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INTRODUCTION

Au–PGE ore mineralization is currently known to
widely occur in carbonaceous shales in the Russian Far
East, but the industrial development of these deposits is
hampered by the lack of reliable analytical techniques
and technologies for ore processing and the extraction
of noble metals from these ores. These metals were also
found is carbon-rich metamorphic complexes in the
northern part of the Khanka terrane, where we detected
elevated concentrations of Au and Pt at graphite depos-
its of the Tamga–Turgenevo group [17]. It should be
mentioned that large graphite deposits have been
known and mined in the area between the Tamga and
Kedrovka rivers since 1945 [15], but have never before
been examined for contents of noble metals because of
the absence of their macroscopically discernible modes
of occurrence. Our research was centered on the eluci-
dation of the Au and PGE distributions in the rocks of
the Ruzhino occurrence and the identification of their
possible relations with the processes of graphitization.

GEOLOGICAL OVERVIEW 
AND METAMORPHIC PROCESSES

The Khanka Massif was long believed to be cra-
tonic, but newly obtained geological evidence led to its
classification with Caledonian folded structures [10, 15].
The Khanka Caledonides are a continuation of the Cen-
tral Asian Orogenic Belt, to which such giant Au and Pt

deposits as Muruntau and Kumtor are spatially
restricted.

The age of rocks composing the Khanka Massif
remains largely uncertain, with the dates ranging from
the Archean to Early Proterozoic. The latest data on the
Sm–Nd systematics of the highest grade metamorphic
rocks of the Khanka Massifs yielded a Middle Riphean
age [10]. These rocks show traces of an early episode of
regional metamorphism of low-gradient broad-zone
type to the epidote-amphibolite and amphibolite facies,
which was dated at 730 Ma. The late episode of meta-
morphism ranging from the greenschist to granulite
facies was related to collisional events at the Cam-
brian–Ordovician boundary. The complexes were sub-
divide into rock series according to their metamorphic
grades (Fig. 1). The highest-grade metamorphic rocks
of the Imanskaya Group are metamorphosed to the
amphibolite and low grades of the granulite facies. The
younger rocks of the Ussuri Group were affected by
metamorphism of the amphibolite and epidote-amphib-
olite facies. The metamorphism of the rocks of the
Lesozavodskaya Group corresponded to the low-tem-
perature epidote-amphibolite and greenschist facies.
The terrigenous rocks of the Orlovskaya Group were
metamorphosed to the greenschist facies. The upper
part of the stratigraphic section of the metamorphic
complex was dated at the Early Cambrian and consists
of clayey and black phyllite shales, metaterrigenous
rocks, spillites, quartzites with Fe–Mn ore mineraliza-
tion, and carbonate rocks, i.e., a rock assemblage typi-
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C from –8.5 to –8.7‰) of the graphitized amphibolite-facies rocks widespread in the core of the
Ruzhino paleodiapir suggest that their carbon is of mantle provenance. The Early Cambrian metaterrigenous
rocks metamorphosed to the greenschist facies have 
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C from –19.9 to –26.6‰, which testifies to its organic
origin. The elevated concentrations of noble metals in these rocks suggest that the sources of carbon and metals
were polygenetic and that the ore-forming system evolved over a long time span.
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cal accretionary prisms. The Precambrian rocks had an
analogous original composition [16, 17].

The examined part of the Ussuri Group consists of
intercalating biotite–feldspar–graphite, garnet–biotite–
feldspar–graphite, and biotite–muscovite–feldspar
schists and marbles with conformable injections of
biotite and leucocratic granite-gneisses and with occa-
sional thin (no thicker than 1 m) dikes of mafic–inter-
mediate lamprophyres, which are conformable with the
schistosity of the host rocks. The chemical composi-
tions of the rocks are reported in Table 1. All lithologi-
cal varieties are extensively graphitized, with graphite
occurring in the form of fine-grained aggregates,
monomineralic veins, and lens-shaped inclusions,
which is reflected in the high carbon concentrations
(from 6 to 39 wt %) of the rocks.

Along with their graphitization, the rocks of the
Ussuri Group were affected by potassic metasomatism,
which resulted in the development of veinlets and
megacrysts of microcline and biotite. The rocks are also
sometimes intruded by quartz and quartz–graphite
veinlets that cut across the schistosity (Fig. 2) but con-
tain no secondary sulfide mineralization, which is typi-
cal of complex Au–Pt deposits in black shales [5, 7].
The Ruzhino occurrence of ore mineralization is
located in the core of a horst-anticline, whose limbs are
made up a stratified sequence of quartz–graphite slaty
black shales with high (25–30 wt %) carbon contents.
These rocks are characterized by a more homogeneous
distribution of the carbonaceous material, which also
consists of graphite, according to X-ray diffraction data.
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 Schematic geological map of the northern part of the Khanka terrane (prepared with the use of materials of V.I. Rybalko and
A.N. Naidenko).
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In order to elucidate the nature of the regionally
spread graphitization in the watershed area of the
Tamga, Kabarga, and Kedrovka rivers, we determined
the carbon isotopic composition of the rocks metamor-

phosed to the amphibolite facies and the black shales
metamorphosed to the greenschist facies. The
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C ratios (
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) were analyzed accurate to
0.1‰ on a Finnigan MAT-252 mass spectrometer at the

 

Table 1.  

 

Chemical composition of rocks from the Ruzhino ore field

Sample 02-1 02-3 02-4 03-1a 03-2a 03-3 03-3g 03-5

SiO

 

2

 

70.82 34.74 66.50 38.61 50.54 38.56 52.05 39.39

TiO

 

2

 

0.22 0.19 0.05 0.02 1.65 0.32 1.11 0.39

Al

 

2

 

O

 

3

 

12.61 12.03 12.33 20.19 20.51 8.95 20.27 8.88

FeO 0.26 5.50 0.16 0.64 7.90 0.85 6.50 0.78

Fe

 

2

 

O

 

3

 

0.32 0.29 1.65 0.69 1.50 2.18 3.60 2.84

CaO 3.04 0.20 0.28 4.12 3.71 2.51 2.14 2.51

MgO 0.32 0.58 0.62 0.56 3.67 2.16 3.74 2.16

MnO 0.02 0.03 0.01 0.02 0.18 0.06 0.20 0.05

Na

 

2

 

O 0.95 0.93 1.90 2.18 4.07 1.83 3.13 1.72

K

 

2

 

O 7.90 3.03 6.38 2.92 3.85 1.58 5.67 1.51

H

 

2

 

O

 

–

 

0.10 0.59 tr 0.20 tr tr 0.57 tr

H

 

2

 

O

 

+

 

0.98 3.73 2.45 2.16 2.02 5.97 0.29 4.51

C 2.08 36.47 7.33 27.41 tr 34.57 0.62 33.84

S 0.04 0.53 0.01 0.01 0.03 0.04 0.01 0.04

Total 99.66 98.64 99.67 99.73 99.63 99.58 99.90 98.62

 

Note: Samples 02-1, 02-3, and 02-4 are graphitized leucocratic granite-gneisses; sample 03-1a is graphite metasomatic rock developing
after biotite granite-gneiss; samples 03-2a and 03-3g are biotite--feldspar schist; sample 03-3 is garnet–biotite–feldspar–graphite
schist; sample 03-5 is graphitized lamprophyre (conventional silicate chemistry analysis, analyst Zh.A. Shcheka).

 

Fig. 2.

 

 Quartz–graphite veins in crystalline schists of the Ussuri Group.
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Analytical Center of the Far East Geological Institute,
Far East Division, Russian Academy of Sciences. This
ratio in the samples collected in the core of the paleodi-
apir is characterized by insignificantly varying values
within the range of –8.5 to –8.7‰ (Table 2). Such val-
ues characterize mantle carbon sources [4], which is
corroborated by the extensive development of monom-
ineralic graphite along the splay faulting and fracturing
zones of deep faults. The mantle provenance of carbon
during the degassing of the mantle also follows from
the occurrence of globular microtextures, which were
detected in the rocks examined under a Solver scanning
atomic force microscope (Fig. 3). It is known that the

condensation of carbonaceous gases with decreasing
temperature facilitates the formation of globular micro-
textures during the phase transition from the gaseous to
solid states [18].

The carbon isotopic composition of our samples
form the Orlovskaya Group shows broader 

 

13

 

C varia-
tions: from –19.9 to –6.5‰. These values indicate that
the carbon is of organic origin, because the 

 

13

 

C values
in the range of –19.8 to –26.5 characterize the carbon of
marine sediments [20]. It should be mentioned that the
IR spectra of the graphite-bearing rocks suggest the
absence of any organic complexes and amorphous car-
bon, which, in turn, indicates that the metamorphic
grade of the rocks was fairly high and facilitated the
transition of the carbonaceous matter into graphite.

Judging from the results of mineralogical ther-
mobarometry, the metamorphic temperature of the
amphibolite-facies rocks of the Ussuri Group was 570–
620

 

°

 

C at a total pressure of 3–4 kbar [11]. The garnet–
biotite assemblage from the Ruzhino occurrence (sam-
ple 03-3) was formed at 600

 

°

 

C, according to the gar-
net–biotite thermometer [21]. Microprobe analyses of
biotite from these schists indicate that the mineral occurs
in two generations: (i) groundmass biotite and this mineral
in inclusions in garnet porphyroblasts, both having the
composition K
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,
and (ii) biotite occurring in veinlets cutting across the
schistosity, which is poorer in Ti and Fe and has the for-
mula K
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. The
morphology of the biotite veinlets suggests that the
second biotite variety was formed owing to potassic
metasomatism. The garnet also occurs in two variet-
ies. Biotite 1 coexists with more magnesian garnet
Ca
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, which com-
poses the cores of porphyroblasts. Their outer zones
also consist of garnet of the pyrope-andradite series
but with a higher andradite content
Ca
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0.38

 

Fe
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Mn
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Si
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O

 

12

 

, which reflects
retrograde zoning. Graphite is stable under these con-
ditions, and the transition of amorphous carbon into
graphite occurs, according to experimental data, at
500

 

°

 

C and 1 kbar [12]. A higher fluid pressure than in
the experiments (3–4 kbar) should have decreased the
phase transition temperature of amorphous carbon.

ANALYSES FOR NOBLE METHODS:
METHODS AND RESULTS

The low concentrations of PGE in carboniferous
rocks and the absence of individual minerals of these
metals make their analysis significantly more difficult
and reduce the list of analytical techniques applicable
for these purposes. The occurrence of newly formed
graphite over broad areas at the Khanka terrane further
complicates this problem because of the high resistance
of graphite to oxidation decomposition needed to
release and extract noble metals [3]. In view of these
considerations, in studying the Ruzhno ore field, we

 

Table 2.  

 

Carbon isotopic composition of graphite-bearing
metamorphic rocks from the Ruzhino ore field

Sample

 

δ

 

13

 

C

 

PDB

 

Rock

Amphibolite facies

02-1 –8.5 Graphite in granite-gneiss

02-4 –8.7 Plagioclase gneiss

03-1 –8.6 Biotite granite-gneiss

03-1a –8.7 Graphite veinlet in gneiss

03-3 –8.6 Garnet–biotite–graphite schist

03-5 –8.5 Lamprophyre

Greenschist facies

04-22 –19.9 Sericite–quartz–graphite schist

04-24 –19.3 Sericite–quartz–graphite schist

04-17 –25.2 Phyllitic shale

04-34 –23.7 Phyllitic black shale

04-40 –26.6 Black slaty shale
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 Nanometer-scale globular microtexture of graphite
(sample 03-1a).
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applied a number of physicochemical analytical tech-
niques.

The first analyses of the rocks for Au and Pt were
conducted by ion mass spectroscopy (IMS) at the Insti-
tute of Microelectronic Technology and Ultrahigh-
Purity Materials, Russian Academy of Sciences, in
Chernogolovka, Moscow oblast. This method was first
applied to analyze nonconducting substances because
of the use of an ion source of glow discharge at a hollow
cathode [14]. This enabled us to obtain the spectra of
noble-metal isotopes, including 

 

194,195,196

 

Pt, 

 

191,193

 

Ir,

 

192

 

Os, and 

 

197

 

Au. The results of the IMS analysis are
presented in Table 3 in comparison with analyses for
Au and Pt on an atomic emission spectrometer with
inductively coupled plasma and on an atomic absorber,
which were conducted at the Analytical Center of the
Far East Geological Institute, Far East Division, Rus-
sian Academy of Sciences. The concentration values
obtained by the latter analytical methods, which require
the long-lasting chemical preparation of the samples
with their decomposition in strongly oxidizing com-
pounds, occurred to be much lower than the values
obtained by IMS, except only those on sample 02-3
(Table 3). This was likely caused by the presence of
cluster modes of metal occurrence in graphite and
strong metal–carbon chemical bonds, which resulted in
metal losses as much as two orders of magnitude during
acid leaching. The metals can be lost in the form of vol-
atile carbonyls or carbonyl chlorides during the calcina-

tions of the samples in HClO

 

4

 

 [1, 2]. In addition, some
graphite is retained in the insoluble residue, and this
also leads to appreciable losses of the metals.

In order to test whether noble metals are indeed
bound to carbonaceous matter, we also analyzed the
solutions obtained by the dissolution of the silicate
material in aqua regia and HF. These solutions contain
all components except graphite, which remains in the
residue. The solutions analyzed on an AA-6200 spec-
trophotometer were proved to contain low Au concen-
trations and neither Pt nor Pd concentrations above the
sensitivity of the analytical technique. The subsequent
long-lasting decomposition of the graphite residues,
which were preliminarily calcinated at 600

 

°

 

C, in
HClO

 

4

 

 and HF allowed us to determine Au concentra-
tions of up to 16.68 ppm, Pt up to 14.15 ppm, and Pd up
to 5.67 ppm in some samples (Table 4).

Our data indicate that the noble-metal mineraliza-
tion is closely related to graphite, and much metals is
lost because of the release of volatile metal–organic
complex compounds. Because of this, the decomposi-
tion of the “refractory” graphite-bearing rocks was con-
ducted by the method of oxidizing fluorination by BrF

 

3

 

and KBrF

 

4

 

 (this technique was developed at the Insti-
tute of Inorganic Chemistry, Siberian Division, Russian
Academy of Sciences [9, 19]). An advantage of this
method is its high selectivity and the degree of extrac-
tion of the elements to be analyzed. The analysis of
40 sample from the Ruzhino ore field determined the

 

Table 3.  

 

Concentrations (ppm) of Au and Pt in graphite-bearing rocks from the Ruzhino ore field

Sample Au Pt Analytical technique Rock

02-1 40 n.a. ICP–AES Granite-gneiss with graphite

02-3 13 4 IMS Granite-gneiss with graphite

02-3 30 n.a. ICP–AES same

03-1a 5 16 IMS Granite-gneiss

03-3 3 6.7 IMS Garnet–biotite–graphite schist

03-5 5 52 IMS Lamprophyre

04-7a 12 20 IMS Outer skan with dispersed graphite

04-7a 1.04 1.15 AA same

04-7b 12 14 IMS Skarned marble

04-7b 0.16 1.51 AA same

04-17 7.2 5 IMS Sericite–quartz–graphite schist

04-17 0.66 1.30 AA same

04-29 15 18 IMS Lamprophyre

04-29 0.46 1.28 AA same

04-40 17 24 IMS Sericite–quartz–graphite schist

04-4 0.18 1.29 AA same

04-9 2.2 3.3 IMS Black shale, Tamga

04-9 0.14 0.82 AA same

 

Note: Analytical methods: AA—AA-6200 spectrophotometer, ICP-AES—atomic emission spectroscopy; IMS—ion mass spectrometer;
n.a.—not analyzed.
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presence of a broad spectrum of noble metals (concen-
trations in ppm): 0.021–3.57 Au, 0.2–4.41 Ag, 0.04–
3.56 Pt, 0.02–0.55 Pd, 0.002–0.055 Ir, 0.011–0.09 Os,
0.007–0.2 Ru, and 0.001–0.74 Rh. The chemical prep-
aration of the samples involved the decomposition of
the pristine sample (3–5 g in mass) and its transforma-
tions into solid sulfates with the subsequent analysis of
noble metals by atomic absorption spectroscopy
(AES). Note that the whole spectrum of PGE was found
in the black shales and lamprophyre dikes but was gen-
erally atypical of the granite-gneisses, marbles, and
skarns (Table 5).

Replicate analyses of the same samples for Au were
conducted by neutron activation (NAA) at the Institute
of Chemistry, Far East Division, Russian Academy of
Sciences. The samples intended for analysis were
0.5 kg in mass. The results of the analyses are listed in
Table 6 (in comparison with the previous data) and

show consistent data on Au concentrations (within the
analytical error and with an exception of only a few
samples). The highest Au concentrations in some sam-
ples were determined only by NAA. The data presented
in Tables 3–6 show significant discrepancies between
the Au and Pt concentrations determined in rocks by
various methods, perhaps, because of the different tech-
niques used to prepare the samples for analyses that
were coupled with various metal losses due to the
release of volatile metal–organic complexes and the
sometime incomplete graphite dissolution. The most
realistic Au and Pt contents were determined by the
physical methods of ion mass spectrometry and neutron
activation analysis, which do not require any chemical
preparation of the samples. IMS analyses for metals are
conducted in small solid samples (no more than 100 mg),
which results in the overestimation of metal concentra-
tions in recalculation to one ton of the ore and, hence,

Table 4.  Concentrations (ppm) of noble metals in samples fractionated into a soluble constituent and graphite

Sample Au*
Graphite**

ΣAu C concentra-
tion, wt % Rock

Au Pt Pd

02/1 0.73 16.68 8.68 5.67 17.41 35 Graphite metasomatic rock
02/3 0.56 2.83 2.15 0.99 3.39 ~4.7 Plagioclase gneisses with graphite
02/4 0.61 4.18 2.39 1.23 4.79 ~6.3 Granite-gneiss
03/1a – 2.56 4.14 3.31 2.56 5.6 Graphite metasomatic rock
03/3 0.1 5.37 14.15 7.31 5.47 30 Garnet–biotite–graphite schist
03/5 1.26 0.04 4.46 1.24 1.30 29 Lamprophyre

**Au concentration in the dissolved silicate constituent was determined on an AA-6200 spectrophotometer.
**Au, Pt, and Pd concentrations in graphite calcinated at 600°C with subsequent decomposition and oxidation in HF and HClO4

(for 30 days).

Table 5.  Concentrations (ppm) of noble metals in diverse lithological varieties of rocks (data of atomic emission spectros-
copy after oxidative fluoride decomposition)

Sample Au Pt Pd Ag Rh Ru Ir Os Rock

04-13 1.89 1.08 0.13 0.81 – 0.015 0.003 0.014 Black shale

04-16 2.73 0.2 0.36 1.21 – 0.011 0.004 0.011 same

04-40 1.82 0.05 0.31 1.01 – 0.012 0.006 0.013 same

04-34 2.01 2.15 0.10 0.34 0.46 0.045 0.009 0.017 Lamprophyre

04-34a 2.23 1.41 0.14 0.27 0.74 0.035 0.015 0.017 same

04-29a 1.45 0.04 0.13 2.47 – 0.045 0.019 0.029 Skarnoid

04-77 1.43 1.99 0.45 4.41 0.08 0.08 0.02 0.02 same

04-1a 0.61 1.91 0.24 0.65 0.005 – – – Plagioclase gneiss

04-33 0.77 2.56 0.38 0.67 – – – – Granite-gneiss

04-78 0.044 0.044 0.08 0.51 – – – – same

04-3 0.2 1.67 0.14 0.47 – – – – Skarn

04-82 0.18 0.03 0.36 1.65 – – – – same

04-107 0.29 0.08 – 0.31 – – – – Marble

04-7 0.22 1.44 0.17 1.10 – – – – Vein graphite

04-108 1.01 0.09 0.28 0.52 0.005 0.007 – – Vein quartz
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hampers the application of this method to the appraisal
of overall metal reserves and resources. At the same
time, it is advisable to use this method in the course of
exploration for buried ore mineralization at extended
fields of rocks with carbonaceous matter.

MINERALOGY AND GEOCHEMISTRY

Micrometer- and submicrometer-sized grains of
native Au are often found in graphite masses. Micro-
probe analyses of individual gold grains reveal their
high grades of fineness and narrow compositional vari-

ations: 79.27–97.16 wt % Au and 3.3–22.02 wt % Ag.
We did not detect any visible modes of PGE occur-
rence, neither were they identified under an electron
microscope. The graphite typically abounds in inclu-
sions of ore and accessory minerals: magnetite, pyrite,
zircon, thorite, monazite, native Cu, Y–Th–P phases,
Cu–Sn and Cu–Sn–Fe alloys, and, more rarely, arse-
nopyrite.

A broad spectrum of trace elements (Ba, Sr, Cu, Zn,
Hg, Ni, Cr, Ti, V, Mn, W, Zr, La, Ta, Nb, and Re) was
detected by XRF in the graphitized rocks from the
Ruzhino ore field. The highest concentrations of these
elements are typical of the lamprophyres, which con-
tain up to 1 wt % of these elements (including Hf, Tb,
Y, U, As, Cd, and Er, which are absent from other
rocks). Along with them, the rocks contain volatile
components: 100–400 ppm F, up to 40 ppm Cl, up to
0.48% P2O5, and 0.02–0.1% SO3, whose presence con-
firms the possibility of gas transport reactions.

Inasmuch as elevated PGE concentrations were
found in lamprophyre dikes, we attempted to identify
minerals concentrating these elements. For this pur-

Table 6.  Concentrations (ppm) of Au in graphite-bearing
rocks from the Ruzhino ore field according to data of neutron
activation analysis (NAA) and atomic emission spectroscopy
(AES) with preliminary fluoride decomposition

Sample NAA AES Rock

04-1 ≤0.8 0.51 Plagioclase gneiss

04-1b 1.8 0.71 Graphite veinlet in plagioclase 
gneiss

04-2a ≤0.7 0.636 Biotite granite-gneiss

04-3 ≤0.2 0.198 Pyroxene skarn

04-3a ≤1.0 0.876 Lamprophyre

04-5 2.6 0.2 same

04-7a ≤1.1 1.18 same

04-13 ≤0.3 0.143 Skarnoid

04-16 0.9 1.89 Black shale

04-27 ≤1.4 – Plagioclase gneiss

04-28 ≤0.7 0.23 same

04-29 15.2 1.73 Lamprophyre

04-33 0.4 0.774 Granite-gneiss

04-35 0.4 0.767 Plagioclase gneiss

04-40 0.4 1.82 Slaty shale

04-68 14.2 n.a. Graphite metasomatic rock

04-73 0.8 0.03 Endoskarn

04-74 2.1 0.112 Graphitized plagioclase gneiss

04-75 1.6 – same

04-77 ≤0.5 0.05 Skarnoid

04-78 ≤0.4 0.044 Granite-gneiss

04-80 0.9 0.37 Endoskarn with graphite

04-81 1.7 0.043 same

04-101 ≤1.2 0.57 Lamprophyre

04-107 6.8 0.29 Marble with up to 7% graphite

04-107c 17.1 0.29 Marble with up to 30% graphite

04-108 0.5 1.01 Vein quartz

Note: NAA were conducted at the Institute of Chemistry, Far East
Division, Russian Academy of Sciences (analyst
V.V. Ivanenko); AES analyses were carried out at the Insti-
tute of Inorganic Chemistry, Siberian Division, Russian
Academy of Sciences, Novosibirsk (analyst V.M. Mit’kin).

Table 7.  Microprobe analyses (wt %) of monazite (Mnz),
magnetite (Mgt), and hypersthene (Hyp)

Ele-
ment Mnz Mgt Mgt Mgt Mgt Hyp Hyp

Na 0.19 0.14 0.12 0.19 0.33 0.38 0.36

Mg – 0.24 0.20 0.43 0.36 0.18 0.17

Al 0.48 0.09 0.07 – – 2.17 2.02

Si 3.87 2.74 2.33 2.68 2.26 19.53 18.07

P 7.29 0.01 0.01 – – 0.39 0.17

Cl 0.17 0.18 0.16 0.09 0.08 0.36 0.34

K 0.22 0.03 0.03 0.03 0.04 0.13 0.12

Ca 9.14 0.73 0.64 0.53 0.46 3.06 2.84

Ti 0.29 0.05 0.04 0.10 0.09 0.02 0.02

Cr – – – 0.16 0.15 0.15 0.14

Mn – 0.20 0.19 0.07 0.06 – –

Fe 5.08 69.97 61.92 69.71 61.37 34.74 32.43

Sr 0.24 0.11 0.10 – – – –

La 3.92 0.35 0.32 0.49 0.44 – –

Ce 1.55 0.12 0.11 0.27 0.23 0.08 0.17

Pr 0.46 – – 0.06 0.05 0.32 0.39

Nd 1.20 – – 0.26 0.24 0.48 0.45

Pt – 0.09 0.08 0.20 0.17 – –

Pb 0.24 0.36 0.32 0.26 0.22 0.55 0.51

Au – – – – – 0.15 0.13

Th 39.32 – – 0.20 0.10 0.52 0.48

O 26.35 24.05 32.94 24.05 33.28 36.55 40.99

U – – 0.45 – – – –

Total 100.01 99.46 99.58 99.78 99.91 99.76 99.80
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pose, the samples were examined on a CamScan MV
2300 microprobe with a beam 157–200 nm in diameter
at the Institute of Experimental Mineralogy, Russian
Academy of Sciences, in Chernogolovka, Moscow
oblast. Table 7 lists the concentrations of some ele-
ments in minerals from sample 03-5, which were calcu-

lated by the INCA Energy 200 computer program. All
of the analyzed magnetite grains turned out to bear Pt,
and its concentration is positively correlated with REE
concentrations, a fact that rules out a random character
of the analytical results. No Pt was detected in any other
phases, including the accessory monazite, thorite, and

Fig. 4. Location map of regionally spread graphitization fields (gray) in the northern part of the Khanka terrane (prepared with the
use of materials of the Primorye Geological Survey).

Dal’nerechenskDal’nerechenskDal’nerechensk

Bol. UssurkaBol. UssurkaBol. Ussurka

Malinovka

Malinovka

Malinovka

VedenkaVedenkaVedenka

K
edrovka

K
edrovka

K
edrovka

LazoLazoLazo

Uss
ur

i

Uss
ur

i

Uss
ur

i

UUU
ssssssuuu

rrriii

UUUssssssuuurrriii

FilinoFilinoFilinoSrednyaya

Srednyaya

Srednyaya RozhdestvenkaRozhdestvenkaRozhdestvenka

Golubovka

Golubovka

Golubovka

NevskoeNevskoeNevskoe

Krivoe L.Krivoe L.Krivoe L.

PanteleimonovkaPanteleimonovkaPanteleimonovka

M
al.

 T
am

ga

M
al.

 T
am

ga

M
al.

 T
am

ga
Il’movkaIl’movkaIl’movka

TamgaTamgaTamga

Tamga
Tamga
TamgaFilaretovkaFilaretovkaFilaretovka

RuzhinoRuzhinoRuzhino

LesozavodskLesozavodskLesozavodsk

Sungacha

Sungacha

Sungacha

LesnoeLesnoeLesnoe

RuzhinkaRuzhinkaRuzhinka

Ruzhino occurrenceRuzhino occurrenceRuzhino occurrence
of noble metalsof noble metalsof noble metals

 Turgenevo Turgenevo Turgenevo

DonskoeDonskoeDonskoe

KabargaKabargaKabarga

Bol. K
abarga

Bol. K
abarga

Bol. K
abarga

BBBooo
lll... KKK

aaabbbaaa
rrrgggaaa

OrlovkaOrlovkaOrlovka

MMMaaalll... KKKaaabbbaaarrrgggaaa

GlazovkaGlazovkaGlazovka

TekhmenevoTekhmenevoTekhmenevo

Gornye KlyuchiGornye KlyuchiGornye Klyuchi

2 0 2 4 km

133°30′ 133°45′ 134°00′ E

45°20′

45°30′

45°40′

45°50′
N



RUSSIAN JOURNAL OF PACIFIC GEOLOGY      Vol. 1      No. 1      2007

NOBLE METALS IN CARBON-RICH METAMORPHIC ROCKS 69

orthite. Gold was found only in hypersthene. The
occurrence of Pt and Au in the magnetite and hyper-
sthene implies their magmatic source.

The lamprophyres have a porphyritic texture, with
insets commonly consisting of mafic minerals, such as
hypersthene, diopside, and biotite, and accounting for
up to 55% of the rock by volume. The groundmass con-
sists of potassic feldspar and plagioclase (An45–47) with
minor amounts of thin-prismatic hornblende (no more
than 2%) and quartz (no more than 3%). Graphite is
unevenly distributed in the rocks and occurs as fine-
crystalline masses, dust, and veinlets. Its contents in the
lamprophyres vary from 3 to 30%. The chemical com-
position of the lamprophyres is presented in Table 1.

CONCLUSIONS

Carbon-rich rocks in the northern part of the Khanka
terrane are characterized by regionally spread graphiti-
zation, which is associated with elevated contents of
noble metals. The regional character of graphitization
in metamorphic complexes is typical of the northern
part of the terrane, from Glazovka to Rozhdestvenka
(Fig. 4). It is pertinent to mention that the areas of
extensive graphitization are cluster along a submeridi-
onal (northeast-trending) line, whose trend coincides
with the submeridional trends of deep faults and asso-
ciated fault structures. This provides additional support
of the idea that the graphitization processes involved
deep carbon.

The problem of metal incorporation in the structure
of carbonaceous matter is actively discussed in the lit-
erature [1, 8, 13]. Experimental data indicate that the
graphite structure includes stable metal–carbon bonds,
which are formed when aromatic structures loose their
hydrogen ions during metamorphism [12]. Metals
thereby “intrude” the deformed rings in place of hydro-
gen ions in the hexagons [1]. This idea receives support
from the results of studying Au cluster modes in graph-
ite-bearing ores from several widely known gold
deposits. The analysis of extensive electron-micro-
scopic material reveals accumulations of spherical
gold–organic protoclusters between the layers of the
graphite structure [8]. The spherical shapes of the clus-
ters, in which metal–organic and graphite layers alter-
nate, explains their stability during the thermal treat-
ment of graphite-bearing samples and the difficulties in
determining these metals by modern analytical tech-
niques because of the oxidation and destruction of
metal–carbon bonds.

The protoliths of our rocks from the central part of
the paleodiapir were mostly of magmatic genesis and
were metamorphosed to the amphibolite and epidote-
amphibolite facies. Along with regionally spread car-
bonation, these rocks were also affected by intense
metasomatic feldspathization and biotitization. The
ore-hosting complex shows the following features typ-

ical of noble-metal deposits in zones of mantle–crustal
diapirism:

(1) a significant vertical extents of the noble-metals
and graphite ore mineralization;

(2) the spatial restriction of the ore-hosting rocks to
horst–anticline structures that have folded–blocked
structures and are lithologically heterogeneous;

(3) the occurrence of granitoids of various composi-
tion and lamprophyre dikes conformable with the schis-
tosity;

(4) the close association of the noble-metal mineral-
ization with carbonaceous matter and the presence of
heavy carbon isotopes of mantle origin;

(5) the presence of geochemically diverse elements
(Au, Ag, W, Ta, Rb, Hg, Re, Bi, Cu, Pt, Pd, Os, Ir, Co,
Ni, Ti, U, Sr, etc.) in the ores;

(6) the absence of individual PGE minerals in the
rocks;

(7) the weak hydrothermal sulfidization and silifica-
tion of the rocks;

(8) traces of pneumatolitic–hydrothermal carbon-
ation in the rocks.

The carbonaceous–silicic metasomatic rocks (so-
called fluidizites) often have a schistose texture and can
hardly be distinguished from black shales. These rocks
are commonly mapped as slate–phyllite shale zones at
the limbs of thermal dome structures [3].

These features are typical of deposits attributed to
the fluid–magmatic genetic type [3, 6, 7]. According to
the aforementioned researchers, these unusual deposits
are formed with the participation of magmatic, meta-
morphic, and metasomatic processes in relation to
long-lived mantle–crustal diapirs. The sources of car-
bon and metals were mantle–crustal metasomatic pro-
cesses, which were spatially restricted to developing
deep faults and related crustal deformations.

The weak oxidation and sulfidization of the rocks
and the reduced conditions during the process of car-
bonation and gas transport reactions (which were favor-
able for the release of metals from the deep-seated
source) predetermined the absence of individual PGE
minerals in the rocks of the Ruzhino ore field. The gen-
esis of the native gold was related to the instability of
gold carbonyls under the metamorphic conditions. The
decomposition of these compounds during heating in
the course of metamorphic and metasomatic processes
resulted in the transition of the gold from an excited to
a normal state [6]. The gold chemically bound to aro-
matic hydrocarbons in benzene structures formed more
stable metal–carbon bonds, which were not broken dur-
ing metamorphism until temperatures as high as 500°C
[12]. Because of this, the ores also contain native gold.
Because of their aforementioned features, the Ruzhino
ores are “refractory,” and the extraction of noble metals
from them is laborious and costly. Noble metals are
unevenly distributed in the rocks of various lithological
compositions, which makes it even more difficult to
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outline the most promising high-priority areas. The ele-
vated Au and Pt contents determined in some samples
and the extensive development of carbonaceous rocks
(and their high thicknesses, up to 3000 m and occasion-
ally even more) suggest that the resources of noble met-
als can be economic. Their appraisal requires detailed
exploration and prospecting operations at the fields of
carbonaceous rocks, including the metaterrigenous
rocks of the Mitrofanovskaya and Orlovskaya forma-
tions.
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