittle deforma-
tions develop in the most competent minerals. A local
increase in gas-saturated f luid pressure exceeding the
ultimate rock strength immediately before native gold
deposition may be indicated by the following: parallel
formation of veinlike segregations of native gold in
brittle sulfides and interstitial growth of native gold in
metasomatites; saturation of individual gold grains
with micropores and, simultaneously, with fragments
of host rocks and minerals of similar size (Figs. 11f–
11j, 12, d2, d3, g1).

The levels of invisible gold in arsenopyrite and
pyrite from the Pavlik deposit established by point
analysis methods are not high, which distinguishes the
sulfides of the deposit from sulfides, which were ana-
lyzed by A.D. Genkin et al. In the mesothermal gold
deposits of Olympiada, Veduga, Nezhdaninskoe, and
Sentachan (Genkin et al., 1998). The low contents
agree well with the experimental data presented in
(Trigub et al., 2017) for pyrite and arsenopyrite crys-
tallization from solutions unsaturated in gold. The
gold content is slightly elevated in arsenic pyrite,
which is typical of orogenic gold deposits, e.g., Sukhoi
Log (Large et al., 2007; Gavrilov and Kryazhev,
2008), Carlin deposits (Vorontsovskoe …, 2016; Cline
et al., 2005; Barker et al., 2011), and gold-bearing epi-
thermal objects. As shown in (Reich et al., 2005), the
Au/As molar ratio in arsenic-bearing pyrite may be an
indicator of the chemical state of Au in pyrite
(nanoscale (Au/As > 0.2) or ionic (Au1+) gold), and it
also used to determine the saturation state of the solu-
tion from which the gold crystallized. The determined
levels of gold in arsenic-bearing pyrite from the Pavlik
deposit and Au/As < 0.01 (Sidorova et al., 2020)
unambiguously indicate that, just like in Carlin depos-
its, gold in arsenic-bearing pyrite is in the form of
a solid solution in the ionic state (Au1+) and undersat-
uration of the ore-forming f luid in native gold. Thus,
analysis of sulfides leads to the conclusion that their
crystallization took place from solutions undersatu-
rated in native gold. This hypothesis is contradicted by
the fact that, as shown above, most gold at the Pavlik
deposit is not bound in sulfides, and finely dispersed
gold is at least 15% of the total gold of the deposit by
weight. According to data on epithermal deposits
(Reich et al., 2005), this may mean that native gold
deposition occurs from solutions oversaturated with
native gold. The obvious contradiction can be resolved
G

by the hypothesis that the deposition of native gold is
an independent process with respect to the formation
of sulfides, or that at the time of entry of gold into the
ore deposition zone, arsenic-bearing pyrite was
absent. Since arsenic-bearing pyrite is a metastable
phase that exists over a wide range of pressures and
temperatures, the absence of arsenic-bearing pyrite at
the time of gold deposition can be considered unlikely.
The first hypothesis is more likely. The absence of fea-
tures of mixing of gold- and sulfur-bearing f luids is
explained by the high f luid pressure of the former.

Inhomogeneities of native gold can be used to
reveal its gradual growth or recrystallization (Sam-
orodnoe …, 2015). The high homogeneity of native
gold at the Pavlik deposit, the absence of growth zones
for crystals or twins, poorly developed deformation
inhomogeneities in the composition established
during etching of gold grains, as well as in the study of
gold grains in backscattered electrons, allow us to
assume the formation of gold grains with the adhesion
of nanosized particles by the self-assembly mechanism
(Zhou et al., 2013). This is considered to be the leading
mechanism in the formation of native gold at both epi-
thermal (Saunders and Burke, 2017) and orogenic
(Voisey et al., 2020) deposits.

The occurence of sorption processes is apparently
limited to the effect on the fineness of native gold,
which crystallizes in intergrowth with sulfides (>800)
and carbonates and silicates (the appearance of small
relatively low-fineness grains).

High-fineness rims, as well as initial granulation
structures, may be associated with diffusion removal
of silver under the influence of later tectonic deforma-
tions of gold grains or they record a decrease in the
amount of silver in the f luid due to the lower stability
of its complex compounds. The latter hypothesis is
consistent with a decrease in the fineness of native
gold in the lower horizons of the deposit and the fact
that the rims are characteristic of gold grains with a
certain morphology. According to S.V. Yablokova
(Pluteshko et al., 1988), similar heterogeneities in the
structure of native gold of the Natalka deposit is
explained by the partial diffusion removal of silver
under the influence of prolonged heat exposure. This
hypothesis is contradicted by the absence of high-
grade rims in native gold from a xenolith of a quartz
vein in rhyodacites from the Vanin stock (PLK-187).

Relicts of high-grade native gold, as well as struc-
tures similar to those of solid solution decomposition,
and low-grade zones along the periphery of gold grains
of the Natalka deposit allowed predecessors (Plutes-
hko et al., 1988) to speak about the early stages,
accompanied by the deposition of mainly finely dis-
persed native gold, and late stages of native gold for-
mation. A conclusion on four generations of native
gold, the bulk of which formed during two ore deposi-
tion stages, was made in (Goncharov et al., 2002). The
formation of low-grade native gold crystals, veins of
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low-grade native gold in high-grade gold, and defor-
mation and recrystallization of high-grade native gold
are associated with Cretaceous rhyolite magmatism
(Goryachev et al., 2008). It is assumed that during the
late stage, finely dispersed native gold was redeposited
and assimilated by large native gold. According to
A.D. Genkin et al. (1998), at the Olimpiada, Veduga,
Nezhdaninskoe, and Sentachan deposits, chemically
bound Au and submicroscopic gold in sulfides (in
arsenopyrite and pyrite) was deposited earlier and,
apparently, from other f luids (first stage). Native gold
in veins or fissures growing on gold-bearing arsenopy-
rite formed later (second stage). This sequence reflects
the evolution of the f luid composition or the involve-
ment of more than one f luid in the ore process. At the
same time, there are no features for determining that
later native gold formed during the recrystallization of
gold-bearing sulfides (Genkin et al., 1998). Coarsen-
ing of native gold during recrystallization and redepo-
sition under pressure is considered for the Australian
Fosterville deposit (Voisey et al., 2020). At the initial
stage, immiscibility of f luids leads to critical supersat-
uration of f luids and deposition of gold nanoparticles
in quartz, along fractures in fault zones. At aseismic
moments, in transpressional settings, redistribution
and growth of large native gold occurs. In quartz, this
process is caused by partial pressure dissolution and
removal of matter and accumulation of insoluble gold
particles in sutures, and in sulfides, with the develop-
ment of fracturing and the influence of various elec-
trochemical processes (Voisey et al., 2020).

Our data testify in favor of an independent gold-
bearing assemblage, the beginning of the formation of
which is accompanied by a change in tectonic setting
in the ore deposition zone and the appearance there of
ore-forming f luids, with new compositions and phys-
icochemical parameters. Crystallization of most
pyrite/arsenopyrite and deposition of most native gold
occurs as a result of different processes and from fluids
differing in composition and phase state. The mor-
phological features of native gold and, primarily, vari-
ations in its size can be explained by the physicome-
chanical properties of the setting in which it is depos-
ited. The larger the pores and cracks available for
deposition of native gold, the larger its segregations.
The netlike and mottled nature of native gold inhomo-
geneities does not contradict the hypothesis of its
recrystallization during intraore or subsequent defor-
mation processes, but these phenomena are of limited
importance. There are no sufficient grounds to con-
sider native gold deposition at the Pavlik deposit as a
process in which the chemical composition of the ore-
forming f luid changed significantly. Our data for the
Pavlik deposit does not contradict the hypothesis of
single-stage deposition of native gold. Similar results
indicating the single-stage nature of gold mineraliza-
tion were obtained by (Ostapenko et al., 2004) for the
Degdekan deposit, as well as the Pavlik, located in the
Omchak ore–placer cluster.
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Prospecting Significance of Features of Native Gold
To determine the prospecting significance of the

established morphological and material features of
native gold from the Pavlik deposit, we compared
these features with those of native gold from other pri-
mary and placer deposits of the Omchak ore–placer
district (Tables 1, 4).

The morphological features of native gold from the
Pavlik deposit and the composition of impurities in it
hardly differ from the model features established in
(Samorodnoe …, 2015) for native gold from low-sulfide
gold–quartz deposits. The main morphological forms
of native gold are similar to the forms described by S.V.
Yablokova (Pluteshko et al., 1988) at the Natalka
deposit. In comparison with the native gold of
Natalka, native gold of the Pavlik deposit is character-
ized by a relatively large size, the absence of crystalline
forms of free growth, the presence of spongy–porous
gold, and a fineness increased by 20–25‰. It cannot
be ruled out that the morphological features of native
gold from the Pavlik deposit are associated with the
homogeneity of the lithological composition of the
host strata (there are no thick sandstone and dike
interlayers, and thick vein bodies of early quartz have
a limited distribution).

According to the grain size distribution data, the
Pavlik deposit is dominated by fracture forms of native
gold segregations with close dimensions (0.01–0.5 mm).
The size of most native gold in gravity concentrates
(0.3 mm) is somewhat larger than that of gold grains
(about 0.1 mm with a variation of 0.02–0.4 mm) in
gravity concentrates from ores of the Natalka (Plutes-
hko et al., 1988) and Sukhoi Log deposits (Gavrilov
and Kryazhev, 2008).

The composition of the main impurities deter-
mined by bulk analysis—Fe, Hg, As, Pb, Bi—is also
characteristic of native gold from ores of low-sulfide
gold–quartz deposits (Samorodnoe …, 2015). The
composition of native gold from the Pavlik deposit is
very similar to that of native gold from the Degdekan
deposit (Litvinenko, 2009), with the exception of a
slightly elevated As content and decreased Pb and Bi
contents.

The Pavlik deposit hosts native gold containing
voids and monomineralic inclusions of vein and ore
mineral fragments. The outer parts of massive homo-
geneous gold grains may be composed of spongy–
porous gold. For ore zone 1, there is a tendency
towards an increase in the amount of low-grade gold
with depth. There are no distinctly zoned structures or
twinned crystals, and deformation and recrystalliza-
tion structures have been established in single grains.
Variations in fineness at the Natalka have been described
differently by different authors. S.V. Yablokova (Plutes-
hko et al., 1988) notes a tendency towards an increase
in the amount of high-grade gold with depth; con-
versely, I.S. Litvinenko (Goncharov et al., 2002)
points to an increase in the amount of low-grade gold
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in the central part of the deposit and at depth. I.S. Lit-
vinenko’s observations (Goncharov et al., 2002) do
not contradict his data on the concentration of low-
grade fine gold in placers in the central part of the
Natalka ore field, and high-grade gold in placers on its
periphery also agree well with the centrifugal model of
placer zoning with respect to probable centers of ore-
magmatic systems. (Scriabin, 2010).

The characteristics of the mineral composition of
the heavy fraction and features of native gold from
placers of streams crossing the ore zones of the
Natalka and Pavlik deposits are given according to
I.S. Litvinenko’s data (Goncharov et al., 2002). These
placers are characterized by approximately the same
set of heavy fraction minerals (iron hydroxides, pyrite,
arsenopyrite, rutile, zircon, anatase, brookite, pyrox-
ene, hornblende, garnet, epidote, spinel, ilmenite),
which is determined by the composition of the host
rocks and pre- and synore mineral assemblages. The
greatest differences are observed in the distribution
features of the size and fineness of gold grains. An
asymmetric size distribution, with predominance of
grades 0.25 and 0.25–0.5 mm with a fineness of about
740–750 is characteristic of native gold from the
Natalka Creek placer. This placer hosts nuggets
weighing up to 1.2 kg. A symmetric size distribution of
native gold with predominance of the class 0.25–
0.1 mm with a fineness of about 800 was established
for the Pavlik Creek placer.

According to the morphological features of native
gold, the Omchak placer is divided into upper and
lower parts (Rossypi …, 1999). The upper part of the
Omchak placer, the largest reserves of which are
located opposite the mouth of Natalks Creek, is char-
acterized by predominance of fine gold. Fractions less
than 1 mm constitute about 74.4% by weight. Native
gold is intergrown with quartz and sulfides; the aver-
age gold fineness is 794. During development, nuggets
weighing up to 300 g were often observed. In the lower
section, from the mouth of Pavlik Creek, fine and very
fine native gold with an average fineness of 805 pre-
dominates. The amount of the fraction up to 1 mm
reaches 90%. High-grade nuggets are observed on tab-
ular gold grains. Spongy, lumpy forms, f lakes, and
pebbles are typical. Native gold contains pyrrhotite,
limonite, and galena inclusions. Thus, the morpho-
logical features of native gold from the placers of the
Omchak ore–placer cluster reflect the difference in
fineness and grain size distriubtion of native gold from
primary sources. The appearance of additional size
and fineness peaks is especially significant.

It can be assumed that the identification of native
gold in placer halos and placers with similar indica-
tors—moderate fineness, reduced uniform grain size,
microporous gold grains, or gold grains with microf-
ragments of albite, sericite, carbonates, arsenopyrite,
etc.—will indicate a similar genesis and, accordingly, a
significant scale of the primary gold source. The data
GEOLOGY OF ORE DEPOSITS  Vol. 63  No. 1  2021
obtained show that the unimodal distribution of the
size and fineness of native gold is not a feature of the
scale of ore objects, at least within the Omchak ore–
placer cluster.

CONCLUSIONS
Native gold of the Pavlik deposit is found in inter-

stitial and fissure intergrowths with albite, chlorite,
sericite, potassium feldspar, carbonates, quartz, and
pyrite. The same minerals are found as inclusions in
native gold. In arsenopyrite, native gold forms
microveins with massive and netlike textures. Arseno-
pyrite crystals were found growing on the surface of
individual gold grains. In some cases, sphalerite and
pyrrhotite grains and crystals form induction bound-
aries with native gold.

The Pavlik deposit is dominated by homogeneous,
massive native gold with a size less than 1 mm and
average fineness of 806 (from 680 to 990). Finely dis-
persed (<0.01 mm) gold was found in pyrite, arseno-
pyrite, and carbonate–quartz intergrowths.

Grain size distribution analysis and study of native
gold taken from comminuted samples made it possible
to establish mmicroscopic (finely dispersed, dusty,
and fine) (peak size at 0.075 mm) and visible (very fine
and fine) (peak size at 0.25, 0.55, and 0.85 mm) native
gold. The main weight of gold come from gold grains
of the fine grade with an average size of 0.3 mm. Com-
parison of the grain size distribution analysis data with
data on the technological properties of ores and results
of development of the deposits of the Omchak ore–
placer cluster made it possible to establish that the
share of dusty and finely dispersed grades accounts for
at least 15–20% of the gold weight. Finely dispersed
(<0.05 mm) impregnation of native gold in carbonates
and host rocks can cause gold losses (up to 18%)
during gravity–flotation processing at the Pavlik
deposit, as well as at other deposits of the Omchak
ore–placer cluster.

The impurities found in bulk analysis of native gold
are explained by the presence of various inclusions in
it. The amount of impurities detected by local preci-
sion methods in native gold is small, and variations in
fineness are governed by variations in the amount of
silver. The results of studying the composition of
native gold indicate the absence of a geochemical rela-
tionship with sulfide mineralization.

The mottled structure of inhomogeneities of indi-
vidual gold grains does not contradict the hypothesis
of recrystallization of native gold during postore defor-
mations. In a sharply subordinate amount, gold grains
with an irregular distribution of silver, marginal high-
grade rims, and internal high-grade microgrooves and
individual voids surrounded by high-grade edges were
found.

The surface features of gold grains represent a com-
bination of smooth and porous irregular areas with
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pitted and porous microsculptures. In a small amount
(up to 15%), deposits of native gold were found with
a microporous and microbreccia structure with a pore
size and inclusions of less than 1 μm. Microscopic
native gold and native gold with a large number of
microinclusions concentrate at the periphery of ore
zones, while coarser-grained and more homogeneous
native gold is characteristic of the central part of the
deposit.

For the overwhelming majority of pyrite and arse-
nopyrite, the content of invisible gold does not exceed
the limiting contents established in experiments on
crystallization of iron sulfides from solutions unsatu-
rated in gold. An elevated invisible gold content >200 g/t
was found in three arsenic-bearing pyrite grains out of
60 analyzed.

The relationship of native gold with nonmetallic
and ore minerals, the observed morphological features
of native gold at the Pavlik deposit, the features of its
chemical composition and internal structure do not
contradict the hypothesis that gold was deposited
during a single mineralization stage during its crystal-
lization in a different substrate: (1) in the intergranular
space (quartz–carbonate metasomatites), (2) in the
intrafracture space (in arsenopyrite and carbonates),
(3) in microcracks in host rocks).

The data obtained do not contradict the hypothesis
that the deposition conditions of native gold coincide
with only some of the conditions reconstructed from
thermobarogeochemical data obtained from sulfide
and quartz zone minerals. The generation zones,
paths, and conditions for the migration of gold-bear-
ing f luids differ from those in which f luid migration
occurs, from which veinlets and veins of the quartz
zone are formed, and pyrite and arsenopyrite impreg-
nation of the sulfide zone form.

The generalized comparative description of native
gold deposits of the Omchak ore–placer district has
prospecting significance (Table 4). The identification
of poorly rounded native gold in placers with parame-
ters close to those indicated in Table 4 will make it
possible to predict primary mineralization similar in
scale and structural localization conditions to large
deposits of the Omchak district. The identification of
zonally distributed placer halos of native gold with
increased and decreased fineness and corresponding
size can be used to preliminarily assess the erosion
level of primary sources. The reduced grain size and
fineness of native gold may indicate that the primary
source had eroded. The bimodal character of the size
distribution and fineness in one placer, as well as the
appearance of nuggets and crystals, can serve as signs
of the influence of late magmatism or postore tecton-
ics on the ores of primary sources.

To determine the conditions for the formation of
native gold and, accordingly, prospecting signs of
gold–quartz objects without additional qualifications,
it is possible to use only the typomorphic features of
G

the native gold itself, inclusions in it, and minerals for
which simultaneous growth with native gold has been
unambigously established. It seems that various inclu-
sions in native gold with a porous surface are promis-
ing for identifying sources of gold and reconstructing
its crystallization conditions.
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