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A B S T R A C T

We report in this paper an unusual occurrence of platinum-group minerals in evolved explosive breccia asso-
ciated with the Poperechny iron-manganese deposit (Lesser Khingan Range, Far East Russia). PGMs in andesite
breccia are represented by Fe-Pt solid solutions (85%) and PGM (mostly Os-Ir-Ru) solid solutions, sulfides and
sulfarsenides (15%). Textural and compositional variations in PGM assemblages suggest that Pt-Fe and Os-Ir-Ru
solid solutions, as well as erlichmanite-laurite series sulfides were formed during high-temperature fractionation
of mantle-derived mafic parental melt (similar to Alaskan-type complexes) and were entrained in the evolved
andesitic melt during its emplacement in the crust. Pd-Pt plumbostannide and copper-gold solid solutions reflect
late magmatic re-crystallization and metasomatism. Early Cretaceous (~125 Ma) age of ferroplatinum in the
explosive breccia suggests that PGM-bearing ultramafic material could have been sampled during regional slab-
window tectonics related to the Late Mesozoic subduction of Izanagi plate along southern margin of the North
Asian continent.

1. Introduction

Platinum-group minerals (PGM) are typically associated with cra-
tonic layered intrusions (Maier, 2005; Naldrett et al., 2009; Barnes
et al., 2015), Ni-Cu sulfides ores in continental rifts (Maier and Groves,
2011), ophiolitic chromitites (Ahmed and Arai, 2003; Prichard and
Brough, 2009), Alaskan-type ultramafic complexes (Kepezhinskas and
Defant, 2001; Zaccarini et al., 2018) and modern placer deposits de-
rived from various ultramafic-mafic magmatic rocks (Tolstykh et al.,
2002; Walker et al., 2005). These PGM assemblages crystallized from
mafic (boninite, Mg-basalt) or ultramafic (picrite) magma under upper
mantle or crustal conditions (Lambert et al., 1989; Woodland et al.,
2002; Kepezhinskas et al., 2019). PGM occurrences outside the ultra-
mafic-mafic realm are quite rare and are reported from arc-related
differentiated lavas in back-arc basins (Park et al., 2013), late-stage
dioritic and granophyric dikes in continental layered intrusions (Hanley
et al., 2005; Pentek et al., 2013), as well as epigenetic gold-platinum-
group mineralization within complex hydrothermal-igneous-sedimen-
tary environments (Moroni et al., 2001; Sener et al., 2002). In this case,

distribution of platinum-group minerals appears to be controlled by
hydrothermal reactions, sedimentary environments and/or inter-
mediate to felsic (frequently explosive) volcanism.

In this paper we present whole-rock geochemical, isotopic and mi-
neralogical evidence for platinum-group elements mineralization in
andesite explosive breccia structurally associated with iron-manganese
deposit hosted in Neoproterozoic carbonates in Lesser Khingan Range of
Far East Russia. Because these evolved rocks exhibit (Berdnikov et al.,
2017) high concentrations of platinum group elements (up to 11.3 ppm
of total PGEs) and gold (up to 2.35 ppm), petrologic, geochemical and
genetic aspects of PGM occurrences associated with intermediate to
felsic magmatism deserve special attention and serve as primary focus
of the current study. We attempt in this paper to 1) document platinum-
group mineral assemblages deposited by fluid-rich, intermediate vol-
canism, 2) determine age of PGE crystallization using novel 140Pt-4He
isotope method and 3) discuss potential role of subduction-related
tectonic processes in formation of some PGE mineralization associated
with fluid-rich andesitic magmas.

https://doi.org/10.1016/j.oregeorev.2020.103352
Received 23 September 2019; Received in revised form 9 January 2020; Accepted 17 January 2020

⁎ Corresponding author.
E-mail address: pavel_k7@yahoo.com (P.K. Kepezhinskas).

Ore Geology Reviews 118 (2020) 103352

Available online 23 January 2020
0169-1368/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2020.103352
https://doi.org/10.1016/j.oregeorev.2020.103352
mailto:pavel_k7@yahoo.com
https://doi.org/10.1016/j.oregeorev.2020.103352
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2020.103352&domain=pdf


Fig. 1. A – location of the Bureinsky Block and the Lesser Khingan terrane in Eastern Asia (after Yang et al., 2014). B – Schematic tectonic map of the Lesser Khingan
terrane (after Berdnikov et al., 2017). C – Simplified geologic map of the Poperechny iron-manganese deposit (after Berdnikov et al., 2017). D - Schematic geologic
cross-section through the northern part of the main ore body at the Poperechny deposit showing drill intervals sampled for precious metal mineralization presented in
this study.
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2. Geologic setting

Lesser Khingan Range forms a part (Bureya block) of the Bureya-
Khanka super-terrane (Fig. 1A) composed of the Lesser Khingan Pre-
cambrian rock formations tectonically overprinted with Neoproter-
ozoic-Early Cambrian Kimkan pericratonic trough and re-mobilized at
the later stage within the Cretaceous Khingan-Olonoy magmatic belt of
possible subduction-related origin (Didenko et al., 2010; Liu et al.,
2017; Luan et al., 2017).

Lesser Khingan terrane (Fig. 1B) includes ten structural-composi-
tional units (complexes): 1) Precambrian plutonic and metamorphic
(low-grade metavolcanics and metasediments intruded by various
granites); 2) Paleo-Proterozoic marbles, graphite-rich schists and
quartzites; 3) Late Riphean-Early Cambrian carbonates and clastic
metasediments; 4) Ordovician gabbros and granites; 5) Middle to Late
Carboniferous gabbros, granodiorites and granites; 6) Permian-Triassic
monzonites and subalkaline leucogranites; 7) Early Cretaceous clastic
sediments, calc-alkaline volcanics (basalts, basaltic andesites, dacites,
rhyolites) intruded by gabbro-granodiorite-granite (comagmatic?) in-
trusive series; 8) Late Cretaceous calc-alkaline volcanics and associated
granitoids; 9) Miocene molasses and associated alkaline basalts and
dolerites and 10) Pliocene-Quaternary molasses and modern sediments.

Precambrian rocks (Fig. 1B) are folded into inclining linear fold
pattern and include mafic metavolcanics and metasediments meta-
morphosed in epidote amphibolite to amphibolite-facies conditions.
Amphibolites are frequently migmatized and contain tectonic boudines
of garnet peridotites. Precambrian package is intruded by gneissic
gabbros and tonalites. Paleoproterozoic units include marble, graphite
schist and quartzite impregnated with granodiorite-tonalite-granite
series. These geologic structures were re-activated in Riphean-Early
Cambrian time and filled with carbonates, terrigeneous sediments
(carbonaceous sandstone and mudstone) and greenschist-facies cherts.

Intense sedimentation, folding and metamorphism at the
Precambrian-Phanerozoic transition in the Lesser Khingan terrane was
followed by the large-scale Paleozoic gabbro-granodiorite-granite
magmatism with predominant high-K calc-alkaline and shoshonitic
chemistry (Berdnikov et al., 2017). During Mesozoic, Lesser Khingan
was involved in development of multiple subduction zones and active
continental margins collectively related to the closure of the Mongol-
Okhotsk Ocean and marked by calc-alkaline to shoshonitic volcanic
series and associated granitoids (Didenko et al., 2010; Khanchuk et al.,
2015). Collision processes along the contact zone between the Siberian
craton to the north and North China craton to the south (Fig. 1A) re-
sulted in formation of structurally complex thrust systems which, along
with the later-stage normal and reverse faulting, dominate modern
structure of the Lesser Khingan terrane (Didenko et al., 2010; Khanchuk
et al., 2015).

The Lesser Khingan terrane occupies the westernmost part of the
Bureya block and essentially represents an ancient accretionary prism
metamorphosed in the Early Ordovician (Khanchuk et al., 2013;
Khanchuk et al., 2015). Based on isotopic data, the age of protolith
formations ranges from 1.2 to 0.5 Ga, while age of regional meta-
morphism within the Bureya block is dated at around 490 Ma (Sorokin
et al., 2010). The iron-manganese mineralization is cropping out within
a 40-km wide zone from the Kimkan River in the north to the Amur
River in the south (Fig. 1B) and is continuous southwards into China,
where it includes Yilan cluster of Fe-Mn showings. All Fe-Mn deposits
and mineral showings can be grouped in three principal clusters: Vos-
tochny, Kimkan-Kostenga and South Khingan (Fig. 1B).

The Poperechny iron-manganese deposit is located within the
southern part of South Khingan cluster (Fig. 1B). Fe-Mn mineralization
is hosted in Late Riphean-Vendian carbonates of the Murandavsky suite
(Fig. 1C). Mineralization is displaced laterally with amplitude of several
tens of meters by later-stage faults (Fig. 1C). Eastern part of the Po-
perechny deposit is localized within massive-textured dolomite unit
with subordinate siliceous dolomites, carbonaceous shales and

phyllites. Western boundary of the Poperechny ore field is associated
with black pelitic limestone intercalated with cherty shale and dolo-
mitized sandstone (Fig. 1C).

A narrow (first meters to 15–20 m wide) zone composed of ex-
plosive breccia is traced along the eastern side of the deposit (Fig. 1C
and D). These breccias, which were originally interpreted as sedimen-
tary rocks, are in direct contact with ore-grade, Fe-Mn mineralization
(Berdnikov et al., 2017; Nevstruyev et al., 2018). Based on the ex-
ploration drilling (Fig. 1D), explosive breccias form isolated zones and
wide veins in both sedimentary country rocks as well as iron-rich and
manganese-rich mineralized zones (Berdnikov et al., 2017). Composite
zones of sub-volcanic rocks intermingled with ferruginous quartzite and
low-grade manganese mineralization have been mapped via drilling in
the hanging wall of the main ore body within the northern part of the
Poperecnhy Fe-Mn deposit (Fig. 1C). It is important to emphasize here
that geologic relationships presented in detail in Fig. 1C and D indicate
non-contemporary origin of the iron-manganese mineralization and its
host carbonates. We also present in this paper decisive evidence for a
later-stage formation of PGM mineralization, specifically in comparison
with carbonate-rich lithologies at the Poperechny deposit, which ap-
pear to have Late Riphean-Vendian age (Smirnova et al., 2016). The age
of iron-manganese ores at Poperechny is currently unknown, which
precludes, at least at this point, any inferences into temporal relation-
ships between Fe-Mn and PGM mineralization.

3. Analytical methods

Major element compositions of the bulk rock and ore samples were
determined on pressed pellets mixed with lithium metaborate using a
S4 Pioneer X-ray fluorescence (XRF) spectrometer. International - LDI-3
(gabbro) and WMG-1a (mineralized gabbro) – as well as Russian – DVB
(basaltic andesite), DVA (andesite) and DVD (dacite) – reference stan-
dards were used for calibration. Analytical uncertainty for major ele-
ments is± 10%. Trace element abundances of bulk rock samples were
measured using an ELAN 9000 ICP-MS after an acid digestion of sample
powders. The same set of rock reference standards (LDI-3, WMG-1a,
DVB, DVA and DVD) along with Perkin Elmer standard solutions PE#
N9300231-9300234 were used to monitor analytical accuracy and
precision. The accuracy was±5% for the trace elements with abun-
dances of> 20 ppm and±10% for elements with abundances of<
20 ppm. The analytical details are as reported in Berdnikov et al.
(2017).

Chemical compositions and elemental maps of minerals were ob-
tained using a VEGA 3 LMH TESCAN scanning electron microscope
with the Oxford X-Max 80 energy dispersion spectrometer (EDS). The
EDS analyses were carried out using various metal and mineral stan-
dards (Pt, Ir, Rh, Ru, Pt3Fe, PtFe, laurite, sperrylite). Individual grains
as well as polished sections and rough surfaces of rocks and ores were
used for investigation by the SEM. In some cases, platinum-group mi-
nerals were studied in several (commonly 3 or 4) parallel cuts with 10
µm steps, or acid etched with HF in order to expose microinclusions of
PGE sulfides in platinum grains. All these analytical procedures were
carried out at the Khabarovsk Innovative-Analytical Center (KhIAC,
Khabarovsk, Russian Federation).

Direct determination of magmatic crystallization ages on isolated
platinum grains using 190Pt-4He isotope equilibrium was done following
protocols and techniques developed and summarized in Shukolyukov
et al. (2012, 2014) and Savatenkov and Mochalov (2013). The
190Pt-4He method of isotope dating is based on high preservation rate of
radiogenic helium in platinum minerals (Shukolyukov et al., 2012).
Basic foundations of this method were developed using magmatic pla-
tinum-group minerals from the unique Konder platinum placer deposits
(Nekrasov et al., 2005; Burg et al., 2009), for which co-magmatic origin
with PGE mineralization in ultramafic source rocks with available iso-
topic (Re-Os, Sm-Nd, U-Pb and Rb-Sr methods) ages from the Konder
alkaline-ultrabasic intrusion were established beyond any reasonable
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doubt (Cabri et al., 1998; Savatenkov and Mochalov, 2013). Individual
isoferroplatinum grains from the Konder placers have been dated using
190Pt/4He method at 129 ± 6 Ma (Mochalov et al., 2016), which is in
excellent agreement with dating Konder PGE mineralization in core
dunites using alternative (U-Pb on zircon and baddeleyite, model Re-Os
and Sm-Nd, clinopyroxene-derived Sm-Nd) methods of isotope geo-
chronology (Malitch and Thalhammer, 2002; Nekrasov et al., 2005;
Malitch et al., 2012; Savatenkov and Mochalov, 2013). Moreover,
structural studies combined with 190Pt/4Fe isotope dating of platinum
from both placers and dunites from the Konder core (central zone)
suggest that various degrees of mechanical deformations of platinum
and isoferroplatinum grains from Konder placers have no detectable
effect on their isotopic ages (Mochalov et al., 2018). In addition, results
of 190Pt-4He dating of individual platinum grains from several platinum
deposits of the Russian Far East are in good agreement with their ages
established using independent isotopic systems, as well as general
geologic and structural data (Shukolyukov et al., 2014).

Platinum grains from the Poperechny explosive breccias have been
thoroughly investigated using stereoscopic microscope, and all crystals
containing inclusions of other PGEs were excluded from the current
isotopic study. One or several optically homogeneous grains were then
wrapped in tantalum foil with addition of pure copper metal following
techniques of Shukolyukov et al. (2012, 2014). At the same time, a
reference sample composed only of tantalum foil and pure copper has
been prepared. Samples were then loaded into a rhenium cylinder using
specially constructed loading docks (Shukolyukov et al., 2012;
Mochalov et al., 2016) and were step-heated up to a temperature of
approximately 1400 °C. Gases emitted at each heating stage were col-
lected and purified using two SAES non-evaporable getters with selec-
tive sorption of H2, N2, O2, H2O, CO2 and other gaseous species
(Shukolyukov et al., 2014). Helium was ionized using electron impact
technique (Shukolyukov et al., 2012; Mochalov et al., 2016). Radio-
genic helium was measured using sector mass-spectrometer MSU-G-01-
M at the Institute of Precambrian Geology and Geochronology (St. Pe-
tersburg, Russian Federation) with spectrometer detection limit of
~5 × 10−12 cm3. Values obtained from tantalum foil/copper runs were
systematically below 1 × 10-10cм3 4He.

4. Petrography and geochemistry of explosive breccias

Carbonates hosting both explosive volcanic rocks and iron-manga-
nese mineralization are mostly massive, fine- to medium-grained do-
lomites and limestones of the Murandavsky suite, which locally, pri-
marily along the contacts with igneous rocks, were converted into
marble with a coarser grain size distribution in comparison with pre-
contact metamorphosed carbonates (Berdnikov et al., 2017). Carbonate
slivers among volcanic rocks are usually fractured (possibly due to
explosive emplacement of felsic magma) and these post-depositional
fractures are filled with coarse-grained (metasomatic?) calcite, quartz,
magnetite, hematite and braunite. Carbonates hosting igneous veins are
also frequently silicified and sulfidized, commonly together with ex-
plosive igneous material.

Explosive rocks from the Poperechny Fe-Mn deposit display clear
brecciated texture (Fig. 2C and D) composed of sharp angular fragments
of various country-rock units «immersed» in fine-grained, glass-bearing
(rarely) matrix (Fig. 2A). Breccia fragments (clasts) typically account
for 40–60% of the total rock volume and range in size from 0.1 to
0.3 mm to 5 cm, rarely 10–20 cm. Various carbonates dominate the
clast population (Fig. 2d) with subordinate ore fragments as well as
porphyroclasts representing previous generations of intermediate to
felsic explosive rocks (Fig. 2C). Clasts of both carbonate and igneous
composition are commonly replaced with secondary ore minerals
(Berdnikov et al., 2017). Matrix of these volcanic breccias frequently
displays ignimbritic, «fiamme»-like textures (Fig. 2A and B), containing
phenocrysts of quartz and carbonated feldspar. Secondary alteration
includes chlorite, serecite, hematite, sulfides, quartz-chlorite and do-
lomite veinlets, as well as locally intense dolomitization, silicification
and pyritization. Igneous veins frequently display cross-cutting re-
lationships with carbonate matrix (Berdnikov et al., 2017). In summary,
petrographic and geologic data suggest that explosive breccia empla-
cement post-dates accumulation of host carbonates of the Upper Ri-
phean-Vendian age (Smirnova et al., 2016).

Possible genetic relationships between andesite breccia and Fe-Mn
mineralization are unclear at this point. Petrographic observations
suggest presence of fragments of Fe-Mn ore in andesite breccia and
veins of andesitic composition in Fe-Mn ore, along with replacement of
minerals in andesitic breccia by Fe-Mn oxides and hydroxides. These
complex textural relationships might be indicative of Fe-Mn miner-
alization being a) contemporaneous with andesite volcanism and b)
multi-stage in nature. Temporal association between the Fe-Mn and
PGM mineralization is rather unclear at this stage, as we failed to ob-
serve any textural relationships between the PGM and iron-manganese
minerals in thin sections, probably due to the overall small size (mi-
crons) of PGM grains and the mode of their recovery (separation by
gravitation) from the original rock samples. It is important to empha-
size that we did not observe replacement of Fe-Mn phases in the ex-
plosive breccia by platinum-group minerals. Existing petrologic in-
formation suggests either somewhat earlier formation of PGM
assemblages, or general close temporal association between the ex-
plosive breccia, Fe-Mn and PGM mineralization.

Major and trace element contents in explosive breccias associated
with Poperechny iron-manganese deposit are listed in Table 1. Their
composition varies from basaltic (44.89–50.68 wt% SiO2 and
7.02–8.20 wt% MgO; Table 1) to dacitic (64.15 wt% SiO2 and 4.37 wt%
MgO; Table 1) with relatively low Al2O3, CaO and Na2O contents
(10.80–14.28 wt%, 2.05–6.88 wt% with an exception of high-Ca ba-
saltic sample 3–05 with 10.87 wt%; 0.20–2.38 wt% respectively;
Table 1). All samples are enriched in K2O (2.69–3.98 wt%; K2O/
Na2O = 1.17–17.60; Table 1) and are classified as either shoshonitic or
high-K calc-alkaline series. Some volcanic breccias display elevated
MgO contents in the basaltic andesite (samples 3–13, 4–14 and 4–31
with 5.93, 5.88 and 6.06 wt% MgO, respectively; Table 1) and andesite
(samples 4–01, 4–10, 4–13 and 4–17 with 5.94, 5.33, 4.99 and 6.22 wt
% MgO, respectively; Table 1) compositional range, similar to some

Fig. 2. Typical textures of felsic explosive breccias associated with the Poperecheny iron-manganese deposit: a – felsic explosive breccia; b – carbonated (dolomi-
tized) felsic explosive breccia; c – various types of felsic explosive material juxtaposed on a microscale; d – tuffaceous texture in felsic breccia. Carb – carbonates, Qtz
– quartz, DFM – dolomitized felsic matrix, VGM – various generations of felsic explosive material juxtaposed on a micro-scale. Horizontal scale bar for all micro-
photographs is 40 μm.
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primitive high-MgO andesites in island arc settings (Wood and Turner,
2009). All explosive breccias, with an exception of sample 3–05
(CaO = 10.87 wt%; table 1), exhibit low CaO contents of 2.05–6.88 wt
% (Table 1).

Evolved rocks from the Poperechny deposit have low Cr
(31–126 ppm) and Co (9–29 ppm) contents, while several basaltic an-
desites and andesites display unusually high Ni concentrations
(276–558 ppm) typical of primary, mantle-derived mafic magmas
(Sato, 1977; Yao et al., 2018). All igneous samples exhibit high con-
centrations of large-ion lithophile elements (LILE), such as Cs, Rb and,
especially, Ba (398–1866 ppm, in several samples – 1066–1886 ppm;
Table 1) and low high-field strength element (HFSE) contents (Nb, Ta,
Hf, Zr, Y) coupled with elevated LILE/HFSE ratios, such as Ba/Nb
(127–740) and Rb/Y (6.0–8.4), as well as LILE/LREE ratios, such as Ba/

La (18–83) and LREE/HFSE ratios, such as La/Ta (35–134) and La/Nb
(2.6–12.7). These trace element ratios suggest broad similarity with
various subduction-related magmas (Perfit et al., 1980; Hawkesworth
et al., 1993; Kepezhinskas et al., 2020).

Primitive mantle-normalized trace element patterns for explosive
breccia samples from the Poperechny iron-manganese deposit display
clear HFSE (especially, Nb and Ta) depletions accompanied by LILE and
LREE enrichments, which are typical of island-arc magmas (Woodhead
et al., 1993; Thirlwall et al., 1994). Some samples are also enriched in
lead (Table 1), possible reflecting addition of slab-derived fluid to a
depleted mantle wedge source. This is also consistent with chondrite-
normalized distributions of rare earth elements in Poperechny igneous
samples, which display variable enrichment of light (La to Nd) rare
earth elements in respect to heavy rare earths (Table 1).

Table 1
Major (wt.%) and trace (ppm) element concentrations in differentiated explosive breccias from the Poperechny Fe-Mn deposit.

Sample 2–03 2–04 3–05 3–06 3–10 3–13 4–01 4–08 4–10 4–13 4–14 4–17 4–31

SiO2 57,08 58,04 44,89 50,68 57,91 53,52 56,61 64,15 58,92 58,54 54,78 56,66 53,30
TiO2 0,92 0,87 0,82 0,81 0,96 0,90 0,66 0,73 0,74 0,71 0,72 0,67 0,88
Al2O3 14,28 13,06 10,95 11,37 13,28 12,47 10,80 13,23 11,99 12,38 10,82 10,95 12,75
Fe2O3 7,76 9,24 5,71 9,02 7,65 5,06 4,83 3,84 6,26 5,87 5,41 5,84 4,52
MnO 0,05 0,10 0,28 0,18 0,18 0,58 0,09 0,05 0,07 0,07 0,09 0,14 0,61
CaO 3,09 3,59 10,87 6,88 2,05 6,00 6,30 4,63 4,94 4,93 6,78 6,72 6,49
MgO 3,12 3,33 8,20 7,02 4,62 5,93 5,94 4,37 5,33 4,99 5,88 6,22 6,06
Na2O 0,24 0,22 0,66 1,08 2,38 1,08 0,21 0,20 0,21 0,22 0,22 0,29 0,68
K2O 3,98 3,61 2,94 2,34 2,78 3,62 2,69 3,52 3,03 3,19 2,84 2,71 3,87
P2O5 0,10 0,11 0,08 0,08 0,12 0,11 0,13 0,14 0,14 0,14 0,12 0,14 0,11
Sc 14,60 17,83 12,90 15,65 16,08 12,90 10,23 10,96 11,75 12,08 10,37 10,81 16,99
V 147,26 152,13 54,70 62,58 75,67 87,03 84,41 177,39 199,19 147,71 219,50 162,93 91,84
Cr 96,91 103,83 31,52 34,57 43,32 41,81 47,82 88,93 104,59 85,18 101,98 88,85 52,74
Co 29,43 33,86 10,15 8,93 12,57 53,49 10,65 9,59 13,09 13,30 10,10 29,90 40,28
Ni 72,13 126,07 108,74 106,73 276,33 509,14 65,87 46,20 72,75 98,95 82,73 158,40 558,38
Cu 31,56 40,82 35,17 49,24 45,69 71,79 39,52 47,29 42,93 68,40 36,30 47,32 50,39
Zn 133,61 118,55 51,45 73,30 103,55 117,64 128,95 64,48 108,98 166,07 63,91 103,94 108,00
Ga 18,23 15,96 13,94 15,24 19,58 17,07 14,98 14,62 15,74 14,95 12,56 14,13 18,28
Rb 131,42 123,38 108,44 89,67 100,08 128,82 106,90 126,59 116,47 118,94 103,68 102,26 147,77
Sr 38,18 34,82 74,26 56,54 50,62 65,64 62,22 62,48 75,12 78,06 81,65 82,70 81,14
Y 16,00 19,47 16,01 14,85 14,31 15,78 16,75 15,10 16,91 16,07 13,54 16,73 16,18
Zr 120,01 89,99 64,94 61,64 74,47 77,74 78,27 69,21 82,19 72,91 64,10 88,31 71,67
Nb 6,49 1,53 2,57 2,10 4,82 3,56 2,63 3,28 2,03 1,57 3,14 3,20 2,52
Ag 1,17 – 0,15 0,29 0,65 1,27 – 1,36 0,62 0,58 0,35 0,55 0,72
Sn 2,57 2,00 2,06 1,99 2,80 2,62 2,10 2,36 1,87 2,22 1,80 1,75 2,72
Cs 5,14 5,00 4,92 4,17 4,49 6,26 5,49 7,28 7,29 6,66 6,98 6,41 8,47
Ba 1380,40 1066,90 658,19 557,71 1350,92 1816,44 452,74 555,10 524,67 505,49 398,81 464,00 1866,70
La 16,72 15,21 24,39 21,43 33,29 27,60 24,72 23,46 25,38 19,95 21,58 23,74 25,71
Ce 39,65 37,23 52,24 48,44 69,73 58,74 57,32 50,09 54,49 43,36 46,24 51,09 56,46
Pr 4,46 4,51 5,94 5,46 7,63 6,38 6,17 5,66 6,24 5,06 5,24 5,76 6,12
Nd 20,09 21,37 24,30 23,56 31,02 25,83 26,36 24,16 26,15 22,09 21,77 24,63 25,37
Sm 4,87 5,55 4,86 5,02 6,11 5,02 5,18 4,72 5,11 4,65 4,13 4,79 5,07
Eu 1,04 1,30 0,90 0,91 0,99 0,88 0,95 0,93 1,01 0,93 0,83 0,96 0,90
Gd 5,30 6,20 4,82 4,93 5,75 4,88 5,17 4,56 5,02 4,70 4,09 4,65 5,26
Tb 0,66 0,82 0,61 0,63 0,65 0,60 0,60 0,52 0,58 0,56 0,48 0,55 0,64
Dy 3,99 4,70 3,62 3,63 3,47 3,43 3,41 2,95 3,33 3,23 2,68 3,16 3,55
Ho 0,72 0,84 0,66 0,64 0,59 0,62 0,62 0,55 0,62 0,60 0,49 0,60 0,62
Er 2,42 2,60 2,00 1,99 1,84 1,92 1,97 1,76 1,96 1,93 1,59 1,93 1,90
Tm 0,33 0,37 0,26 0,26 0,24 0,25 0,26 0,25 0,27 0,26 0,22 0,27 0,24
Yb 2,39 2,63 1,85 1,90 1,70 1,75 1,90 1,78 1,95 1,95 1,60 1,98 1,69
Lu 0,33 0,37 0,26 0,27 0,23 0,25 0,26 0,26 0,28 0,28 0,23 0,29 0,23
Hf 3,74 2,78 1,80 1,69 2,10 2,28 2,13 2,00 2,28 2,06 1,79 2,34 1,84
Ta 0,47 0,12 0,23 0,19 0,40 0,31 0,24 0,24 0,19 0,17 0,52 0,32 0,30
Pb 4,17 8,74 10,42 6,59 4,54 10,67 5,26 5,31 7,76 10,80 3,87 14,18 3,81
Th 9,77 7,17 6,89 6,89 8,31 8,30 6,64 6,58 7,13 7,05 5,84 6,39 7,86
U 1,77 1,67 0,52 0,52 0,64 0,84 1,14 1,46 1,65 1,73 1,25 1,90 0,59
Corg 6,34 6,21 1,82 1,98 0,46 1,02 1,95 2,74 2,78 2,9 2,64 2,11 0,99
K2O/Na2O 16,60 16,40 4,46 2,17 1,17 3,35 12,81 17,60 14,43 14,50 12,91 9,35 5,69
Ba/La 82,56 70,15 26,99 26,03 40,58 65,81 18,31 23,66 20,69 25,34 18,50 19,55 72,61
Ba/Nb 212,7 697,3 256,1 265,6 280,3 510,2 172,1 169,2 258,5 322,0 127,0 145,0 740,8
Rb/Y 8,20 6,34 6,77 6,04 7,00 8,16 6,38 8,38 6,89 7,40 7,66 6,11 9,13
La/Nb 2,58 9,94 9,49 10,21 6,91 7,75 9,40 7,15 12,50 12,70 6,87 7,42 10,20
Zr/Sm 24,64 16,21 13,36 12,28 12,19 15,49 15,11 14,66 16,08 15,68 15,52 18,44 14,14
La/Ta 35,58 126,75 106,04 83,23 89,00 89,00 103,00 97,75 133,58 117,35 41,50 74,19 85,70

All analyzed samples are characterized by the least alteration, with an exception of sample 3–06 (weak dolomitization) and sample 4–17 (weak Fe-Mn miner-
alization). Only samples with minimal amounts of various clasts were selected for major and trace element determinations. Fig. 3
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5. Platinum-group element mineralization

Platinum-group minerals have been recovered from the core mate-
rial drilled within the Poperechny deposit during earlier exploration.
All drill cores were crushed and separated using standard gravitational
separation procedures followed by ultrasonic cleaning (Berdnikov et al.,
2017; Nevstruyev et al., 2018). Heavy mineral concentrate was
manually picked and examined with stereomicroscope. Multiple grains
and intergrowths of platinum-group minerals as well as native gold
have been recovered from explosive breccia material and Fe-Mn ores
and carbonates (Table 2). Bulk core from which precious metals and
minerals were recovered yielded total PGE (sum of Pt, Pd, Ir, Ru and
Rh) grades ranging from 0.37 to 11.3 ppm and Au grades of
0.18–2.35 ppm (Berdnikov et al., 2017). Most of the precious metal
grains are under 0.1 mm in size, while 20% of all recovered grains are
0.1 to 0.25 mm in size. Only one grain of ~0.5 mm (measured in single
dimension) has been recovered from the Poperechny drill core
(Berdnikov et al., 2017).

Platinum group minerals dominate the heavy mineral population
recovered from the explosive breccia and associated iron-manganese
mineralization; they were not detected in host carbonate rocks
(Table 2).

No significant correlation between presence of PGMs in studied
samples and their relative position within the drill core has been es-
tablished in this study (Table 3; Berdnikov et al., 2017).

Platinum-iron solid solutions in explosive breccia form euhedral to
subhedral cubic and octahedral, variably resorbed grains and ag-
gregates (Fig. 3A–D). The Pt-Fe mineral population is dominated by
irregular grains with extensive surface dissolution (Fig. 3B) and surface
etching (Fig. 3C) features, while well-formed, predominantly cubic
crystals (Fig. 3A) are rather rare. Several complex grains composed of
isoferroplatinum and Mg-rich (forsteritic) olivine have been also iden-
tified (Fig. 3D), suggesting possible affinity with high-temperature
(1200–1400 °C) mineral assemblages (Roeder and Jamieson, 1992),
such as Alaskan-type ultramafic complexes (Tolstykh et al., 2002).

Fine platinum particles (5–10 µm in size, Fig. 3E) in association with
Fe-Mn minerals in iron-manganese ores appear to be free of any im-
purities with an exception of some ore-related components (such as Mn;
Berdnikov et al., 2017).

All grains of Fe-bearing platinum recovered from explosive breccia

in this study are generally classified as isoferroplatinum based on no-
menclature of Cabri and Feather (1975). However, Pt/Fe ratio of
3 ± 0.2, characteristic of typical isoferroplatinum alloys (Bowles,
1990), is reported for only 152 grains analyzed in this study, while 3
grains of iron-platinum solid solutions have Pt/Fe ratio of 1 ± 0.2
characteristic of tetraferroplatinum compositions (Cabri and Feather,
1975). Samples of the explosive breccia display wide variations in Pt/Fe
ratios in iron-platinum solid solutions indicating that the majority of
platinum grains are most probably represented by aggregates with
mixed compositions. In the absence of other platinum-group elements,
these “mixed” grains altogether are identified as ferroplatinum for the
remainder of this manuscript.

Ferroplatinum grains from the explosive breccia also contains ir-
idium (2.69–6.35 at.%; 27 grains), palladium (0.92–5.92 at.%; 75
grains), copper (0.81–7.62 at.%; 328 grains), nickel (0.98–5.90 at.%;
107 grains), tin (0.17–2.44 at.%; 37 grains), rhodium (0.23–5.30 at.%;
4 grains) and osmium (0.89–0.90 at.%; 2 grains). Iridium is typically
included in cubic ferroplatinum grains, while palladium forms grains
with surface dissolution and etching features, platinum overgrowths on
other PGMs and platinum grains associated with free gold in
Poperechny breccia. Ferroplatinum grains are compositionally homo-
geneous and exhibit only weak Fe, Cu and Ir enrichments from core to
rim (Fig. 4). In addition, micro-particles of platinum in iron-manganese
ores do not display characteristic iron, copper and PGE admixtures
(Fig. 3E) typical of ferroplatinum solid solutions in andesite breccia.

Several grains of palladium-bearing ferroplatinum exhibit clear in-
crease in copper concentrations (from 0 to 3–4 atomic %) from core to
rim (Fig. 5). Copper increase, in most cases, appears not to be accom-
panied by similar variations in palladium content.

Four sub-types of platinum solid solutions can be recognized on the
basis of additional elements present in their chemical compositions: 1)
ferroplatinum, 2) iridium-bearing ferroplatinum, 3) copper-bearing
ferroplatinum and 4) palladium-bearing ferroplatinum.

5.1. Ferroplatinum

Ferroplatinum grains from explosive breccia frequently contain
multiple inclusions of various platinum-group minerals (Table 3). Sul-
foarsenides of Rh, Ir, Ru and Os (Fig. 6B, D and F) are most common
and are characterized by Rh enrichment in respect to Ir, Ru and Os,

Table 2
Inventory of platinum-group minerals (PGMs) and gold identified in explosive breccia and Fe-Mn ores (Poperechny deposit), based on SEM/EDX data of individual
grains.

PGMs Total number of grains identified in this study Host lithologies

Platinum minerals 660 Explosive breccia and Fe-Mn ore
Os-Ir-Ru solid solutions 20 Explosive breccia and Fe-Mn ore
Platinum-group metal sulfides and sulfarsenides 100 Explosive breccia and Fe-Mn ore
Sub-Total for PGMs: 780
Free (native) gold 270 Explosive breccia, Fe-Mn ore and host carbonates

Table 3
Distribution of platinum group metals in the Poperechny deposit as a function of the depth of drill core sample beneath the surface.

Depth beneath the surface (meters) Platinum minerals* PGM solid solutions PGM sulfides PGM sulfarsenides

Pt + Fe Pt + Fe + Cu Pt + Fe + Ir Pt + Fe + Pd

210–220 + +
200–210 + + + + + +
190–200 + + +
180–190 + + + + + + +
170–180 + + + + + + +
160–170 + + + + +

*Platinum minerals are grains of native platinum and platinum-intermetallic compositions with Fe, Cu and Ni (isoferroplatinum, tetraferroplatinum, tulaminite)
frequently containing inclusions of other platinum-group minerals.
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Fig. 3. Scanning electron microscope images of individual Pt-Fe grains from the Poperechny deposit. A–d – Pt-Fe grains from the explosive breccia: a – well-
crystallized cubic crystal, b – sub-spherical grain showing surface dissolution; c – irregular grain of Pt-Fe-Pd solid solution; d – intergrowth of a crystal of Pt-Fe solid
solution and Mg-olivine. e – platinum micro-particle in the iron-manganese ore. All element contents in this and the following figures are in atomic %.

Fig. 4. Microprobe profiles across compositionally homogenous Fe-Pt solid solution grains from the explosive breccia. a – ferroplatinum, b – iridium-bearing
ferroplatinum, c – copper-bearing ferroplatinum, d – palladium-bearing ferroplatinum.
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which is typical of sulfarsenides in Ni-Cu-PGE sulfide deposits (Szent-
peteri et al., 2002). Rh and Ir sulfides (Fig. 6A–C) occur more frequently
than Ru and Os sulfides (Fig. 6A). Both sulfides and sulfarsenides form
elongated, needle-like crystals frequently oriented in perpendicular
directions (Fig. 6B), as well as larger anhedral to euhedral crystallites
(Fig. 6A and D). Some sulfarsenides form euhedral crystals on crystal
faces of individual ferroplatinum grains (Fig. 6F).

Ferroplatinum from the explosive breccia frequently contains Ir-
enriched PGE solid solutions, which form very fine (first microns in
size) anhedral crystals populating platinum grains (Fig. 6A). The
average composition of these Ir-rich alloys is as follows (average of 5
grains): Ir = 62.34 at.%, Ru = 12.89 at.%, Rh = 7.02 at.%,
Os = 17.76 at.%. One grain of ferroplatinum alloy contains two in-
clusions of Rh-Pd-arsenides with minor Sb and Ir.

5.2. Iridium-bearing ferroplatinum

Iridium-bearing Fe-Pt solid solutions carry multiple PGE inclusions
dominated by Os-rich solid solutions at the expense of Ir-rich solid
solutions. Some Fe-Pt grains record reactionary relationships between
host iridium-bearing Fe-Pt crystal, Ru-Os-Ir lamellae and later-stage
reactionary Os-Ir solid solutions (Fig. 7). Based on textural relationships
(Fig. 7), it appears that Ru-Os-Ir lamellae were the crystalline phase in
this mineral association. Detailed investigations of their internal
structure and chemical variations suggest that these lamellae were
probably formed by alternating platinum-group metal compositions

with Os contents being negatively correlated with Ru and Ir con-
centrations (Fig. 7D). Reactionary Os-Ir phase appears to be replacing
the Ru-Os-Ir compositions as suggested by relic inclusions of Ru-Os-Ir
alloy and textural impregnation of host ferroplatinum crystals by Os-Ir
solid solutions (Fig. 7B). Iridium-bearing platinum also contains rare
inclusions (total of 6 microinclusions documented) of Ru-Os-Ir sulfides
(Ru > Os > Ir) and Ir-sulfarsenides.

5.3. Copper-bearing ferroplatinum

Copper-bearing ferroplatinum frequently contain PGE solid solution
inclusions dominated by osmium (Fig. 8). Practically pure osmium in-
clusions (occasionally with minor iridium) usually form euhedral
crystalline platelets (Fig. 8A and B). PGE sulfarsenides (Rh > Ir, Ru)
and iridosmine inclusions are observed within rims of several copper-
bearing Fe-Pt grains (Fig. 8C and D).

5.4. Palladium-bearing ferroplatinum

This sub-type of ferroplatinum contains inclusions of native osmium
(Fig. 9A) and PGE sulfides and sulfarsenides with minor Ni, Cu and Pb
(Fig. 9B, D and F). Microprobe analyses of large (50 µm and larger)
sulfarsenide grains (Fig. 9F) display increase in Rh and As contents
coupled with decrease in Ru and S concentrations from core to rim.
Palladium-bearing ferroplatinum frequently displays Pd enrichments
towards rims of larger grains (Fig. 9C). In some cases, Pd-bearing

Fig. 5. Variations of copper and palladium content across an individual grain of palladium-bearing Fe-Pt solid solutions from the explosive breccia.

Fig. 6. Inclusions of PGE sulfides (a, c), PGE sulfarsenides (b, d) and PGE solid solutions (a, c) inside individual ferroplatinum crystals and inclusions of forsterite and
PGE sulfarsenides (e) on their crystal surfaces.
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Fig. 7. Inclusions of platinum-group minerals in iridium-bearing ferroplatinum. a – Ru-Os-Ir and Os-Ir solid solution lamellae with enlarged areas presented in b, c
and d; b – relics of Ru-Os-Ir alloys in Os-Ir phase; c – development of Os- and Ir-rich phase over Ru-Os-Ir crystals; d – internal structure of Ru-Os-Ir lamellae.

Fig. 8. Inclusions of native osmium (a and b) and PGE sulfarsenides (c and d) in copper-bearing ferroplatinum.
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Fig. 9. Inclusions of native osmium (a), palladium (c and e), PGE sulfides and sulfarsenides (b, d and f), palladium plumbostannide and copper-gold solid solutions (g
and h) in palladium-bearing ferroplatinum.
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ferroplatinum is mantled with palladium rims (Fig. 9E). Other pla-
tinum-group minerals observed in palladium-bearing Fe-Pt grains in-
clude Pd-Pt-Au-plumbostannide, possibly similar to zvyagentsivite
(Cabri and Laflamme, 1997) as well as Pd-Pt-bearing gold-copper alloy
rimmed with copper-bearing gold (Fig. 9G and H). A single grain of
copper-gold alloy contains an inclusion of chalcopyrite (not shown).

5.5. Other PGE solid solutions

Other PGMs in andesite breccia from the Poperechny iron-manga-
nese deposit are represented by Os-Ru-Rh-Ir-Fe-Pt solid solutions
(Fig. 10A), native iridium with minor Pt, Ru, Rh and Os (Fig. 10B), as
well as compositionally variable Ru-Ir-Os solid solutions (Fig. 10C).
Fig. 10D illustrates rare occurrence of Fe-Si alloy with platinum micro-
particles, which will be further addressed in the Discussion section.

The latter display rather wide range of compositions (Fig. 11A)

comparable with Pt and Pd-free PGE solid solutions in mafic magmas
emplaced in continental rifts (Os > Ir > Ru; Hattori and Cabri, 1992;
Cabri et al., 1996) and ophiolite chromitites (Os > Ir > Ru and
Ru > Os > Ir; Shi et al., 2007; O’Driscoll and Gonzalez-Jimenez,
2016). Some Os-Ir-Ru grains are mantled by PGE-arsenide (Fig. 11C),
possibly reflecting increase in sulfur and arsenic activity during dif-
ferentiation of primary magmatic liquid (Bockrath et al. 2004;
Szenpeteri et al., 2002). Based on As-S-PGE relationships in these al-
loys, sulfides and sulfarsenides presented in Fig. 11A–C, Os-Ru silfides
belong to erlichmanite-laurite series with minor Fe (0.45–1.5 atomic %
in 80 percent of all studied grains), Ir (0.2–2.8 atomic % in 25 percent
of all studied grains) and As (up to 3 atomic %). Three inclusions of PGE
alloys contain Pt (0.24–1.59 atomic %). Ir and Rh sulfarsenides are
classified as irarsite-hollingworthite with minor Fe (0.2–4.1 atomic %)
and Pt (1.48–8.27 atomic %) contents. Two grains of PGE alloys
(Fig. 11D) include Os (1.23–1.89 atomic %) and four grains contain Ru

Fig. 10. PGE alloys (A–C) and Fe-Si spherule (D) from the explosive breccia.

Fig. 11. A–C: Composition of platinum-group minerals (closed circles – sulfides and sulfarsenides, open circles – PGE solid solution series) associated with platinum
in the explosive breccia, plotted in As + S – PGE (atomic %) ternary diagrams. Compositional fields for irarsite (1), hollingworthite (2), bowieite (3), kashinite (4),
laurite (5) and erlichmanite (6) are modified after Melcher et al. (1997) and Nekrasov et al. (2005). D: Composition of the analyzed PGE solid solutions from the
Poperechny breccia in Os-Ru-Ir space, with fields from Harris and Cabri (1991). Note the three compositional groups for Poperechny alloys: low-Ru Os-Ir (open
circles), high-Ru (closed squares) and high-Ir (closed circles). Ir-rich alloys contain minor concentrations of rhodium and here are recalculated as
Ru + Os + Ir = 100% for the purposes of inter-alloy comparison.
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(6.14–16.48 atomic %).

5.6. Results of 190Pt and 4He isotope measurements on individual
ferroplatinum grains

Concentrations of 190Pt and 4He isotopes were determined for 62
ferroplatinum grains from 8 individual samples of andesite breccia
following approaches outlined in (Shukolyukov et al., 2012;
Shukolyukov et al., 2014). Details of techniques used in this study are
summarized in the section on analytical methods. Results for Poper-
ecnhy samples and runs with pure copper in tantalum foil are listed in
Table 4.

A 190Pt-4He pseudochron of 125 Ma ± 21 Ma calculated using
standard Isoplot software (Ludwig, 2003) is presented in Fig. 12. In
samples 9, 10 and 11 amount of helium is comparable to background
values (Table 4). These results were excluded from the isochron cal-
culation and are shown in Fig. 12 as small solid circles strictly for
comparative purposes. This pseudochron was not corrected for im-
planted or ejected helium, which can theoretically adversely affect
some isotope-based age determinations (Reiners and Brandon, 2006;
Cherniak et al., 2010).

6. Discussion

Andesite explosive breccia associated with the Poperechny iron-

manganese deposit carries significant precious metal mineralization
(some samples have grades of 11.3 ppm combined PGM and 2.35 ppm
Au; Berdnikov et al., 2017) primarily manifested as ferroplatinum along
with PGM solid solutions, sulfides and sulfarsenides as well as free gold
(Table 2). While PGM behavior in mafic and ultramafic magmas is fairly
well documented and understood (Maier and Groves, 2011; O’Driscoll
and Gonzalez-Jimenez, 2016), platinum-group minerals in intermediate
to felsic rocks are quite rare and conditions of their formation as well as
possible sources are poorly constrained at this stage (Setiabudi et al.,
2007; Park et al., 2013; Maier et al., 2016). Below we attempt to shed
some light on possible origins of platinum-group minerals in evolved
igneous associations with some geodynamic inferences in the regional
context of accreted terranes of the Russian Far East.

6.1. Evidence for magmatic origin

Textural relationships and compositional variations observed in
platinum-group minerals from the explosive andesite breccia suggest
two main stages of PGM formation. Ru-Os-Ir solid solutions enriched in
Ru (up to 44 atomic %) are found as inclusions in iridium-bearing
ferroplatinum grains. Most inclusions of this type are compositionally
zoned (alternating Os- and Ru-Ir-enriched zones) possibly reflecting
either post-crystallization exsolution textures or compositional varia-
tions during magmatic differentiation of parental silicate melt. Ru-Os-Ir
alloys from the Poperechny andesite breccia plotted on an Os-Ru-Ir
ternary diagram (Fig. 11D) are compositionally similar to PGE alloys
crystallized from silicate magma (Brenan and Andrews, 2001;
Kamenetsky et al., 2015). Ru-enrichment of some PGM solid solution
inclusions in platinum grains is also consistent with mantle origin at
high temperatures and pressures (Bird and Bassett, 1980).

Some Ru-Os-Ir crystals are covered with thin rims composed of Ru-
poor solid solution with 12.26 at.% Ru, 51.33 at.% Os and 36.42 at.% Ir
(Fig. 7). Compositionally similar Os-Ir phase (plotted as open circles in
Fig. 11D) also contains fragments of Ru-Os-Ir inclusions and impreg-
nates larger grain of iridum-bearing ferroplatinum (Fig. 7B). The ma-
jority of these Ru-free Os-Ir compositions from andesite breccia plot
into the immiscibility gap portion of the Os-Ru-Ir ternary diagram
(Fig. 11D). Experimental results suggest co-existence of two immiscible
phases in this case – Os > 63 at.%, Ir < 37 at.% and Os < 42 at.%,
Ir > 58 at.% (Brenan and Andrews, 2001), however neither of these
experimentally predicted Os-Ir solid solutions have so far been detected
in Poperechny andesite breccia. Products of this immiscibility in the Os-
Ru-Ir system might possibly be represented in Poperechny samples by
the inclusions of Ir-Ru-Rh-Os alloys in iridium-bearing ferroplatinum
crystals (Fig. 6A) plotting to the right of miscibility gap field in the Os-
Ir-Ru diagram (Fig. 11D).

Petrographically, earliest PGM assemblages in explosive breccia
include Fe-Pt, Os-Ir and Ir-Ru-Rh-Os alloys, which most probably

Table 4
Results of 190Pt–4He isotope study of platinum grains in the andesite explosive breccia from the Poperechny Fe-Mn deposit.

Sample Number of analyzed grains Weighed sample, milligrams σ, % Pt, wt. % σ, % 190Pt·1012, atoms* σ% 4He·109, atoms* σ%

1 4 0.52 0.4 89.2 0.23 185 0.26 32.8 0.14
2 3 0.377 0.5 89.2 0.22 134.1 0.21 22.4 0.12
3 9 0.753 0.3 88.1 0.25 264.5 0.33 47.1 0.17
4 6 0.519 0.4 88.5 0.26 183.2 0.25 31.2 0.14
5 9 0.601 0.3 86.7 0.28 207.8 0.28 34.4 0.15
6 12 0.55 0.4 88.1 0.24 193.2 0.26 36.1 0.15
7 8 0.516 0.4 88.2 0.25 181.5 0.25 30.3 0.14
8 11 0.462 0.4 88.7 0.27 163.4 0.23 29.8 0.14
9 1 0.236 0.8 88.8 1 83.6 0.15 13.6 0.70
10 1 0.144 1.4 88.8 1 51 0.12 11.3 0.70
11 1 0.114 1.8 88.8 1 40.4 0.11 5.6 0.67
Ta-foil, Cu – – – – – – – 9.0 0.08

*Amount of isotopes of 190Pt and 4He, extracted from specific weighed sample. Pt content (wt.%) in samples with multiple platinum grains is calculated as average of
Pt concentrations in all grains from a particular sample.

Fig. 12. 190Pt–4He pseudochron for platinum from the explosive breccia based
on measurements from eight individual samples following methodology of
Shukolyukov et al. (2012, 2014). Data processed using standard Isoplot soft-
ware (Ludwig, 2003).
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crystallized from mafic, mantle-derived melt at temperatures of around
1300 (up to 2500 °C for Ru-Os-Ir solid solutions; Bird and Bassett, 1980)
to 1050 °C and relatively low sulfur fugacity (O’Driscoll and Gonzalez-
Jimenez, 2016; Zaccarini et al., 2018). Similar PGM assemblages of
magmatic (cumulate) origin are well documented in the Alaskan-type
complexes (Nixon et al., 1990; Tolstykh et al., 2002) and ophiolitic
chromitites (Melcher et al., 1997; Ahmed and Arai, 2003; Shi et al.,
2007). Further increase in sulfur fugacity accompanied by decrease in
temperature during protracted magmatic differentiation of parental
magma have led to the formation of erlichmanite-laurite series sulfides
and associated sulfarsenides at the expense of PGM solid solutions
(Bockrath et al., 2004). This is consistent with observed development of
sulfide and sulfarsenide rims on larger ferroplatinum grains (Fig. 6D)
and growth of euhedral Ru-Ir-Rh-sulfarsenide crystals on the surfaces of
Fe-Pt crystals (Fig. 6F).

Another important feature of PGM mineralization in the explosive
breccia associated with the Poperechny Fe-Mn deposit is presence of
euhedral inclusions of native osmium in droplet-shaped (magmatic),
copper- and iron-bearing platinum (Fig. 8A and C). Native osmium
occurs globally as individual micronuggets in PGM placers (Cabri et al.,
1996) and is observed as inclusions in Fe-bearing platinum in crustal
magma chambers (Melcher et al., 1997; Merkle et al., 2012; Zaccarini
et al., 2018). Several authors proposed deep mantle origin (including
derivation from the core-mantle boundary region) for osmium-rich
alloy assemblages (Bird and Bassett, 1980; Bird et al., 1999), which is
consistent with appearance of native osmium and osmium-dominant
PGM solid solutions in ultramafic-mafic intrusions associated with
deep-seated mantle plumes (Merkle et al. 2012). Alternative explana-
tion suggests precipitation of osmium at rather low temperatures of
~900 °C during cooling-driven unmixing (exsolution) of different Pt-Fe
phases and osmium (Zaccarini et al., 2018).

Finally, presence of Si-Fe spherules containing platinum lamellae
(Fig. 10D) indicates existence of miscible iron-silica liquid in the par-
ental magmatic system at mantle (at least 1410 °C after Morard et al.,
2008) temperatures. Platinum inclusions in Si-Fe spherules suggest that
platinum is a near-liquidus phase during proto-magmatic evolution of
melts parental to PGM mineralization in Poperechny explosive breccia.
This is also consistent with occurrence of platinum in association with
Mg-olivine (Fig. 3D), with the latter being, probably together with Cr-
spinel, a main liquidus mineral phase during earliest stages of fractio-
nation of mafic parental magma (Kamenetsky et al., 2015).

Secondary-textured precious metal minerals in andesite breccia
from the Poperechny deposit include palladium-bearing ferroplatinum
solid solutions, palladium stannide and copper-gold solid solutions.
Palladium-bearing ferroplatinum frequently forms grains with dissolu-
tion surfaces possibly filling spaces between primary rock-forming mi-
nerals and is, in turn, replaced by palladium-rich mineral phase.
Replacement textures also include growth of palladium stannide as rims
on Pd-bearing platinum grains (Fig. 9G and H) and development of
gold-enriched rims on copper-gold solid solutions. Since both palladium
and gold are highly solvable in both high- and low-temperature oxi-
dized aqueous fluids (Wood et al., 1992; Hanley et al., 2005; Iverson
et al., 2019), we interpret these secondary-textured precious metal as-
semblages as result of hydrothermal processes at crustal depths.

6.2. Possible sources of platinum-group minerals in the explosive breccia

Platinum-group minerals crystallize from mantle-derived mafic and
ultramafic magmas in association with forsteritic olivine and Cr-spinel
(Roeder and Jamieson, 1992; Finnigan et al., 2008). Os-Ir-Ru and Fe-Pt
alloys along with native osmium are documented as chromite-hosted
inclusions in a variety of oxidized primary magmas (Kamenetsky et al.,
2015). It also appears that, with possible exception of boninites and Mg-
andesites (Hamlyn et al., 1985; Peck et al., 1992; Woodland et al.,
2002), evolved silicate liquids, such as andesites and dacites, do not
precipitate PGMs during the normal course of their magmatic

differentiation in the uppermost mantle and crust (Maier et al., 2016).
Consequently, platinum-group mineral assemblages in evolved igneous
rocks should be treated as xenocrysts acquired from mafic and/or ul-
tramafic lithologies under a range of upper mantle or lower crustal
conditions (Park et al., 2013).

Platinum-group mineral assemblage in andesite breccia from the
Poperechny iron-manganese deposit is dominated by Fe-bearing pla-
tinum, which accounts for 85% of the total number of PGM grains re-
covered from the explosive breccia drill core (Table 2). This is com-
parable to percentages of Fe-bearing platinum (>60%) versus Os-Ir-Ru
solid solutions and PGM sulfides and sulfarsenides reported from Ural-
Alaskan ultramafic-mafic complexes, especially from the type localities
in the Ural Mountains (81% for combined Alaskan-type complexes of
Kytlym, Kachkanar, Nizhny Tagil and Uktus; Zaccarini et al., 2018).
Another clan of subduction-related, PGM-bearing lithologies, ophiolite
cromitites are enriched in Os-Ir-Ru(Rh) alloys, sulfides and arsenides
(> 90% in the Urals PGM Province; Zaccarini et al., 2018) as a result of
high-temperature crystallization from a hydrous mafic melt under low
sulfur fugacity (Ahmed and Arai, 2003; Prichard and Brough, 2009;
O’Driscoll and Gonzalez-Jimenez, 2016). The predominance of Pt-Fe
alloys over sulfides in the andesite breccia suggests that the crystal-
lization of magmatic PGM assemblages occurred under low sulfur fu-
gacity and gradually increasing oxygen fugacity (mostly due to frac-
tionation of forsteritic olivine). Emergence of a later-stage sulfides and
arsenides most probably reflects increase of sulfur fugacity during late
magmatic equilibration under slow cooling rate regime (Zaccarini et al.,
2018).

The “Alaskan-type” PGM assemblage observed in andesite breccia
from the Poperechny deposit may be a result of magma mixing between
primary PGM-bearing mafic magmas (such as picrites or ankaramites;
Kamenetsky et al., 2015) and subduction-related evolved melts. This is
consistent with a clear subduction-related signature (HFSE depletions
coupled with LILE and, to a lesser extent, LREE enrichments) observed
in the andesite explosive breccia samples. This magma mixing possibly
took place in a mid-crustal magma chamber. Progressive increase in
fluid pressure in this magmatic reservoir could have triggered an ex-
plosive eruption with “mixed” characteristics reflected in the primary
magmatic platinum-group mineralization (primitive mafic magma) and
presence of the clasts (fragments) with ignimbritic texture (evolved
dacitic melt). Alternatively, andesite from the Poperechny deposit could
have been derived via protracted crystal fractionation of primary sub-
duction-related picrite or ankaramite magma after formation of dunite
core and pyroxenite-gabbro rims, therefore retaining PGM assemblages
from genetically related ultramafic-mafic lithologies. Intermediate to
felsic rocks (diorites, granodiorites, granites together with andesite
porphyry dikes) are well-documented in calc-alkaline plutonic com-
plexes in magmatic arc environments (Snoke et al., 1981; Whalen,
1985; Kepezhinskas et al., 1993).

Finally, observed PGM assemblages could have been scavenged
from sub-arc mantle wedge by slab-derived fluids or melts percolating
towards the surface (Kepezhinskas et al., 2019). Mantle peridotite xe-
noliths in volcanic arcs carry platinum-group minerals (Kepezhinskas
and Defant, 2001; Miura and Arai, 2014), broadly comparable to the
PGM assemblage observed in the Poperechny andesite breccia.

6.3. Implications for regional geodynamics

The isotopic age of 125 ± 21 Ma obtained for Fe-Pt grains from the
Poperechny andesite breccia most probably corresponds to a magmatic
discharge episode from subduction-related magma conduit broadly
comparable in structure and composition to Ural-Alaskan ultramafic-
mafic complexes. The latter have been recognized as relatively long-
lived, fractionating magma chambers beneath island-arc volcanoes
(Conrad and Kay, 1984; DeBari and Coleman, 1989; Kepezhinskas et al.,
1993). Mafic diabase dikes intruding carbonates within the eastern
portion of the Poperechny deposit are also possible samples of less

N.V. Berdnikov, et al. Ore Geology Reviews 118 (2020) 103352

13



evolved melt from the same crustal magma chamber. Unfortunately, no
evidence for potential PGM mineralization associated with these dia-
base dikes exists at this point and all possible comparisons are purely
conceptual in nature.

Regional tectonic models based on geologic and seismic tomo-
graphy data (Zhao et al., 2010; Khanchuk et al., 2016) indicate that the
formation of this magmatic plumbing system was possibly related to the
opening of slab-window beneath the Lesser Khingan terrane in Early
Cretaceous (Zhao et al., 2010). In this scenario, Early Cretaceous slab
window was developed within the transform-type continental margin
after cessation of Jurassic subduction of Izanagi plate under the com-
posite Tsamusi-Bureya-Khanka super-terrane, previously accreted at the
Amur microplate of the Asian continent during Late Jurassic time
(Seton et al., 2012; Seton et al., 2015; Ma et al., 2018). Upwelling of
astenospheric material through the slab window was probably re-
sponsible for the formation of early Cretaceous (100–125 Ma) minor
ultramafic-mafic intrusions throughout Eastern Asia in general and
Bureinsky block in particular (Khanchuk et al., 2016; Teng et al., 2018).
The Izanagi plate subduction also resulted in widespread Cretaceous
magmatism gradually migrating in time and space from Mongolia
(160–140 Ma) to the Japanese island arc (~80 Ma) (Wang et al., 2006).
Poperechny mineralization is located within the northeastern areal of
this subduction-related volcanism with most prolific eruptions clustered
around 130–120 Ma.

Curiously, some Early Cretaceous volcanics in the Lesser Khingan
Range are associated with geochemical anomalies of Co, Ni and Au and
also are, at least spatially, coincident with various mineralized systems
of Aptian-Albian age hosted in explosive breccia of possible subduction-
related genesis (Saksin et al., 2015). This Lower Cretaceous episode of
subduction-related PGM petrogenesis can be also possibly correlated
with platinum-group metals mineralization in concentrically zoned
dunite-alkaline pyroxenite massifs, such as Konder and Chad (Cabri
et al., 1998; Nekrasov et al., 2005; Mochalov et al, 2016), which are
being interpreted as crustal manifestations of translithospheric thermal
diapirs (Burg et al., 2009).

7. Conclusions

Andesite-hosted, platinum-group mineralization associated with the
Poperechny iron-manganese deposit (Lesser Khingan Range, Far East
Russia) is composed of Fe-Pt solid solutions (85%) and PGM (mostly Os-
Ir-Ru) solid solutions, sulfides and sulfarsenides (15%). Fe-Pt solid so-
lutions contain minor Pd, Ir and Cu and contain multiple inclusions of
Os-Ir, Ru-Os-Ir and Ir-rich solid solutions along with rare grains of eu-
hedral osmium. Pt-Fe and Os-Ir-Ru solid solutions were formed during
high-temperature fractionation of mantle-derived mafic parental melt.
Magmatic sulfides mostly belong to the erlichmanite-laurite series,
while Pd-Pt plumbostannide and copper-gold solid solutions reflect late
magmatic re-crystallization and post-magmatic hydrothermal metaso-
matism. PGM-bearing andesite breccia was most probably formed
during magma mixing (between mafic and felsic end-members) and
discrete discharge of intermediate silicate magma from crustal magma
reservoir. Early Cretaceous (~125 Ma) age of platinum in andesite
breccia suggests that such reservoir (compositionally similar to Ural-
Alaskan type complexes) could have been formed during Late Mesozoic
subduction of Izanagi plate along the southern margin of North Asian
continent.
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