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This study presents a new and first finding of Au-Pb intermetallic compounds in the Inagli Pt-Au placer
deposit, the Republic of Sakha (Yakutia), Russia. This is the first time that all three accepted minerals
(hunchunite, anyuiite and novodneprite), as well as unnamed Au-Pb intermetallics, corresponding in
composition to Au;sPb and AuPb, are present together in the same locality. We provide chemical com-
positions of Au-Pb compounds and host gold particles, describe morphology and relationships between
different mineral phases. We also present an unexpected finding of unusual inclusion of Pb-Fe-
aluminosilicate associated with K-feldspar and anyuiite in the gold grain. The new data together with
data from other occurrences of Au-Pb compounds worldwide were reviewed to discuss type localities,
mineralogy, conditions and possible mechanisms of formation of Au-Pb intermetallics and to provide
an overview of current knowledge about these uniquely rare but naturally occurring minerals.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Intermetallics of Au and Pb are uniquely rare minerals discov-
ered in the late 1980s, despite the possibility of their finding in nat-
ure predicted by experimental studies in the 1950s (Hansen and
Anderko, 1958), and the earliest references dating back to 1827
(Voznesenskij and Zolotova, 1986). Nowadays, three intermetallic
Au-Pb compounds are discovered: (1) anyuiite AuPb, (the Anyui
River, Russia; Razin and Sidorenko, 1989), (2) hunchunite Au,Pb
(the Hunchun River, China; Wu et al., 1992), and (3) novodneprite
AuPbs (the Novodneprovskoe gold deposit, Kazakhstan;
Dyusembaeva et al., 2006). All three minerals are approved by
the International Mineralogical Association Commission on new
minerals and mineral names.

Cases of findings of Au-Pb intermetallics as well as their
chemical compositions are poorly covered in the literature. The
first and subsequent records of these compounds reported pre-
dominantly from placers (Murzin et al.,, 1996; Khazov et al,
2010; Sandimirova et al., 2014) have caused to consider these
intermetallics as being an exclusively authigenic in origin
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(Voznesenskij and Zolotova, 1986; Khazov et al., 2010). However,
there are several publications in which Au-Pb compounds are
referred from bedrocks, not placers (Nekrasov et al., 1988;
Alexandrov and Barannikov, 2012; Ferraris and Lorand, 2015),
although Au-Pb minerals are poorly described therein. And only a
recent study of Molnar et al. (2016) in which hunchunite is
reported from hydrothermal gold-uranium veins at the Rompas
deposit, northern Finland, represents a strong evidence for hypo-
gene origin of Au-Pb intermetallics. Nevertheless, after 30 years
of active geological investigations (or 190 years including the ear-
liest references to Au-Pb minerals), Au-Pb compounds remain
extremely poorly studied and their origin is still unclear.

This paper presents a new and first finding of Au-Pb compounds
in the Inagli Pt-Au placer deposit, the Republic of Sakha (Yakutia),
Russia. This is the first time that all three accepted minerals
(hunchunite, anyuiite and novodneprite), as well as unnamed
Au-Pb intermetallics, corresponding in composition to Au;sPb
and AuPb, are present together in the same locality. We provide
chemical compositions of Au-Pb compounds and host gold parti-
cles, describe morphology and relationships between different
mineral phases. We also present an unexpected finding of unusual
inclusion of Pb-Fe-aluminosilicate associated with K-feldspar and
anyuiite in the gold grain. This indicates that Au-Pb compounds
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may be formed involving potassic fluids. In addition, we are
reviewing all available cases of occurrence of Au-Pb intermetallics
in nature with the aim to summarize the current knowledge about
their type localities, mineralogy, conditions and mechanisms of
formation.

2. Geological setting

The Inagli platiniferous placer deposit in the upper reaches of
the Inagli River is located in the central part of the Aldan Shield,
some 30 km west of the town of Aldan (Yakutia, Russia) (Fig. 1).
The placer is confined to the Inagli concentrically zoned massif,
which is one of the several Uralian-Alaskan-type alkaline-
ultramafic complexes in the Aldan Shield, considered to be source
of platinum group minerals (mainly Pt-Fe alloys) in the placer
(Tolstykh and Krivenko, 1997; Okrugin, 2001; Malitch and
Thalhammer, 2002). However, a small amount of native gold (up
to 5% of total production, according to Boyarko and Dik (2000)) is
also present in the Inagli placer deposit (Litvintsev et al., 2005;
Okrugin et al., 2013, 2014; Svetlitskaya et al., 2017).

The Aldan Shield accommodates numerous ore deposits of gold,
uranium, platinum group minerals, rare, non-ferrous and ferrous
metals. Its geology and metallogeny are considered in numerous
studies (Popov and Smelov, 1996; Popov et al., 1999; Parfenov
et al,, 2003; Shatkov and Volsky, 2004; Smelov and Timofeev,
2007; Goroshko et al., 2010; Khomich and Boriskina, 2010;
Khomich et al., 2015; Maximov et al., 2010, etc.). The Aldan Shield
consists of the ancient Precambrian crystalline basement com-
prised of several large tectono-metamorphic units («superter-
ranes») separated by tectonic mélange zones. The basement is
overlain by Vendian (Ediacaran)-Cambrian terrigenous-carbonac
eous sequences and locally developed Jurassic and Paleogene-
Neogene clastic sedimentary basins. Both the basement and pre-
Cenozoic sedimentary cover are intruded by Mesozoic magmatic
rocks, which are represented by several Middle Jurassic to Early
Cretaceous calc-alkaline to K-alkaline complexes.

The Inagli massif and related Pt-Au placer deposit are situated
in the Aldan-Timpton (Central Aldan) area of the Aldan Shield, at
the intersection of two deep NW- and NE-trending faults. The

massif is a circular body ~20 km? in area with a concentrically
zoned structure (Fig. 1). The core of the massif (~16 km? in area)
consists of dunite, surrounded by a rim of Mesozoic alkaline rocks
(shonkinite, pyroxene and alkaline syenite) (Rozhkov et al., 1962;
Smirnov, 1977; Korchagin, 1996; Mues-Schumacher et al., 1996;
Ibragimova et al., 2015). The host rocks of the Inagli massif are
Archean gneisses and amphibolites, Late Neoproterozoic to Cam-
brian clastic-carbonaceous sequences, and Upper Jurassic to Lower
Cretaceous sills and dykes of syenite- and syenite-diorite-
porphyries.

The Inagli Pt-Au placer deposit is hosted by modern alluvial
sediments of the Inagli River that drains the area covered mainly
by dunite. However, alkaline ring complexes of the Inagli massif
as well as the surrounding Cambrian sedimentary and Mesozoic
magmatic rocks also contributed to the placer (Fig. 1). Morphology
and microchemical signatures of the Inagli placer gold were
reported in several studies (Litvintsev et al., 2005; Okrugin et al.,
2013, 2014; Svetlitskaya et al, 2017). However, its bedrock
source(s) has not yet been identified. As a potential lode gold
source, diopside-magnetite skarns developed at the contact of
Mesozoic syenite porphyry with Cambrian dolomites south of the
Inagli massif has been proposed (Korchagin, 1996). Svetlitskaya
et al. (2017) reported three distinct types of gold in the Inagli pla-
cer, among them the gold with Au-Pb compounds + K-feldspar
inclusions - the main objectives of this study - was classified as
the separate type 3 gold. Microchemical characteristics of this gold
type have been interpreted as suggestive of an alkaline-magmatic-
related fluid. The authors concluded that potential bedrock sources
for type 3 gold could be related to the numerous alkaline veins and
potassic alteration zones within the dunite core, with the distance
from the sampling site to the potential bedrock source of <300 m
(Svetlitskaya et al., 2017).

3. Sampling and analytical methods

A sample of placer gold for this study was obtained from the
heavy mineral fraction extracted from modern alluvial sediments
of the Inagli River, within the Inagli Pt-Au placer deposit. The loca-
tion of the sampling site is shown in Fig. 1. The scanning electron

Inagli massif: 58°33'N

60° 100° 140° 180°

80;

Arctic|Ocean

124°56'E

INAGLI

RUSSIA

Aldan
Shield

s |

KAZAKHSTAN

—/‘;‘Wﬂo GOLIA 2
Dunites
- Olivine- and phlogopite-bearing clinopyroxenites
Alkaline syenites (a) and pegmatites (b)

- Shonkinites and pyroxene syenites

Mesozoic syenite and monzonite porphyries (a)

and syenite-diorite-porphyries (b)

- Vendian—Cambrian limestones, dolomites,
sandstones and gritstones

Precambrian granites, schists, gneisses
Faults

|:| Pt-Au alluvial placer deposit

* Sampling site

Fig. 1. Simplified geological map of the Inagli massif with the location of the Pt-Au alluvial placer deposit and the sampling site. Modified after Korchagin (1996), with some

additions.
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microscopic investigation of gold grains revealed 5 of the 70 grains
associated with Au-Pb intermetallics or/and Pb-bearing alumi-
nosilicate compounds. These gold grains have been examined in
detail.

All studies were carried out at the Analytical Center for multi-
elemental and isotope research of the Sobolev Institute of Geology
and Mineralogy in Novosibirsk, Siberian Branch of the Russian
Academy of Sciences, Russia. Back-scattered electron (BSE) images
as well as composition of very small (few microns) or complex
inclusions were obtained from the polished sections using a scan-
ning electron microscope (SEM) TESCAN MIRA 3 LMU operated at
20 kV equipped with an INCA Energy 450 XMax 80 (Oxford Instru-
ments) microanalysis system. Quantitative chemical analyses
(EMPA) were made using a Camebax-micro electron microprobe.
Minerals were analyzed by a focused beam in spot mode of 2 um
at an accelerating voltage of 20 kV, counting times of 20 s, and a
beam current of 60 nA. For Au-Ag alloys and Au-Pb compounds,
the standards used were: Au;5Ag,s (AuMo; AgLa), Cu-met (CuKar),
HgTe (HgMB), PbTe (PbMa), and Sb,S3 (SbLat) (not used in the case
of Au-Ag alloys). The detection limits for individual elements were:
0.07 wt¥% for Au, 0.07 wt% for Ag, 0.06 wt% for Cu, 0.07 wt% for Hg,
0.04 wt% for Pb, and 0.08 for Sb. For Pb-Au-Fe-Ca-Al-Si compounds,
the standards used were 0-145 (pyrope) (FeKo; AlKo; SiKot; CaKot),
PbS (PbMal), Au;sAgs (AuMo; Aglal), ZnS (ZnKo), IGEM (Mn gar-
net) (MnKo), and GL-6 (glass) (TiKot). Estimated detection limits
were: 0.02 wt¥% for Fe, 0.01 wt% for Al, 0.01 wt% for Si, 0.035 wt%
for Pb, 0.03 wt% for Au, 0.04 wt% for Ag, 0.03 wt% for Zn, 0.02 wt
% for Mn, 0.01 wt% for Ca, 0.01 wt% for Ti. During Camebax-micro
electron-microprobe investigation of Pb-Au-Fe-Ca-Al-Si com-
pounds, we attempted to estimate the concentrations of any other
elements using a Kevex Analyst 8000 energy dispersive spectrom-
eter, but only Fe, Al Si, Pb, Au, Ca, Zn, and Ti were detected.

4. Results
4.1. Host gold grains

Placer gold particles in association with Au-Pb and Pb-(Au)-Fe-
Ca-Al-Si-O compounds are represented by irregularly-shaped
grains with dimensions of 0.1-0.3 mm composed of Au-Ag alloys
with a fineness (Au*1000/(Au + Ag); Hallbauer and Utter, 1977)
of 918-950 (Fig. 2a-e). In respect to the silver distribution, the gold
grains are predominantly homogeneous (5-8 wt% Ag in both the
cores and margins); only one grain shows a restrictedly developed
rim that is richer in gold than the core (6 wt% Ag in the core against
1 wt% Ag in the rim) (Fig. 2c). The concentrations of minor alloying
elements in the gold grain cores are 0.55-1.0 wt% for Hg, 0.11-
0.22 wt% for Pb and up to 0.1 wt% for Cu. In the gold grain margins,
the contents of Hg, Pb and Cu stayed the same or slightly
decreased. In the Au-rich rim, the decrease in Ag level is accompa-
nied by a sharp reduction in Hg (from 1.0 wt% Hg in the core to
<0.07 wt% in the rim) and Pb (from 0.22 wt% in the core to
0.06 wt¥% in the rim), but Cu levels (0.07-0.09 wt%) have remained
largely constant.

4.2. Au-Pb compounds

The Au-Pb(xSb) intermetallic compounds occur as veinlets
(~2-55 pum thick) cross-cutting placer gold particles (Fig. 2a, b),
partial rims (~ 10-25um thick) on the periphery of ones
(Fig. 2c), or as small inclusions (up to 15 um) within gold grains
(Fig. 2e, f). The results of electron-microprobe and scanning elec-
tron microscopic determinations indicate five distinct Au-Pb
phases, corresponding to hunchunite (AuyPb), novodneprite
(AuPbs), anyuiite (AuPb,), Au; sPb and AuPb (Fig. 2).

Two types of Au-Pb veinlets in terms of mineralogy and struc-
ture are recognized: (i) simple veinlets composed of hunchunite
with vein-like inclusions of Sb-bearing anyuiite (0.1-0.5 wt% Sb),
Auq sPb, and AuPb compounds (Fig. 2a); (ii) complex veinlets with
zonal structure, showing a central zone consisting of Sb-bearing
novodneprite (0.6-0.7 wt% Sb) with needle-like inclusions of Sb-
bearing anyuiite (12.2 wt% Sb) and an outer zone composed of
hunchunite (Fig. 2b). In both cases, hunchunite contains from 0.1
to 5.3 wt% Ag, the level of which varies depending on its location
within the gold grain and in relation to more Pb-rich phases
(Fig. 2a, b). The contact between Au-Pb veinlets and the host gold
is gradual to abrupt, irregularly-shaped and, in general, has a
replacement habit. Partial rims of Au-Pb compounds on the periph-
ery of gold grains also show zoning: the inner part of the rim con-
sists of hunchunite, and the outer part comprises AuPb with
inclusions of anyuiite (Fig. 2c). All Au-Pb phases are Ag- and Sb-
free. The contact between the Au-Pb rim and the gold is not clear,
but is abrupt and has an irregular shape. Inclusions of Au-Pb com-
pounds, enclosed within the gold grains, are identified as
monomineralic and consist of anyuiite, which is Ag-free and con-
tains 0.2 wt% Sb (Fig. 2e). Although the host gold grains contain
stable elevated Hg (0.4-1.0 wt%) contents, Au-Pb compounds only
occasionally show detectable levels of this element (Fig. 2).

4.3. Pb-(Au)-Fe-Ca-Al-Si-O compounds

One gold grain is observed in association with an unusual com-
pound of gold and oxides of lead, silicon, and aluminium, with
minor iron and calcium (Fig. 2d). This compound occurs as irregu-
lar patches (20-55 pm long and up to 15 pum wide) in the gold
grain margins. The contact of Pb-(Au)-Fe-Ca-Al-Si compounds with
the host gold is embayed and irregular, but generally abrupt.
According to a scanning electron microscopic investigation,
Pb-(Au)-Fe-Ca-Al-Si compounds contain 24.18-24.28 wt% Pb,
16.05-17.94 wt% Au, 12.33-13.10wt% Al, 11.85-12.49 wt% Si,
0.21-0.27 wt% Ca, and 32.08-35.23 wt% O (two compositional
determinations). Results of quantitative electron microprobe
analyses from 9 points throughout the patches yield the following
compositional range: 20.92-29.12 wt% PbO, 8.20-23.64 wt% Au,
23.65-26.52 wt% Al,03, 25.80-33.22 wt% SiO,, 0.33-0.46 wt¥%
Cao, 0.55-0.73 wt% FeO, with occasional ZnO (up to 0.13 wt%)
and TiO, (0.23 wt%). There is a constant deficit in the sums
(91.81-97.83 wt%) (Fig. 2d), however, no other element has been
detected by a Kevex energy dispersive spectrometer. Although a
SEM examination did not reveal significant non-homogeneity in
the structure of Pb-(Au)-Fe-Ca-Al-Si compounds, we believe they
may well be a mixture of several compounds, and Au contents
are probably from the host gold matrix. It is also important to note
that there is no evidence that Pb is present in form of oxide in these
unusual Pb-(Au)-Fe-Ca-Al-Si-O compounds.

Of particularly interest is the finding of unusual inclusion of Pb-
Fe-aluminosilicate associated with K-feldspar within another gold
particle (Fig. 2e, f). Unfortunately, although the inclusion has the
size suitable for electron microprobe determination (~40 um long
and up to 17 pm wide), it is polymineralic, and the constituent
phases are fine-grained and mixed; for this reason, only a SEM
study was carried out. The results show that the inclusion consists
of rounded grains of K-feldspar (Point 7 in Fig. 2f, (in wt%): K 14.00,
Al 10.96, Si 30.35, O 44.03; Point 8 in Fig. 2f, (in wt%): K 13.47, Al
9.54, Si 29.97, 0 45.33) enclosed in matrix of Pb-Fe aluminosilicate
(Point 6 in Fig. 2f, (in wt%): Pb 26.20, Fe 11.78, K 1.19, Mg 0.80, Ca
0.68, Al 10.96, Si 14.62, O 32.84) and is rimmed by Sb-bearing
(0.35 wt% Sb) anyuiite. Another analysis (Point 9 in Fig. 2f) showed
a lower content of Pb (14.76 wt%), Fe (2.16 wt%), Mg (0.56 wt%), Ca
(0.38 wt%), and Al (9.95 wt%) and a higher content of K (7.73 wt%)
and Si (22.53 wt%) compared to Pb-Fe aluminosilicate from Point 6,
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The following oxides and elements were also looked
for: Ag, TiO2, MnO, ZnO, but only the components
reported in the Table were detected.
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Back-scattered-electron images Point EPMA content, wt.% Formula / mineral

Au | Ag| Cu| Hg | Pb | Sb | Total
1 |93.695.56|0.04] 0.76]0.13 | na |100.18| Gold (core)
2 |94.055.42]0.01] 0.37]0.11 | na |99.96 | Gold (rim)

3 [33.890.00]|0.00] 0.00|65.28{0.20 | 99.37 | AuPb, ;,Sby,, / anyuiite

SEM content, wt.%
Au | Ag| Cu| Hg | Pb | Sb | Total

4 ]33.01]0.00]0.00] 0.03]65.18]0.35 | 100.07| anyuiite

Al20s SiO2 | FeO | PbO | K20 |Ca0 [MgO| Au | Total
20.2233.6814.04|27.74|1.95 | 0.76]1.34 99.73]! pp.-Fe
20.71|31.27|15.16|28.22| 1.43 | 0.951.33 99,07 |; aluminosilicate
17.61|64.93| 0.00 16.80] 0.00]0.00 99.34|K-Fsp
18.03|64.11 | 0.00 16.17] 0.00]0.00 98.31|K-Fsp

K-Fsp + Pb-F
18.8048.20| 2.78 [15.90] 9.28 | 0.53]0.93| 2.95[99.37| Siirhnasiicate(?)

00 30 pm .

© ©® N o o

Fig. 2. The composition of Au-Pb compounds and host gold grains from the Inagli Pt-Au placer deposit, with reflected light photomicrographs and BSE images of the Au-Pb
intermetallics in polished sections. Abbreviation: na = not analyzed.
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and Au (2.73 wt%) was also identified. This phase apparently is a
mixture of K-feldspar and Pb-Fe aluminosilicate, and Au contents
are probably from the host gold matrix. Another small (~10 pm)
inclusion within the same gold particles gives a composition close
to that of Pb-Fe aluminosilicate from Point 6 (Point 5 in Fig. 2f, (in
wt%): Pb 25.75, Fe 10.91, K 1.63, Mg 0.81, Ca 0.54, Al 10.70, Si
15.74, O 33.65).

5. Discussion
5.1. Au-Pb compounds from various localities worldwide

5.1.1. Geography and type localities

Scientific records of occurrences of Au-Pb compounds in nature
are very rare. Besides the Inagli River placer, intermetallics of gold
and lead have been described in no more than 12 localities world-
wide (Table 1). They include occurrences of Au-Pb compounds: (i)
in bedrocks (the Rompas gold-uranium deposit, Finland (Molnar
et al., 2016); the Tetrem gold deposit, Africa (Ramdohr and
Evstigneeva, 2011); the Lherz peridotite, France (Ferraris and
Lorand, 2015); the Mir kimberlite pipe, Russia (Nekrasov et al.,
1988)), (ii) in the oxidized zone of the lode gold deposit (the
Novodneprovskoe deposit, Kazakhstan (Dyusembaeva et al,
2006), (iii) in gold-bearing orebodies hosted by weathered
volcanic-sedimentary rocks (the Langursko-Alexandrovskaya gold
ore zone, Russia (Alexandrov and Barannikov, 2012), and (iv) in
gold concentrates from alluvial placers of Russia and
China (Voznesenskij and Zolotova, 1986; Razin and
Sidorenko,1989; Wu et al., 1992; Augé et al., 2005; Khazov et al.,
2010; Sandimirova et al., 2014).

In bedrock localities, Au-Pb compounds are referred to one of
three associations: (1) in gold-bearing hydrothermal calc-silicate
veins hosted by metamorphosed mafic rocks - in association with
high-fineness gold (up to 1.8 wt% Ag), sulfides (galena, pyrite, pyr-
rhotite, chalcopyrite, molybdenite), altaite, nickeline, cobaltite, and
Pb-bearing maldonite (Molnar et al., 2016), (2) in gold-bearing
quartz veins whithin a shear zone-related fracture at the contact
between greenstone and basalt sequences and granitoids - in
assemblage with native gold (Ag up to 7.2 wt%; Hg up to 5.7 wt
%), electrum, aurostibite, altaite, unnamed AugPbsSbs (Aus(Pb,
Sb),) mineral, arsenopyrite, and base-metal sulfides (pyrite, galena,
sphalerite, chalcopyrite, pyrrhotite, molybdenite) (Ramdohr and
Evstigneeva, 2011), and (3) in modified (deformed, serpentinized,
carbonatized) ultramafic rocks as micrometric inclusions in olivi-
nes from orogenic lherzolites (Ferraris and Lorand, 2015) or in gold
particles from kimberlites (Nekrasov et al., 1988). In weathering
localities, Au-Pb compounds are also related to gold mineralization
and occur: (1) in the oxidation zone of the gold deposit within
unusual spheroidal aggregates — together with native lead, native
gold and auricupride (Dyusembaeva et al., 2006), and (2) in
disseminated gold mineralization within weathered volcanic-
sedimentary rocks - in association with native gold, tetraau-
ricupride, pyrite, chalcopyrite, galena and sphalerite (Alexandrov
and Barannikov, 2012). In placer localities, intermetallics of gold
and lead are found in gold (Voznesenskij and Zolotova, 1986;
Razin and Sidorenko, 1989; Wu et al., 1992) and PGM (platinum
group minerals) — gold deposits (Augé et al., 2005; Khazov et al.,
2010; Sandimirova et al., 2014).

It is quite possible that Au-Pb minerals are much more common
in nature, and not all cases of finding of these intermetallics were
reported and documented in literature properly. For instance, there
are some references to Au-Pb compounds in concentrates from the
Eastern Shishim River (Central Urals, Russia) (Murzin et al., 1996),
in the Nizhne-Tagil’skoye Cu deposit (Urals, Russia), the Dongping
Au-Te deposit (Hebei Province, China), the Sandaogou Au deposit

(Jilin Province, China), the Lubin (the Lubin-Sieroszowice ore zone,
Lower Silesia (DolnoSlaskie), Poland) (data from MINDAT.org
(http://www.mindat.org/min-1949.html; http://www.mindat.org/
min-271.html) and WEBMINERAL.COM (http://www.webmin-
eral.com/data/Hunchunite.shtml)).

5.1.2. Mineralogy of Au-Pb compounds

Today, only hunchunite is reliably defined in bedrock mineral-
ization as individual grains (the Rompas and Tetrem deposits)
(Fig. 3), whereas anyuiite and novodneprite are reported as
submicron-sized particles, too small for EMPA examination (the
Lherz peridotite, the Mir kimberlite pipe). In gold-bearing oxidized
and weathering zones, hunchunite in the form of separate crystals
and crystal intergrowths as well as anyuiite and novodneprite
as intergrowths with each other are found separately (the
Langursko-Alexandrovskaya zone and the Novodneprovskoe
deposit, respectively). In placers, Au-Pb compounds are distin-
guished by a wide range of compositions (Table 1; Fig. 3). Thus,
Au-Pb intermetallics from the Hunchun River placer (Jilin province,
China) are represented by hunchunite in intergrowth with gold,
anyuiite, and native lead. Au-Pb compounds from a placer gold
deposit of North-East Russia are characterized by a mixed compo-
sition within which anyuiite and novodneprite in association with
native Pb can be identified. Au-Pb intermetallics from the Bolshoi
Anyui River placer (Chukotka, Russia) correspond in composition
to anyuiite occurring in complex intergrowths with native Pb.
Among Au-Pb compounds referred from the OlI’khovaya-1 River
placer (Kamchatka, Russia), anyuiite and novodneprite are identi-
fied reliably in association with native Pb and oxides of Pb. Among
intermetallics of Au and Pb from placer gold deposits of the Uralian
rivers (Russia), hunchunite can be defined (Augé et al., 2005;
Khazov et al., 2010).

As can be seen in Fig. 3, chemical compositions of Au-Pb com-
pounds from different placer localities cluster in two discrete
areas: (i) around the composition of hunchunite Au,Pb and (ii)
around the compositional field of anyuiite AuPb, - novodneprite
AuPbs, with a displacement of compositions in the Pb-rich region,
implying the presence of native Pb. Thus, the following mineral
assemblages of Au-Pb compounds can be distinguished based on
available literary sources:

1) hunchunite (bedrock and weathering localities) (the Rompas
and Tetrem deposits; the Langursko-Alexandrovskaya gold
ore zone);

2) hunchunite + anyuiite + native Pb (placer localities) (the
Hunchun River);

3) anyuiite + native Pb (placer localities) (the Bolshoi Anyui
River);

4) anyuiite + novodneprite + native Pb (weathering and placer
localities) (the Novodneprovskoe deposit; placers of North-
East Russia and the Ol'’khovaya-1 River).

A literature review of the compositions of Au-Pb compounds
from various localities suggests that there are some relationships
between Au-Bi—Pb and Au-Sb—Pb mineral systems. Composi-
tions of Pb-rich maldonite (or Bi-rich hunchunite?) reported by
Molnar et al. (2016) from the Rompas Au-U deposit in northern
Finland plot on a projected Au,Pb-Au, Bi tie-line, suggesting that
some miscibility can exist between maldonite and hunchunite in
the system Au-Bi—Pb (Fig. 4). Compositions of Au(+Ag)-Pb-Sb
compounds from the OlI'’khovaya-1 River placer in eastern Kam-
chatka presented in Sandimirova et al. (2014) include non-
stoichiometric (?) anyuiite AuPb;1.12Sbos, Au(+Ag)-Pb-Sb com-
pounds, depicting Pb-AuSb, tie-line (that strongly resemble a
mechanical mixture of several mineral phases), and an Au-Pb-Sb
compound, corresponding in composition to AuPbg 4Sb1 6, that lies
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Table 1
Occurrences of Au-Pb compounds from various localities worldwide.

Mineral Locality Type General geological setting Appearance and associated minerals Composition (wt. Composition of associated Ref
locality %) gold
Hunchunite Au,Pb Rompas Au-U Bedrock Disseminated Au-U mineralization Discrete grains (1-20 um large) or tens of Au 64.78-67.04, Ag 0.29-1.76 wt%, 1
deposit, Perdpohja hosted by deformed calcsilicate veins microns long ribbon-like, elongated Pb 29.72-31.64, Cu 0.07-0.97 wt%;
Schist Belt, in amphibolites (metamorphosed precipitations within the native gold fillings of Ag 0.0-0.29%; Hg - b.d.l.
Northern Finland mafic rocks). fractures in uraninite. S, Cu, Fe, Mn, Ni, Co, Zn, Sb,
Associated minerals: galena, altaite, native gold, B, Sn, Te, Cd, Se, As, V, Mo,
nickeline, cobaltite, Pb-bearing maldonite, Hg - b.d.l.
pyrite, pyrrhotite, chalcopyrite, molybdenite and
titanite.
Hunchunite Au,Pb Tetrem gold Bedrock Disseminated Au mineralization In close intergrowths with native gold (contain ~ No data available Ag up to 7.2 wtk; 2
deposit, Tarkwa hosted by a quartz vein at the contact tiny,<5-10 um, grains of aurostibite and altaite) Hg up to 5.7 wt%
area, SW Ghana, between the greenstone and basalt and unnamed AugPbsSbs (Aus(Pb,Sb),) mineral.
West Africa and the granitoids. Gold is associated with pyrite, galena, sphalerite,
chalcopyrite, arsenopyrite, pyrrhotite,
molybdenite.
Novodneprite AuPbs Lherz peridotite, Bedrock Within plastically deformed mantle-  Micrometric inclusions in olivine together with ~ Both minerals have been 3
and anyuiite Au(Pb, Eastern Pyrenees, derived olivine grains separated from nanometric clusters of metallic gold. identified through
Sb), France orogenic lherzolite. selected area electron
diffraction and energy
dispersive spectroscopy
analyses
Au-Pb compounds (a Mir («Peace») Bedrock In concentrates separated from Inclusions in native gold. Au 41.2-58.98, Gold grains with 4;5
mixture of Au and kimberlite pipe, serpentinized and carbonatized Together with inclusions of Au-Pb compounds,  Pb 38.53-56.93, dimensions 0.05-1.8 mm
AuPb, ?) Yakutia, Russia kimberlite. inclusions rich in Ni (native nickel or carbide, Ni up to 0.55, contain
boride or nitride of Ni) are also present within Ti up to 0.19, Cu - traces, <10wt% Ag
gold grains. Zn - b.d.t. to trace, Ag - b.
dl.
Novodneprite AuPbs Novodneprovskoe Oxidized Within spheroidal aggregates from an  In intergrowths with anyuiite (+native lead) fills Au 20.73-25.29, No data available 6
and anyuiite Au(Pb, gold deposit, zone of oxidized zone of gold-arsenic- the free spaces between the crystals of gold (+ Pb 73.74-77.33,
Sb), Kazakhstan bedrock polymetallic deposit. auricupride) inside the spheroidal aggregates Cu 0-0.18,
gold deposit hosted by jacobsite-mimetite aggregates. Ag 0-0.13
Hunchunite Au,Pb Langursko- Gold In concentrates from zones of Crystals and intergrown crystals up to 0.02- Au 66.49-68.49, sn-bearing gold (wt%): Au 7
Alexandrovskaya mineralized  disseminated gold mineralization in ~ 0.05 mm in size with inclusions of sn-bearing Pb 30.07-31.84, 78.0-96.2, Sn 1.2-10.2, Ag
gold ore zone, zones in weathered Devonian volcanic- gold and rims of high-fineness Sb-bearing gold. =~ Ag 0.5-1.02, 0.6-6.3, Cu up to 4.1, Pb
Ekateriniskiy lode-  weathering sedimentary rocks intersected by Associated minerals in concentrates: native gold, Sn 0.32-0.71, 0.5-0.8, Sb 0.4-1.7;
placer cluster, crust monzodiorites. tetraauricupride, Cu- and Hg-, Sb- and sn- Fe 0.1-0.46 Sb-bearing gold (wt%): Au
North Urals bearing gold, pyrite, chalcopyrite, galena, 95.6-99.3, Sb 0.4-2.0, Cu
sphalerite. 0.1-0.2, Pd up to 0.4.
Anyuiite Au(Pb,Sb), Bolshoi Anyui Placer Concentrates from the Bolshoi Anyui  Platy aggregates and prismatic crystals (1- Au 32.6-36.7, Gold in intergrowths with 8;9
River, Chukotka, River placer gold deposit. 50 x 100-900 pm) in complex intergrowths of Pb 52.9-64.8, anyuiite:
Russia Bedrock sources for the placer are three types with native lead within weakly Sb 0.3-10.2 Au 54.5-84.2 wt%,
believed to be small Hercynian rounded to angular polymineralic grains Ag up to 0.3 Ag 6.31-42.4 wt%,
dunite-harzburgite and gabbroid containing Au-Pb compounds, native Au, and Cu up to 15.9 wt%
massifs of the Koryak-Kamchatka fold native Pb.
province. Anyuiite contains inclusions of native Au and Pb,
Cr-spinel, ilmenite, Ti-magnetite, and hematite.
Associated minerals in concentrates: gold, PGM,
Cr-spinel, ilmenite, hematite, pyrite,
chalcopyrite.
Au-Pb compounds Urals, Russia Placer Concentrates from Au-Pt alluvial (1) Irregular submicron-sized particles with An outer zone of Placer gold grains with 10

(which are completely
miscible with one
another over the
entire range of

placers of the Uralian rivers.

mixed Au-Pb composition in films of spongy gold
coating placer gold grains together with native
Cu, Au-bearing galena, and Au-Ag-Pb-Fe
hydroxybromides.

kelyphitic rims:

Au 55.30, Pb 42.62, Ag
0.61, Sn 0.21, Fe 0.64, Sb
0.1,

kelyphitic rims

contain ~ 3.76 wt% Ag.

An inner zone of kelyphitic
rims (wt%): Au 83.73,
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Table 1 (continued)

Mineral Locality Type General geological setting Appearance and associated minerals Composition (wt. Composition of associated Ref
locality %) gold
possible compositions) (2) As kelyphitic rims up to 50-100 pum width on  As 0.33 (average). Ag 15.43, Pb 0.83 (average).
placer gold grains. Rims consist of an inner Au-  Metacrystals: Au 68.82, Pb
Ag-Pb zone and an outer Pb-Au-Ag zone which  30.5, Ag 0.61.
enclose small (10 pm to 50 um) euhedral
metacrystals of Au-Pb compounds.

Au-Pb compounds Ol'’khovaya-1 River, Placer Concentrates from Pt-Au placer (1) Individual well-rounded grains 1-3 mm in Au 12.12-41.88, Gold in intergrowth with 11
(~Sb-bearing Eastern deposits of the Ol'’khovaya-1 River, size consisting of graphic intergrowths of native Pb 18.18-77.40, Au-Pb compounds: native
novodneptite Au(Pb, Kamchatka, Russia whose tributaries drain the Pb and Au-Pb(+Sb) compounds. Sb up to 41.51, gold (10-30 wt% Ag),

Sb)s and anyuiite Soldatskaya Mountain ultramafic (2) Aggregates of irregular grains of (i) native Au, Ag up to 2.95 electrum (30-70 wt% Ag),
AuPb, ?) massif of the Karaginskiy ophiolite electrum, and native Pb with inclusions of Au-Pb kiistelite (70-80 wt% Ag).
complex. compounds, or (ii) electrum and native Pb with The gold grains are zonal
inclusions of AuPbs. In the last case, peripheral with an Au-Ag phase in
parts of complex Pb-Au-Pb grains have rims in core and Au-Cu phases at
which native Pb is replaced by lead oxide. the margins.
Associated minerals in concentrates: native Au,
PGM, auricupride, tetraauricupride, native Pb,
Sn, and Bi and their oxides, cuprostibite, galena,
(Pb,Sb)0Oy; Pb-Sb, Pb-Sn, Au-Ag-Sn, Au-Sn, and
Au-Ag-Pb-Sn compounds
Hunchunite Au,Pb, Hunchun River, Placer Concentrates from Quaternary gold Anhedral granular aggregates 170-500 x 3- Hunchunite: Gold in intergrowth with 12;
anyuiite Au(Pb,Sb), Jilin province, alluvial placers along the Hunchun 30 pm in size in intergrowth with gold, anyuiite, Au 63.38-66.26, Au-Pb compounds contains 13
China River and native lead. Pb 31.60-34.64, 91.2-93.2 wt% Au and 6.8-
Ag 1.68-2.96. 8.8 wt% Ag.
Anyuiite: Au 35.31-35.62,
Pb 62.5-62.73, Sb 1.88-
1.97, Ag - b.d.l.

Unnamed Au-Pb North-East Russia Placer Concentrates from an alluvial gold (1) Individual segregations (up to 12 mm), (2)a  Au 8.2-33.1,Pb 66.5-91.8  Well-rounded gold grains 14;
compounds (AuPb, deposit of North-East Russia. cement among grains of gold, pyrite, ilmenite, with Ag up to 15-19 wt% 15
AuPbs, or their garnet, quartz, zircon, (3) coatings on rounded and Hg up to 0.5-4 wt%.
intergrowths with gold grains in association with native Pb.
native gold ?) Associated minerals in concentrates: native Au,

pyrite, ilmenite, garnet, zircon, marcasite,
pyrrhotite, tourmaline.
Au-Pb compounds Chaush River, Placer Concentrates from the Pt-Au placer of ~As matrix mineral to beads composed of an Au-  Au 52.2-57.3, Gold in association with Au- 16
Urals, Russia the Chaush River, derived from the Sn alloy in association with gold. Pb 30.6-33.1, Pb compounds: Ag 7.9-
Nizhny Tagil Uralian-Alaskan-type Associated minerals in concentrates: native Au, Hg 8.4-10.5, 48.5 wt%, Cu 0.5-1.1 wt%,
complex PGM, chromite. Sb 1.1-6.7, Pb up to 0.24 wt%, Hg and

Ag and Cu-b.d.L

Sb-b.d.L

0£2-612 (210Z) 68 smalady A30]03D 210/ 03]0AIN Y'd ‘DADYSIIIAS “A'L

b.d.Il. - below detection limit.

Fineness = Au'1000/(Au + Ag) (Hallbauer and Utter, 1977).

PGM - platinum group minerals.

Ref - References: (1) Molnar et al. (2016); (2) Ramdohr and Evstigneeva (2011); (3) Ferraris and Lorand (2015); (4) Nekrasov et al. (1988); (5) Jambor and Grew (1990); (6) Dyusembaeva et al. (2006); (7) Alexandrov and
Barannikov (2012); (8) Razin and Sidorenko (1989); (9) Jambor and Grew (1991); (10) Khazov et al. (2010); (11) Sandimirova et al. (2014); (12) Wu et al. (1992); (13) Jambor et al. (1994); (14) Voznesenskij and Zolotova (1986);
(15) Hawthorne et al. (1988); (16) Augé et al. (2005).
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Fig. 3. Compositions (in atomic percent, at¥) of Au-Pb compounds from various localities worldwide. The theoretical compositions of Au,Pb (hunchunite), AuPb, (anyuiite),
and AuPbs (novodneprite) are from Okamoto and Massalski (1984). The empirical composition of hunchunite Au; sAgysPb and anyuiite AuPb; 5Sbg s are from Webmineral

Mineralogy Database (WEBMINERAL.COM).
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Fig. 4. Bi—Pb—Sb—Au compositional diagram illustrating relationships between
Au-Bi—Pb and Au—Sb—Pb mineral systems. Compositions of Pb-rich maldonite (or
Bi-rich hunchunite ?) reported in Molnar et al. (2016) plot on a projected Au,Pb-
Aus, Bi tie-line, suggesting that some miscibility can exist between maldonite and
hunchunite in the system Au—Bi—Pb. Compositions of Au(+Ag)-Pb-Sb compounds
presented in Sandimirova et al. (2014) include non-stoichiometric (?) anyuiite
AuPby 1.1,Sbos, Au(+Ag)-Pb-Sb compounds depicting Pb-AuSb, tie-line (that
strongly resemble a mechanical mixture of several mineral phases), and an Au-
Pb-Sb compound corresponding in composition to AuPbg4Sb;s, that lies on the
AuPb,-(AuPb; 5Sbg 5)-AuSb, tie-line. The last compositional case may indicate that
some miscibility can exist between aurostibite and anyuiite in the system
Au—Sb—Pb.

on the AuPb,-(AuPb; 5Sbg 5)-AuSb, tie-line (Fig. 4). The last com-
positional case may indicate that some miscibility can exist
between aurostibite and anyuiite in the system Au—Sb—Pb. This
suggestion is supported by at least one other case of finding of
Au-Pb-Sb compound reported from the Tetrem gold deposit in
West Africa, where hunchunite has been described in intergrowths
with unnamed AugPbsSbs (Aus(Pb,Sb);) mineral (Ramdohr and
Evstigneeva, 2011).

5.1.3. Conditions and mechanisms of formation of Au-Pb compounds

There is only one case of bedrock occurrence, in which forma-
tion conditions for the hunchunite-bearing mineral assemblage
have been interpreted. According to Molnar et al. (2016), in the
Rompas deposit, hunchunite was precipitated from neutral-
alkaline fluids at ~300 °C (270-340 °C), under log fS, and log
fTe, conditions to around —17 and between —13.8 and —11.3,
respectively. The radiogenic lead derived from the earlier formed
uraninite-bearing assemblage was considered as the dominant
source of lead for Pb-bearing minerals (galena, hunchunite, and
altaite), and deposition of ore minerals was linked to a hydrother-
mal event caused by intrusion of pegmatitic and tourmaline-rich
granites (Molnar et al., 2016). In all other cases of both bedrock
and weathered localities, conditions of formation of Au-Pb miner-
als and often mineralization styles are unclear. However, a review
of the available literature would suggest that Au-Pb minerals are
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spatially and apparently genetically linked to gold mineralization.
Au-Pb intermetallics are associated with gold of different composi-
tion in different mineralogical assemblages (Table 1), thus, they
may possibly be formed through different gold mineralization
types.

A comparison of the Au-Pb mineral assemblages (see subsection
5.1.2. «Mineralogy of Au-Pb compounds») with experimental data
(Prince, 1980, 1980a; Okamoto and Massalski, 1984; Okamoto,
1993; Hassam et al., 1995; Wang et al., 2010) which provide for
three peritectic reactions

L+ (Au) — AuPb (434 °C) (1)
L+ AuPb — AuPb, (253 °C) 2)
L+ AuPb, — AuPbs (221.5°C) (3)

and the eutectic reaction
L — AuPbs; +Pb (212.5°C) (4)

for the formation of Au-Pb intermetallics shows clearly that native
Pb observed in nature Au-Pb mineral assemblages cannot be
explained by peritectic reactions (1) to (3). However, the Pb excess
can be successfully described by eutectic (and possibly successive)
reactions Au,Pb — AuPb, +Pb and AuPb, — AuPbs +Pb during
which the primary hunchunite Au,Pb(+Ag, Sb) is presumed to have
broken down to yield the eutectoid-type textures. Such textures
represented by complex intergrowths of AuPb,+Pb, Au,Pb
+ AuPb, + Pb, and AuPb, + AuPbs + Pb are referred from some local-
ities (Razin and Sidorenko, 1989; Wu et al., 1992; Dyusembaeva
et al., 2006; Sandimirova et al., 2014). Thus, myrmekitic inter-
growths of AuPb, (+AuPbs) and Pb probably represent decomposed
hunchunite Au,Pb(+Ag, Sb).

Experimental studies suggest that Au,Pb (as well as AuPb, and
AuPbs) can be formed by the interaction of a liquid L (corresponds
to potential Pb-bearing fluids in nature?) with a solid solution Au
(corresponds to potential native Au-Ag alloys in nature?). This
mechanism in nature appears to be coming true through metaso-
matic processes. However, it should be taken into account that
the formation of Au-Pb compounds may occur during some local
metasomatic reactions under excess of lead and extremely low
fS2 and fTe2 conditions to effectively stabilize Pb in intermetallic
form. Another mechanism involving an Au-bearing fluid and lead
ions (Pb?*) through the equation of the precipitation process 2Au
(HS), + 2H,+Pb?* — Au,Pb + 4H,S has been proposed to explain
the formation of hunchunite at the Rompas Au-U deposit, where
it is a common mineral associated with native gold (Molnar
et al., 2016). In this way, a general consensus that Au and Pb will
be separated during the magmatic-hydrothermal processes (Au
goes in vapor, Pb stays in brine) (e.g., Heinrich et al., 1999) requires
different sources for gold and lead.

By contrast to the bedrock localities, origin of Au-Pb compounds
from the placer occurrences is controversial. In some cases, there
are clear indications that Au-Pb minerals have passed into the pla-
cer by erosion of mineralized bedrocks. This empirical evidence
includes the outer appearance (i.e., size and morphology) of Au-
Pb compounds, features of their relationship with associated gold,
the existence of eutectoid-type textures (myrmekitically inter-
growths of AuPb, (+AuPbs) and Pb), the presence of mineral inclu-
sions enclosed in Au-Pb compounds, and the impurity in Au-Pb
minerals of other elements such as Sb and Bi (the Bolshoi Anyui
River (Razin and Sidorenko, 1989), the Hunchun River (Wu et al.,
1992)). In other cases, namely when Au-Pb compounds occur as
kelyphitic rims on placer (often well-rounded) gold grains or as
submicron-sized particles in films of spongy gold coating placer
gold grains (Khazov et al., 2010), this should be regarded as a major
evidence of formation in situ in the placer environment. But in fact,

the mechanisms of formation of such Au-Pb compounds are
unclear. Formation of authigenic Au-Pb compounds is suggested
to be the result of cathodic reduction of metallic Pb on the
gold grain surface in weakly mineralized Pb-bearing water solu-
tions filtered through porous gold-bearing alluvial sediments
(Voznesenskij and Zolotova, 1986; Khazov et al., 2010). Alternately,
Au-Pb compounds may grow within placers by microbially assisted
dissolution, precipitation and aggregation, in the same way as it is
suggested for supergene gold (Reith and McPhail, 2006; Reith et al.,
2005, 2006, 2007, 2009, 2010; Kamenov et al., 2013; Shuster et al.,
2017). There are also unclear cases where Au-Pb compounds, with
or without eutectoid-type textures, occur as a cement among
grains of various other minerals (Voznesenskij and Zolotova,
1986; Augé et al., 2005) or gold grains of different composition
(the OI'khovaya-1 River placer; Sandimirova et al., 2014).

5.2. Au-Pb compounds from the Inagli Pt-Au placer

The occurrence of Au-Pb compounds in the Inagli Au-Pt placer
deposit is the first known locality of Au-Pb compounds in the
Aldan Shield, Russia. In this locality, Au-Pb compounds are associ-
ated with homogeneous gold grains, containing 5.0-8.1 wt% Ag,
0.3-1.0 wt% Hg, 0.11-0.22 wt% Pb, and up to 0.1 wt% Cu (Fig. 2).
The morphology of gold particles (angular to slightly elongated
shapes, irregular surface topography, grain embayments, relatively
regular outline with rare evidence of folding, lack of coating and
biofilm-like forms) indicates that gold (and apparently associated
Au-Pb compounds) derives from a local source situated probably
less than 300 m from the sampling site (according to Townley
et al., 2003; see Svetlitskaya et al., 2017). However, a thin partial
Au-rich rim depicted by one single gold grain (Fig. 2c) may come
from the presence of gold particles in weathering zone over a rel-
atively short period of time. The lower Hg level in the rim com-
pared to the grain core indicates a loss of mercury in the
supergene weathering environment and, thus, the elevated Hg
content in gold is a feature of primary deposition rather than a con-
sequence of the amalgamation processes used by local inhabitants
to recover the panned gold (Litvintsev et al., 2005).

The morphology and composition features of gold particles as
well as the general outward look and composition of Au-Pb com-
pounds, including exsolutions of Au; sPb and Sb-bearing anyuiite
in hunchunite, Sb-bearing anyuiite in Sb-bearing novodneprite,
and anyuiite in AuPb (Fig. 2), clearly support the hypogene origin
of Au-Pb minerals from the Inagli placer. Five distinct Au-Pb phases
identified in the Inagly placer locality (Fig. 5) occur in four
assemblages:

1) hunchunite + anyuiite + Au, sPb;

2) hunchunite + anyuiite + AuPb;

3) hunchunite + anyuiite + novodneprite;
4) anyuiite.

In contrast to mineral assemblages distinguished based on
available literature sources (see subsection 5.1.2. «<Mineralogy of
Au-Pb compounds»), ones from the Inagli placer do not involve
native Pb. This fact suggests that these Au-Pb mineral assemblages
probably could not be formed though eutectic reactions describing
the decomposition of hunchunite, but is consistent with peritectic
reactions (1) to (3) indicating the interaction between Pb-bearing
fluids and Au-Ag alloys. Sustained elevated contents of Pb in gold
associated with Au-Pb compounds are in good agreement with this
conclusion.

These are some observations on Au-Pb compounds from the
Inagli placer: (i) the general outward look of Au-Pb minerals (vein-
lets, partial rims, small inclusions within gold grains), (ii) the min-
eralogical and compositional zoning within veinlets and partial
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Fig. 5. Compositions (in atomic percent, at%) of Au-Pb compounds from the Inagli Au-Pt placer deposit. Compositional fields of Au-Pb compounds from different various
localities worldwide were defined based on published analyses summarized in Fig. 3 and included (1) Au-Pb compounds from bedrock localities (Nekrasov et al., 1988; Molnar
et al.,, 2016), (2) Au-Pb compounds from weathering zones (Dyusembaeva et al., 2006; Alexandrov and Barannikov, 2012), and (3) Au-Pb compounds from placer localities
(Voznesenskij and Zolotova, 1986; Razin and Sidorenko, 1989; Wu et al., 1992; Khazov et al., 2010; Sandimirova et al., 2014).

rims, in which Au-Pb phases change with increasing Au and
decreasing Pb contents from the central to outer parts (anyuiite
+ AuysPb - hunchunite; novodneprite + anyuiite — hunchunite;
AuPb + anyuiite — hunchunite), (iii) the general replacement look
of the contact between the Au-Pb veinlets, rims/the hosting gold
and between different Au-Pb phases within the veinlets and rims,
and (iv) the variable content of Ag in hunchunite. These observa-
tions support formation of Au-Pb compounds via metasomatic
replacement of host gold through Pb-bearing fluids - Au-Ag alloys
interaction. The presence of individual inclusions of anyuiite in
native gold indicates that anyuiite can be formed not only by
decomposing of hunchunite, but also as a separate mineral phase.

The very unusual inclusion within the gold grain, consisting of
Pb-Fe-aluminosilicate + K-feldspar with a reaction rim of anyuiite,
is a clear indication that: (1) it is precisely that Pb-bearing fluid
containing Fe, Si, Al, and K was responsible for the formation of
Au-Pb minerals in the bedrock source, and (2) the Pb-bearing fluid
interacting with gold was potassic in composition. Based on the
above, we suggest that pre-existing gold grains have undergone
in situ hydrothermal overprint by K-rich Pb-bearing solutions,
which produced the formation of Au-Pb compounds.

6. Concluding remarks

A synthesis of the available data on Au-Pb compounds from var-
ious localities worldwide, including reported in this study for the
Inagli placer, can result in the followings:

1) Au-Pb compounds include hunchunite Au,Pb, anyui-
iteAuPb,, novodneprite AuPbs, and unnamed Au;sPb and
AuPb phases and are observed as minor minerals in bedrock,
weathering and placer gold deposits in at least twelve local-
ities worldwide.

2) The following natural mineral assemblages of Au-Pb com-

pounds are distinguished:

1) hunchunite (bedrock and weathering localities);

2) hunchunite + anyuiite + native Pb (placer localities);

3) hunchunite + anyuiite + Au; sPb or AuPb (placer locali-
ties; this study);

4) hunchunite + anyuiite + novodneprite (placer localities;
this study);

5) anyuiite (placer localities; this study);

6) anyuiite + native Pb (placer localities);

7) anyuiite + novodneprite + native Pb (weathering and
placer localities).

The occasional cases of Pb-rich maldonite (or Bi-rich hunchu-
nite?) (Molnar et al., 2016) and Au-Pb-Sb compounds (Ramdohr
and Evstigneeva, 2011; Sandimirova et al., 2014) indicate that
some miscibility can exist between maldonite and hunchunite in
the system Au-Bi—Pb and between aurostibite and anyuiite in
the system Au—Sb—Pb.

3) The more plausible natural mechanisms of formation of Au-
Pb compounds include: (1) metasomatic interaction
between Pb-bearing fluids and Au-Ag alloys, with or without
subsequent decomposition of the primary hunchunite Au,Pb
(xAg, Sb) to anyuiite (+ novodneprite) and native Pb/Au, sPb/
AuPb, (2) precipitation of hunchunite from hydrothermal
Au- and Pb-bearing fluids, and (3) formation in situ in the
placer environment through biological or geochemical
growth. In the first case, the formation of Au-Pb compounds
could have occurred during some local metasomatic reac-
tions under an excess of lead and extremely low fS, and
fTe, conditions to effectively stabilize Pb in intermetallic
form. In the second case, different sources for gold and lead,
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contributing to the complex Au- and Pb-bearing hydrother-
mal solution, are a decisive factor. As Au-Pb intermetallic
forming reactions are temperature-related, the composition
of observed mineral assemblages of Au-Pb compounds
would be directly influenced by initial temperature of Pb-
bearing or Au-, Pb-bearing fluids.

4) Everything that is known about formation conditions of Au-
Pb minerals today is restricted to one case of the Rompas
deposit (Molnar et al., 2016). It includes the temperature
about 300 °C, log S, around —17, and the log fTe, values
between -13.8 and —11.3. According to Molnar et al.
(2016), hunchunite from the Rompas deposit precipitated
from neutral-alkaline fluids. In the Inagli placer deposit (this
study), the formation of Au-Pb minerals is likely linked to
potassic alkaline fluids.

5) The following features can be useful to distinguish the hypo-
gene origin of Au-Pb compounds: the outer appearance (i.e.,
size and morphology) of Au-Pb compounds, features of their
relationship with associated gold, the existence of eutectoid-
type textures (intergrowths of different Au-Pb minerals,
with or without Pb), the presence of primary mineral inclu-
sions enclosed in | associated with Au-Pb compounds, and
the impurity in Au-Pb minerals of other elements such as
Sb and Bi. The phenomenon of supergene Au-Pb compounds
forming in situ in the placer environment is confirmed by
kelyphitic rims of Au-Pb intermetallics on placer gold grains
as well as submicron-sized Au-Pb intermetallic particles in
films of spongy gold coating placer gold grains.
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