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Abstract—Original data and a survey of the literature indicate that Au and Au—PGE mineralization are abun-
dant in coal measures. Anomalous contents of noble metals have been established in basins with various types
of basement, composed of granite, volcanic rocks, schist, and limestone. These basins are located in Au- and
PGE-bearing ore districts, as well as at a considerable distance from known ore deposits and occurrences. Ore
formation in coal-bearing basins may occur during sedimentation, peat accumulation, and diagenesis of organic
matter or may be epigenetic. Noble metals are supplied to sedimentary basins as minerals that are transported
by water and air and as ion species migrating along with surface and subsurface in- and exfiltration solutions
of various chemical and genetic types. Ore mineralization concentrates in coal seams and host sedimentary beds
of various grain size, including conglomerate, sand, and clay, as well as in zones of hydrothermal alteration
superimposed on basement rocks and the sedimentary cover. The mode of occurrence of noble metals in coal
basins is diverse as well (noble metal minerals, isomorphic admixtures in sulfides, and organic compounds).
The data presented allow coal-bearing basins to be regarded as promising for economic noble metal mineral-

ization fit for recovery as by-products in the course of coal mining.

DOI: 10.1134/S1075701507010011

INTRODUCTION

High contents of noble metals reaching economic
levels in coal were detected in the United States even at
the end of the 19th century (Jenney, 1903; Stone, 1912),
a few decades before the first discoveries of anomalous
Au and PGE contents in carbonaceous shales (Nod-
dack, 1936). Nevertheless, the noble metal mineraliza-
tion in coal measures has turned out to be much less
studied than the same mineralization in black shales.
While Au and Au—Pt ores hosted in carbonaceous rocks
have been mined for a long time in many countries, the
similar mineralization hosted in coal measures has been
considered until now to be something exotic, with
vague prospects for further development. However, the
rapid growth of information on anomalous Au and PGE
concentrations and/or finds of their minerals in coal
measures and Au-bearing cinder dumps of thermal
power plants testifies that noble metal mineralization in
coal measures is no less abundant than in black shales
and is quite permissive for economic development.

Such an evaluation is determined in many respects
by possible recovery of noble metals as by-products in
the course of dump reprocessing and utilization of coal
combustion wastes. Hence, the Au and PGE grades in
coal-bearing basins may be lower than in primary ores
of traditional types and even in placers.

For example, it has been shown that economically
efficient Au recovery from the wastes of the Reft power
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plant in the Urals is possible at an average Au grade of
0.1-0.2 g/t in coal combustion products (Leonov et al.,
1998). If the chosen combustion regime provides suit-
able Au and PGE concentrations in ash, as occurs at the
Reft and Khabarovsk power plants (Bakulin and
Cherepanov, 2003), coal containing only about 50 ppb
Au and/or PGE may be considered a specific noble
metal ore. Gold may be accumulated in fly ash as well.
In this case, by analogy with silver (Shpirt et al., 1986),
one may expect that the noble metal content in fly ash,
particularly, in its finest fraction, will be ten times
higher than in the initial solid fuel. Such a situation was
described for Alaska, where the Au content in 12 sam-
ples of Cenozoic coal was only 1-18 ppb, whereas, in
three samples of ash, it was 76, 120, and 870 ppb
(Stricker et al., 1992).

A similar approach that assumes reduced noble
metal grades apparently should be extended to the
rocks that host and overlie coal seams, as well as over
frameworks and basements of coal basins. The develop-
ment of such mineralized rocks may prolong the life-
time of mines after exhaustion of economic coal
reserves.

The widespread occurrence of noble metals in coal
measures and the possibility of their recovery as by-
products at relatively low grades make coal-bearing
basins very promising for economic development as
sources of Au and PGE. To evaluate these prospects
adequately, the reconstruction of the accumulation con-
ditions of noble metals is of crucial importance because
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anomalous Au and PGE concentrations may arise in
coal-bearing basins different in geology, at different
stages of their evolution, and as a result of different ore-
forming processes.

This paper is the first attempt to systematize the
information gained on noble metal mineralization in
coal-bearing basins in genetic terms. It was not easy to
perform such a systematization because many publica-
tions only mention high noble metal contents without
accompanying comments or necessary data on analyti-
cal methods, ash content, the location of enriched sam-
ples, and their mineralogy and geochemistry. There-
fore, I was obliged to consider the distribution of other
metals (U, Ge, etc.) that are thus far better studied as
additional background for forecasting noble metal ore
localization, orebody morphology, and the scale of
noble metal mineralization.

RESEARCH HISTORY AND THE STATE
OF THE ART

According to modern estimates, the ordinary con-
tents of noble metals in coal do not exceed their average
concentrations in other sedimentary rocks and amount
to a few parts per billion (Arbuzov et al., 2003; Yudov-
ich and Ketris, 2003; Seredin, 2004b). Coals that con-
tain these metals in amounts tens, hundreds, or thou-
sands of times greater stand out prominently against
this background. The first information on such coals
appeared more than 100 years ago. Descriptions of gold
and silver mining from coal in Wyoming and South
Dakota (Jenney, 1903; Stone, 1912) were cited repeat-
edly. According to estimation by Yudovich et al. (1985),
who recalculated into grams per ton the data in US$/0z
reported by Stone (1912), the Au grade in this coal was
2.8 g/t, or 17.1 g/t Au in ash.

Less well known is the information on anomalous Pt
contents (up to 630 ppm in coal and 3.6 wt % in ash)
detected at the end of the 19th century in two samples
of ultralow-ash (AY = 1.7%) coal from Australia ana-
lyzed in London (USGS..., 1896). On the basis of these
analytical results and information on Pt traces in ash of
bituminous coal in the vicinity of the city of Mendoza
in Argentina, Vysotsky (1923) was the first to suggest
that coal may be utilized as a high-grade platinum ore.
However, no additional information on the Pt-bearing
Australian coal appeared later on, and the location of
sampling has remained unknown (Swaine, 1990). Tak-
ing into account the low ash content and unusually high
vanadium content (up to 25.1% in ash), it seems likely
that solid bitumen rather than coal was analyzed. Pt-
bearing bitumen has been described from the Boss
deposit in Nevada (Jedwab et al., 1998).

The next information on possible enrichment of coal
in Au and PGE dates from the early 1930s (Gold-
schmidt and Peters, 1933). The spectroscopic examina-
tion of ash from several bituminous coal samples taken
in England and Germany yielded up to 1 ppm Au and

Pt and 0.5 ppm Pd. For a long time, these data remained
the sole testimony for high noble metal contents in coal.

Many new publications on noble metals in coal and
products of its combustion appeared over the next
70 years; the overwhelming majority of these works
were published during the last decade (Fig. 1).

The abrupt intensification of research in this field
led to the recognition of three main points.

(1) Gold and PGE occur in coal measures very
often. Almost 100 coalfields and particular mines with
anomalously high noble metal contents or finds of
noble metal minerals are known to date. Such objects
are known in 15 countries, but most of them have been
revealed in Russia and China, where the study of
coalfields with respect to noble metal mineralization
has been markedly intensified in recent years.

(2) Gold and PGE concentrate not only in coal
seams proper but also in sedimentary rocks of variable
grain size (conglomerate, sandstone, and clay) and in
quartz and carbonate veins and hydrothermal breccia.

(3) The Au and PGE contents in coalfields may be
extremely high and reach tens or even hundreds of
grams per ton. However, it must be kept in mind that the
overwhelming majority of such anomalous contents
were established only in solitary samples and isolated
exploration sections.

Some especially high contents reported in the liter-
ature are doubtful and may be a result of analytical
errors. In many cases, these contents were determined
by spectroscopic methods without preliminary concen-
tration of noble metals. For example, the replicate ICP
MS analysis of eight of nine coal samples with contents
of >1 ppm Pt and Pd obtained by spectroscopy showed
that the maximum contents are only 7.7 ppb Pt and
11 ppb Pd in ash (Oman et al., 1997). The older spectral
analyses reported by Goldschmidt and Peters (1933)
most likely were inaccurate as well (Finkelman and
Aruscavage, 1981).

The imperfectness of the existing methods of Au
and, especially, PGE determination in organic media
predetermines the nonreproducibility of results
obtained even with modern methods of analysis and
sample preparation. For example, anomalously high Pt
and Pd contents (more than 10 and up to 6.1 ppm,
respectively) in coal from the Blackburn Mine in Can-
ada were established by spectral analysis of lead beads.
The repeated analysis of nickel-sulfide beads from the
same samples carried out with INAA revealed no
enrichment in PGE (Van der Flier-Keller, 1991).
Another typical example is the data on average and
maximum concentrations of 1.5 and 4.4 ppm Au,
respectively, in Eocene lignite of the Ione Formation in
California in the vicinity of the well-known Mother
Lode gold deposit. These results were obtained with
ICP MS (Finkelman et al., 1994). Check analyses per-
formed at the laboratory of the Placer Dome Company
(Finkelman et al., 1995) and the Institute of Geology of
Ore Deposits, Petrography, Mineralogy, and Geochem-
GEOLOGY OF ORE DEPOSITS  Vol. 49
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Fig. 1. Distribution of publications on noble metals in coal-bearing basins by years.

istry of the Russian Academy of Sciences IGEM RAS)
in Moscow (spectrochemical analysis and INAA) have
shown that the Au contents in this lignite actually are
two orders of magnitude lower.

The above examples demonstrate that any analytical
information on high Au and, particularly, PGE contents
in coal should be regarded with great caution. All such
contents, irrespective of the analytical methods used,
must be verified with other independent methods. It is
necessary to remember that occasional very high results
for small coal charges may be obtained as a result of
incorporation of noble metal microparticles into a sam-
ple. For example, in analyzing a composite sample
from coal seam III, in the Luzanovsky open-cut mine in
Primorye, in the Far East of Russia, I obtained
10.5 ppm Au in ash. The analysis of the seven interval
samples that made up this composite sample showed
that none of them contained more than 1-2 ppm Au in
ash. Finely dispersed gold minerals were identified in
this coal seam with SEM-EDS, and most likely this was
the cause of the analytical discrepancy.

The experience accumulated at IGEM RAS shows
that the choice of a suitable analytical method, although
highly important, does not play the key role in determi-
nation of noble metals in coal; rather, it is correct sam-
ple preparation that is crucial because many com-
pounds of noble metals, e.g., carbonyls, are volatile at a
relatively low temperature (300-400°C). Thus, any
analytical method that includes high-temperature treat-
ment of samples is insufficiently efficient.
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The data presented in Table 1 demonstrate system-
atic underestimation of Au contents in ashed samples
analyzed with ICP MS in comparison with the results of
spectrochemical analysis, which is preceded by decom-
position of the initial material in acids and Au sorption
from solution on Polyorgs-IV sorbent. Depending on
the sample composition, such underestimation may
vary from 1.5 to 5 times. It should be noted that the
results presented in Table 1 pertain to samples with
gold that was detected by SEM-EDS. In this regard, it
is recommended that cold chemical (wet) ashing of coal
samples with the subsequent concentration of noble
metals before analysis be used. This approach was effi-
cient in study of Au-bearing coal from Ukraine (Panov
et al., 2001).

In regard to the existing analytical problems, only
identification of noble metal minerals in coal may serve
as unequivocal evidence for its anomalous enrichment
in Au or PGE. However, such data are not yet numer-
ous. Au and PGE minerals in coal measures, including
coal seams and coal combustion products, have been
established with electron microscopy only in 17 coalfields
and mines worldwide (Table 2). Only Au minerals have
been identified at 9 of 17 deposits, while both Au and
PGE minerals have been reported from 6 deposits.
Thus, more than 30% of the coal measures studied in
this respect contain PGM along with Au, indicating that
complex Au-Pt mineralization is widespread in coal-
bearing basins, as in black shales. In addition to native
gold of variable fineness, the coal-bearing sequences
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Table 1. Results of determination of Au contents in coal and coaly rocks from the Pavlovka brown coal field with different
methods
Au, ppm
Sample Rock A%, % Method
Ash Rock
22 Coaly mudstone 50.4 0.99 0.50* ICP MS
1.47% 0.74 SSCA
36 Coaly sandstone 65.60 0.26 0.17* ICP MS
1.30% 0.85 SSCA
37 Coal 21.00 0.2 0.04* ICP MS
0.95* 0.20 SSCA
Note: SSCA, sorption spectrochemical analysis.
* Calculated data.
Table 2. Composition of noble metal mineral phases in rocks of coalfields
Locality (coalfield) Rock Composition of mineral phases Source

Russia, Primorye (Pavlovka)

”

”
”

”

” (Rettikhovka)

” (Sinegorsk)
” (Lower Bikin)

Russia, Amur region
(Khurmuli)

Russia, Kansk—Achinsk Basin
(Nazarovo)

Russia, Kansk—Achinsk Basin
(Uryup)

Russia, Transbaikal region
(Tarbagatai)

Russia, Kuzbas
(Shevyakov Mine)

Uzbekistan (Angren)

”

China, Guizhou

Bulgaria (Balkan)

Bulgaria (Vylche Pole)

United States, Pennsylvania
United States, Utah

United States, Alaska (Nenana)
Great Britain, South Wales

Clay

Sand, gravel, and clay

of overburden
Fossil wood
Coal

Products of argillic
alteration

Products of argillic
alteration

Coal

Coal and cinder-ash
wastes

Coal and cinder-ash
wastes

Power plant cinder
dumps

Sand and gravel
overburden

Coal
Coal

Coal

Sand and gravel
overburden

Coal

Cinder-ash wastes
Fossil wood

Coal

Coal

Power plant fly ash
Coal

Au, Pd, Pd-Pt

Au, Au-Ag, Au—Hg, Au—Cu,
Au—Cu-Sn, Au-Pb, Pd,
Pd-Pt, Pt-Fe

Au, Au—-Ag, Au—Cu, P,
Pt—Fe, Pt—-Sn-S

Au, Au—-Ag, Au—Cu, Pt,
Pt—Fe, Pt-S

Au, Au-Ag, Au—Hg, Au—Cu,
Au—Cu-Sn, Au-Sn—Pb—Ni, Pd,
Pd-Pt

Au, Au-Ag, Pt

Au-Ag
Au, Au-Ag, Pd, Pt

Au, Pt, Pt—Fe, Pt—Fe-Ir,
Os—Ir-Pt

Au, Pd, Pt

Au

Au

Au-Cu

Au, Pt-S, Pd-S

Seredin, 2004a

”

Seredin and Magazina, 1999

Seredin and Povarennykh,
1995

Seredin, 2004a

Seredin, 2004b

Korostylev et al., 2000

Seredin, 2004b, Bakulin
and Cherepanov, 2003

Bakulin and Cherepanov,
2003

Sazonov et al., 1998;
Butan et al., 2000

Makarov, 1999
Meitov, 2001
Seredin, 2004b

Klimanov, 2003
Klimanov, 2003

Belkin, 1998

Yossifova, 1995
Vassilev et al., 1995
Finkelman, 1981
Finkelman, 1981
Stricker et al., 1992
Gayer and Rickard, 1994

GEOLOGY OF ORE DEPOSITS
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Table 3. Types of noble metal mineralization in coal-bearing basins

Speciation of supplied material

Mineral particles

Tons

Alluvial
(terrige-
nous)

Alluvial
(ionic)

Cosmic | Pyro-

clastic

Syngenetic

Ground infiltration Hydrothermal

sedimentary (SEDEX)?

uonisodap
189d

Alluvial
(ionic)

Diagenetic

Ground, stratal,
and paleovalley
infiltration?

Hydrothermal

IoneW O1URSIOo JO
uoneoYIPS—uoneIyIungy

Alluvial
(ionic)?

Stages of ore formation

Early

Hydrothermal, contact
metasomatic

Ground, stratal,
and paleovalley
infiltration

UOTIBULIO] [20D JO Sa3v1S

snourwniqqns
—nugry

Alluvial
(ionic)?

Epigenetic

Late

Ground infiltration Hydrothermal, contact

metasomatic

JorIYIUL
—snourwnrg

Air flows Surface water

Infiltration* Exfiltration**

Subsurface water

Agents of metal transport into coal-forming basins

* Descending gravity-driven lateral flows.
** Ascending flows of mineral water.

contain kiistelite and copper and mercury gold. Native
platinum and palladium, Fe- and Pd-bearing platinum,
and platinum sulfides are the most abundant PGM.
Minerals with high Os and Ir contents ((wt %) 89—
90 Os, 10-12 Ir, and 0.5-15 Pt and 50 Ir, 20-25 Os, 15—
25 Pt, and 1-3 Fe) have been detected at the Khurmuli
coalfield in the Amur region (Bakulin and Cherepanov,
2003).

GENETIC TYPES OF NOBLE METAL
MINERALIZATION IN COAL MEASURES

This section contains information on anomalous
accumulations of noble metals in peat and coal
throughout the world. A critical analysis of these data
enabled classification of noble metal occurrences on
the basis of relationships between stages of ore forma-
tion and coalification, speciation of metals supplied to coal
measures, and agents of their transportation (Table 3).
Most of the genetic types of metalliferous coal listed in

GEOLOGY OF ORE DEPOSITS 2007
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the table are considered below. Types that might exist
but proved occurrences of which are unknown to me are
designated by question marks. Information on anoma-
lous noble metal contents of ambiguous genesis is
given in Table 4.

Cosmic Type

This type of PGE accumulation has been revealed in
New Mexico (United States) as a result of analysis of
coal and clay samples taken from the sedimentary
sequence that was deposited at the Cretaceous—Paleo-
gene boundary, marked by a global Ir anomaly related
to an impact event (Oman et al., 1997). The total PGE
content in these samples reached 0.1 ppm, with ~20%
Ir in enriched samples. Taking into account the overall
abundance of such anomalies, it is evident that they
may be of a certain economic interest in the case of cos-
mic enrichment of low-ash coal seams. The high PGE
contents may be expected in the wastes of their com-
bustion.
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Table 4. Anomalous noble metal contents (=0.2 ppm total in ash) of ambiguous origin in coal and products of its dressing
and combustion

Region, coal

Content, ppm

Countr basin, under- Coalfield, underground coal/ash Source
y ground mine, mine, open-cut mine (concentrate)
open-cut mine Au Pd Pt
United States| Wyoming 2.8/17.1* - - Stone, 1912
7 Kentucky - - <0.2/<2 | Chyi, 1982
i Alaska Nenana /<4 - - Rao, 1968
” Alaska Nenana /<0.9 - - Stricker et al.,
Power plant fly ash 1992
7 West Virginia /11 - - Finkelman, 1981
Czech /35 - - Bouska, 1977
Republic
Germany Westphalia /0.5-1 - - Goldschmidt, Pe-
ters, 1933
FYRO Mace- Timok /0.1-0.6 - - Popovich, 1954
donia
India Assam Makum 22.8-32/ — — Baruah et al.,
1998
China Cinder dumps of Kha- /0.2-1.1 - - Bakulin and
barovsk thermal power Cherepanov, 2003
plants
” Ningxia Shizuishan, Mine 1! — /0.9—1.2% /0.4-0.6* |Dai et al., 2003
” 7 Shitanjing, Mine 12 /0.2—-1.3%* /0.02-0.3* ”
” ” Shitanjing, Mine 23 - /0.9-1.1% /0.2% ”
” ” Shitanjing, Wulan Mine - /0.8% - ”
” ” Weizhou, Taiyangch Mine - /0.7% /0.3* "
” Shanxi Liulin Mine - 0.07/0.7* 0.01/0.1%* ”
” ” Linxian Mine - 0.09/0.4* 0.01/0.04* ”
7 ” Xequ Mine - 0.1/0.7* 0.01/0.06* ”
” ” Xinxian Mine - /0.2% /0.07* ”
” ” Pianguan Mine - /0.3% /0.07* 7
” Inner Mongolia | Zhunger* - 0.1-0.6/0.8— | <0.2/<0.8* ”
2.3%
” Guizhou Zhijin - 0.24/0.96 0.11/0.44 ”
” ” Zhengfeng, Musang Mine - 0.54/1.7 - "
” ” Qinglong, Gaoling Mine - 0.1-1.2/0.9— | 0.02-0.04/ ”
4.9% 0.06-0.2*
” ” Xingren 0.1-0.4/0.3— 0.3/0.9* 0.01/0.03* ”
1.4*
” i Langdai Mine - 0.06/0.5%* 0.07/0.6* ”
” ” Puan Mine 0.1/0.8* 0.08/0.2* 0.04/0.1* ”
” ” Libo Mine 0.1/1.2* - - ”
Kazakhstan Shubarkol <0.13/ - - Belyaev and Pe-
dash, 1989
” Eqibastuz cinder dump /0.1-0.6 - - Leonov et al.,
of Reft power plant (1000-1500) 1998
” Lower Ili <0.4/<1.7 - - Ratynsky et al.,
1982
” Qaraghandy [2—10%%* - - ”
Russia Urals, Chelyab- | Pervomaisky, Greater 0.1-0.8/ - - Yurovsky, 1968
insk Basin Chelyabinsk open-cut
mine
” Urals, Klyuchevsky Mine** 0.2/0.5 — — Zharov et al.,
Kizel Basin 1996
” ” ” - - 0.1/ Torikova et al.,
1996
” Moscow Basin | Lipkovsky Mine no. 9%** 0.2/0.5 - - Zharov et al., 1996
” ” Power plant cinder /0.1-1.1 - - Pavlova and

dumps

Timofeev, 2000

GEOLOGY OF ORE DEPOSITS

Vol. 49
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Table 4. (Contd.)

Region, coal

Content, ppm

Count basin, under- Coalfield, underground coal/ash Source
Ty ground mine, mine, open-cut mine (concentrate)
open-cut mine Au Pd Pt
Russia Kansk—Achinsk Power plant cinder dumps (0.5-06) - (<1) Butan et al., 2000
Basin Nazarovo
” ” Sayan-Partizansk /0.2 - - Arbuzov, 2005
” ” Bol’shoi Syr /0.3 - - ”
7 ” Stepanovo /0.2 - - ”
” West Siberian Luginets, Kolpashevo /0.2 - - Arbuzov et al., 2004
Basin
” ” Trassovy, Gerasimovsky, /0.3 - - ”
South Tabagan
7 ” Lower Tabagan /0.8 - - ”
” ” Shirotny /0.9 - - ”
” ” Stupenchaty /1.2 - - ”
” ” North Kalinovsky /1.7 - - ”
” ” Upper Tromegan /1.9 - - ”
” Kuznetsk Basin Ol’zheras 0.8-1.2/ - - Arbuzov et al., 2000
” ” Sibirga 0.7/ - - ”
” ” Krasny Uglekop Mine 2.4 - - Nifantov et al., 2003
” ” Kirov Mine 3.2/27.2 - - ”
7 ” Zav’yalovo Mine /0.6 /1.1 /0.1 Data of the author
” Minusa Basin Chernogorsk, Beisk /1.4 - - Arbuzov et al., 2003
” Transbaikal region | Mordoi 0.2/0.6 - - Meitov, 2001
7 ” Kharanor 0.9/ - - ”
” ” Kharanor /0.6 - - Bakulin and
Cherepanov, 2003
” ” Urtui /0.6 - - ”
” ” Apsat 0.005/ 0.025/ | Meitov, 2001
” ” Chitkanda 0.04/ 0.01/ ”
7 Irkutsk Basin Azei /0.3 - - Bakulin and
Cherepanov, 2003
” Tunguska Basin | Zhigansk /0.4 - - Seredin, 2004b
” South Yakutia Neryungri /0.2 - - Bakulin and
Basin Cherepanov, 2003
” Primorye Ushumun /0.4 - - ”
” ” Ushumun /8.0 - - Krapiventseva, 2005
” ” Khurmuli /0.8-1.2 (850)| /<0.1 /<0.1 Bakulin and
Cherepanov, 2003
7 ” Urgal /0.2-0.7 /0.1-0.3 | /0.04-0.1 |Data of the author
7 Primorye Tavrichanka /0.2 /0.08 /0.62 ”
” ” Artem /0.09 /0.03 /0.14 ”
” ” Middle Bikin /1.8 /0.9 - ”
i ” Chernyshevka /0.9 /0.4 - ”
” ” Luzanovsky /<3.1 /<1.2 - ”
” ” Luzanovsky - - /0.7%*% | Zharov et al., 1996
” ” Ash dump of Vladivostok /1.5 (126) (28) /2.5 (80) |Cherepanov, 2005
thermal power plant no. 2

Note: g

GEOLOGY OF ORE DEPOSITS

** ROM samples.

*#% Ash of light coal fraction.
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1-4) Coal with additional high concentrations of other PGEs: ! up to 0.26 ppm Ru; 2 up to 0.2 ppm Ru; 3 up to 0.17 ppm Ru in ash;
up to 0.31 ppm Rh in coal and 1.23 ppm in ash (Dai et al., 2003).
* Recalculated contents.
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Table 5. Gold content in rocks of the Morozovsky open-cut
mine, after Panov et al. (2004)

Au, ppm
Material n
min max average
Coal 41 0.04 0.63 0.11
Ash 1 42 0.04 8.9 0.65
Ash 2 12 0.3 3.6 1.3
Coaly sand 6 0.08 1.8 0.53
Coaly clay 13 0.02 0.36 0.11

Note: The results of fire assay are presented. Ash 1 was prepared
by standard ashing of coal samples; ash 2 is the product
of wet ashing; n, number of samples.

Pyroclastic Type

Noble metal accumulations of pyroclastic origin in
coal measures remain poorly studied. It is suggested
that an interbed of volcanic ash within a coal seam
could be a probable source of platinum in the Tulameen
field, Canada (Van der Flier-Keller, 1991). The Pt con-
tent in the interbed that underlies the uppermost coal
unit reaches 52 ppb (32 ppb, on average).

Extremely high PGE contents presumably related to
the fallout of basic and intermediate tephra enriched in
these elements into a peat bog were established in the
province of Guizhou in southern China. The PGE con-
tents in Upper Permian coal seam no. 9 (thickness,
0.9 m; ash content, 35%) in the Zhijin coalfield are (ppm)
4.24 Pd, 0.82 Pt, 0.064 Ir, 0.052 Ru, and 0.03 Rh, with
5.21 ppm PGE in total (Dai et al., 2003). The recalcula-
tion to ash yielded (ppm) 12.11 Pd, 2.24 Pt, 0.18 Ir,
0.15 Ru, and 0.09 Rh, with 14.64 ppm PGE in total.

Particles of volcanic ash impregnated with organic
matter and admixtures of o.-cristobalite, augite, quartz,
kaolinite, and anatase were revealed in this coal in the
course of its thorough examination. No sulfides were
detected in coal despite the high Fe and Cu contents
(4.24 wt % and 370 ppm, respectively). The PGE-bear-
ing coal is enriched in Ti (3.5 wt %) and Cr (113 ppm),
largely concentrated in basic pyroclastic material (Dai
et al., 2003).

By analogy with accumulations of other trace ele-
ments gained with volcanic tephra (Seredin, 2004b),
the maximum enrichment in noble metals may be
expected in tonstein and the adjacent coal seams, which
concentrate the metals removed from tonstein. The
thickness of such metalliferous units usually does not
exceed a few decimeters; however, they may cover tens
or hundreds of square kilometers.

Alluvial Type

This type, related to the activity of surface streams,
may be subdivided into clastic and ionic subtypes,
depending on the form of transport of noble metals.
Both subtypes are related to the erosion of primary and
placer deposits located in close proximity to sedimen-

tary basins. If deposits that are resistant to weathering,
e.g., gold—quartz veins, occur in the framework of a
coal basin, noble metals are transported largely as min-
eral particles. If noble metals are contained in ores that
are unstable in the supergene zone, e.g., in gold—sulfide
ore, the metals are involved in transport mainly as sol-
uble species. Both mechanisms of noble metal migra-
tion often operate simultaneously.

Clastic subtype. This mechanism of contamination
of coal seams with Au is commonly considered first of
all. However, as was sensibly mentioned by Yudovich
and Ketris (2003), “...native gold is a characteristic
component of placers, which are formed in the setting
of active hydrodynamics. This setting is quite unlike the
still-water or even stagnant facies of peat deposition.”
Hence, this interpretation of anomalous accumulations
of noble metals in coal should be regarded with caution.
Only minerals with indications of transport by flows of
water may serve as direct evidence for such an origin of
enrichment of coal in noble metals. Primary deposits
exposed at the walls of coal-bearing basins at the time
of peat deposition may be used as indirect evidence.
However, such evidences remain rare. In this regard,
anomalous accumulations of noble metals interpreted
as clastic may actually be products of more compli-
cated formation mechanisms rather than simply terrig-
enous supply.

The clastic nature of anomalous Au contents in coal
measures has been established in the Aleksandriya dis-
trict of the Dnieper brown coal field (Panov et al., 2001,
2004). The Paleogene coal measures of this district fill
depressions in the Neoproterozoic crystalline basement
and are surrounded by numerous Precambrian gold
deposits and occurrences. As follows from sampling of
three open-cut and one underground mines, the maxi-
mum Au contents in coal reach 9.8 ppm. Combustion
wastes of Au-bearing coal of the Dnieper Basin at the
Aleksandriya thermal power plant contain 0.32 ppm
Au. Anomalous Au contents are characteristic not only
of coal but also of the host coaly sand and clay.

The Au contents in sedimentary lithotypes in the
thoroughly studied Morozovsky open-cut mine vary
widely (Table 5), demonstrating a nonuniform distribu-
tion of ore mineralization in both the vertical and lateral
directions. Two stratigraphic levels of gold accumula-
tion are recognized: (1) the lower seam I with 2.8 ppm
Au in ash and (2) the middle seam II with 1.7-4.8 ppm
Au in ash and the overlying unit of coaly sand with
1.8 ppm Au. The Au content in the middle seam
increases eastward from 0.14 to 1.85 ppm in ash. The
enrichment of the eastern area is related to its erosion
during peat deposition.

The Au reserves in the Morozovsky open-cut mine
amount to 1.36 t at a grade of 0.5 g/t Au. This estimate
indicates a limited scale of clastic gold accumulation;
however, in the opinion of the authors, the Au reserves
may be of some interest for recovery as by-products.

The clastic accumulation of gold was established in
coal-bearing basins of the Upper Amur region. The
well-known Nagimino gold placer is located in a Cen-
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Fig. 2. Rounded placer gold grains from sand of the overburden, the Pavlovka 2 open-cut mine, Primorye.

ozoic graben filled with coal-bearing sandshale sedi-
ments more than 50 m thick (Kuz’minykh and Sorokin,
2004).

In the Kansk—Achinsk Basin, gravity concentrates
from sandshale overburden in the Achinsk open-cut
mine of the Nazarovo coalfield and from sand and
gravel of the Uryup coalfield contain 12.5 and 9.8 ppm
Au, respectively (Butan et al., 2000; Makarov, 1999). In
addition, the first concentrate contains 1 ppm Rh.

In the Pavlovka brown coal field of Primorye,
rounded gold grains were found in the Pliocene alluvial
sediments of the Suifun Formation that overlie the
eroded Miocene coal measures (Fig. 2). Gold accumu-
lated in the basal alluvial unit and at the levels of local
intraformational breaks in sedimentation.

In Alaska, particles of placer gold incorporated into
a shell of Ca-glass were found in fly ash left from the
combustion of Cenozoic coal of the Nenana field. The
close correlation of Au and ash contents indicates the
prevalence of terrigenous supply of gold (Stricker et al.,
1992).

It is suggested that the marked accumulation of gold
in the Jurassic bituminous coal of Tajikistan (up to
0.3 ppm in coal and up to 7.7 ppm in ash) and in con-
glomerate units (from 2-5 to 50-250 ppm) within the
coal-bearing terrigenous sequence is of clastic origin as
well. The scouring of Late Carboniferous—Permian
hydrothermal sulfide deposits during peat deposition is
considered to be the crucial factor in gold accumulation
(Valiev et al., 2002). Very high contents of Ag (up to
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112 ppm in coal and 663 ppm in ash) and many other
elements are noted. In the Zuddy open-cut mine, the ash
of Au-bearing coal contains up to 2.02 wt % Sb; 0.40—
0.71 wt % Ba, Zn, and Ni; and 0.07-0.10 wt % Pb, Cu,
As, and Hg.

The anomalous concentrations of Au (up to
0.25 ppm in ash), Ba (up to 2.98 wt %), Zn (up to
1.78 wt %), Br (up to 2333 ppm), As (up to 2255 ppm),
Sb (up to 947 ppm), Hg (up to 254 ppm), and Ag (up to
50 ppm in ash) previously established in the Jurassic
anthracite of the Nazar-Ailok coalfield in Tajikistan
were considered products of hydrothermal activity
resulting in the formation of Sb—Hg ore mineralization
hosted in coal measures (Valiev et al., 1993).

A clastic origin of anomalous Au and PGE contents
(up to 0.1 ppm Au, 0.04 ppm Pt, and 0.25 ppm Pd in
ash) is accepted for the Paleogene lignite of the Matta-
gami Formation in Canada (Kronberg et al., 1987). It
should be mentioned, however, that this lignite is obvi-
ously characterized by anomalous geochemistry. The
maximum V, Sr, Ba, REE, and Zr contents reach 0.15—
0.5 wt % in ash of this coal, together with 135-230 ppm
Ge, Ga, and Nb and 60-80 ppm Hf, Th, and U. The
highly anomalous Zr contents (up to 3 wt %) in clay
may testify to the occurrence of volcanic material in
coal measures and, hence, to an additional source of
noble metals.

Data on very high Au and Ir contents in anthracite of
the eastern Donets Basin were published by Kizilshtein
(2002). If these data, obtained with INAA, are valid, the
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Table 6. Au and Ir contents, ppm, in coal seam i; at the Kapital’ny West Mine, after Kizilshtein (2002)

Area 1 Area 2
Parameter
6 7 8 9 10 41 4 5 40
Al % 22.4 25.9 334 25.7 17.6 18.3 25.1 26.7 13.5
Au 0.8(3.6) 0953.7) | 1.2(3.6) | 1.1(4.3) 0.95(5.4) {0.03(0.16)| 1.4(5.6) | 0.8(3.0) |0.02(0.15)
Ir 0.1(0.45) | 0.45(1.7) | 0.6(1.8) | 0.65(2.5) | 0.33(1.8) | 0.1(0.55) 0.3(1.2) | 3.8(14.2) |0.4(3.0)
n 29 17 24 27 26 21 19 27 19

Note: INAA results are presented. Numbers designate sections, spaced at 10-15 m. Numerals in parentheses are contents recalculated

to ash; n, number of samples.

average Au and Ir contents in coal of seam i3, 1.0-1.5m

thick, in the Kapital’'ny West Mine reach 1.4 and
3.8 ppm in separate sections (Table 6). The recalcula-
tion to ash yields 5.6 and 14.2 ppm, respectively. This
coal is distinguished by anomalous contents of other
trace elements, especially as concerns coal from the
first area, where 220 ppm As, 90.6 ppm Mo, 47.5 ppm
Hg, 26.3 ppm Cs, and 10.9 ppm W have been detected.

Such a high degree of enrichment in noble metals
has been established in zones of syngenetic scouring
resulting in replacement of the central zone of the seam
with siltstone and mudstone and complication of the
peatland structure owing to the appearance of partings
composed of coaly siltstone. In the opinion of Kizilsh-
tein, these features indicate the clastic nature of enrich-
ment of coal seams in trace elements, including noble
metals. However, the assemblage of chemical elements,
typical of hydrothermal deposits, can hardly be purely
terrigenous in origin. This is supported by high
(0.4 ppm in coal and 2.4 ppm in ash) Ir contents in sec-
tion 39, 1 km from the second area, where the coal seam
retains a simple structure. The anomalous REE pattern
should be mentioned as well. The metalliferous coal of
the first area is appreciably enriched in HREE (up to
4.7 ppm Lu) and Eu (up to 4.8 ppm), whereas coal from
the second area is enriched in Ce (up to 183.4 ppm).

Taking into account that Ir content in most Au—-PGE
deposits is lower by at least an order of magnitude than
Pt and Pd contents, extremely high contents of other
PGEs should be expected in this coal. Thus, if the
reported analytical data are valid, Kizilshtein discov-
ered a high-grade Au—PGE mineralization in a coal
seam of the eastern Donets Basin. It is regrettable that
he did not attach the significance to this discovery that
it undoubtedly merits.

The study of ore mineralization known to be clastic
in Late Cenozoic coal measures (Ruppert et al., 1997)
has shown that orebodies of this type hosted in coal
seams are localized in marginal zones of sedimentary
basins close to the emptying of small streams that drain
deposits containing ore minerals resistant to weathering
in the nearest framework of the basin. The metal con-
tents in enriched sedimentary units abruptly decrease
toward the central zones. The ash content of coal
decreases in the same direction.

The discovery of clastic-type coal that is enriched in
noble metals automatically makes the host sedimentary
units promising for Au and PGE. Taking into account
the unfavorable conditions for terrigenous ore forma-
tion in the hydrologically passive lacustrine—swamp
setting, it may be expected that relatively high-grade
ore material will be revealed in coarse clastic sedi-
ments. Finds of clastic gold in coal measures stimulate
prospecting for its sources at the walls of basins, even
in the case where such sources were previously
unknown in the region.

lonic subtype. The hydrochemical data on the Upper
Amur region, with numerous primary and placer gold
deposits, indicate the possibility of significant accumu-
lation of noble metals in surface water. The Au concen-
tration in river water here reaches 4-12 ug/l; i.e., it is
three to four orders higher than the background level
(Kuz’minykh and Sorokin, 2004). Therefore, it is not
surprising that a considerable amount of newly formed
gold is detected in many placers (Shilo, 2000).

Finds of nodular PGM segregations (coreless nod-
ules, stalactites and their bunchy intergrowths, and
crusts with a concentrically shelly structure) in some
placer deposits testify to the migration of PGE in sur-
face water as ionic and colloidal species. Such segrega-
tions, typical of Pt, Pd, and even osmiridium, were
described in Brazil and other countries as early as at the
beginning of the 20th century (Hussak, 1904; Vysotsky,
1923). Much importance was attached to PGE precipi-
tation from solutions by Chukhrov (1955).

On entering sedimentary sequences saturated with
organic matter, dissolved Au and PGE may be reduced
to the native state (Baranger et al., 1991) or taken up by
organic matter, clay particles, or iron hydroxides. These
processes proceed during both peat deposition and the
late stages of coal basin evolution, when coal measures
are scoured by surface streams.

The study of present-day peatlands testifies to the
possible formation of high noble metal contents during
peat deposition. For example, the enrichment of peat in
Au up to 0.10-0.13 ppm was noted in Indonesia
(Palmer and Cameron, 1989) and Wales (Andrews and
Fuge, 1986). In the first case, peat was also enriched in
As (up to 0.22%), and, in the second case, Au anoma-
lies were established in a Cu-bearing peat bog (up to
GEOLOGY OF ORE DEPOSITS  Vol. 49
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5.14% Cu) fed by water draining the geochemical halo
around a porphyry copper deposit located nearby.

In peatlands of Western Siberia, the Au content
reaches 0.48 ppm in ash. Humic acids are the major car-
riers of gold in this peat; the Au content in their ash var-
ies from 1.8 to 26.4 ppm (Arbuzov et al., 2004). It is
suggested that gold was supplied to peat bogs in ionic
form as chloride and organic complexes and afterward
absorbed by organic matter. The occurrence of organic
Au species is confirmed by an inverse correlation
between Au and ash contents. Gold deposits and rocks
enriched in Au, which are abundant in the southeastern,
southern, and southwestern frameworks of the peat-
land, are regarded as Au sources. This is supported by
localization of Au-rich peat at the basin margins and
basement uplifts with hydrothermal Au-Sb, Au-Ag,
and Au-As—Ag ore occurrences and deposits and by a
systematic decrease in Au contents toward the center of
the vast basin of peat deposition.

Gold may occur in peat bogs not only as organic
compounds. Microparticles of native gold in associa-
tion with sulfides, sulfates, and carbonates were
detected in peat from Altai, Salair, and Kuznetsk Alatau
(Matukhina et al., 1996).

The highest noble metal contents have been estab-
lished in the Muthurajawela peatland, Sri Lanka’s larg-
est (Dissanayake and Kritsotakis, 1984). The average
Au content calculated taking into account the thickness
of the sampled intervals in three studied sections (4.2—
6.0 m), including the underlying clay, is 0.42 ppm (the
maximum concentration is 0.88 ppm Au; Pt, 1.24 and
7.9 ppm in peat). In the most representative section, the
noble metal contents increase from the roof of the peat
layer to the underlying clay unit; this trend is especially
distinct for Pt (Fig. 3). Au is correlated with Fe, Mn,
Co, Na, K, and Mg and does not show a significant cor-
relation with organic matter. Pt is not correlated with
any other element or organic matter. It is suggested that
noble metals are supplied to peat bogs in a soluble
form, being removed from surrounding laterites, and
taken up by clay particles and Fe and Mn oxides and
hydroxides.

Anomalous Au concentrations chronologically
related to peat formation in paleovalleys were recently
established in coal of four coalfields in the Upper Amur
region (Kuz’minykh and Sorokin, 2004). Having
applied fire assay and an original technique of sample
preparation that rules out Au loss by ashing, the authors
concluded that Au contents in 120 samples taken from
one bituminous coal and three brown coal fields varied
from 5 to 100 ppm Au (!). In the Miocene brown coal
from the Svobodny and Sergeevsky fields, the average
Au contents are 15 and 17 ppm; in the Lower Cretaceous
bituminous coal, the Au content increases to 30 ppm, and
in the Paleocene brown coal of the Raichikhinsk field, to
53 ppm.

It is difficult to believe in such high average Au
grades in the coalfields of the Upper Amur region
because, if this is actually the case, then the coal seams
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of the fields listed above should be classed with high-
grade gold ore, with reserves—taking into account the
coal resources—comparable with the world’s largest
gold deposits. Nevertheless, an anomalous, though not
such a high, Au grade of the Raichikhinsk coalfield is
confirmed by the fact that, among coals from ten fields
combusted at the Khabarovsk thermal power plant, the
highest Au content (1.78 ppm) has been established
in the ash of the Raichikhinsk coal (Bakulin and
Cherepanov, 2003).

It is suggested that surface water draining primary
and placer gold deposits carried dissolved Au to basins
of peat deposition during the entire Cenozoic. The con-
centration of gold in coal is related with chemical sorp-
tion of Au by humic acids of peat bogs and the subse-
quent compaction of organic matter in the course of
coalification. However, this mechanism is hardly appli-
cable to the Au mineralization of the Ogodzha
coalfield, which was formed in the pre-Cenozoic in the
Selemdzha volcanotectonic depression of Cretaceous
age and later affected by hydrothermal activity and con-
tact metamorphism.

As the study of metalliferous peatlands shows, the
ore mineralization formed as a result of supply of dis-
solved compounds of various metals by surface drain-
age at the peat stage of coal deposition is also localized
in marginal zones near the emptying streams. The
entire peat layer may be metalliferous at the bog periph-
ery. Toward the peatland center, the ore mineralization
pinches out and concentrates only at the bottom of the
peat (Fig. 4a). Such an apronlike morphology of ore-
bodies is typical of some U-bearing peat deposits
(Kochenov et al., 1965) and of peat that bears base
metal mineralization (Cannon, 1955) formed by entry
of ore components into peatlands in a soluble form. The
extent of these orebodies is commonly no more than a
few hundred meters.

Another situation may be observed when metallifer-
ous surface streams erode already formed coal mea-
sures (Fig. 4b). In this case, the ore mineralization con-
centrates in the areas where the channels downcut the
beds of buried peat and coal. Such a situation is charac-
teristic, in particular, of some uranium—coal deposits
(Danchev and Strelyanov, 1979; Kislyakov and Shche-
tochkin, 2000). The gold accumulation in areas of coal
seam scouring in the Pavlovka field (Seredin, 2002) is
probably of the same origin. Here Miocene coal com-
ing into contact with Pliocene sand contains native gold
microparticles of clearly authigenic nature, while the
sand contains clastic gold.

The thickness of the subchannel zone of coal enrich-
ment is apparently controlled by the rate of coalifica-
tion of organic matter during the scouring. The maxi-
mum thickness is observed when the buried peat is
eroded, and the minimum thickness is related to the
scouring of bituminous coal. This is caused by a
decrease in the absorption capacity of organic matter
with respect to ions of different metals and its perme-
ability for water solutions with increasing rank of coal.
However, in any case, the permeability of organic mat-
ter does not exceed a few decimeters.
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Fig. 3. Distribution of Au and Pt contents, ppb, in sections A and C of the Muthurajawela peatland, Sri Lanka, after data reported
by Dissanayake and Kritsotakis (1984). (1) High-ash peat; (2) peat clay; (3) clay.

Infiltration Type

This type comprises noble metal accumulations that
were formed as a result of supply of dissolved Au and
PGE compounds to coal measures along with subsur-
face meteoric water migrating under the effect of grav-
ity from the framework of sedimentary basins to their
central portions. Unconfined groundwater circulating
near the surface in the zone of free water exchange and
confined formation water penetrating along coarse clas-
tic units deep into sedimentary basins are distinguished
(Kislyakov and Shchetochkin, 2000).

Buried channels filled with coarse clastic sediments
often serve as conduits of migration. The infiltration
uranium deposits of paleovalley type are formed in
such settings. The localization of orebodies in this case
is similar to that described above (Fig. 4b).

Infiltration accumulations of noble metals formed at
the stage of early epigenesis are known in coal-bearing

basins of central Asia and Kazakhstan, including basins
that host uranium—coal deposits. In the Apartak area of
the Angren coalfield, anomalous Au, Pt, and Pd con-
tents were detected in pyrite and marcasite in epigenet-
ically altered coaly clay (Klimanov, 2003).

Very high Au contents (up to 14.5 g/t of coal) were
established at the Kol’zhat U-bearing coalfield. Gold is
localized here largely in authigenic pyrite and to a
lesser extent in organic matter (Deep..., 2002).

Anomalous PGE contents of (ppm) 0.05 Pt, 0.22 Pd,
and 0.082 Ir (0.31 ppm in total) related to a zone of
stratal oxidation were detected in lignite from Tomsk
oblast (Shor et al., 1996). Such high Ir contents had not
been reported previously even in accumulations of the
cosmic type. Later, it was established that, in halos at
pinches of stratal oxidation zones in Western Siberia,
the Pt content in brown coal and fossil wood buried in
GEOLOGY OF ORE DEPOSITS  Vol. 49
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Fig. 4. Alluvial ore mineralization of ionic subtype developing (a) at the stage of peat deposition and (b) during scouring of coal
measures by surface streams (a conceptual scheme). (1) Bedrock; (2) clay; (3) siltstone and mudstone; (4) pebbles; (5) peat; (6) coal;

(7) direction of stream; (8) ore mineralization.

sedimentary sequences may reach 0.57 ppm (Shor
et al., 2004).

High PGE contents, presumably controlled by infil-
tration, have been reported from two coalfields in Brit-
ish Columbia, Canada (Van der Flier-Keller, 1991). In
the Quinette field, the roof of a coal seam overlapped by
a conglomerate unit is marked by 1.7 ppm Pt and
0.18 ppm Rh in coal. Still higher concentrations:
>10 ppm Pt, 6.1 ppm Pd, 80 ppb Ru, 61 ppb Rh, 24 ppb
Os, and 22 ppb Ir (unproved by check analyses, how-
ever) were established in samples taken from tecton-
ized coal in the Tulameen field, Blackburn Mine. As
Van der Flier-Keller suggested, these concentrations
are related to a gain in PGE with groundwater enriched
in these elements as a result of circulation in the nearby
ultramafic massif with high PGE contents.
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These data indicate that noble metals may be trans-
ported by oxygen-bearing subsurface water of meteoric
origin. The concentration of ore elements probably
occurs similarly to the accumulation of other metals
studied at infiltration uranium deposits.

Exfiltration Type

Gold and PGE mineralization related to the injec-
tion of hydrothermal solutions into the sedimentary
cover of coal-bearing basins has been found in South
Wales, China, Uzbekistan, and Primorye. Minerals of
noble metals were revealed in enriched coal in almost
all these provinces. Judging from the available informa-
tion, the metalliferous solutions had variable tempera-
ture and chemical composition and entered coal mea-
sures at different stages of coal basin evolution.
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Fig. 5. Au and Pt minerals in coal seam I in the Pavlovka field formed at the stage of diagenesis of organic matter. (a) Gold micron-
odules on the surface of a bastnaesite grain TR—CO; (b) aggregate of copper gold microcrystals; (c) aggregate of native platinum
microcrystals; (d) native platinum near a silica segregation and a globule of native iron. (a) Back-scattered electron (BSE) image;

(b—d) images in reflected electrons.

Syngenetic mineralization. No data on exfiltration
concentrations of noble metals are known to date in the
literature. However, the high Au contents (up to 15 pg/l)
in the vapor-saturated hydrothermal systems of Kam-
chatka (Karpov, 2004) and finds of Au, Pt, and Pd min-
erals in the exhalation ore on the Kuril Islands
(Korzhinsky et al., 1998; Distler et al., 2003; Rybin
et al., 2003; Yudovskaya et al., 2003) definitely indicate
a possibility of hydrothermal contamination with Au
and PGE of peatlands located in zones of current volca-
nic activity. The Ge-bearing peat of Kamchatka (Ivanov
et al., 1984) shows that orebodies formed near gas-sat-
urated mineral springs discharging into a peat layer are
commonly oval in plan and dome-shaped in section.
The maximum metal contents are related to the lower
portions of these domes, where metalliferous fluids
spread out within peat.

Diagenetic mineralization. The accumulation of
noble metals after burial of organic matter in peatlands
but before its coalification was established in some
coalfields of Primorye, including Ge-bearing fields. It
can be considered proven that these coalfields were
formed at the diagenetic stage as a result of circulation

of high-pressure vapor-saturated hydrothermal solutions
through the basement (Seredin, 2004b).

In the Pavlovka coalfield, the best studied in this
respect, anomalous Au and PGE concentrations were
detected in the lowermost coal seam I, which lies close
to the basement surface (Seredin, 2004a). The total
noble metal contents in seam I vary from n X 0.01 to n X
0.1 ppm in coal, or from n X 0.1 to n X 1 ppm in ash.

The diagenetic hydrothermal nature of this mineral-
ization is indicated by (i) local enrichment of a thick
(2-5 m) coal seam in noble metal; (ii) accumulation of
noble metals in the overlying sedimentary rocks;
(iii) occurrence of some noble metal minerals in vitrin-
ite lenses, as well as beyond microfractures and pores
in organic matter of coal; and (iv) association of noble
metals with sulfides, halogenides, carbonates, native
metals, and intermetallic compounds. All these indica-
tions are direct evidence for the formation of noble
metal mineralization as a result of circulation of high-
pressure sulfate—chloride hydrothermal solutions after
the burial of peat but before coalification of organic
matter.

No. 1 2007
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Table 7. Au, Pt, and Pd contents, ppm, and their yield in fractions of various density and ash content obtained by gravity
separation of metalliferous coal from the Pavlovka brown coal field

Yield in fraction, %

Density, g/cm? 5{:10(;’1002 AY % Au, coal (ash) | Pt, coal (ash) | Pd, coal (ash) — o o
14 803 5.6 008(142) | 0.173.0) | 003(054) | 665 | 587 | 737
1.4-1.6 15.7 14.0 0.13(0.93) 0.32(2.29) 0.04(0.29) 21.2 21.9 19.7
+1.6 4.0 49.1 0.30(0.6) 1.11(2.26) 0.05(0.11) 12.3 19.3 6.6
Total 100.0 8.7 0.10(1.11) | 023(2.65) | 0030.38) | 1000 |100.0 |100.0

Note: Results of sorption spectrochemical analysis are presented.

The coal of seam I enriched in noble metals in vari-
ous areas of the Pavlovka field pertains to two
geochemical types: Ge-Sb—W-Au and REE-Au—-PGE.
The Au-Sb—W assemblage is characteristic of some
hydrothermal gold deposits, including of the volcanic
type (Berger, 1978). The REE-Au—PGE assemblage is
noted at some hydrothermal Au-PGE deposits: the
Boss deposit in the United States (Jedwab et al., 1999),
the Chudny deposit in the Urals (Moralev et al., 2005),
and the Serra Pelada deposit in Brazil (Moroni et al.,
2001; Cabral et al., 2002). These geochemical features
serve as additional evidence for exfiltration hydrother-
mal origin of noble metal mineralization in coal of the
Pavlovka field.

Minerals of noble metals comprise copper and mer-
cury gold, native platinum, isoferroplatinum, and coo-
perite. The grains of all identified Au and Pt minerals
vary from 1 to 5-7 pm in size and occasionally com-
prise intergrowths of several microparticles (Fig. 5).
The gold and platinum grains either are hosted in an
organic matrix or grow over authigenic minerals. One
native platinum grain was observed near an amorphous
silica segregation in coal, thus indicating a siliceous
composition of the metalliferous solution and its low
temperature.

The distribution of noble metals in specific-gravity
fractions demonstrates that relative Au and PGE
amounts increase with the ash content of fractions and
the percentage of mineral particles contained therein
(Table 7, Fig. 6). At the same time, the maximum yield
of noble metals is characteristic of the low-density and
low-ash fractions, probably, owing to localization of
noble metals largely in organic matrix of coal. It may
also be suggested that organic compounds of noble
metals occur in this coal together with finely dispersed
mineral carriers.

Such a possibility is supported by experimental data
(Varshal et al., 1995; Lakatos et al., 1997) and by the
appreciable accumulation of Au in humic substance
extracted from metalliferous coal of the Luzanovsky
open-cut mine in the Pavlovka field by alkaline leach-
ing (Table 8). The percentage of “organic” gold in this
coal is 52.4% of its total amount.
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The anomalous concentrations of noble metals
established in other Ge-bearing coalfields in Primorye
likely are of diagenetic exfiltration nature as well.

In the Lower Bikin Basin, Au—PGE mineralization
was found in the Eocene coal seams of the Cherem-
shovy and Fedos’evsky Ge-bearing coalfields. In the
Fedos’evsky field, coal is enriched in not only Ge but
also contains up to 35 ppm Ag. The noble metal contents
are comparable with those in the Pavlovka field and are
even higher in some samples of Ge-bearing coal.

The gold distribution in products of gravity separa-
tion of Ge-bearing coal from the Fedos’evsky field is
opposite the distribution of germanium, an element
contained in the organic component of coal (Table 9,
Fig. 7). This and a small yield of Au in the fraction with
the lowest ash content clearly indicate that mineral spe-
cies of gold are predominant in this coal.

The Ag distribution by fractions is unlike the distri-
bution of Au and Ge. Silver accumulates in both the
lightest and the heaviest fractions with marked varia-
tions in the Ag/Au ratio, which abruptly falls in heavy
fractions against light fractions. The Ag content in ash
of the lightest fraction is 198 ppm, i.e., close to the Ag
grade of traditional ores. Such a distribution may testify
to the occurrence of both organic and mineral Ag spe-
cies in coal. The first are probably prevalent because the
light fraction contains 57% and the heavy fraction only
17% of the total silver. Experiments conducted by
Eskenazy (1974) indicate the ability of Ag to form
organic compounds with organic matter of coal.

Au and Pt minerals were identified in cinder-ash
wastes of the Luchegorsk thermal power station, which
operates on coal of the Lower Bikin field (Bakulin and
Cherepanov, 2003); a fused grain of native palladium
was found therein (V.M. Li, oral communication). In
ash of a coal sample with ordinary Ge grade taken from
the Luchegorsk open-cut mine, the Au content was
0.45 ppm (Bakulin and Cherepanov, 2003).

In the Shkotovo coalfield, anomalous concentra-
tions of Pt (up to 0.22 ppm in coal and 0.92 ppm in ash)
and Pd (up to 0.01 ppm in coal and 0.04 ppm in ash)
were established in ROM samples from the Artem Mine
and the Smolyaninovo open-cut mine (Zharov et al., 1996).
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Fig. 6. Distribution of ash content (A%, %) and Au, Pt, and Pd contents in products of gravity separation of metalliferous coal in the
Pavlovka field and yields of metals in fractions of various densities.

It cannot be ruled out that still higher noble metal
contents may be detected in Ge-bearing coal of this
field, as attested by very high Sb and As contents (up
to 1000 and 180 ppm, respectively). Sb and As are
common companion elements of noble metals at
hydrothermal deposits. The appreciable enrichment

of host siltstone and sandstone in Sb (0.1-1.0 wt %)
indicates that the ore formation occurred after burial
of peat. The anomalous Hg content in coal of this
field is also a favorable criterion. The Hg content in
coal near faults reaches 40 ppm (Dvornikov et al.,
1991).

Table 8. Au content and distribution in metalliferous coal of the Luzanovsky open-cut mine before and after its treatment
with 1% NaOH and calculated Au concentration in humic matter

Au, ppm
Product Al % Product yield, % Auvyield, %
coal ash
Initial coal 17.6 100 0.1 0.57 100
Residual coal 23.2 79.3 0.06 0.26 47.6
Humic matter 4.7 20.7 0.25 5.39 52.4
Note: INAA results are presented.
GEOLOGY OF ORE DEPOSITS Vol. 49 No.1 2007
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Table 9. Au and Ag contents, ppm, their yield, and distribution of the Ag/Au ratio in products of gravity separation of met-
alliferous coal from the Fedos’evsky high-Ge coal deposit, the Lower Bikin brown coal field

) Fraction Yield in fraction, %
Density, g/cm? . Al % Au, coal (ash) | Ag, coal (ash) Ag/Au
yleld, % Au Ag
145 405 1.0 024(2.18) | 20.9(198) 239 56.8 88.4
1.45-1.7 27.6 25.0 0.35(1.4) 10.4(41.6) 24.3 19.3 29.5
1.7-1.9 14.2 44.0 0.43(0.98) 6.8(15.5) 15.0 6.5 16.0
+1.9 17.7 72.0 0.84(1.17) | 14.7(20.4) 36.8 17.4 176
Total 100 30.3 0.40(1.32) 14.9(49.2) 100.0 100.0 493

Note: Au contents were determined with SSCA; Ag contents are average values after INAA and AAS results.

Au-PGE mineralization was found recently in Ge-
bearing coal and underlying clayey products of weath-
ering in the Angren field, Uzbekistan (Klimanov,
2003). The coal seams contain micrometer-sized gold
segregations in pyrite (Fig. 8), as well as Pd and Pt sul-
fides and intermetallic compounds and Au-bearing (up
to 400 ppm) pyrite—marcasite nodules in clay. Visible
gold was noted by A.V. Vnukov during exploration of
Ge-bearing coal in the Tarbagatai field of the Trans-
baikal region (Meitov, 2001). In addition, anomalous

Au and Ir contents (up to 26 and 51 ppb, respectively)
have been established at the Ulan Tug high-Ge coal
deposit in northeastern China. According to SEM
examination, gold is incorporated here into the finest
(1-2 um) particles of Ge oxide (Zhuang et al., 2006).

The large exfiltration Ge deposits commonly are
made up of a series of closely spaced dome-shaped or
columnar orebodies that may cross several coal seams
overlying one another (Seredin, 2004b). The zones
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Fig. 7. Distribution of ash content (A%, %); Au, Ag, and Ge contents; and Ag/Au ratio in specific-gravity fractions of Ge-bearing
coal of the Lower Bikin field and yields of Au and Ag in fractions of various densities.
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Fig. 8. (a) Gold microinclusion in pyrite from coal of the
Angren field and (b, c) distribution of (b) Fe and (c) Au in
characteristic X-ray irradiation. Photomicrograph by
E.V. Klimanov.

enriched in Au and PGE probably have the same mor-
phology, as indicated by contamination of all Ge-bear-
ing coal seams with gold at the Spetsugli (Special Coal)
deposit (Table 10). Almost all samples taken from cores
of two boreholes drilled in the central area of this
deposit in 2000 are marked by anomalous Pd contents
(up to 0.1 ppm in coal and up to 0.26 ppm in ash). High
Au contents at this deposit were detected not only in
coal seams and their host rocks but also in the lower-
most unit of the rewashed weathering mantle (sam-

ple 25d-75). This unit occurs 5.5 m below the bottom
of coal measures and, in addition to gold, is enriched in
REE (up to 0.2 wt %).

Thus, the high concentrations of noble metals and/or
their minerals at many high-Ge coal deposits allow
them to be considered as highly promising with respect
to noble metal mineralization suitable for recovery as
a by-product. The finding of Pd-Pt germanate
[(Pd,Pt),Ge] in a hydrothermal noble metal ore (Armit-
age et al., 2002) indicates that these metals may be trans-
ported jointly by ascending metalliferous solutions.

Judging by the enrichment of both high- and low-S
coals in noble metals, these solutions could have been
of different compositions.

Sulfate hydrothermal solutions apparently were
responsible for the formation of Au—PGE mineraliza-
tion in high-S (1.35-2.38% S) coal of the Angren field
in Uzbekistan (Klimanov, 2003) and the Makum field
in India (Baruah et al., 1998). In these fields, the noble
metals either concentrate in sulfides (Angren) or enter
into organic compounds (Makum). According to the
results of selective leaching of coal in three samples
with anomalous Au contents (22.8, 24.9, and 32.0 ppm),
the “organic” gold in the Indian coal may reach 100%
(Table 11). It is suggested that gold was supplied to coal
as thiosulfate complexes during the breakdown of plant
organic matter.

The formation of Au—PGE mineralization in most
coalfields of Primorye and probably in the Lower Ili
field in Kazakhstan was related to the circulation of
low-S chloride solutions, as follows from an insignifi-
cant (<0.5%) sulfur content in coal and a prevalence of
Cl over S in most studied fluid inclusions in metallifer-
ous quartz and carbonate veinlets at the flanks and in the
basement of the Pavlovka coalfield (Seredin, 2004a).

In the Lower Ili field, anomalous Au contents
(0.004-0.44 ppm in coal and 0.02-1.67 ppm in ash)
were determined in coal with an elevated S content
(reaching 0.4-9.9%) (Ratynsky et al., 1982). However,
a detailed examination of the Au-bearing samples
showed that Au correlates with finely dispersed authi-
genic quartz rather than with sulfur: the samples richest
in Au turned out to be low-sulfur. It is suggested that
gold was introduced along with deep siliceous solu-
tions. The absence of quartz veinlets in coal indicates
that these solutions were supplied before coalification
of organic matter.

Epigenetic mineralization. The epigenetic exfiltra-
tion concentrations of noble metals in coal measures
pertain to two different types. The first type comprises
Au and PGE accumulations resulting from circulation
of relatively low-temperature metalliferous fluids,
while the second type is related to the high-temperature
impact of magmatic bodies upon coal seams.

The first type may be exemplified by anomalous Au
accumulations (up to 0.18 ppm Au in coal and 4.4 ppm
Au in ash) in the Carboniferous anthracite seams of
Wales mines (Gayer and Rickard, 1994). Gold is dis-
GEOLOGY OF ORE DEPOSITS 2007
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Table 10. Au and Ge contents, ppm, in samples taken from Ge-bearing coal seams of the Spetsugli deposit, the Pavlovka

brown coal field, Primorye

Borehole— Coal seam Rock Thickness, Al % Ge Au Analytical
sample m ash rock method (for Au)
25d-22 [I-lower 2 0.60 50.4 1728 1.47%* 0.74 SSCA
4-37 [II-lower 1 0.45 16.0 1632 0.23 0.037% ICP MS
25d-24 II-upper 1 0.60 10.7 1117 0.40 0.043%* INAA
25d-27 II-lower 1 0.30 38.0 994 2.63% 1.0 SSCA
4-48 II-lower 1 0.35 29.6 2013 0.35 0.10%* ICP MS
25d-36 I 3 0.40 65.60 223 1.30%* 0.85 SSCA
25d-37 I 1 0.80 21.00 1552 0.95* 0.20 SSCA
25d-40 I 1 0.20 34.00 755 3.82% 1.3 SSCA
25d-75 4 1.00 <1 1.1 ICP MS

Note: Rocks: (1) coal, (2) coaly mudstone, (3) coaly sandstone from seam roof, (4) clayey material of rewashed weathered granite. Ana-
Iytical methods: INAA, instrumental neutron activation analysis; ICP MS, inductively coupled plasma mass spectrometry; SSCA,
sorption spectrochemical analysis. * Calculated data. The Au contents determined with INAA and SSCA in the coal and coaly rock
samples reduced to ash may be underestimated because of Au loss during ashing (Table 1).

Table 11. Gold distribution in products of chemical separation of Au-bearing coal from the Makum field, India, after Baruah

et al. (1998)

Au, ppm
Product (Au mode of occurrence)
Tirap Mine Tikak Mine Baragolai Mine
Extract of ammonium acetate (ion-exchange) < < <
Extract of 1M HCI (organic + mineral) 26.0 10.0 <
Extract of RuClj after treatment of coal with IM HCl 6.0 12.0 <
(organic + mineral)
Extract of RuClj after treatment of the light demineralized < 12.8 24.9
fraction with 1M HCI (organic)
Baragolai Mine 32.0 22.8 249

Note: AAS results are presented.

tributed through coal measures extremely nonuni-
formly. For example, at the East Pit Mine, only four of
ten sampled seams showed high Au contents (>1 ppm
Au in ash). No correlation of Au with ash content was
established. The increase in Au content is related to the
increasing number of desiccation cleats. This correlation
may serve as evidence for early epigenetic enrichment.

Colloform bedded gold overgrowths no more than
100 um in length on the walls of cleats oriented nor-
mally to the bedding were identified in this coal with
SEM. The coal has a high fineness and contains less
than 5% Pd, Ag, Bi, and Cu as microadmixtures. Gold
in fractures is associated with quartz, carbonates, and
clay minerals; sulfates (gypsum, barite); sulfides of Fe,
Co, Ni, Cu, Zn, Mo, Cd, and Pb; clausthalite (PbSe);
oxides; and phosphates. It is suggested that gold precip-
itated from a low-temperature (<100°C) solution after
formation of quartz, carbonate, and clay minerals but
before crystallization of sulfides and selenides. Thus,
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this mineral assemblage is epigenetic and related to the
circulation of metalliferous solutions through microf-
ractures formed during coalification. It is important to
note that no primary or placer gold deposits are known
close to this basin.

Epigenetic noble metal mineralization, along with
diagenetic mineralization, is developed in coal and
overburden in the Pavlovka coalfield in Primorye (Sere-
din, 2004a). As in South Wales, epigenetic Au minerals
concentrate here in microfractures within coal seams.
The maximum number of Au minerals is observed in
zones of tectonic crushing of coal, near the roofs of
seams, and in zones of their scouring at the bottom of
the Pliocene alluvium that overlaps the Miocene coal
measures. The Au minerals often reach 1-2 mm in size.
Their morphology is diverse: perfect crystals, den-
drites, needles, and plates combined into multilayer
packets are observed (Fig. 9).
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Fig. 9. BSE images of epigenetic gold minerals located in microfractures within coal seams. (a—c) Lamellar gold, (b) close-up of
grain (a); (d) crystalline gold; (e) large grain of copper gold of irregular shape associated with (1) Cu carbonates on the surface,
(2) a chrome-ferrite veinlet, and (3) inclusions of Ca-aluminosilicates, presumably zeolites; (f) microfracture wall overgrown with
copper gold. (a—e) Coal seam III, in the Luzanovsky open-cut mine of the Pavlovka coalfield, Primorye; (f) coal seam XI, Shevyakov

Mine, southern Kuzbas.

The epigenetic character of such mineralization is
confirmed by the occurrence of Au and PGE minerals
in sediments of the overburden, including the Pliocene
alluvium, the fossil wood buried therein, and the bot-
tom of the lower Pleistocene clay. The noble metal min-
eralization in the sediments that overlie coal measures
comprises angular grains of copper and mercury gold,
native platinum and palladium, and Pd- and Fe-bearing
platinum (Fig. 10); copper and mercury gold with a
microadmixture of Pt, as well as Sn-bearing cooperite,
are contained in fossil wood (Fig. 11).

The epigenetic noble metal mineralization in the
Pavlovka coalfield is related to the hydrothermal activ-
ity conjugated with Pliocene and early Pleistocene vol-
canism. This conclusion is based on the identical com-
position and mineral morphology of noble metal min-
eralization hosted in the Late Cenozoic basic dikes and
hydrothermal breccia located in the basement of the
coalfield (Fig. 12); the dikes and breccia bodies were
affected by argillic alteration. The mineral assemblages
in coal and hydrothermally altered rock consisting of
sulfides, halogenides, carbonates, native metals, and
GEOLOGY OF ORE DEPOSITS No. 1
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Fig. 10. BSE images of angular grains of noble metal minerals from limonitized sediments of overburden in the Pavlovka coalfield.
(a) Aggregate of mercury gold crystals; (b) tubular gold; (c, d) lamellar Pd-bearing platinum. (a, ¢) Roof of sand and pebbles of the
Pliocene Suifun Formation; (b, d) bottom of lower Pleistocene clay. (a, b, d) Pavlovka 2 open-cut mine; (¢) Luzanovsky open-cut

mine.

intermetallic compounds are close to each other. The
breccia bodies that cut through coal measures in the
Pavlovka coalfield contain up to 150.5 ppm Au, 72 ppm
Ag, 0.57% Hg, and 3.17% As (Seredin et al., 2007).

Like the diagenetic mineralization, the Late Ceno-
zoic epigenetic Au—PGE mineralization pertains to differ-
ent geochemical types: REE-Au-PGE, Au-Ag-As-Hg,
and Mo—As—-Ni—Co. The first assemblage is similar to
that mentioned above for the diagenetic accumulations
of noble metals in coal of this field. The second assem-
blage is characteristic of postvolcanic epithermal
deposits, and the third assemblage resembles the depos-
its hosted in the Lower Cambrian PGE-bearing carbon-
aceous shales of southern China (Lott et al., 1999) and
some Polish cupriferous black shales enriched in Au
and PGE (Kucha and Przybylowich, 1999). Lower
Cambrian black shales anomalously enriched in Au and
PGE (up to 0.1-0.2 ppm) are widespread in the Pav-
lovka coalfield. Noble metals may be leached from
these rocks and redeposited by ascending flows of
aggressive hydrothermal fluids related to volcanic
activity (Seredin et al., 1997).

At the Angren high-Ge coalfield in Uzbekistan, as in
the Pavlovka coalfield in Primorye, not only diagenetic
but also epigenetic hydrothermal Au—PGE mineraliza-
tion has been revealed (Klimanov, 2003). This mineral-
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ization is related to an outburst of Late Jurassic—Early
Cretaceous volcanic activity with eruptions of alkali
basalts and is composed of sulfides with noble metal
inclusions that fill microfractures in coal seams and
slightly auriferous (up to 0.3—0.7 ppm Au) carbonate—
kaolinite metasomatic rocks and barite veins in the
weathered rhyolite that underlies coal measures
(Koldaev, 2004).

In the southern Kuzbas (Kuznetsk Basin), epige-
netic hydrothermal Au mineralization was found at the
Shevyakov Mine in coal seam XI. Copper gold over-
grows here the walls of microfractures (Fig. 9f) in asso-
ciation with native Fe, Cu, Pb, Zn, and Ag and interme-
tallic compounds, sulfides, halogenides, and carbonates
of these metals. This assemblage is typical of hydro-
thermal activity related to basic and intermediate mag-
matism. The occurrence of diorite intrusions that cut
through the coal measures allow this Au mineralization
to be considered as a product of postmagmatic hydro-
thermal activity.

The high gold concentrations (10.3 ppm Au in ash)
in the Gorely Verkhny (Upper Burnt) coal seam in the
Shestaki I open-cut mine (Nifantov, 2003; Nifantov
et al., 2003) probably have a similar nature. The anom-
alous Au concentrations (up to 1.1 ppm) in zones of
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Fig. 11. Noble metal minerals in fossil wood from Pliocene sand of overburden in the Pavlovka coalfield. (a, d) Images in reflected
electrons; (b, c) BSE images. (a) Sn-bearing cooperite (1), stannite (2), and native bismuth (3); (b) close-up of the Sn-bearing coo-
perite; (c) plates of copper gold containing 2.0-2.5 wt % Pt on a substrate of framboidal pyrite; (d) native copper (1) with over-
growths of Cu sulfides (2) and gold microinclusions (3).

argillic alteration superimposed on coal measures and Anomalous Au concentrations (up to 0.57 ppm Au
described by E.G. Peskov and O.0O. Minko testify to the  in coal) have been established in Upper Permian anthra-
hydrothermal origin of gold mineralization. In the cite in southwestern Guizhou, southern China (Belkin,
neighboring Shestaki II open-cut mine, these research-  1998). This coal is enriched sporadically in As (up to
ers revealed coal seams with Au contents reaching 3.5%), Sb (up to 370 ppm), and Hg (up to 55 ppm).
1.2 ppm (Arbuzov et al., 1999). A similar geochemistry is characteristic of the low-

GEOLOGY OF ORE DEPOSITS Vol. 49 No.1 2007
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Fig. 12. Noble metal minerals from hydrothermal breccia in basement rocks and coal measures of the Pavlovka field. (a, b) BSE
images; (c—e) images in reflected electrons; (f) image in characteristic X-ray irradiation. (a) High-fineness gold; (b) lamellar
Pd-bearing platinum; (c) gold with inclusions of K bromides of lead and silver (1); (d) porous Au and Ag amalgam; (e) brecciated
gold segregation with mercury chloride rims and inclusions; (f) close-up of grain (e).

temperature (7}, = 140-250°C) Carlin-type gold
deposits in carbonaceous shales that occur nearby.

According to data obtained by S. Dai (written com-
munication, 2005), elevated gold contents (0.10—
0.37 ppm Au in coal and 0.3-1.4 ppm Au in ash) have
been established in the province of Guizhou in five anthra-
cite seams in the Xingren, Libo, and Puan coalfields.
Along with gold, these seams are enriched in silver (0.6—
3.1 ppm Ag in coal and 1.9-20.4 ppm Ag in ash).

GEOLOGY OF ORE DEPOSITS  Vol. 49 No.1 2007

In five coalfields of this province, including the Xin-
gren field, large epigenetic PGE accumulations were
found in stockworks of quartz and carbonate
microveinlets hosted in coal seams (Dai et al., 2003,
2004, 2005). The PGE contents in coal are extremely
high; in the veinlets themselves (1-5 mm thick), they
are much higher than the average grades in most types
of platinum ores (Table 12).

The progressive six-step chemical separation of two
PGE-enriched samples of coal cut by quartz and anker-
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Table 12. Pd and Pt contents, ppm, in coal seams of fields with hydrothermal quartz—carbonate mineralization, Guizhou

Province, China, after Dai et al. (2004, 2005)

Rock Coal ash*
Coalfield Sample Rock A %
Pd Pt Pd + Pt Pd Pt Pd + Pt
Zhengfeng ZM02 1 38.9 1.24 0.02 1.3 3.19 0.05 32
Zhengfeng ZM06 1 36.3 1.32 0.03 1.4 3.64 0.08 3.7
Zhengfeng ZM031 1 38.2 1.35 0.02 1.4 3.54 0.05 3.6
Zhengfeng ZMO051 4 0.39 63.00 63.4
Xingren XD10 4 0.53 0.22 0.8
Qinglong QG031 1 21.5 1.93 0.37 2.3 8.98 1.72 10.7
Qinglong QGO02 1 50.0 2.71 0.07 2.8 542 0.14 5.6
Qinglong QGO07 1 28.6 5.18 0.42 5.6 18.09 1.47 19.6
Dafang #11 2 25.8 1.57 0.15 1.7 6.09 0.58 6.7
Dafang #11 3 9.60 1.08 10.7
Zhijin Z]-30 1 15.8 2.10 243 4.5 13.29 15.38 28.7
Zhijin 7J-30 3 24.10 18.40 42.5

Note: High-resolution ICP MS data are presented. Rocks: (1) coal with quartz veinlets; (2) coal with quartz and carbonate veinlets;

(3) quartz veinlets; (4) calcite veinlets. * Calculated values.

Table 13. Presumable PGE speciation in metalliferous coal from the Zhijin field, seam 30 (ZJ-30), and the Dafang field, seam 11
(no. 11), that bears epigenetic hydrothermal quartz and quartz—carbonate mineralization, after Dai et al. (2004, 2005)

PGE content, ppm
Mode of occurrence Pt Pd Ir Rh Ru

ZJ-30 | No.11 | ZJ-30 | No.11 | ZJ-30 | No.11 | ZJ-30 | No. 11 | ZJ-30 | No. 11
Water-soluble < < < < < < < < < <
Ion-exchange < < < < < < < < < <
Carbonate < 0.002 < 0.002 < < < 0.001 < <
Organic < < < 0.003 < 0.002 < < 0.002 <
Sulfide < < < < < < < < < <
Silicate 20.4 1.23 18.2 |10.4 0.05 0.05 0.005 < < 0.003
Quartz veinlets 18.4 1.08 24.1 9.6 0.04 0.07 0.007 0.001 < 0.003
Ankerite veinlets - 0.001 - 0.004 - < - < < <

Note: High-resolution ICP MS data are presented. The symbol < denotes that contents are below the detection limit.

ite veinlets from the adjacent Zhijin (seam 30, 0.67 m
thick) and Dafang (seam 11, 0.9 m thick) coalfields has
shown that the quartz veinlets are the main PGE carri-
ers (Table 13). The homogenization temperature of
fluid inclusions in platiniferous quartz is estimated at
160-220°C (Zhijin field) and 175-210°C (Dafang field).

In the Zhengfeng and Qinglong coalfields, not only
coal but also coaly clay and clayey partings are enriched
in PGE (2.7 ppm Pd and 1.8 ppm Pt, respectively).

High PGE concentrations were established in coal
seams of Guizhou Province in both quartz and calcite
veinlets. A calcite veinlet with an anomalous Pt content
of 63 ppm was formed from a solution heated to 145—
172°C (Dai et al., 2003).

These data demonstrate that PGE may enter coal
seams with both siliceous and carbonate low-tempera-
ture fluids, as follows from high concentrations of
noble metals and occurrence of their minerals in car-
bonate veins at the margins of sedimentary basins else-
where.

For example, gold and Pt and Pd minerals are known
from carbonate veins (7}, < 150°C) at Hope’s Nose in
England (Stanley et al., 1990). In Primorye, high noble
metal contents (5.8 ppm Au, 3.0 ppm Pt, and 0.4 ppm
Pd) were detected in calcite veinlets (7}, = 140-
170°C) that cut Lower Paleozoic dolomite in the frame-
work of the Pavlovka brown coal field (data of the
author).
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The epigenetic accumulation of noble metals in coal
seams affected by thermal metamorphism is known in
Russia and China. However, the anomalous concentra-
tions of noble metals in zones of natural coking are not
always related to the direct effect of magma emplace-
ment. In some cases, the enrichment is caused by pre-
cipitation from subsequent low-temperature hydrother-
mal fluids that circulate in porous and fractured ther-
mally metamorphosed coal.

In China, very high PGE concentrations (0.77 ppm
Pt and 2.51 ppm Pd in coal or 5.5 ppm Pt and 17.8 ppm
Pd in ash) were established in such a geological setting
in the Fengfeng coalfield, Hebei Province. The miner-
alization is related to the emplacement of Cretaceous
intermediate and basic intrusions into the Paleozoic
coal measures (Dai et al., 2003). In Guizhou Province,
anomalous PGE concentrations (0.035 ppm Pt and
0.12 ppm Pd) were determined in pyrite from a coal
seam at a contact with dolerite. In addition, pyrite is
enriched in As (260 ppm) and Se (200 ppm) and, accord-
ing to the isotopic data, is of hydrothermal origin.

In Russia, high contents of noble metals in coal
measures affected by thermal metamorphism were
established in the Noril’sk district, well-known owing
to its magmatic PGE—Cu—Ni deposits, and in Primorye.
The noble metal contents in the Kaerkan coalfield reach
(ppm) 0.018 Au, 0.80 Pt, 0.24 Pd, and up to 0.80 Os in
coal (1.86 ppm in total) (Koshcheeva, 2002). The ash
content in coal is 32.2%:; thus, as a minimum, threefold
enrichment of ash wastes in these metals may be
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Table 14. Au content in coal and host rocks of the Sinegorsk
coalfield, after Korostylev et al. (2000)

Au, ppm
Rock n -

min | max | average
Sandstone 2 0.8 | 1.35 1.075
Conglomerate 3 1 1.7 1.31
Siderite rock 7 0341 9.0 2.71
Coal with quartz veinlets 1 - - 1.1
Quartz vein in coal 1 - - 24
Clay 2 1.7 | 2.2 1.95
Coal ash 3 03 |59 3.75

Note: Results of fire assay are presented; n, number of samples.

expected. In addition to PGE, coal is highly enriched in
Cr, Zn, Ni, and Cu (6800, 570, 470, and 250 ppm,
respectively). Although no evidence for metamorphism
of PGE-enriched coal has been reported, the abundant
dikes and sills in the coalfield indicate a possible con-
tribution of ore-bearing basic intrusions to the enrich-
ment of coal in noble metals.

In Primorye, high Au contents were revealed in the
Sinegorsk coalfield in seams of Triassic anthracite
locally transformed into semicoke and in their host
rocks (Korostylev et al., 2000). The metalliferous coal
is hosted in siltstone, sandstone, and conglomerate con-
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Fig. 13. Zone of natural coking enriched in noble metals in the Rettikhovka open-cut mine (coal seam III). Sketch of the open
pit bench drawn by the author in August 1995. (1) Dacitic lava affected by argillic alteration; (2) siltstone; (3) coal; (4) coke;

(5) Au—PGE-REE mineralization; (6) studied sections 1-4.
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Fig. 14. Formation of polygenetic and multistage Au—PGE mineralization in the Pavlovka brown coal field (a conceptual model).
(1) Lower Cambrian carbonaceous chert; (2, 3) Miocene terrigenous rocks: (2) siltstone and mudstone and (3) silty sandstone;
(4) coal; (5) Pliocene sand and pebbles; (6) Pliocene—Quaternary clay; (7) Middle Paleozoic granite; (8) basalts: (a) Miocene,
(b) late Pliocene—early Pleistocene; (9) explosion breccia; (10) faults; (11-13) flow directions: (11) groundwater, (12) formation
water, (13) hydrothermal solutions: (a) Miocene and (b) late Pliocene—early Pleistocene; (14) hydrothermal Au—PGE mineralization
(numerals in circles): (1) in breccia bodies and overlapping clay, (2) in limonitized sand and clay enriched in manganese, (3) diage-

netic and (4) epigenetic in coal seams; (15) placer gold.

taining siderite lenses and pockets. The sedimentary
rocks are silicified and severely pyritized. Pyrite is
associated with Cu, Zn, and As sulfides. Coal and host
rocks are cut through by quartz—adularia and younger
calcite veinlets. As follows from fire assay results, the
maximum Au content in ash reaches 5.9 ppm (Table 14).

Still higher Au contents are characteristic of silici-
fied and pyritized siderite rocks largely occurring at the
bottom of coal seams. A gold grain 20 um in size and
containing 74.8% Au and 24.7% Ag was recovered
from the ash. The wide temperature range (175-485°C)
of the gold mineralization presumably indicates a
change of high-temperature, substantially pneumatolytic
processes to low-temperature hydrothermal ore deposi-
tion. Hidden silicic intrusions of Cretaceous age similar
to those exposed at some distance from outcrops of coal
likely were a source of metalliferous fluids.

The Partizansk Basin, filled with Lower Cretaceous
bituminous coal measures, is distinguished from other
coal-bearing basins of the Far East by a great number of
sill-like intrusions varying from silicic to basic rocks
emplaced into coal-bearing sequences. The coal at con-
tacts with intrusions is occasionally enriched in Au and
PGE. For example, at the Central Mine, their contents
in zones of natural coking are (ppm) 0.3 Au, 0.17 P,
and 0.22 Pd (in total, 0.69 ppm) in ash.

Similar PGE contents (ppm)—~0.18 Pt and 0.13 Pd
in ash—were determined by I.G. Sharova in ROM sam-
ples from some mines in this basin (Zharov et al.,
1996). Anomalous Pt contents were established in
products of coal cleaning at the Partizansk Central Mill.
The Pt content in concentrate (0.12 ppm, or 0.6 ppm Pt
in ash) is higher than in middlings (0.07 ppm, or
0.18 ppm Pt in ash). This difference may testify to the
ionic nature of PGE accumulation in coal. Taking into
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account the insignificant contribution of coked coal to
the bulk of commodity production, there are sufficient
grounds to suggest that the noble metal mineralization
in coal of this basin is not only of contact-metamorphic
origin. The siderite, pyrite, and amethyst-like quartz
veinlets in coal seams at some mines, as well as stibnite
and galena disseminations in coal and host rocks situ-
ated at a distance from intrusive bodies, count in favor
of this suggestion (G.V. Kuznetsov and V.B. Morozov,
oral communications). In addition, a unit of Au-bearing
conglomerate about 15 m thick with 10-15 ppm Au is
known at the base of coal measures in the Partizansk
Basin. Numerous primary Au occurrences hosted in
gabbroic rocks at the eastern margin of the coal basin
are a probable source of clastic gold. The above data
testify to the polygenetic accumulation of noble metals
in this coal-mining district, Primorye’s oldest.

In the Rettikhovka coalfield, Au—PGE mineraliza-
tion was found at the coked roof of coal seam III, which
underlies a thick (20-30 m) flow of argillized dacitic
lava (Fig. 13). The lava is cut through by pipelike and
mushroom-shaped bodies of hematite—martite ore and
explosion breccia. The latter contains globular inclu-
sions of iron ore and a porous volcanic glass. The Au
and Pt contents in the ash of coked coal are 0.46 and
0.78 ppm, respectively. In addition to noble metals, the
zone of natural coking is enriched in REE and Ba (1.0-
1.7% in ash); Mo, Zn, and V (up to 1000 ppm); As, Sb,
and Cd (up to 100400 ppm); and Ag, Se, and Cs (up to
10-50 ppm in ash).

According to analytical results reported by Sharova,
the Pt content in ROM samples from this open-cut mine
sampled in 1988 at a distance from the lava flow
reaches 0.25 ppm (1.52 ppm in ash). These estimates,
finds of native platinum in the pipelike bodies of hema-
tite—martite ore, and the Au contents in explosion brec-
cia that cuts through argillized dacite having a thermal
effect upon coal show that the ore mineralization here
may be related to the late hydrothermal process (Sere-
din, 2004b). The zone of fractured coked coal beneath
the lava screen is a favorable medium for circulation of
postvolcanic solutions.

CONCLUSIONS

The data presented in this paper indicate that noble
metal mineralization is widespread in coal-bearing
basins. Irrespective of the genetic type of anomalous
accumulations of noble metals, coal-bearing basins that
are framed by Au- and PGE-specialized rocks, e.g.,
black shales or ultramafic plutonic rocks, and overlap a
basement composed of these rocks should be regarded
as the most promising. The basins where the coal for-
mation was synchronized with hydrothermal activity
are especially attractive. In such a situation, noble met-
als may be supplied to coal measures not only from
magma chambers but also as products of leaching of the
metalliferous basement rocks by aggressive solutions.
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In some coalfields, e.g., in the Pavlovka field in Pri-
morye (Fig. 14) and the Angren field in Uzbekistan, the
Au—PGE mineralization is polygenetic and multistage.
As is known, a combination of several genetic types
and stages of ore mineralization is a characteristic
attribute of large deposits. Hence, coal-bearing basins
with several stages of ore mineralization are particu-
larly promising for discovery of economic noble metal
ore. It cannot be ruled out that the list of such basins
will be considerably expanded owing to the further
exploration of coalfields with anomalous concentra-
tions of noble metals. Thus, there are sufficient grounds
to regard coal-bearing basins as structural units highly
promising for noble metal mineralization of different
genetic types. This conclusion is supported by the
abrupt increase in the number of publications on gold
and PGE in coalfields over the last 12 years. It is quite
realistic to suppose that targeted metallogenic research
will lead to the discovery of economic ore mineraliza-
tion in the upcoming years.
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