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1. Introduction 
 
1.1 Distribution of ore association of OM 

Today, the mineral resources associated with OM provide many unresolved 

problems for mineral exploration (e.g. it's difficulties for mineral reserve evaluation and 

ore body contouring, etc.) and metal extraction (its low recovery with classical technology) 

from metal-organic compounds formations. Because insufficient attention and 

investigations on metal-organic compounds formation as host rocks of varied mineral 

resources, investors and mineral explorations are unaware of its great potential.  

OM has been utilised for more than 100 years and is currently being used by the 

industry as raw material for some valuable metals like uranium, silver, and gold (Seredin & 

Finkelman, 2008). High gold and silver contents of coaly OM up to the commercial grades 

were first discovered at the end of the 19th century in the Wyoming and Utah coal basins 

of the United States (Noddack, 1936). Other research of (Goldschmidt & Peters, 1933); 

(Burnet, 1986); (Finkelman & Brown, 1991); (Meitov & Rodionov, 1993); (Seredin, 

2007); (Seredin & Finkelman, 2008) are also deal with the gold mineralisation. The higher 

concentration anomalies of precious metals often occur in sedimentary basins with the 

basement of various compositions of granites, volcanic rocks, and other sediments like 

shales and limestones (Seredin & Finkelman, 2008). These basins are located within the 

Au- and PGE-bearing districts or far away from known ore deposits and occurrences. The 

OM-rich rocks contain tens, hundreds, or thousands of times greater gold concentrations to 

the Clark value (Seredin, 2007). For this reason, the anomalously high concentrations of 

gold deposits in the coal basins may have economic potential for primary extraction or by-

product recovery (Seredin, 2007); (Seredin & Finkelman, 2008).  

Other interesting objects OM are directly associated with the largest deposits of 

uranium, gold, polymetals, phosphor, and rare elements. Globally, it is widely named giant 

deposits such as Phosphoria (Western USA), Broken Hill (Australia), Carlin (Nevada), 

Mount Isa (Australia), Witwatersrand (South Africa), McArthur River (Australia), 

Mansfield (USA), Rammelsberg (Germany), Outokumpu (Finland). 

Mineral deposits associated with OM are widely distributed globally because more 

organic carbon compounds originate and propagate in sedimentary rock. One of the largest 

ore mineralisation with organic-rich sedimentary formations on earth is South China, with 

1600 km2 in a west-east direction, 18,300 km2 in Sweden, and more than 1000 km2 in 

eastern and central USA. Economically, the mineral deposits are potential targets in noble 



2 
 

metals explorations and productions, as (Bowell, et al., 1999) reported amorphous carbon 

from the Getchell mine in Nevada (USA) containing 2-3 ppm Au (average grade of the 

whole rock), (Emsbo & Koenig, 2007)described veins of reworked OM the El Rodeo 

deposit (Dominican Republic) containing up to 100 ppm Au. (Hallbauer, 1986)described 

gold as intimately associated with hydrocarbons in the Witwatersrand (South Africa), 

where 40% of the gold is in reefs with carbon seams, containing the whole rock average 

grade of around 5-7 ppm Au. 

 

 

Figure 1Variscan orogenic belt, mineralised by gold deposits within the zone of tropical 

climate during Late Carboniferous and relationships for gold mineralisation and coal 

deposition along Variscan Orogen, and means of supply of gold to coal (detrital l, 

hydrothermal). (modified after (Boucot, et al., 2013); (Parnell, 2019)). 

 

It is globally disturbed and enriched with gold in organic-rich sedimentary 

formations, is related to Carboniferous Variscan cycling of gold into a global coal 

reservoirs (Figure 1), and was mineralised by gold ore in coal basins from 410 to 310 Ma 
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over 10,000 km from the Appalachians to China (Parnell, 2019), which is the studied 

deposits, located in Central Europe and Central Aisa, are considered in more detail below. 

Central Europe on gold mineralisation occurs in palaeoplacers in several basins and 

mineralises coalified plant material (Klominsky, et al., 1979); (Malec, et al., 2012.). It is 

variably mixed with silver, mercury, platinoids and selenium. Traces of gold have been 

detected in pyrite in coal (Bielowicz & Misiak, 2017), and the resulting about 1 ppm gold 

(Franus, et al., 2015).  

In Central Asia, gold mineralisation overlapped with sedimentation in coal-bearing 

sandstone-mudrock successions in Kazakhstan (Levitan, 2008). The gold occurs in 

carbonaceous sediments and cross-cutting quartz veins and is particularly concentrated 

near thrust surfaces. It resides in pyrite and arsenopyrite in the quartz at up to 150 ppm 

(Levitan, 2008).  

 
1.2  Definition of gold associated with OM 

The ore metal association with the OM has been expressed as metal-organic 

compounds (or complexes) in many publications on gold associated with OM in ore 

deposits (Saxby, 1976); (Langmuir, 1979); (Giordano, 1994); (Giordano & Kharaka, 

1994). As (Langmuir, 1979); and (Giordano & Kharaka, 1994) defined metal-organic 

compounds as when the metal cation is structurally attached to one or more organic ligands 

by direct bonding to electron donor atoms other than carbon most commonly, they are 

oxygen, sulphur, and nitrogen.  

Organic materials are often found in gold-bearing sulphide deposits, where gold is 

invisible (Jiuling L., et al., 1997); arsenic-rich sulphide minerals are usually enriched in 

gold, which is genetically associated with organic materials (Hanping, et al., 1999). 

Therefore, a positive correlation exists between gold content and organic carbon, an active 

chemical agent in ore-forming processes (Parnel, et al., 1993); (Giordano, 1994); 

(Giordano & Kharaka, 1994). It was assumed that gold sulphide ores and organic materials 

are deposited together as a result of precipitation caused by changes in temperature, 

pressure, and pH of the gold-bearing fluid (Romberger, 1988) with the formation of metal-

organic compounds, where OM can play a significant role in the metallogenesis of a 

sulphide gold deposit (Gatellier & Disnar , 1989); (Parnell & McCready , 2000); (Ross, et 

al., 2011). The so-called “invisible gold” was first described by (Bürg , 1930), is ionic 

gold (or submicroscopic form) in the form of a solid solution structurally binding in 

arsenian pyrite (Cabri, et al., 1989); (Cook & Chryssoulis, 1990); (Fuxin, et al., 2001); 
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(Vikent’ev, et al., 2006); (Wu, et al., 2016); (Volkov & Sidorov, 2017); (Osovetsky, 2017); 

(Large & Maslennikov, 2020), which is not detectable even by electron microscopy (Cook 

& Chryssoulis, 1990); (Large & Maslennikov, 2020),. It accounts for 10-15 % of world 

gold production, and gold content generally increases with arsenic content (Fleet, et al., 

1993), possibly related to arsenic content in the host mineral (Cabri, et al., 1989), which is 

common in arsenian pyrite (Cook & Chryssoulis, 1990), since gold can substitute Fe in the 

arsenian pyrite lattice (Wu & Delbove, 1989). 

As direct thermal cracking of OM at great burial depths (Waples, 2002), which it is 

generally related to magmatic activity and hydrothermal fluid convection at temperatures 

from 60°C to 400°C (Simoneit, 1994), (Simoneit, 2000) and (Simoneit, 2018) 

accumulation of metals occurred in the transformation from liquid bitumen, later 

precipitated as solid bitumen and, finally into solid bitumen. Solid bitumen, as defined by 

(Stasiuk, 1997), is a high-temperature form of solid bitumen (Jacob, 1989), a highly 

aromatic and insoluble bituminous substance (Glikson, et al., 2000); (Huc, et al., 2000) of 

higher rank (more than Ro=2%). It has no fluorescence or weak (brown, wavelength > 650 

nm) fluorescence (Glikson, et al., 2000) and occurs as petroleum (Rogers, et al., 1974); 

(Milner, et al., 1977); (Hunt, 1978); (Jacob, 1989). 

Nevertheless, gold extraction of OM is difficult, even in using a well-known gold 

cyanide complex, OM is difficult to treat and requires pre-cyanidation processes to liberate 

the gold. The main reasons are gold in intimate association with and locked in the 

carbonaceous matter and sulphide minerals as gold in solid solution (Osseo-Asare, et al., 

1984). 

 
1.3  Debate on the genetic association of gold mineralisation with OM 

The source of gold, origin roles of the OM and thermal alteration of OM in the 

deposits have been extensively debated and are still not quite clear.  

Different models regarding the gold source have been proposed: (1) The source bed 

hypothesis suggests that gold is derived mainly from the gold-rich strata during the deep 

circulation of meteoric water. The water was driven either by high geothermal gradients 

during regional extension and accompanying magmatism (Liu & Geng, 1985); (Hofstra, 

1995); (Ilchik & Barton, 1997) or as a result of regional metamorphism and dehydration of 

these same metasedimentary rocks (Philips & Powell, 1993). Some researchers have 

proposed that the gold, heat, and fluid (formation water) come from the host rocks. (2) In 

models proposing a magmatic link, gold is derived from a stock or pluton (Sillitoe & 
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Bonham, 1990); (Zhu, et al., 1998); (Liu, et al., 1999). A variation on the magmatic model 

proposes that plutons simply provide the thermal energy necessary for focussing a 

hydrothermal system (Arehart, et al., 1993); (Yang & Dong, 1994). In this case, gold was 

derived largely from sedimentary rocks with little or no contribution from the plutons. (3) 

The mixed source model suggests that gold and fluid are derived from multiple sources, 

including host rocks, magmatic rocks, and lower or middle crustal rocks (Tosdal, et al., 

1998). A few researchers have proposed that the gold is mainly derived from the mantle 

(Ni , et al., 1997); (Zhu, et al., 1998) or a mixture of mantle and crust (Zhu, et al., 1998). 

Ore deposits are closely associated with OM since the host rocks, and the ores typically 

contain variable amounts of OM. 

Concerning the origin and role of OM, two theories have been debated. According 

to the first theory, the evolution of OM is a separate event, and the OM and gold are related 

only in so far as they accumulated in the same structural traps (Presnell, 1993). The second 

theory considers OM the dominating factor controlling leaching, migration, and deposition 

(Lin, et al., 1993.); (Liu, et al., 1994). The formation of metal-organic compounds has been 

investigated by many authors (Radtke & Scheiner, 1970); (Baskakova, 1970); (Saxby, 

1976); (Emsbo & Koenig, 2007); (Parnell & McCready , 2000); (Ross, et al., 2011); 

(Migdisov, et al., 2017) in coal, bitumen and solid bitumens in which gold occurs in 

soluble and insoluble fractions from a few tenths of ppb to several thousands of ppm 

(Crocket, 1991); (Wood, 1996); (Razvozzhaeva, et al., 2002); (Ross, et al., 2011); (Fuchs, 

et al., 2016). The role of metal-organic compounds in the migration and entrapment of gold 

has been reported by several authors (Baskakova, 1970); (Saxby, 1976); (Boyle, 1979); 

(Giordano, 2000); (Migdisov, et al., 2017); (Simoneit, 2000) and (Simoneit, 2018). The 

OM of phenolic aromatic and thiophenic sulphur compounds in hot aqueous ore fluids can 

favour the transportation of metals (Giordano & Kharaka, 1994); (Giordano, 2000). 

The concept of (Parnel, et al., 1993); (Parnell, 2019) about the origin of OM 

(bitumen) in ore deposits, which is still relevant, following several diverse origins (Figure 

2): 

1. Diagenetic origin: locally derived under immature thermal conditions, i.e., 

before source rock enters the "oil window." Bitumens of this type occur particularly within 

sequences of carbonate source rock and are commonly fracture-bound because of the 

brittle nature of the source rock. 

2. Residues of petroleum are deposited along the migration pathway of petroleum or 

within a hydrocarbon reservoir. Solid bitumens are produced from "normal" oil by 
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several alteration processes including biodegradation, water washing, and 

deasphalting. 

3. Distillates around igneous bodies which have intruded into rocks rich in organic 

matter. Extruded lavas may also contain distillate bitumens. Such bitumens are of very 

local origin. Fronts of migrated bitumen can be observed at a limited distance from many 

dykes and sills. 

 

Figure 2 Diverse origins of OM (bitumens), relative to sedimentary 

 source rock (Parnel, et al., 1993). 

 
4. Products of OM are caught up in hydrothermal systems through distillation or 

leaching of organic-rich country rock by hot fluids.  

5. Accretionary nodules of bitumen in sedimentary rocks which grow by progressive 

replacing of the rock around a nucleus. 

6. Deposits of solid bitumen around radioactive minerals (uraninite, monazite, 

zircon, etc.), precipitated by polymerisation/condensation of fluid hydrocarbons 

induced by radiation. 

7. Deposits of solid bitumen related to sulphate reduction processes in oil 

reservoirs or in migration pathways. 

The thermal alteration of OM in uranium deposits is still debated. Because similar 

thermal alterations in OM as in uranium deposits (i.e. increased thermal maturity, 

aromatisation, and decreased H/C ratio) are described in the works of (Eakin & Gize, 
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1992); (Sýkorová, et al., 2016); and (Machovič, et al., 2021); and as hydrothermal deposits 

of gold and base metals are described by (Parnel, et al., 1993); (Glikson, et al., 2000). 

 

1.4  Aim and objectives  

Several research papers, petrographical and geochemical investigations in Hungary 

and Kazakhstan, have been published on the organic-rich sedimentary uranium ore or gold 

deposits of W-Mecsek and Bakyrchik. Still they are rather general and have considerations 

on the aspects of gold mineralisation within sulphide ores, but no OM. The primary 

objective of this study is to bring some new concepts as to the role of OM in the formation 

of ore deposits. On a broad scale, it is hoped that this study will throw some light on the 

role of OM in hydrothermal ore-forming processes. The secondary objective is to 

contribute to understand the source of OM, and gold transport and preservation within OM 

in the deposits. The first objective was attained through (1) determination of the total 

organic carbon content and organic components; (2) establishing the degree of maturation 

of the OM; (3) analysis of the extractable hydrocarbons in the ores; (4) observation of the 

occurrence of the OM in the ores; (5) observation of ore association with OM; (6) 

determination of gold concentration in OM; (7) comparison of gold values between OM 

and arsenian pyrite. The above objectives have enabled us to infer the source of the OM in 

the ores (autochthonous versus allochthonous) and to evaluate the association between the 

gold mineralisation and the maturation of the OM. Furthermore, a sequential extraction 

experiment was conducted to liberate gold from soluble fractions of OM and ore minerals 

closely associated with OM. 

 

1.5  Methodology 

Geochemical investigations of two mineral deposits were selected for sampling, 

analytical observation, and laboratory investigation to fulfil these objectives. Sampling was 

carried out in the ore mineralisation zone. Observation of the occurrence of OM in both 

deposits and the laboratory under the microscope has been carried out. Coal petrological 

and geochemical methods such as vitrinite reflectance, extractable organic components 

grouping, and organic elemental analysis of the samples were used to determine the type, 

content, maturation, and biomarkers of the OM in the samples. A sequential extraction 

experiment to determine the gold concentration in OM (and arsenic sulphide minerals) was 

carried out for the possible contribution of OM to gold enrichment. Samples of organic-
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rich sedimentary rocks from the ore mineralisation zone were analysed for Au and Ag and 

other trace elements (As, Cu, Zn, and Pb), including radioactive elements and platinum 

group elements (PGE). The ICP-OES and LA-ICP-MS methods were adopted to analyse 

these elements and to determine (1) their mobility during hydrothermal alterations, (2) 

whether the mantle was a possible source of Au mineralisation, and (3) geochemical 

prospecting possibilities. The samples' Au, Ag, and As contents were analysed to examine 

the possible relationship between their enrichment and association with OM. The type, 

content, maturation, and biomarkers of the OM in the samples were compared to two 

deposits to verify the significance of the allochthonous OM and the genetic relationship 

between OM and gold mineralisation. The precious element patterns of the samples were 

compared with OM and arsenic sulphide ore minerals. The result of this study has been 

carried out with the published data to present an overall idea of the geology, the 

geochemical characteristics, and the prevailing ideas on the genesis of these deposits. 

1.6  Study area: Hungary and Kazakhstan  

Gold is found with various grades of other metals, mainly occurring with OM of 

various uranium ore deposits in Hungary, revealed in many publications, listed by (Szalay, 

1954); (Benkő & Szadeczky-Kardoss, 1957); (Szalay & Almassy, 1956); (Kiss, 1958), 

(Kiss, 1960); (Ódor, 1969); (Varga, et al., 1972); (Kádas, 1983), (Selmecziné & Vincze, 

1987). (Kádas, 1983) described that Au forms concentrations up to 2 ppm accompanied by 

REE (the highest Y, 1000 ppm) in the Mecsek coal basin and is found mostly in the 

reduced variety of Permian-Early Triassic Sandstones in the W-Mecsek Mountains (Kiss, 

1958), (Kiss, 1960). Moreover, (Barabás & Konrád, 2000); and (Barabás, 2010) indicated 

that gold was enriched in the same area of the Permian Kővágószőlős Sandstone Formation 

(KSF) with high uranium content. (Barabás & Konrád, 2000); and (Barabás, 2010) found 

that the uranium was concentrated in carbonaceous sedimentary rocks derived from the 

granite of the Mórágy complex (Szalay, 1954). The uranium metal is bound by 

complexation and sorption by functional groups (Idiz, et al., 1986) and other metals 

(vanadium, manganese, and strontium) (Almássy & Szalay, 1956); (Ódor, 1967); (Szilágyi, 

1971). The adsorption of the metal within organic humic acid is favourable to the cation 

exchange of the insoluble humic acid (Szalay, 1969). Other metals of V, Mn and Sr with 

elevated concentrations of the organic fractions in the Hungarian organic-rich sedimentary 

formations (Almássy & Szalay, 1956); (Ódor, 1967); (Szilágyi, 1971)As (Barabás, 2010) 

mentioned, the uranium accumulation of the Late Permian Kővágószőlős Sandstone 
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Formation (KSF) is closely connected on the one hand to the primary weathering processes 

of the denudation surface of the Late Carboniferous magmatic rocks as a primary ore 

formation, and on the other origin is the epigenetic dissolution from the granitoid complex 

underlying the host rock. The uranium migrates in the surface and subsurface waters 

easily. The dissolved uranium precipitates whne transported to a reductive environment or 

highly adsorbing materials like OM, clay minerals, and iron oxides. The accumulation is 

usually the most intensive in the intermediate transition zone of the oxidising and reducing 

environment. Hydrodynamics caused the uranium to entrap in reducing sediments; the 

uranium would be precipitated and gradually enriched, resulting in the formation of 

commercial concentrations of uranium. 

Kazakhstan has plenty of gold deposits in an organic-rich sedimentary sequence 

located in the Eastern part. They occur in the West Qalba gold-bearing belt of the Irtysh–

Zaissan (or Ob-Zaissan) tectonic zone (Goldfarb, et al., 2014), is 30–100 km wide, extends 

northwestward for 800 km (Shcherba, 2000) The West Qalba gold-bearing belt includes 

>450 gold deposits within occurrences of organic-rich sedimentary formations of the 

Carboniferous period. Mineralisation occurs as zones with finely disseminated Au-

containing pyrite– arsenopyrite ores in carbonaceous–carbonate terrigenous rocks and 

gold-polysulphide ores. The Bakyrchik is one of the largest Au deposits in the West Qalba 

gold-bearing belt of Eastern Kazakhstan. This shows that OM is more attractive for 

improving understandings of the origin, transport, and storage of gold with OM, which will 

help develop more reliable exploration programs for the OM-ore association in the deposit. 

Another reason, the Bakyrchik gold deposit remains little known in international 

publications. Previous studies have mainly focused on the mineralogy of gold and gold-

bearing fields (Kovalev, et al., 2014). Still, the source of gold, the occurrence of OM, and 

roles of OM in gold mineralisation are currently poorly constrained. 

 

2. Regional geology of the mineral deposits 
 
2.1 Geological settings of W-Mecsek 

 
2.1.1  Exploration history of W-Mecsek 

The first exploration of the uranium ore deposits started in 1952 (Miloš, 2017) by 

using airborne and surface radiometry in the W-Mecsek sedimentary basin. The uranium 

ore deposit was discovered by A. Földvári and T. Szalai in 1954 (Kassai, 1980); (Érdi-
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Krausz & Harsányi, 1997). The mining started in 1956 and the extraction finished in 1997 

because of the high cost of production and the mining problems of the deep operation and 

high temperature) (Érdi-Krausz & Harsányi, 1997). Total extracted uranium was about 

21,000 t from this ore deposit (Barabás & Konrád, 2000); (Barabás, 2010); (Miloš, 2017). 

Since 2006, four uranium exploration project areas have been covered by seven 

exploration licences of the Wildhorse Energy Ltd. in the W-Mecsek Mountains and the 

vicinity of Bátaszék, Dinnyeberki and Máriakéménd area. Large-scale remediation 

activities have been carried out on the Mecsek uranium mining and processing area from 

1998 to 2008 ( Nuclear Power, 2022). 

 
2.1.2 Tectonic and magmatic settings of W-Mecsek 

The study area was the Mecsek Mountains which lie in the Southern Central part of 

Hungary, about 220 km south-west of Budapest. Its largest centre is Pécs city. On the 

western part of the Mecsek Mountains is found the W-Mecsek uranium ore deposit, a 

known extension surfaced in the vicinity of Kővágószőlős village. The Mecsek Mountains 

occur in the southwestern part of the Tisza Mega-unit (Haas & Hámor , 1998). The Tisza 

Mega-unit forms the basement of the Eastern Pannonian Basin in the southern parts of two 

Mega units, Transdanubia and Mid-Hungarian, and the northern part of the Mecsekalja 

strike-slip fault zone (Szederkényi, et al., 2012), shown in Figure 3 a and b. The unit 

belongs to the Variscan orogenic collage, accreted during the Carboniferous–Permian (C-

P) (Szederkényi, et al., 2012). 

The large-scale displacements of the ALCAPA and Tisza Mega units led to the 

formation of a prevalent shear zone in the Early Oligocene to Early Miocene defined as the 

Mid-Hungarian Zone (the names Mid-Hungarian Fault Zone or Mid-Hungarian Shear Zone 

are also used) (Balla, 1984); (Csontos, et al., 1992); (Fodor, et al., 1998), (Csontos & 

Vörös, 2004); (Schmid, et al., 2008). Felsic and intermediate metavolcanite, serpentinite, 

shallow marine limestone, and dark grey radiolarite were encountered in the Mid-

Hungarian zone (Haas, et al., 2010). 

The Transdanubian Range Unit consists of slightly metamorphosed Variscan rocks 

unconformably overlain by unmetamorphosed Alpine sequences. The structural setting of 

the Transdanubian Range is determined by a large NE–SW trending synform accompanied 

by antiforms along both of its limbs (Haas, et al., 2010). In Hungary, the Transdanubian 

Unit has Late Permian to Jurassic sedimentary sequences with deeper water carbonates in 
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the Triassic and pelagic shale in the Jurassic was encountered. They were strongly affected 

by tectonism and generally suffered low-grade metamorphism (Árkai, 1991). 

 

Tectonic evolution can be established for the Hungarian part of the Tisza Mega-unit 

(Haas, 2012). The Tisza Mega-unit is a Variscan orogenic collage accreted during the 

Carboniferous–Permian, becoming part of the European continent. The European Variscan 

orogeny occurred when crystalline rock associations were formed by mega, macro and 

microfolding, shearing and blastomylonitisation. Palingenetic granite belts were formed in 

the axial zones of synclines. However, the Late Variscan low pressure and high-

 
 

Figure 3 (a) Map of Hungary with the location of the Mecsek Mountains. (b) 

Geological map of the Mecsek Mountains with the distribution of the Kővágószőlős 

Sandstone Formation (KSF) and the Boda Claystone Formation; modified after 

(Konrád & Sebe, 2010) (Emese, et al., 2022). Legend: 1-Neogene sediments; 2-Jurassic 

and Cretaceous sediments and Cretaceous volcanic rocks; 3-Triassic sediments 

(sandstones, carbonates and evaporites); 4-Late Permian-Triassic Kővágószőlős 

Sandstone Fm; 5-Late Permian Boda Claystone Fm; 6-Palaeozoic; 7-fault; 8-strike-slip 

fault; 9-thrust fault; 10-syncline and anticline; 11-W-Mecsek U ore deposit. 
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temperature regime (late orogenic heating in the 330–270 Ma period) undoubtedly 

contributed to the granitisation (Haas, 2012). The post-Variscan formation has non-

metamorphic (locally anchimetamorphic) molasse-type oversteps sequences that cover the 

crystalline basement of the Tisza Mega-unit. The Tisza Mega-unit can be subdivided into 

subunits bounded by fracture zones of secondary importance (Kovács, et al., 2000); they 

are: Slavonia–Drava Unit (Terrane) includes subunits of Babócsa and Baksa (1); Kunság 

Unit has subunits of Mórágy and Kórös (2); and Békés Unit includes subunits of Kelebia, 

Csongrád, Battonya and Sarkadkeresztúr (3), shown in Figure 4.  

The Kunság Unit extends over the area located between the Middle Hungarian 

Lineament and the Mecsekalja Fracture Zone (Figure 4). The Kunság Unit forms the 

basement of the Mecsek and Villány zones (Szederkényi, 1997); (Kovács, et al., 2000). 

This unit includes crystalline rocks that only crop out in the Mecsek Mts (Haas, 2012), 

mainly granitic formations of the Mórágy complex. Variscan granitoids characterise the 

Mórágy Complex (basement of the Mecsek Zone). According to earlier interpretations they 

are (I- or S-type) "synorogenic" granitoids (Buda, 1996); (Klötzli, et al., 1999). However, 

according to the latest results, they were formed by continent-continent collision during the 

post-closure uplift stage (Buda & Dobosi, 2004). They are I-type, calc-alkaline, high-K and 

high-Mg-bearing large intrusion(s), with small lamprophyre-derived, ultrapotassic, Mg-Ca-

 
 

Figure 4  Pre-Alpine structural units of the Tisza Mega-unit  

 (After (Szederkényi, 1997)). 
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rich, low Al and Si intrusions or enclaves (durbachite). Many allanites were crystallised in 

the enclaves and the enclosing granitoids. Allanite is the major REE-bearing mineral which 

controls the whole-rock REE patterns. It is oxidised (Fe3+/Fetot ≈ 0.4), characteristic of I-

type granitoids.  

The Mórágy complex constitutes the Mórágy-Kecskemét granitoide range and the 

accompanying migmatite (agmatite)-gneiss mica-schist flanks on both sides. The most 

characteristic part of the complex is the granitoide range itself. Forming an axial belt of an 

ENE-WSW-striking synclinal zone, this body is about 200 km long and 25–30 km wide, 

forming a continuous zone from Szigetvár (South Transdanubia) to Szolnok (central part of 

the Great Hungarian Plain) (Jantsky, 1979:). It is a granite-granodiorite-diorite rock 

association; 340–354 Ma old (U/Pb dating; (Klötzli, et al., 2004)); the 307–312 Ma age 

data can be regarded as cooling time (Lelkes-Felvár & Frank, 2006). It contains biotite and 

amphibole-rich xenolites (Figure 5) dated at 440–400 Ma (Rb/Sr ages; (Svingor & Kovách, 

1981)), suggesting that a pre-Variscan metamorphic event. 

 
 

Figure 5 Exposure of the Mórágy Granite (After (Szederkényi, 1987)). 
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 Detailed investigations were conducted to estabilish a radioactive waste repository 

in the Mórágy Hills (SE Mecsek). All rocks in this body are of monzonitic character. In 

contrast to the former hypothesis about the migmatitic (agmatite) origin of granitoids 

(Szádeczky-Kardoss, 1959), the major characteristics of the rock association indicate a 

rather plutonic than migmatitic origin (Király, 2009). The granitoids are syn-collisional, S-

type, mixed meta-, and peraluminous (Buda, 1981), (Buda, 1990), (Buda, 1996). They are 

accompanied by crystalline schists showing typical polymetamorphism which flank the 

syncline. In the first phase of Variscan deformation, a Barrow-type event occured at 6–8 

kbar pressure and 14–26ºC/km thermal gradients (Szederkényi, et al., 1991). In the second 

phase, a low-pressure/high-temperature retrogression occurred along the Mecsekalja 

Fracture Zone and in the eastern continuation of Mecsek Mts. (Lelkes-Felva´ri, et al., 

1989) with late kinematic (322 Ma) andalusites. Subsequently, the granitic rocks were 

affected by multistage deformation (Maros, et al., 2010). 

Paleomagnetic data bear evidence of coordinated movements of the Mecsek area with 

Europe from the Carboniferous to the earliest Cretaceous; after that, a major anti-clockwise 

rotation took place during the paroxysm of volcanism at 135 Ma or somewhat later at 

about 120 Ma (Harangi & Árváné-Sós, 1993).  

In the junction area of the Slavonia–Dravia and Kunság Units (region of the 

Mecsek and Villány Mts), a fault-controlled basin was formed after the Variscan Orogeny, 

in which up to 3500 m of Late Carboniferous to Late Permian molasse sediments 

accumulated, with significant rhyolitic volcanism in the Early Permian (Kovács, et al., 

2000). The European Variscan Orogenic Belt is genetically controlled by a post-collisional 

to extensional tectonic regime associated with intense magmatic activity, often having a 

bimodal (basaltic–dacitic/rhyolitic) character (Szemerédi, et al., 2020). 

The Late Palaeozoic volcanic rocks are dominantly altered (K-metasomatized, 

hydrothermally altered, and low-grade metamorphosed) and significantly vary in 

petrographic features and geochemical characteristics. Regarding felsic volcanism, the 

zircon U–Pb ages vary from ~ 300 Ma (Latest Carboniferous) to ~ 245–240 Ma (Latest 

Permian–Earliest Triassic), suggesting a long-lasting magmatic activity during the 

Permian-Carboniferous (Ondrejka, et al., 2018). 

In the western part of the Tisia Terrane, the only outcrop of these formations is 

known in the eastern part of the Mecsek Mts at Gyűrűfű and Dinnyeberki area, (Szemerédi, 

et al., 2016), known by several deep boreholes, associated with the previous uranium ore 

exploration work, pierced such lithologies (Szemerédi, et al., 2020).. 
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Permian felsic volcanic rocks in Hungary occur in two mega-units of different 

geological histories that are the Tisza Mega-Unit and the ALCAPA Mega-Unit 

(Szemerédi, et al., 2020). Felsic pyroclastic rocks dominantly represent the Tisza MU, 

while lavas are subordinate and present only within the northern foreland of the Villány 

Mts (Szemerédi, et al., 2016), (Szemerédi, et al., 2017). Permian volcanic rocks' unsorted, 

massive appearance originates from pyroclastic flow (ignimbrite) (Szemerédi, et al., 2020). 

Permian felsic volcanic rocks showing similar petrographic features appear in 

Alpine zones. They are collectively named Gyűrűfű Rhyolite Formation in the Hungarian 

lithostratigraphical literature, after the locality of the single outcrop, near the village of 

Gyűrűfű in the W-Mecsek Mts (Fülöp, 1994). Most Permian volcanic rocks (Szederkényi, 

1962); (Fazekas, 1987); (Barabás Stuhl, 1988) are considered rhyolitic–dacitic lava flows 

in the drillings and outcrops; however, recently, occurrences in the W-Mecsek Mts were 

reinterpreted as of pyroclastic origin (Szemerédi, et al., 2016). In this area, the small 

unique outcrop between the villages of Gyűrűfű and Dinnyeberki is represented by 

rhyolitic ignimbrites (Szemerédi, et al., 2016), and numerous boreholes penetrated 

pyroclastic rocks as well. The new U-Pb zircon geochronological data analysis shows that 

the W-Mecsek Mts at the Gyűrűfű outcrop have the youngest coherent age (267.4 + 0.6 

and − 1.4 Ma or ~281 Ma) (Szemerédi, et al., 2020). 

Trace-elements geochemical data shows that the Permian volcanic rocks of the 

Tisza MU consist of higher enrichment in all the REEs, excluding the Eu element 

(Szemerédi, et al., 2020). Moreover, the rocks are characterised by enrichment in Rb, K, 

Th, and U and depletion in Ba, Nb, Sr, P, and Ti (Szemerédi, et al., 2020). The REE, U, 

Th, Y, and Zr elements were mobilised by hydrothermal fluids that might have leached 

these elements from accessory minerals, particularly from fractured and metamict zircon or 

apatite, monazite, and xenotime (René, 2014). Petrographic observations revealed the 

scarcity of zircon and other accessory minerals, a possible sign of hydrothermal alteration. 

Mobility of REE, U, Th, Y, and Zr is most common but not restricted to F-rich 

hydrothermal solutions related to alkali igneous suites (Rubin, et al., 1993). The formation 

of uranium ore deposits is often associated with the mobility of these immobile elements 

(René, 2014). Uranium mineralisation is known in the W-Mecsek Mts, close to the outcrop 

of the Gyűrűfű Rhyolite (Dinnyeberki uranium ore deposit, (Vincze, et al., 2011); (Konrád, 

et al., 2012)). On the other hand, hydrothermal sulfidic mineralisation (related to dykes 

filled with quartz, pyrite, siderite, hydromuscovite, hematite, chalcopyrite etc.; (Fazekas & 

Vincze, 1991) is presumably formed due to the interaction of the felsic volcanic (host) rock 
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with hydrothermal fluids. These local ore formations could be feasible sites of 

accumulation of the immobile elements leached from Permian volcanic rocks (Szemerédi, 

et al., 2020). 

 
2.1.3 Stratigraphy of W-Mecsek  

 
The Variscan post-orogenic sedimentation began earlier in the Villány area than in 

the Mecsek one. It produced a Late Carboniferous and Early Permian, molasse-type 

overstep sequence draped over the crystalline basement's eroded surface (Barabás Stuhl, 

1988). It covers the basement between the Villány Hills and Mecsek Mts.  

Terrestrial sediments and volcanic rocks had filled up the continental rift troughs of 

the Tisza Mega unit by the end of the Permian. In the Early Triassic, the marine 

transgression only reached the innermost zones of the mega-unit. Based on the basis of  

 

Figure 6 Paleogeographic reconstruction of Late Palaeozoic continental basin  

in the area of South Transdanubia (After (Haas, et al., 1986)). 

 

sporomorph studies, the Permian/Triassic boundary can be drawn within the upper part of 

the fluviatile Kővágószőlős Sandstone (Barabás & Barabás-Stuhl, 2005), which represents 

the final stage of filling of the Late Palaeozoic rift troughs (Figure 6). 

The Mecsek area shows varying stratigraphy and strongly varying thickness. 

Permian formations cropping out in the Mecsek Mts occurring Late Carboniferous–

Permian ones only for 30–40 years due to uranium prospecting. The oldest such overstep 

formation is of the Late Carboniferous age. The next overstep stage is represented by the 

Early Permian Korpád Sandstone and/or Gyúrúfú Rhyolite, which appear in every unit but 
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do not cover them entirely. The third stage occurred in the Early Triassic as manifested by 

the widespread extension of the Jakabhegy Sandstone (Haas, 2012)., described in more 

detail below. 

A 2500–3200 m-thick Permian sequence of the Kunság unit has various types of 

Late Carboniferous crystalline rock (granite, crystalline schist, serpentinite) that occurs in 

the entire area of the Mecsek Mts (Szederkényi, et al., 2012). The crystalline rock, mainly 

locally anchimetamorphic granite, gives the basement underlying the molasses-type 

sequences of non-metamorphic rocks (Szederkényi, et al., 2012). They occur in the axial 

zone of the W-Mecsek brachianticline the Permian rocks are at the surface (Barabás, 

1979); (Barabás-Stuhl, 1981). (Barabás, 2013) indicated that the Permian succession of the 

W-Mecsek includes the following formations from old to young (shown in Figure 6). 

The Early Permian (P1) formation: 

The Korpád Sandstone Formation consists of 300–320 m-thick, variegated (red, 

grey and green) but predominantly red, coarse-grained sandstone and conglomerate. As a 

basal formation, the Korpád Sandstone overlies the granite of the Mórágy Complex, which 

is 200 km long and 25–30 km wide; it is I-type affinity of Variscan high-K and Mg-rich 

plutonic rocks in 340–354 Ma old (U/Pb data) located in the western sector of the W-

Mecsek containing rich in accessory minerals. Among the others, zircon is very frequent; 

the euhedral and usually twinned titanite, ilmenite, apatite and rutile also occur. Its upper 

boundary is an erosional surface covered by the Middle Permian Gyűrűfű Rhyolite 

Formation, formed ca. 266.8 ± 0.2 Ma (U/Pb data) consisting of a reddish-brown or 

reddish-purple volcanic body of 50–130 m thickness (Fazekas, 1987). (Balogh & Kovách, 

1973) explained that the upper boundary of the formation is a typical erosional surface, and 

the whole rock Rb/Sr age is 277±45 Ma.  

Middle Permian (P2) formation: 

 The Gyűrűfő Rhyolite Formation was deposited due to continental rift rhyolite 

volcanism. It deposited the red coloured continental sediment called Cserdi Conglomerate 

Formation which is interfingering with Bodai Siltstone Formation. 

As a transgressive sequence, the Cserdi Conglomerate Formation is a typical fluvial 

conglomerate, sandstone of various grain sizes and siltstone of 250-1000 m thickness; it 

overlies the eroded surface of the Gyűrűfű Rhyolite. It gradually passes upward into the 

overlying Boda Siltstone Formation.  

The Boda Siltstone Formation is not continuous in the entire basin. In the NE 

direction, it develops from the underlying Cserdi Conglomerate with a 100 m-thick 
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transitional interval, and a similar transitional zone occurs at the top of the formation. The 

formation comprises a 900 m-thick, monotonous, reddish-brown siltstone as a record of 

natron lake formation with a few fine-grained sandstone and dolomite-rich interlayers 

(Barabás, 2013).  

The Late Permian (P3) formation: 

The KSF is the youngest lithostratigraphic unit of the W-Mecsek Permian sequence 

consisting of uranium ores mainly in its upper part (Barabás & Konrád, 2000). The 

thickness of the formation varies from 150 to 1400 m from W to E. Four members of the 

KSF were distinguished, from down upwards: (1) the Bakonya Sandstone Member consists 

of variegated (red, green and grey) sandstone with disseminated chalcopyrite and galena 

enrichments; (2) the Kővágótőttős Sandstone Member contains grey arkose sandstone and 

siltstone with characteristic plant remnants and a greenish uranium ore-bearing level in its 

uppermost segment; (3) the Cserkút Sandstone Member is composed of red sandstone 

beds, and (4) finally the Tótvár Sandstone Member consists of a violet gravel-rich 

sandstone (Barabás & Konrád, 2000).  

The Early Triassic (T1) formation: 

The Jakabhegy Sandstone Formation relates to the EarlyTriassic period, in which  

the above-mentioned red sandstone covers the Paleozoic sediments (Barabás-Stuhl, 1981). 

A new sedimentary cycle began with coarse conglomerate and red sandstone deposition in 

the Early Triassic. These sequences extended over a large area, far beyond the Permian rift 

troughs, even onto the eroded surface of the Variscan metamorphic complex (Haas, 2012). 

A coarse conglomerate at the base of the red siliciclastic formation occurs in 1–10 m 

thickness (Figure 7). The size of the components may attain 20 cm, and quartz, rhyolite, 

ignimbrite, and granite are the most common rock types encountered. Above the 

conglomerate unit, the 150–400 m-thick formation comprises cross-bedded sandstone 

(Haas, 2012).  

The Patacs Siltstone Formation occurred in the NE direction during the ETriassic 

period and is represented by fine-grained shallow marine red siltstone and green claystone 

(Barabás-Stuhl, 1981). (Figure 7). 

 
2.1.4 Ore mineralisation in the organic-rich sedimentary formation  

The W-Mecsek uranium ore occurs in the Late Permian Kővágószőlős Sandstone 

Formation (KSF) of the Late Permian sediments occurring in the Permian-Triassic 

anticline of the Mecsek Mountains (René, 2014), see in Figure 8. 
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Figure 7 Geological cross-section of the Northern (A) – Southern (A') the direction in the 

Western-Mecsek Anticline (modified after (Barabás, 2013)). Legend: 1-Neogen; 2-Mecsek 

coal formation (Late Triassic-Early Jurassic); 3-Misina Formation (Middle Triassic); 4-

Patacs Siltstone Formation and Jakabhegy Sandstone Formation (Early-Middle Triassic); 5 

Kővágószőlős Sandstone Formation with uranium ore mineralisation  (Late Permian-Early 

Jurassic); 6-Boda Siltstone Formation; 7-Structural zones. 

 
The uranium ore deposit is from the Late Permian age, and KSF represents a fluvial 

depositional environment, where the thickness of the formation reaches 600 m (René, 

2014). The uranium ore lenses and bodies located in the upper zone of the KSF (Virágh & 

Vincze, 1967), detailed exploration was carried out during the 1950s, yielding detailed data 

on the characteristics of the unit, which were lastly summarised by (Barabás & Konrád, 

2000); (Barabás, 2013). The uranium ores in the KSF are of polygenic origin (Virágh & 

Vincze, 1967) as they show stratiform pennaccordance, disseminated and transversal 

enrichments (Barabás, 2013), and a result of prolonged autochthonous mineralisation of 

the fluid infiltration with occurring three different colours of grey, green and red of the 

sandstones due to redox potential, such as grey sandstone with terrestrial plant remains 

relates to the strong reduction, the green is typical for the transitional intermediate of redox 

zone and red sandstone as a result of the strong oxidation (Vincze, 1987). The uranium 

concentrations occur in the grey rocks or the green lenses of sandstones between the grey 

and red zones (Barabás & Konrád, 2000). The thickness of uranium-bearing sandstone 

varies from 15 to 90 m (René, 2014). Most ore bodies are located in a depth interval 

between 650 to 800 m depth (IAEA Report, 2014). The recent resource estimate re-

evaluation is uranium ore 17 946 t, with an average uranium concentration of 0.117% 

(IAEA Report, 2014). The occurrence of gold is poorly known in the sequence. Some 
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sporadic analysis indicated gold might br enriched at a maximum of 6.5 g/t which relates to 

the reductive carbonaceous matter rich intercalations (Földessy, 1998). 

 
2.2  Geological settings of Bakyrchik 

 
2.2.1 Exploration history of Bakyrchik 

Bakyrchik was discovered in 1944. Exploration and mining activities in the province 

can be traced back to the 1950s by the Soviet geologists through systematic mapping, 

geophysical and soil geochemical surveys targeting potential gold resources. It only 

received little attention in the past owing to poor accessibility (Soloviev, et al., 2020). In 

1953–1954 was confirmed that it largely occurs in catalysed carbonaceous sedimentary 

rocks in an extended (~18 km) auriferous tectonic zone (Soloviev, et al., 2020). Mining of 

higher-grade “oxidised” Au ores commenced in 1955 and by 1997 the Bakyrchik mine had 

produced ~30 t Au (Maslennikov, et al., 1997). From 1996 to the early 2010s, several 

drilling campaigns targeting deeper, “reduced” (“double-refractory”) Au ores were 

undertaken by Western operators (Cox , et al., 2010); (Blakley & Cox, 2004). In 2014, the 

Bakyrchik deposit was acquired by Polymetal JSC, that in 2020 reported the JORC-

compliant reserves of 8.5 Moz Au (average 6.3 g/t Au) and additional resources of 3.5 Moz 

Au (average 5.4 g/t Au) at 3 g/t Au cut-off for underground and 1.0 g/t cut-off for open-pit 

mining, in part of the Central Zone of the deposit. The much greater speculative 

(“prognostic”) endowment has been estimated at 50 to 100 Moz Au by various authors 

(Maslennikov, et al., 1997); (Rafaylovich, 2009) in the deeper and other parts of the shear 

zone (Qyzyl). Open-pit mining recommenced in 2018, with the current (2020) rate of 2.0 

Mt per annum. The Ore Reserve estimate for Bakyrchik incorporates data from the 29.9 

km drilling campaign (168 drill holes) conducted in 2015-2020 (Polymetal, 2022). 
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During the last of half of the century, many 

companies from different countries of South 

Africa, Australia, USA, and UK were working. 

Still, no positive production technology 

(Malchenko, 2017) because the bulk (90%) of Au 

is a structurally bond or lattice gold and presents as 

double-refractory gold in the lattice of sulphide ore 

minerals (Umarbekova & Dyusembaeva, 2019). 

Moreover, the production of gold affects the 

environment due to high values of OM and arsenic 

contents in ores (Polymetal, 2022) 

 
2.2.2 Tectonic and magmatic 

settings of Bakyrchik 
 
 The Bakyrchik Au deposit is included in the 

Qalba gold province (Kam-Hung, et al., 2017). In 

eastern Kazakhstan, the Qalba gold province is 

located in the western part of the Central Asian 

Orogenic Belt (CAOB) (Figure 9 a & b). The gold 

deposits are distributed along the Chara shear zone, 

defining the Qalba gold province (Kam-Hung, et 

al., 2017). (Naumov, et al., 2012) and (Kovalev, et 

al., 2009.) reported 40Ar/39Ar and sensitive high-resolution ion microprobe(SHRIMP) U-

Pb ages of the gold deposits in the Qalba province, ranging from 306.6 ± 3.8 Ma to 248.3 ± 

3.4 Ma.  

 The Chara shear zone in CAOB was formed by the collision between the Siberia 

craton and the Kazakhstan microcontinent due to the closure of the Ob-Zaisan Ocean (part 

of the Paleo-Asian Ocean) in the late Carboniferous (Windley, et al., 2007). It is several 

hundred kilometres long, NW-SE trending, and extends from eastern Kazakhstan to the 

Chinese Altai in Xinjiang, China (Li, et al., 2015). Different terranes bound it due to a 

series of accretionary events during the late Paleozoic (Buslov, et al., 2004). The Chara 

shear zone separates the Siberia-derived Qalba-Narym (fore-arc accretionary complex), 

Rudny Altai and Gorny Altai terranes (island arc systems) and the Kazakhstan-derived 

active margin of the Zharma-Chingiz-Tarbagatai terrane (Buslov, et al., 2001) (Figure 9 b). 

 

 
 Figure 8 Tectonic framework 

of the Central Asian Orogenic Belt 

and Kazakhstan  microcontinent. 

ISZ = Irtysh shear zone; QN = 

Qalba-Narym The outline of NW-

SE trending Qalba gold province is 

also shown. (modified after Glorie 

et al. (2012); 

 

Fig 10 
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The Chara shear zone is marked by three types of ophiolitic mélange of different origins 

(Buslov, et al., 2004): 1) the Cambrian to early Ordovician mélange composed of high-

pressure metamorphic rocks and gabbro (Buslov, et al., 2003), 2) the Ordovician mélange 

containing blocks of serpentinised peridotite, gabbro, and amphibolite (Iwata, et al., 1997); 

(Safonova, et al., 2012), and 3) the Carboniferous to early Permian NW-SE oriented 

ophiolitic mélange representing the lithospheric fragments of the Ob-Zaisan Ocean closed 

in the late Carboniferous (Iwata, et al., 1997); (Buslov, et al., 2001), (Buslov, et al., 2004). 

These ophiolite mélanges are associated with 5000-m-thick Silurian to Carboniferous 

sedimentary successions (Safonova, et al., 2012). These successions are fore-arc materials 

derived from both the Kazakhstan microcontinent and Siberia craton during the evolution 

of the Ob-Zaisan Ocean (Buslov, et al., 2004). The Silurian strata are composed of 

alternating limestone, siltstone and chert, whereas the Late Devonian strata aremainly 

dominated by chert and siltstone with minor amounts of pillow basalts (Iwata, et al., 1997). 

These sequences are overlain by Carboniferous fore-arc turbidite and intermediate to felsic 

volcanic rocks that define an active continental margin in the Carboniferous. Intrusions in 

the Chara shear zone are rarely exposed, and those that do occur are present as small 

plutons and dyke complexes. They have mostly formed between the late Carboniferous and 

Triassic (Lyons, et al., 2002); (Vladimirov, et al., 2008). The Chara shear zone is 

characterised by complex regional scale folding, shearing and faulting with an NW-SE 

trend. The deformation has created foliations in the rocks and juxtaposed different 

geological units. Large-scale strike-slip faults were activated during the Permian. The 

timing of sinistral deformation of the Irtysh shear zone in the Kazakhstan segment, which 

is situated ~80 km northeast of the study area, is constrained to be ~290 to 265 Ma 

(Buslov, et al., 2004), (Vladimirov, et al., 2008), although the Irtysh shear zone was 

reactivated in the Mesozoic (Glorie, et al., 2012). Sinistral strike-slip deformation of the 

Chara shear zone was most likely coeval with the Irtysh shear zone (Li, et al., 2015). Some 

workers have suggested that such events are likely related to the collision between the 

Siberian craton and the Kazakhstan microcontinent and their differential rotations for the 

major continental blocks (Buslov, et al., 2001); (Buslov, et al., 2003).  

 (Lubecky, et al., 2008) and (Wong, et al., 2017) have explained that the Bakyrchik 

gold deposit was formed in an ophiolite Irtysh-Zaisan suture zone relating to post-tectonic 

plate collisions of the Kazakhstan microcontinent and the Siberian craton in the Late 

Carboniferous (C3), which includes the Late Palaeozoic Variscan Orogenic tectono-

magmatic event (Parnell, 2019). (Parnell, 2019) considered the deposit one of the most 

Fig 2.8 
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important gold occurrences related to the global coal depositions of Variscan gold 

formation during the Late Carboniferous (300 Ma). During the tectono-magmatic event, 

the collision contributed to the formation of the Kunush granitic batholith in the Late 

Carboniferous-Early Permian (C3-P1) (Rafaylovich, 2009) and the Qyzyl thrust fault 

(Dyachkov, et al., 2017). The Qyzyl thrust fault (2 km long and 30–50 dip in the north) lies  

 

Figure 9 a) Geological map of the Chara shear zone, simplified from (Buslov, et al., 2004), 

(Daukeev, et al., 2008); b) Geological map of the  Bakyrchik ore field. Simplified from 

(Daukeev , et al., 2004). 

 

within the ore bodies and occurs in carbonaceous-terrigenous rocks of molasses and limnic 

coal-bearing formations of the Middle-Late Carboniferous (C2–3) Bukon suite in the 

Middle-Late Carboniferous (C2–3) (Dyachkov, et al., 2011); (Umarbekova, et al., 2017b), 

as shown in Figure 10 a and b. 
The Kunush granitic complex of the Zaisan suture zone consists of gold-bearing 

intrusions and dikes of 

intermediate and felsic 

compositions. The 

formations of intrusive 

dikes have a small size of 

1-4 km2 (Kuzmina, 2011). 

The Kunush 

complex comprises small 

masses of tonalite and 

granodiorite; and several 

vein generations of 

 

 

  

a 
 

b

Kunus
h 

b
 

Figure 10 General schematic development of magmatic 

intrusions of the Kunush complex; (modified after 

(Kuzmina, 2011). 
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porphyritic granodiorite, porphyritic tonalite and porphyritic granite (Figure 11). The 

magmatic intrusions are composed of quartz 25-35%, oligoclase 30-40%, potassic feldspar 

15-20% and ore minerals 1-2%. The texture of magmatic intrusions is porphyritic, 

constantly included its veins quartz of globular forms and prismatic crystals of felsic 

plagioclase, matrices consisting of microgranitic aggregate (Kuzmina, 2011). 

 U-Pb isotope data show that the magmatic intrusions of the Kunush complexes 

range from 306,7+8,7 Ma to 299+2,3 Ma (Kuzmina, 2011).  

 
2.2.3 Stratigraphy of Bakyrchik 

Qalba gold province (Fig 12 a) in the Irtysh-Zaisan suture zone of the Kazakhstan 

microcontinent and the Siberian craton tectonic plate collisions formed in three stages: 

oceanic (D3), transitional (D3-C1), and continental (C2-T1) (Lubecky, et al., 2008). 

The recent structure of the Bakyrchik deposit shows a terrigenous basin, including a 

Carboniferous sequence from the marine in the Late Devonian - Early Carboniferous (D3-

C1), coastal-marine in the Middle Carboniferous (C2), and continental carbonaceous 

 
 

Figure 11 Lithostratigraphic column of Qalba gold province  showing lithological  

facies of Bukon suite of the Bakyrchik deposit (modified from (Trubnikov, 1976); 

(Umarbekova, et al., 2017b). 
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molasses in the Middle-Late Carboniferous (C2–3) (Lubecky, et al., 2008) see Figure 12 b. 

The lower part of the stratigraphic sequence comprises a 1500 km thick carbonate and 

volcanogenic shales and volcanoclastic sandstones containing lenses and interlayers of 

siliceous sandstone and carbonaceous-cherty siltstones. The upper part of the sequence 

consists of 600–800 m thick sandstone with layers of carbonaceous siltstones with fossil 

remains. Carbonaceous-terrigenous sequences are cut through by a magmatic formation 

(depth 3–3.5 km), which is paragenetically associated with ore mineralisation, and within 

its single stocks and numerous dikes of tonalite porphyries, and diorite porphyries forming 

belts of the northwestern and sublatitudinal strike (Rafaylovich, et al., 2011); 

(Umarbekova, et al., 2017b), see in Figure 12 b. 

Late Devonian (D3) formation: 

 Early Hercynian island-arc level (D3-C1) related to derivatives of andesite-basaltic 

island volcanism and synchronous argillaceous-siliceous-calcareous and flysch deposits. 

The ore-bearing rocks are represented by effusive rocks and subvolcanic bodies with basic 

and intermediate compositions, siliceous siltstones, and limestones. Epigenetic gold 

mineralisation (pre-ore stage) is spatially related to the volcanogenic siliceous-carbonate-

terrigenous formation (C1v2-3) (Kuzmina 2011). (see in Figure 12) 

 Early Carboniferous (C1) formation: 

 Early Hercynian pre-collision level (C1s) comprises sediments of marine low-

carbon graywacke 

(molassoid). The 

mineralisation is 

genetically associated with 

minor intrusions and dikes 

of the granodiorite-tonalite 

formation (C3-P1) (Kunush 

complex). Known vein 

fields are located in the 

over-intrusive zones of 

small massifs of granitoids. 

Deposits are controlled 

faults of the north-western, sub-latitudinal, and north-eastern directions (Kuzmina 2011). 

 Middle-Late Carboniersous (C2-C3) formation: 

 
 

Figure 13 Geological cross-section of the Bakyrchik gold 

deposit (modified after Dyachkov et al., 2017). 
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 Endogenous gold mineralisation reveals a close connection with hypabyssal 

gabbro-diorite (C2-3) and tonalite-granodiorite (C3-P1) formations (Kunush complex) 

(Kuzmina, 2011). 

 The middle Hercynian collision level (C2-C3) combines molasses limnic 

carbonaceous (black shale) strata of the Bukon (С2-3) suite. Characterised by terrestrial 

lithogenesis conditions and drainage of the basin sedimentation. The strata include 

terrestrial grey-coloured molasses, fluvio-limnic and boggy carbonaceous black shale 

lithofacies. Gold mineralisation has a dual nature: primary sedimentary and juvenile, 

associated with small intrusions and dikes of the Kunush complex (C3-P1) (Narseev, et al., 

2001)  

2.2.4 Ore mineralisation in the organic-rich sedimentary formation  
 

The gold reserves of the deposit are 410 t, on average 8–9 g/t (Goldfarb, et al., 

2014); (Dyachkov, et al., 2017). Gold mineralisation is enriched in the Qyzyl shear zone 

and is of a stratiform type (Zhautikov & Maulenov, 1985) formed in the Middle-Late 

Carboniferous (C2–3) (Dyachkov, et al., 2011). The bulk (90%) of gold in the deposit 

occurs as an ‘‘invisible gold’’ type, bound to the lattice of arsenian pyrite and arsenopyrite 

(Umarbekova & Dyusembaeva, 2019) and gold concentrates in a structure of amorphous 

OM (Marchenko & Komashko, 2011). Gold is enriched with arsenic sulphide minerals in 

OM (0.2%–0.4%) in host siltstone rocks (Rafaylovich, et al., 2011); (Azerbaev & 

Zhautikov, 2013). The presence of gold in the carbonaceous matter has a sedimentogenic 

origin associated with Ag (Azerbaev & Zhautikov, 2013). The total carbon content of the 

organic carbon and carbonates is 0.3% –26.5% in the host rocks and 2.5%–6% in ore zones 

(Rafaylovich, et al., 2011). In ore zones, the content of arsenopyrite ranges from 0.3% to 

15% while arsenian pyrite varies between 1.5% and 22% (Rafaylovich, et al., 2011). I. The 

gold content in OM can reach 10%–30% (Marchenko, 2010), while the gold content in 

arsenopyrite can reach more than 150 and 60 ppm in arsenian pyrite (Levitan, 2008), 

respectively. Platinum group metals (PGE) are also common in arsenian pyrite and 

arsenopyrite-bearing ores, up to 1 ppm (Rafaylovich, et al., 2011), and in nanostructured 

particles of organic materials in the deposit (Marchenko & Komashko, 2011). The content 

of OM in the Bakyrchik gold deposit is around 24 million tons (Mizernaya , 2001). 

 
3. Samples and Methods 

3.1  Sample collection and sample preparation 
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3.1.1 Sampling procedures of W-Mecsek 

This part of the study was carried out on drill core samples of the borehole WHEI/2 

(46° 6' 8.856'' N - 18° 10' 49.188'' E) located 15 km west of Pécs city. Samples from the 

mining area of the closed uranium mine of W-Mecsek (no shown, Figure 14 a) were from a 

depth of between 33.79 m to 950 m. The sampels were collected during the exploration 

campaign conducted by Rotaqua Kft, organised by János Földessy and sampling was 

performed by Szabolcs Tóth and Attila Kasó from 2016 to 2017. 

Eight samples were selected for the drill core samples from 832 m to 907 m (total 

studied samples 75 m) regarding the KFS. Other samples of Cserkút Sandstone from 34 m 

to 815 m related mainly to red and green sandstones, whereas the selected grey sandstones 

of the Kővágótöttös Sandstone solely occurred from 815 to 950 m. The data belongs to the 

red and green sandstones found with minor uranium (up to 96 ppm) and low-grade of 

precious metals (Au 1 ppb – 24 ppb, Ag 1 ppb – 2 ppm) of the Rotaqua company. 

The main three reasons for the selection of the samples (all grey sandstones) having 

grey colour are; (1) they occurred in a strong reduction zone, (2) they were of the 

comparatively higher amount in the carbonaceous matter (average 12 wt%), and, (3) gold 

occurs more in the reductive carbonaceous matter of the grey sandstones (Földessy, 1998). 

 
 

Figure 14 Overview map of a closed uranium mining area in W-Mecsek showing  

the drill well WHE-I/2 (a) and collected hand specimens of the drill core samples (b).  

Scale for rock fragments – 1 cm. 
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The sample label was shortened from the same borehole’s name as WHE-I/2 to 

WH2 (see Figure 15 a) and shown in the samples in Figure 15 b, lithology and collection 

depth in Table 1. The rock samples are related to mixed siliciclastic-carbonate rocks. 

 
Table 1 Total samples collection of W-Mecsek. 

№ Samples Depth  
(m) 

Mass 
 (g) 

Density 
(g/cm3) 

Lithology and texture 

1 WH2-057 831.4 189.90 2.7 fine grained dolomitic silty sandstone with 
carbonaceous shale layers  

2 WH2-065 847.6 81.90 2.6 medium-grained silty sandstone with 
dolomite and carbonaceous shale lenses 

3 
WH2-070 865.9 36.20 2.8 

medium-grained dolomitic silty sandstone 
with carbonaceous shale lenses and 

sulphide inclusions 
4 WH2-071 870.0 27.40 2.6 carbonate-rich silty sandstone with 

carbonaceous shale lenses 
5 

WH2-072 870.5 40.54 3.2 
fine grained dolomitic silty sandstone with 

thin carbonaceous shale lenses and 
presence of disseminated sulphide 

6 
WH2-073 883.3 65.27 2.7 

coarse-grained carbonate-rich sandstone 
intercalation with fine-grained 
carbonaceous silty clay layers 

7 WH2-076 895.6 102.11 2.6 coarse-grained dolomitic silty sandstone 
with carbonaceous shale lenses 

8 
WH2-077 907.5 78.22 2.7 

medium-grained carbonate-rich silty 
sandstone with inclusions carbonaceous 

shale lenses 
Note: it is shown whole-rock density. 
 

3.1.2 Sampling procedures of Bakyrchik  

The samples were collected from the sulphide-ore-bearing carbonaceous-

sedimentary formation in the Bakyrchik gold deposit near to Auezov village, East 

Kazakhstan (Figure 15 a). 

Nine rock samples have been selected from organic-rich sedimentary bedrocks in 

three mineralisation zones near the open-pit's shear zone (see in Figure 16 a) for analytical 

and experimental observations. The first three samples related to the lower zone of pre-ore 

mineralisation (carbonaceous-sulphide ore formation), the second three ones represent the 

main ore mineralisation zone (arsenic-rich sulphide ore formation), and the last three 

samples of the third group (antimony-rich ore formation) were collected from the upper 

surface zone of post-ore mineralisation.  
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Figure 15. An overview map of the study area (a) showing the sampling area marked with 

broken lines and fragments of nine samples (b) from separated three groups. 

The first three samples (Bak 2; Bak 1; Bak 2.5) of the first (I) group are 

carbonaceous-siltstone rocks;  

The next three samples of the second (II) group (Bak 2.1; Bak 2.2; Bak 2.3) are 

arsenic sulphide-rich carbonaceous-siltstones; and  

The last three samples (Bol; Bak 2.4; Bak 2.25) of third (III) group are antimony 

sulphide-rich carbonaceous-siltstone rocks (Figure 15 b). 

The sample's density ranges from 2.8 g/cm3 to 5.6 g/cm3. Handly separated solid 

bitumen density is an average of 2 g/cm3 and its hardness ranges from 2.5 to 3 (in Mohs 

scale), see Table 2. 

 

Table 2 Total samples collection of Bakyrchik. 

№ Mineralisation 
groups Samples Mass  

(g) 
Density 
(g/cm3) 

Lithology and texture 

1 I - 
carbonaceous-
sedimentary 

pre-ore 
mineralisation 

Bak 1 123,24 2.5 fine-grained siltstone rocks with dark grey 
organic matter inclusions 

2 Bak 2 190,40 2.6 black organic-rich fine-grained siltstone 
rocks  

3 Bak 2.5 760 2.9 black carbonaceous-siltstone rocks with 
fine grained quartz inclusions 

4  
II - arsenic 

sulphide ore 
mineralisation 

Bak 2.1 600 2.7 organic-rich fine-grained siltstones with 
arsenic sulphide-quartz veinlets  

5 Bak 2.2 1840 3.2 arsenic sulphide-rich carbonaceous-
siltstones with fine grained quartz 

6 Bak 2.3 1910 3.3 arsenic sulphide-rich carbonaceous-
siltstones 

7  
III - antimony 
sulphide ore 

Bol 765 2.9 antimony sulphide-rich carbonaceous-
siltstone rocks with fine grained quartz 

grains 
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8 mineralisation Bak 2.4 920 2.9 carbonaceous-siltstone rocks with antimony 
sulphide-quartz veinlets 

9 Bak 2.25 794 2.8 antimony sulphide-rich fine grained 
siltstone rocks with minor organic matter 

inclusions 
Note: it is shown whole-rock density.  

 
3.2  Sample preparation of W-Mecsek and Bakyrchik 

Generally, 17 rock samples (eight samples of W-Mecsek and nine samples of  

Bakyrchik) have been chosen from the two mineral deposits of W-Mecsek and Bakyrchik, 

respectively. They are organic-rich sedimentary rocks associated with sulphide minerals 

(Figure 16). All rock samples have been prepared in three ways as powder specimens with 

a size below 70 µm, polished sections of the whole rock and thin sections for further 

analytical measurements (see in Table 3).  

 

Figure 16 Total samples collected from both mineral deposits: 

A-Mecsek and B-Bakyrchik. 

Powder samples of size 10∼63 μm (shown in Figure 17 a and b) were crushed in a 

tungsten carbide ring mill and then an agate mortar, homogenised and portioned for further 

measurements. General 17 powder samples for Wavelength Dispersive X-ray fluorescence 

(WD-XRF), 17 powder samples for X-ray powder diffraction (XRPD), and Soxhlet 

extraction were done; two ones on each sample (WH2-073, WH2-077; Bak 2.2 and Bak 

2.5). Six carbonate-free powders were used for the Fourier-transform infrared spectroscopy 

(FTIR) with an attenuated total reflectance (ATR) attachment and seven powders for 

organic elemental analysis (OEA) after removing inorganic carbonate minerals within 10% 

hydrochloric acid. Bulk and sequentially separated sample's gold concentration was 

determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) from 
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12 powder samples, analytical technique parameters and experiments are described in 

detail in the subchapters of 4.3 and 4.4. 

The polished sections (shown in Figure 17 c) in the study have a total of 43 

specimens (16 samples of W-Mecsek and 27 samples of Bakyrchik) and 8 thin sections of 

each deposits (~30 µm thick) for inorganic and organic petrography, ore microscopy, 

electron microscopy, micro-Raman spectroscopy and laser ablation inductively coupled 

plasma mass spectrometry (LA–ICP–MS). 

All the petrology mentioned above, analytical instruments and laboratory works 

were carried out at the University of Miskolc, except the Raman measurement which was 

carried out at the University of Szeged; the vitrinite reflectance measurement at the 

company of MOL in Budapest; and LA-ICP-MS measurement was performed in the 

Mining and Geological Survey of Hungary in Budapest. 

 

 
Figure 17 General review of samples preparations of W-Mecsek and  Bakyrchik mineral 

deposits: a) powder samples for XRD; b) powder samples for WD-XRF; c) polished 

sections (upper is W-Mecsek and lower is Bakyrchik), and d) thin sections. 

3.3  Analytical methods for ore minerals 
 
3.3.1 Optical microscopy and electron microscopy  

Zeiss AxioImager (A2m) microscope for imaging in incident normal light; and a 

photography camera (AxioCam MRc5) were used to observe the sulphide ore minerals 

with the computer program AxioVision Rel. 4.8 by Carl Ziess MicroImaging (GmbH) for 

transmitted and reflected light modes. The objectives are to describe the morphology and 

the nature of the different types of sulphide and uranium ore minerals. 

a 

b 

c d 
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The electron probe microanalysis (EMPA) with backscattered electron (BSE), 

energy dispersive spectroscopy (EDS) and X-ray mapping was carried out on a JEOL SXA 

8600 Superprobe (20 KeV and 20 mA) for elemental analysis for major sulphide ore 

minerals (arsenopyrite, arsenian pyrite, stibnite and valentinite) and minor ore minerals of 

uranium and very tiny grains of framboidal pyrite, galena and sphalerite. Moreover, the 

technique was used to evaluate elemental concentrations in grains of OM, including 

contents of sulphur, chlorine, phosphorous and others. 

 
3.3.2 XRPD and WD-XRF 

Mineral inclusions of samples were determined by XRPD (BRUKER D8 

ADVANCE Cu-Kα 40 kV, 40 mA). Wavelength Dispersive X-ray Fluorescence (WD-

XRF, RIGAKU Supermini Pd source, 50 kV-4 mA) measured selected elemental 

compositions of minerals. 

 
3.3.3 LA-ICP-MS and ICP-OES 

  
Many authors have indicated that gold-bearing OM and sulphide minerals can not 

be determined directly with optical or electron microscopy but requires more sophisticated 

techniques, such as laser ablation inductively coupled plasma mass spectrometry (LA–

ICP–MS) (Henderson, et al., 2019) and digestion methods (Varshal, et al., 2000); (Dold & 

Fontboté, 2001); (Henrique-Pinto, et al., 2015); (Usmanova, et al., 2017), because gold 

occurs in the structure of solid matrices, or as discrete inclusions smaller than 1000Å (100 

nm) (Cook & Chryssoulis, 1990);. LA–ICP–MS allows the detection of low levels of trace 

element enrichment (Butler, et al., 2007); (Wagner, et al., 2007); (Deol, et al., 2012); 

(Diehl, et al., 2012); (Zheng, et al., 2013); (Steadman, et al., 2021). 

In this case, we have selected two ways with using techniques for measuring 

precious metals in OM (additionally, sulphide ore minerals) such as LA-ICP-MS, using 

spot analyses on grains of OM, and additionally for sulphide minerals as well; and ICP-

OES, using liquid extracts after digestion process of the experiment. Moreover, LA-ICP-

MS provides similar sensitivity, precision and accuracy data compared with total digestion 

ICP-OES data; for analysing gold in OM (pyrobitumen) (Henderson, et al., 2019) and for 

sulphide minerals as well (Wagner, et al., 2007); (Diehl, et al., 2012), (Kexin, et al., 2021).  

The U contents are not reportable for the data of LA–ICP–MS and ICP-OES due to 

elevated backgrounds; moreover, frequently, a close association between U and OM in the 
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W-Mecsek uranium ore deposit due to previous authors (Szalay, 1954); (Szalay & 

Almassy, 1956); (Benkő & Szadeczky-Kardoss, 1957); (Szalay, 1969); (Ódor, 1969)(Ódor, 

1969); (Varga, et al., 1972); (Kádas, 1983). LA-ICP-MS and ICP-OES have been solely 

concentrated to measure the concentrations of precious metals (Au, Ag, Pt and Pd) in OM 

for both ore deposits.  

 
Figure 18 LA-ICP-MS measurement on particles of OM (a) and  

arsenic-bearing sulphide minerals (b). 

LA-ICP-MS, the analytical instrumentation used of a New Wave UP213ss Laser 

Ablation System with Perkin Elmer Sciex Elan DRC II ICP–MS. Analyses were performed 

with laser beam diameters of 55–100 μm and at 2–5 Hz repetition rates. The laser beam 

energy was maintained at about 8 J/cm2. The analysis time for each sample was 100 s, 

which includes 40 s of background measurement with the laser switched off and 60 s of 

analysis with the laser on. The acquisition time for all masses was set to 0.01 s, with a total 

sweep time of around 0.6 s. The ICP-MS instrument employed the following parameters: 

Auxiliary gas flow 1.2 L /min-1; Plasma gas flow 15 L / min-1; Carrier gas flow (He) 0.9 L / 

min-1;  Sampling gas flow (Ar) 0.99 L / min-1 and RF (radio frequency) power 1250 W. 

Seven samples of both mineral deposits (WH2-065; WH2-072; WH2-073; WH2-

076; Bak 2, Bak 2.4 and Bak 2.5) have been measured by LA-ICP-MS spot analyses 

focusing on OM particles and a few grains of arsenic-bearing sulphide minerals (Figure 18 

a and b). A total of 160 spots were measured for both mineral deposits, 130 spots in grains 

of the OM and 30 spots in crystal grains of the ore sulphide minerals.  

The 110 spots analyses of LA-ICP-MS are related to W-Mecsek samples (50 spots 

for all bitumen types, 45 spots for vitrinite, ten spots for pyrites) and five spot lines (3 for 

a b 
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OM and 2 for pyrite grains). In detail, 40 spots in WH2-065; 13 spots in WH2-073; 22 

spots in WH2-076; 20 spots in WH2-076 and ten spots in WH2-072. 

The samples of Bakyrchik were measured by a total of 50 spots analyses of LA-

ICP-MS, 32 spots were on particles of OM (17 spots for Bak 2; 5 spots for Bak 2.4; and 

ten spots for Bak 2.5) and an 18-point analysis was measured on arsenic-sulphide minerals 

grains (6 spots for Bak 2; 5 spots for Bak 2.4; and seven spots for Bak 2.5). 

ICP-OES (720 ES made by VARIAN Inc., Arial Plasma-view, and simultaneous 

multi-element ICP spectrometer) was used to determine gold concentrations in bulk and 

sequentially separated samples after the acid digestion of the experiment (more detailed in 

the next section).  

 
3.4  Analytical methods for OM 

3.4.1 Organic Petrology 

Reflected-light organic petrography and ore mineralogy were performed on a Zeiss 

UMSP 50 microscope controlled through a Core i2 Personal Computer. Vitrinite 

reflectance measurements were made on Axioplan Zeiss microscope extended with J&M 

spectrometer system of the MOL Ltd. For organic petrology 50x oil immersion objective 

was used (R.I. of the oil = 1.5180). A Zeiss AxioImager (A2m) microscope was used for 

imaging in incident normal and fluorescence light. A photography camera (AxioCam 

MRc5) was used with the computer program AxioVision Rel. 4.8 by Carl Ziess 

MicroImaging (GmbH). Vitrinite reflectance measurements were carried out according to 

ASTM D7708-11 (ASTM, 2014) standard for dirpered organic matter thermal matutity 

determination and performed under monochromatic light of 546 nm, following the 

procedures outlined by (Taylor, et al., 1998). 

 
3.4.2 Infrared analysis 

Fourier-transform infrared spectroscopy (FTIR, Model JASCO- 4200 type A) with 

an attenuated total reflectance (ATR) attachment was used for determining the molecular 

structure and composition of OM; selected three samples of WH2-057, WH2-073,WH2-

077; and Bak 1, Bak 2.2 and Bak 2.5 for the analysis. 

 
3.4.3 Raman analysis 
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Raman microscopy (Thermo Scientific DXR Raman Microscope 532 nm Nd-YAG 

solid-state laser and software OMNIC for Dispersive Raman 8.3.104) was used for thermal 

maturity and estimated alteration temperature of the OM, acquiring 40 measurement points 

focused on the petrographically different types of organic materials of the whole rock 

(WH2-057, WH2-065, WH2-072, WH2-073; and Bak 1, Bak 2, Bak 2.4, Bak 2.5) and each 

one demineralised concentrated kerogen samples (WH2-073 and Bak 2.5) which were 

mounted in epoxy resin and polished before. The Raman measurements were collected in 

an orderly organic phase acquiring 5 - 10 spectra for each sample. The laser beam was 

focused to a width of about 0.9 μm with a 100X objective changing to 10X and 50 X due 

to the sizes of organic materials. The numeric aperture (NA) of the objective was 0.90. The 

beam was aimed perpendicular to the polished section. The peak measurements were 

collected in the 500 – 3500 cm-1 range in the first and second-order regions. 

 

3.4.4 Organic elemental analyser 

The organic elemental analyser (OEA, ELTRA's CS-2000) was used for the organic 

elemental measurement of sulphur, nitrogen and hydrogen in samples. The measurement of 

organic elements was carried out on seven samples of both minerals deposits. The three 

samples (WH2-057, WH2-073 and WH2-077) were from W-Mecsek and four (Bak 2; Bak 

2.2; Bak 2.4 and Bak 2.5) of Bakyrchik. 

 
3.4.5 Total organic content (TOC) 

Total organic carbon (TOC %) content in general seven samples (WH2-057, WH2-

073 and WH2-077; Bak 2; Bak 2.2; Bak 2.4 and Bak 2.5) of both mineral deposits was 

analysed twice each carbonate-free sample (5 g) by the organic elemental analyser (OEA, 

ELTRA's CS-2000) after 10 % hydrochloric acid treatment (45 ml) under room 

temperature and 60oC for 20-30 minutes into a water bath. 

 
3.4.6 Bitumen and kerogen extraction 

The bitumen extraction analysis (Figure 19 a) was carried out with 100 g of 

powdered samples of both deposits and extracted into a cellulose thimble of Soxhlet 

apparatus (Büchi B-811) with a mixture of dichloromethane (837 ml) and  

methanol (63 ml) at 46oC for three days. Due to the low contents of organic carbon, the 

extracts were not further separated into fractions of saturated and aromatic hydrocarbons.  
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The kerogen sample was obtained after removing of carbonates using 10% HCl (for 

2 hours, at 60oC in a water bath). Silicates and quartz minerals using 40% HF; 10% HCL 

(3:1, for 5 hours, at 70oC) into a platinum dish (shown in Figure 19 b) and then the kerogen 

is separated physically from sulphide minerals by sodium polytungstate (SPT) heavy 

liquid, described more details below.  

Kerogen purification was carried out by the sink-float separation (or heavy liquid 

separation) method using sodium polytangstate (SPT). The chemical reagent is non-toxic 

and environmentally friendly. The method with SPT was successful in separating different 

densities. Kerogen has a density of less than 1.02 g/cm3, pyrite up to 5 g/cm3 and SPT was 

made with density a 2.0 g/cm3(Figure 19 b). The three different densities were divided into 

three positions; the upper layer is kerogen, middle SPT and pyrite remains in the bottom 

(Figure 19 c). 

  

Figure 19 General review of extractions for organic fractions: (a) bitumen extraction; (b) 

kerogen chemical demineralisation (upper WH2-073 and lower Bak 2.5); c) kerogen 

physical purification (separations of 1-kerogen, 2-SPT, and 3-pyrite). 

 
3.5  Experimental methods for samples in W-Mecsek and Bakyrchik 

 
A three-stage sequential extraction method has been chosen in the experiment 

to remove gold and silver from soluble fractions (see in Figure 20 a ) in three selected 

samples (WH2-57; WH2-73, and WH2-77) for the W-Mecsek and nine samples for the 

Baryrchik. Many authors have practised the experiment (Varshal et al., 1995; Lakatos et 

al., 1997; Baruah et al., 1998) to extract and evaluate precious metals in organic fractions 

and sulphide minerals. 

 

a b c 
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Figure 20 The review of one of the experiments. Sequential extraction method: 

 A-soluble extract with Au and other trace metals; B-water bath at 100ºC; 

 C-extremely high-reaction between H2O2 and sulphide minerals;  

D-filtration process; E-preparation for the drying process. 

 
3.5.1 An experiment of samples in W-Mecsek 

 
The experiment was performed by a three-stage sequential extraction method: 

potassium hydroxide for humic acid (I stage), hydrochloric acid for carbonates, sulphide, 

sulfate and iron oxide (II stage) and aqua regia (III stage) for iron sulphide, based on 

(Lakatos, et al., 1997); (Varshal, et al., 2000); and (Henrique-Pinto, et al., 2015). All 

authors have used sodium hydroxide for OM dissolution. Still, it was preferred to select 

potassium hydroxide in our experiment because the reagent can be more reactive on 

samples of high sulphur coal (Mukherjee & Borthakur, 2003), which corresponds with our 

case.  

Experimental materials were gathered such as a test tube rack (woody), funnel and 

11 cm diameter of filter paper (Filtrier-Papier Nr. 5893 Blauband Marke Selecta-Germany) 

for filtration procedures and an oven for drying fractions after filtration on each stage. The 

chemical reagents of potassium hydroxide (1M KOH) hydrochloric acid (37% HCl), and 

aqua regia (68% HNO3 + 37% HCl) are provided at the Chemical Department of Miskolc 
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University. Eight rock samples contain different amounts of organic phase together with 

minerals. The samples were crushed separately to less than 63 µm, using an agate mortar 

and pestle, and reducing the sample size of powders using coning and quartering. After the 

crushing process, the powder sample compounds of mostly OM and pyrites were weighed 

at a maximum of 5 g from the selected three samples for the experiment.  

In the first stage (I) for organic materials dissolution, 5 g powders were weighted 

and then mixed manually with 45 ml of 1M KOH added into a glass beaker (100 ml). After 

the mixing process the glass test tube was placed in a water bath at 70oC water for 2 hours 

(Figure 20b and c). After this procedure, it was placed in an ultrasonic bath for 15 minutes 

and then centrifuged at 2500 rpm for 10 minutes. Finally, it was decanted and filtrated for 

liquid extracts and solid residues (Figure 20 d). The residue materials remained for the 

second stage.  

The second stage (II) is related to dissolving iron oxide, sulfate, sulphide and 

carbonates from the residual samples from the first stage. The 2.5 g powder samples were 

added and mixed manually within 22.5 ml of 37% HCl, heating at 60oC for 1 hour in a 

water bath. The extract was decanted and collected into a plastic test tube. Then the residue 

was prepared for the next stage by washing with distilled water and left them in the oven 

for drying (Figure 20 e). 

In the third stage (III), sulphide minerals, mostly sulfosalt minerals and arsenian 

pyrite, the residue materials from the second stage were weighed for 2 g powder samples 

and it was mixed with 18 ml aqua regia (68% HNO3 + 37% HCl, 1:3). Then, it was placed 

in a water bath at 80oC water for 30 minutes. After finishing, the liquid extract was filtered 

as the former process. ICP-OES measured the liquid extracts of three stages for 

concentrations of gold, silver, and platinum group metals (Pt and Pd) as well. 

 

3.5.2 An experiment of samples in Bakyrchik 

A three-stage sequential extraction method has been chosen in the experiment to 

remove gold from soluble fractions in nine samples. Many authors have practised the 

experiment (Beckett, 1989); (Davidson , et al., 1999); (Liang & Jian-Ming, 2016) to extract 

and evaluate heavy metals of sulphide and organic fractions. 

The experiment was performed using a three-stage sequential extraction method based 

on (Dold & Fontboté, 2001); (Usmanova, et al., 2017). Experimental materials were 

gathered such as a test tube rack (woody), funnel and 11 cm diameter of filter paper 
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(Filtrier-Papier Nr. 5893 Blauband Marke Selecta-Germany) for filtration procedures and 

an oven for drying fractions after filtration on each stage. And the chemical reagents of 

hydroxyl ammonium chloride (NH2-OH·HCl), hydrogen peroxide (H2O2) and aqua regia 

(HNO3+HCl) are provided by the Chemical Department of Miskolc University. Nine 

samples contain the most OM and arsenic sulphide-rich minerals. The samples were 

crushed separately to less than 63 µm, using an agate mortar and pestle, reducing the 

sample size of powders using coning and quartering. After the crushing process, the 

powder sample compounds of mostly OM and arsenic sulphide minerals were weighed at a 

maximum of 5 g from every nine samples for the experiment.  

In the first stage is related to dissolving iron oxide and sulphides; the 5 g powder 

samples were added and mixed manually within 45 ml of 1M NH2OH·HCl  

(hydroxylammonium chloride) at pH 4.5. Then the tube was shaken for 2 hours at room 

temperature. The extract was decanted and collected into a plastic test tube. Then the 

residue was prepared for the next stage by washing with distilled water and left in the oven 

for drying at 60ºC. 

In the second stage (for organic materials dissolution), 2 g powders from the residue of 

the sample from stage I were weighted and then mixed manually with 18 ml of 30-35% 

H2O2 (hydrogen peroxide) added into a glass beaker (100 ml). After the mixing process, 

the glass test tube was placed in a water bath at 85oC water for 1 hour. After this 

procedure, the sample was decanted and filtrated for liquid extracts and solid residues. The 

residue materials remained for the second stage. This procedure was repeated on other 

samples nine times, in general, to extract gold from the OM.  

In the third stage (for sulphide minerals, mostly arsenopyrite), the residue materials 

from the first stage were weighed for 1 g powder samples and mixed with 9 ml aqua regia 

(68% HNO3 – 37% HCl, 1:3). Then, it was placed in a water bath at 100oC water for 1 

hour. After finishing, the liquid extract was filtered as the former process, repeated nine 

times on other powder samples from arsenic sulphide minerals for gold extraction. ICP-

OES also measured he liquid extracts of the three stages for gold concentrations and other 

noble metals, and XRPD examined the residues of extracts. 

4. Microscopic petrography of W-Mecsek and Bakyrchik samples 
 
4.1 Microscopic petrography of W-Mecsek samples 
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The eight sandstone samples of the drilled cores have a typical occurrence of 

uranium-bearing carbonaceous detritus within a sandstone matrix containing 

sulphide (pyrite) and OM (Figure 21 a), composed mainly of quartz, muscovite, 

feldspar, carbonate and clay. 

 
Figure 19 General overview of (a) drill core samples (between 883-886 m),  

denoted zones of carbonisation (red colour) and pyritisation (yellow colour); and (b) 

transmitted-light micrograph (left-PPL and right-XPL) of the sample showing the presence 

of OM (black colour) in voids of quartz rock grains and clay minerals,  related to sample 

WH2-73. Abbreviation: DOM- dispersed OM; Ank-ankerite; Alb-albite; Dol-dolomite; 

Kfsp-potassium feldspar (microcline); Mus-muscovite; Qtz-quartz. 

 
Quartz appears in anhedral forms, mainly transformed from microcrystalline quartz 

by recrystallisation (Figure 21 b). The muscovite is anhedral, has a flaked and scaly 

texture, high-birefringence aggregate, and some crystals are deformed by tectonic stress. 

Feldspar is mainly microcline, which occurs as anhedral grains and shows a lathlike habit, 

associated with partly albite and low-grade muscovite. Some feldspar crystals have been 

altered completely. Enrichment of hydromicas is a hydrothermal alteration widely 

developed in all samples, which is mainly formed by the hydration of mica and feldspar. 

The ankerite, Mg-Mn siderite, and dolomite occur as a veinlet texture. 
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The OM is opaque in the thin sections, and they usually appear as dark and partly 

brownish-grey fillings of voids and pores. They are optically isotropic under the 

transmitted light. The OM appears mostly as a filamentous, flow-like texture of bitumen 

and covers mainly quartz and rock fragment grain boundaries from very narrow (lesser 

than 1µm) to broad (~ 0.5 mm) fillings of voids and micro-cracks or appears as lenses 

showing the results of migration (Figure 21 b). Detailed descriptions of the OM types are 

discussed below. 

4.2 Microscopic petrography of Bakyrchik samples 
 

The nine rock samples are pelitic rocks abundant in clay minerals and contain 

typical sulphide and OM: Optically, I could identify muscovite, albite, and illite (with little 

amount smectite), hydrothermal carbonate minerals (ankerite and siderite), and quartz. 

Quartz is found as vein and veinlets which penetrate diagonally into laminated clay 

minerals as secondary minerals, indicating a hydrothermal origin. Hydrothermal quartz 

presents in the samples and is paragenetically associated with the arsenic sulphide ore 

minerals, antimony minerals, and solid bitumen as veins and veinlets (Figure 22 a and b).  
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Figure 20 Transmitted microscopy images under plane-polarised light  of 

hydrothermal quartz veins (qtz) with (a) opaque minerals (op) and (b) OM (typical 

pyrobitumen) in the samples Bak 2.5. Scale: 200 µm. 

The studied samples are framework grains, accessory minerals, matrix, cement, and 

pores. The framework minerals are quartz and feldspar; the accessory mineral is 

muscovite, a small number of zircon, and rutile. The matrix is mostly clay minerals 

(mainly illite), while the precipitated cement (authigenic minerals) are quartz cement, 

carbonate cement, and authigenic clay mineral cement. Muscovite occurs more frequently 

than other accessory minerals. Plagioclase feldspar (albite) is the most dominant in the 

samples. The feldspar grains are texturally sub-rounded to sub-angular. Microcline only 

occurs in minor quantities and is absent in some samples. Illite occurs in high numbers and 

is the dominant clay mineral in the samples.  

The OM is dominantly solid bitumen, I could find it in two types with reflected 

white light microscopy, which I will discuss in more detail in the organic petrology 

section. Both are filled with veins (Figure 22 b). Vitrinite and liptinie are seldom present in 

Bak 1, Bak 2.1, and Bak 2.5 samples. The solid bitumen of samples in thin sections is 

opaque, and it appears as dark and partly brownish-grey fillings of veins and veinlets. 

Usually, it is optically isotropic or weakly anisotropic. 

It appears as flow-like textures and covers quartz grain boundaries with very 

narrow (less than 1µm) to broad (~ 0.25 mm) rims, filling in voids and microcracks or 

forming lenses showing the migration results. 

Morphological characteristics and paragenetic association with ore minerals are 

described in more detail in the next sections. 

5. Analytical and experimental results 
 
5.1  The results of W-Mecsek samples 

 
5.1.1 Organic petrology and vitrinite reflectance of W-Mecsek samples 

The OM is found in six types, which generally occur in most of the samples. They 

are as follows:  

1) autochtonous vitrinite from 5-10 µm to 150-200 µm particles (V1),  

2)  and reworked vitrinite V1 

3) inertinite (I) which occurs in the W-Mecsek samples with 10-30 µm size,  
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4) brownish grey in normal light and non-fluorescing filamentous solid bitumen 

(B1),  

5) non-fluorescing solid bitumen as thin veins or void fillings with higher 

reflectivity  pyrobitumen (PB),  

6)  elongated shreds of graphite from 15-100 µm, (G)  

 

1) In W-Mecsek sample, the most common maceral is vitrinite (V1). The 

particle size varies from 5 µm to 200 µm. Usually, the small size distribution is more 

common where the rock matrix is coarser, silty type; e.i. in WH2-072 and W2-076 samples 

between 883.3 and 895.6 m depth interval, respectively. The big vitrinite particles, telinite 

with visible inner texture and well-preserved cell walls, were found in the uppermost 

WH2-009 146.5 m (the additional sample) and the lower section of WH2-070, WH2-072, 

WH2-073 and WH2-076 samples from 865.9 to 895.6 m (Figure 24). Generally, these 

telinite particles have slightly lower reflectance than the dehydrated vitrinite and 

pyrobitumen, where cracks and oxidation patterns with lower reflectivity fields in the 

particle are typical. In the telinite particles, framboidal pyrite crystals are frequent.  

There are bigger homogenous texture vitrinite particles where the size can (WH2-

073 sample 883.3 m) be more than 100 µm, and in the inner texture 5 µm to 10 µm size 

inclusions of minerals, or their former place may occur (Figure 24 a-b). In the vicinity of 

the inner inclusions, oxidation rims and higher reflecting radiation haloes are visible in this 

vitrinite, desmocollinite. 

2) Inertinite (I) is visible in the same silty samples where vitininte is abundant. The 

concentration of inertinite is lower compared to vitrinite. Usually, the particle size varies 

from 10 µm to 60 µm, exceptionally in the uppermost WH-09 sample from 146.5 m where 

fusinite particle size can reach 200 µm (Figure 24 d).  

3) In the wider fracture zones, fractured vitrinite's solid bitumen and deformed structures 

can occur in the hydrothermally developed quartz matrix (Figure 24 e). In my research 

work, I called this vitrinite form as reworked vitrinite and use the same signal as other 

vitrinites, V1. 

4) Liptinite is not common. In some places in the big telinite particles, thin 

elongated forms with higher reflectivity than the telinite indicate their presence. 

5) Solid bitumen occurs in two forms. The typical appearance of the non-

fluorescing solid bitumen (B1) is dark brown to greyish colour in reflected normal light. 

Occurs as filamentous fillings between mineral or rock particles or appears as diffuse 
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brownish precipitation on the polished surface. The other solid bitumen, pyrobitumen, 

shows much higher reflectivity than vitrinite (Figure 24 c). This maceral appears as dots or 

in the form of fillings of fractures and voids of quartz and other rock particles (PB). It 

occurs as a continuous pretty thin membrane in the quartz veins smaller in diameter than 

0.3 µm, which is adhered to the wall rocks and follows the crystal borders. This PB type is 

common in samples WH2-065, WH2-070, WH2-072, WH2-076 and WH2-077, below 

847.5 m. Others also appear in the thicker veins and voids between minerals with highly 

reflecting grey colour and homogenous texture in normal light without fluorescence, 

usually from 5 µm to 20 µm.  

Graphite (G) flakes are rarely found in the lower part of the section in samples of 

WH2-070 and WH2-076. The graphite flakes of the samples have 5-25 µm in width and 

20-40 µm in length. (Figure 24 d).  

Bitumens are represented by dark brown to greyish colour filamentous bitumen 

(B1) and pyrobitumen (PB) in reflected normal light and without fluorescence. The dark 

brownish filamentous, slightly fluorescing solid bitumen B1 (Figure 25 a, c and d) occurs 

as fillings between the rock particles from very thin to large fractures and voids of quartz. 

B1 is associated with autochthonous vitrinite V1 in the voids between cells or cracks. PB 

fills filling fractures and voids of quartz and appears like discrete dots or filaments, fillings 

in the thicker veins and voids with grey colour and homogenous texture in normal light 

without fluorescence in excited illumination (Figure 25 b).  

The organic petrography analysis shows that the OM is dispersed (DOM) in six 

types of two bitumens (B1 and PB), vitrinites (V1), inertinites, liptinites and graphite (G) 

flake in samples (Figure 24 and 25). The DOM is mostly occurred as void and fracture 

fillings in quartz grains with weak or absent fluorescence excitation. The DOM is often 

associated with uranium and sulphide minerals, where the uranium-containing mineral 

matrix has greenish fluorescence in blue light excitation. 

Random vitrinite reflectance (Ror%) of six samples shows that Ro% values range 

from 1.787 % to 2.252% and correspond to the to anthracite stage of coalification of the 

terrigenous DOM (Table 4). The lowest reflectance values were measured in sample WH2-

076, 895.6 m, where the telinite texture was still recognisable and had lower reflectance 

than the homogenous vitrinite with dehydration cracks.  

 
Table 3 Vitrinite reflectance measurements of the six selected rock samples. 

Samples WH2-57 WH2-65 WH2-70 WH2-72 WH2-76 WH2-77 



45 
 

Depth (m) 831,4 847,6 865,9 870,5 895,6 907,5 
Min 1,720 1,902 1,998 1,600 1,598 2,190 
Max 2,988 2,234 2,850 2,897 2,211 2,360 
Ror% 2,251 2,113 2,381 2,024 1,787 2,252 
STD 0,328 0,087 0,221 0,289 0,142 0,067 

Number 20 11 22 18 17 5 
Legends: Min: minimum measured reflectance of particle, The measured highes reflectance particle value, 
Ror%: random vitrinite reflectance, STD: standard deviation, Number: number of the readings, 
measurement in the sample 
 

5.1.2 Ore mineralogy 

The ore minerals in all samples were found in very tiny sizes (between 2 µm and 20 

µm), which were difficult to identify by optical microscopy. Nevertheless, the uraninite 

occurs as a veinlet, needle-like form and mainly euhedral grains in the fractures with 

dolomite and quartz. It is intimately intergrown with reworked vitrinite and solid bitumen 

(Figure 26 a and b). The uraninite crystal grains occur up to 20 µm in reworked vitrinite 

than solid bitumen. Euhedral and needle-like forms of uraninite crystals mainly occurred 

within reworked vitrinite. The uraninite crystal growth (its size varies between 5-10 µm) is 

associated with the solid bitumen. Very small nanocrystalline aggregates of uraninite (up 

to 5 μm in diameter) are present in all solid bitumen veins; there are also rare examples of 

micron-scale veinlet of uraninite. 

Based on uraninite morphology, the uraninite grains in the samples can be divided 

into two types: (1) detrital, euhedral uraninite, and (2) irregular secondary grains 

comprising submicrometric aggregates of smaller grains. Electron microscopy determines 

uranium ore minerals' chemical compositions and morphological fissures, showing more 

detail in the next sub-chapter. 

Figure 21 Uraninite minerals (white greyish grains, indicated by red arrows) associated 

with OM: a) uraninite with pyrobitumen (PB); b) uraninite with vitrinite (V1). 

 

a b 
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5.1.3 Mineralogical and chemical composition 

The eight sandstone samples are composed mainly of quartz, feldspar, carbonates 

and clay; average values based on XRPD results show that quartz is up to 25 wt%; feldspar 

minerals consist total of 20.2 wt% of microcline (12%) and albite (8.2%); carbonate 

minerals range between 7.7 % ankerite (low-grade Mg-Mn siderite) and 19.5% of 

dolomite; clay minerals have total 14.3% of illite (13%), smectite (0.7%) and kaolinite 

(0.6%); and traces of muscovite, and titanomagnetite (Table 5).  

Chemical compositions of the whole rock samples confirm that major felsic rock-

forming minerals consisting of elements Si, Al, Na, K, Mg, Mn, and Ca vary from 2% to 

65 % for quartz, potassium and sodium feldspar minerals, and carbonate minerals while 

minor elements Ti (average 0.28 %) and P (average 0.09 %) form compounds of titanium-

oxide and phosphate minerals. Sulphide ore minerals of the whole rock samples consisted 

of elements As (up to 5027 ppm), Fe (up to 11.1%), Cu (up to 2662 ppm), Zn (up to 315) 

and Pb (up to 431). The high values of the elements show increasing pyrites in the samples 

of WH2-071 and WH2-072.  

The amorphous matter content ranges from 4 wt% to 31 wt%, in average 12 wt%, 

mainly, the highest values in the two samples WH2-071 (31 wt%) and WH2-072 (17 wt%), 

calculated from the XRPD in Table 5 as amorphous material. The pyrite mineral content 

varies between 0.6 wt% and 33.4 wt%, in average 9 wt%. The pyrite content's highest 

values are shown in the two samples WH2-071 (14.4 wt%) and WH2-072 (34.4 wt%), as 

shown in Table 5. 

 
5.1.4 Electron microscopic observation of OM and ore minerals 

Microprobe analysis is carried out for the vitrinite (V1) particles associated with 

diagenetic pyrite crystal growth, and other veined bitumen types. These latter bitumens 

were also planned to test. Still, individual elements were not applicable due to the detection 

limit, because the vein fillings and filaments have very thin microtextures, which were also 

mentioned by other authors before (Belin, 1994); (Cardott, et al., 2007). The diagenetic 

pyrite growths in the vitrinite particles have a form of globular framboids, sometimes 

polyframboids in the samples (Hámor, 1994). EMPA-EDS show (Figure 27 a) that the 

framboidal pyrite is a sedimentary-diagenetic origin with a diameter of 10 microns 

showing arsenic content up to 1 wt%. The vitrinite contains less than 88 wt% organic 

carbon, 5.4 wt% oxygen, and a relatively high S content of over 5.5 wt% (Figure 27 a). 
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Besides the major elements, chlorine was found in the vitrinite in the sample WH2-065 

ranging from 0.05 and 0.10 wt%. 

 
Figure 22 EMPA-BSE images with EDS measurement showing chemical  

contents of vitrinite (V1) and subhedral Ti-Ca-rich coffinite; and (b) subhedral U and REE-

bearing phosphorus minerals and needle-like Ti-rich uraninite within OM in the dolomite 

veins with quartz grains of the sample – WH2-70. (unit wt%). 

 
The samples found three phases of uranium ores: uraninite (pitchblende), coffinite, and 

U-REE-bearing phosphorus minerals. The uraninite with titanium occurs as a veinlet or 

needle-like form in the fractures with dolomite and quartz and is intimately intergrown 

with OM. The length of needle-like uraninite varies from 10 µm to greater than 100 µm, 

while the coffinite is around 20 µm. In both minerals, titanium (up to 26 wt%) also occurs 

in significant concentrations. Calcium (3-8 wt%), silicon (2 wt%), phosphor (up to 0.6 

wt% and partly absent), and zirconium (up to 2 wt%) elements enrich solely in the 

coffinite. Although, the most abundant U mineral is uraninite (UO2), it slightly deviates 

from the stoichiometric formula due to titanium and zirconium enrichment. 

The second and less common mineral type is the calcium and phosphor-rich coffinite 

[(U,Ca)(P,Si)O4]. It forms subhedral flakes in the vicinities of dolomite. We could not find 

pure coffinite in our samples (Figure 28 a and b). The third type of uranium mineral is the 

low-grade U-bearing phosphorus mineral with a uranium concentration of up to 3.4 wt%. 

This type is found in the finely dispersed form of 3 µm in diameter in particles of the 

vitrinite and the clay minerals. The most significant rare earth elements in the uranium 

minerals are the following: yttrium (22 wt%), dysprosium (6.7 wt%), gadolinium (4.4 

wt%), erbium (3.9 wt%), ytterbium (2 wt%), and samarium (1.3 wt%). Additionally, the 
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accessory minerals are found in trace amounts of monazite (size, 20-30 µm) and zircon (12 

µm) associated with clay minerals and OM of the samples. 

Two recrystallised pyrites (cement and euhedral forms) growths occur mostly on clay 

minerals with the chemical content of arsenic in them up to 4 wt%. The various growths of 

sulfosalt minerals occur with arsenic, copper, antimony, zinc, and iron vicinity of voids of 

the euhedral pyrite. Sulfosalt minerals (As-Cu-Sb-Zn-Fe) contain much more copper (37 

wt%), arsenic (22 wt%) elements decreasing in order with zinc (5.6 wt%), iron (4.5 wt%), 

and antimony (1 wt%) (shown in Figure 28 a and b).  

Other sulphide minerals such as galena, sphalerite, and antimonite are found as finely 

disseminated forms and rare or absent in several samples. The galena was found in 

fractures of potassium-feldspar in the matrix of the vitrinite particles in two samples; its 

size varies from 3 µm in the sample WH2-65 and to 20 µm in the WH2-077 while the 

sphalerite in size up to 10 µm and antimonite 5 µm grown up in Fe-Mg carbonate minerals 

which occur solely in the sample WH2-073. Sphalerite is found up to 10 µm in pores of 

sample WH2-073, whereas galena occurs in size between 10-50 µm (samples WH2-077) 

and the framboidal form up to 0.5 µm within the vitrinite as well (sample WH2-065). 

We could not find any free grains of precious metals in the vitrinite particles, early 

diagenetic pyrite, and recrystallised pyrites. 

 

Figure 23 EPMA-BSE images of euhedral pyrite grains with arsenic content in grey (a), 

and sulfosalt minerals with high  arsenic (and copper) element (b), (unit in wt/% ) of the 

sample – WH2-72. 

 
5.1.5 X-Ray maps of OM for carbon and sulphur content  
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The BSE image of Figure 29 a was selected to analyse the vitrinites on the X-ray map 

indicating elemental analysis values of 86 wt% carbon and 5.7 wt% sulphur. Several 

greyish-white spots in the clay matrix and at the margins of vitrinites show growths of 

individual, framboidal, and polyframboidal pyrite crystals with of arsenic content of 0.4 

wt% (Figure 29 a and b).  

 

Figure 24 EMPA-EDS X-Ray map with quantitative results of fractured vitrinite particle 

(V1) associated with framboidal pyrites in quartz matrix: BSE image (a); EDS 

measurement (b), and X-Ray mapping of the image (c and d): in the image (c) fractured 

vitrinite is shown in blue within the rock matrixes (denoted albite in cyan, quartz in green, 

K-feldspar in brown, pyrite in dark blue and titanium oxide in white); and in the image (d) 

sulphur content of vitrinite (dark orange) and pyrite (light orange) with surrounding 

silicates (in green quartz and dark green K-feldspar) from the sample – WH2-76. (OM-

organic matter and py-pyrite). 

 
(Tseng, et al., 1986); (Harrison, 1991); and (Ward & Gurba, 1998) have measured 

successfully the amount of organic sulphur in individual maceral grains of OM. (Ward & 
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Gurba, 1998) have explained that EMPA may detect all organic forms of sulphur content 

than a chemical combination analysis with pyritic sulphur and sulfate. 

The EMPA X-ray map indicates the vitrinites as blue, associated with pyrite (dark blue, 

see in Figure 29 c) into grains of microcline (brown color) surrounding other minerals' 

growths. The organic sulphur is associated totally with the vitrinite, denoted in colour as 

dark orange. In contrast, sulphur of pyrites distributes along and within the vitrinite matrix 

and into the feldspar grains shown in Figure 29 d as light orange colour. 

5.1.6 Thermal maturity and reflectance 
 

The result of Micro-Raman spectroscopy of OM is the following for the non-

fluorescing bitumen (B1) and pyrobitumen (PB), vitrinite telnite and vitrodetrinite (V1). 

The result focuses on the first-order region, which is associated with relatively high 

intensive two bands of D and G between 1360 – 1600 cm-1 (the bands are sensitive to 

maturity for coals, (Quirico, et al., 2003)) and quite weak bands of D3 at 1515 cm-1 and 

D4 at 1160 cm-1, and the second region associated with relatively low intensity of three S 

bands at 2700 cm-1, 2940 cm-1 and 3200 cm-1  following studies of the altered coaly 

materials for evaluations of (1) altered temperatures and (2) thermal maturity or the 

corresponding coal rank based on the methods of (Barker & Pawlewicz, 1994); (Quirico, et 

al., 2005); (Liu, et al., 2013); (Hinrichs , et al., 2014); (Li, et al., 2019a) and (Li, et al., 

2019b).  

Raman's results indicate that the vitrinite in our samples correlates well with the 

structural evolution of bituminous coal from in Hunan Province, China in the study of (Li, 

et al., 2019a). 

The Raman measurement concentrates on four parameters like peak height (PH), 

inter-peak interval ratio (G-D), peak height ratio (R1, for intensity) and full width at half 

maximum (FWHM). The estimation for the altered temperature of the terrigenous wood 

origin materials was carried out by the Raman parameters using the earlier temperature 

calculation formula by (Barker & Pawlewicz, 1994), which was later modified by (Li, et 

al., 2019a), and called a vitrinite reflectance geothermometers (VRG). The modified 

formula of (Li, et al., 2019a) the formula (1). 

  

T peak (°C) = −7.8829 (G FWHM) + 752.59,          (1) 

is restricted to the temperature range of ~70 – 300oC based on peak temperature (T peak) 

and to the full width at half maximum of the G band (G-FWHM). This algorithm is used 
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for the OM impacted by active hydrothermal process and anomalously high burial heating 

in the vicinity of magmatic intrusions, where the vitrinite reflectance (Ro) varies from 

0.55% to 3.17% (Barker & Pawlewicz, 1994); (Chen, et al., 2017); (Li, et al., 2019a) 

or/and radiolytic alteration of OM caused by ionising radiation resulting from the decay of 

uranium, where increasing vitrinite reflectance of the OM, from about 0.7% to 3.4% in 

contact with the grain of uranium minerals (Eakin & Gize, 1992); (Machovič, et al., 2021). 

The reflectance of the OM of vitrinite particles was determined by laser Raman 

characteristic peaks (peak height) using the Liu (Liu, et al., 2013) equation, which is 

equivalent to vitrinite reflectance that can reflect different maturation grades and the 

surface optical properties of samples (Liu, et al., 2013). The Liu equation is based on the 

matching relationship between Raman inter-peak interval (G – D), and vitrinite reflectance 

(vRo%) can be derived as (2) 

 

RmcRo % = 0.0537 d (G – D) – 11.21,          (2) 

where RmcRo% refers to Raman reflectance using Raman parameters; d (G – D) refers to 

Raman peak interval, which is more applicable for the coaly materials (high maturation 

stage with mineral inclusion) in a metallic deposit (Liu, et al., 2013), which corresponds 

well to our case. The regular change of the distance between vibration peaks of G and D 

and the ratio of their heights with the increase of maturity in samples were calculated to 

give the equivalent reflectivity of vitrinite (V1), showing maturity parameters in Table 6.  

The reflectance in the two vitrinite types indicates that the OM is in range of medium rank 

coal with 1.57% RmcRo % equivalent vitrinite reflectance, listed by works of (Quirico, et 

al., 2003) and (Quirico, et al., 2005) according to the standard of ASTM-2798.  
The solid bitumens, vitrodetrinite and vitrinites are described separately below, 

shown in Figure 30 and Table 6. Results were carried out on 10 spot analyses on each 

particle of the OM. All the studied OM has low intensity (between 515 and 2790) for the D 

band and high intensity (between 675 and 3625) for the G band of the Raman spectra, 

respectively. Separately, the veined pyrobitumen (PB, hard to measure with the lowest 

diameter of 20 µm) is characterised by a wide (up to 231.41 cm-1 FWHM) D band at 

around 1362.0 ± 4.0 cm-1 and a narrow (up to 74.14 cm-1 FWHM) G band at 1601.0 ± 3.88 

cm-1 (n = 10) while the non-fluorescing bitumen (B1) has a wide D peak (up to 236.24 cm-

1 FWHM) at a wavenumber of 1365.7 ± 1.1 cm-1 and a narrow G peak (up to 79.01 cm-1 

FWHM) at a wavenumber of 1601.0 ± 9.0 cm-1. 
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The autochtonous telinite (V1) is characterized by a wide (up to 235.3 cm-1 

FWHM) D band at around 1364 ± 0.8 cm-1 (n = 10) and narrow (up to 78.1 cm-1 FWHM) 

G band at 1602.0 ± 0.9 cm-1. 

The increase of the equivalent vitrinite reflectance of Raman reflectance correlates 

well with the increasing values of the parameters of inter-peak interval (G-D) and peak 

height ratio of (Liu, et al., 2013),. 

 
Figure 25 Raman microscopy measurement of non-fluorescing bitumen (B1) and 

pyrobitumen (PB), and autochthonous vitrinite telinite (V1) showing Raman spectra (left 

side) of D and G peaks and optical photomicrographs (right side) under cross-polarized 

light. 

 

Table 4 Relevant Raman parameters for organic materials for the selected rock  

samples: R1 (PH ratio) = (ID/IG), where ID and IG are the intensity of the D  

and G band (based on (Li, et al., 2019a)). 
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Abbreviation: OM – dispersed OM; PB – pyrobitumen, B1 – non-fluorescing bitumen, and V1 – telinite; RP - 
Raman peak mark; RS – Raman shift; FWHM - full width at half maximum; PH - Peak height; G-D – Inter-
peak interval; R1 – peak height ratio; RmcRo% – Raman reflectance or equivalent vitrinite reflectance 
calculated from the Raman parameters expressed in equivalent to vitrinite reflectance; T - Temperature. The 
results from samples: PB from WH2-072; B1 from WH2-073; V1 from WH2-077and WH2-057. 

 
We can conclude that the Raman method measured much less Raman reflectance 

RmRo% (up to 1.62 %) of OM than vitrinite reflectance (2.2 %). It may be why vitrinite 

identification remains the major challenge for many samples (Ronald, et al., 2018). 

Moreover, inertinite and solid bitumen can be notoriously difficult to accurately distinguish 

from vitrinite, especially if the OM is in low abundance (< 1% TOC) and finely 

disseminated, or the solid bitumen component is in high abundance (Ronald, et al., 2018).  

 
5.1.7 Total organic content (TOC) and organic elemental (H, N, S) 

analysis 

Total organic carbon (TOC %) of eight samples was found in various ranges from 

0.15 wt% to 1.1 wt% (average 0.83 wt%) in the eight samples. The lowest grade of TOC % 

was found at 0.15 wt% in the sample WH2-57. The concentration of the OM changes 

gradually with increasing depth, in a mean value of TOC is 0.61 % of the sample WH2-72 

while the highest TOC content is 1.1 % which shows the sample WH2-71 (Table 7).  

 
Table 5 Total organic carbon (TOC %), H, N and S of eight whole-rock samples. 

Samples Depth (m) TOC % value H% value N% value S% value 
WH2-057 831.4 0.15 0.23 0.025 0.16 
WH2-065 847.6 0.37 0.97 0.027 3.22 
WH2-070 865.9 0.22 0.23 0.033 0.78 
WH2-071 870.0 1.10 1.74 0.14 4.80 
WH2-072 870.5 0.61 1.31 0.03 2.23 
WH2-073 883.3 0.17 0.23 0.027 1.67 
WH2-076 895.6 0.39 0.65 0.043 3.54 
WH2-077 907.5 0.25 0.52 0.15 5.81 

 
The organic elemental analyser determined hydrogen, nitrogen and sulphur. 

Hydrogen contents ranges from 0.23 wt% (sample WH2-57) to 1.74 wt% in sample (WH2-

71) (average 0.76 wt%) while nitrogen varies from 0.025 wt% (sample WH2-57) to 0.15 

wt% sample (WH2-77) (average 0.073 wt%), fluctuated between the samples, respectively. 

PB 
 

G 1601.0 239.0 74.14 1380 0.782 1.62 144.5 D 1362.0 231.41 1080 
B1 

 
G 1600.1 234.4 79.01 675 0.762 1.37 129.7 D 1365.7 236.24 515 

V1 
 

G 1602.9 238.1 78.11 3625 0.769 1.57 136.8 D 1364.8 235.28 2790 
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Total sulphur content varies in the samples from 0.16 wt% (sample WH2-57) to 5.81 wt% 

(sample WH2-77), and its average value is 2.79 wt%. 

 
5.1.8 Functional group composition and soluble OM analysis 

The soluble OM has been used for the interpretation of results of FTIR analysis 

based on the research works of (Andreas, et al., 2003), (Balachandran, 2014), and 

(Weizhen, et al., 2017).  

 

 
Figure 26 FTIR analysis and comparison of organic fractions: (a) molecular structure of 

lignin with silica nanocomposites (modified from (Weizhen, et al., 2017)); (b) OM with 

rock matrices of carbonate free, shown the sample of WH2-77 (indicated no carbonyl in 

frame). 

 
FTIR spectra assigned the OM composition that the broad peak at 3375 cm−1 has 

the stretching vibrations hydroxyl (O–H) groups (very small amount) and methylene 

groups appear like anti-symmetric stretching at peak 2932 cm−1 and stretching at peak 

2854 cm−1, respectively. The peaks at 1632 cm−1, 1525 cm−1, 1497 cm−1 and 1282 cm−1to 

characteristic vibrations from aromatic rings, which is characterised by polycyclic aromatic 

hydrocarbon. The stretching vibration of C-O for carbonyl groups is absent in the samples. 
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The OM structure in the samples was compared to identify its exact molecular structure 

using a pattern of phenolic hydroxyl group material. They compared with characteristic 

peaks of the phenolic hydroxyl group (Figure 31 a) and the studied OM characteristic 

peaks (Figure 31 b). The characteristic vibrations from aromatic rings of the phenolic 

hydroxyl group at 1632 cm−1, 1523 cm−1, 1499 cm−1 and 1282 cm−1. These similar 

characteristic peaks of vibrations reflect the studied OM was continuing similar stretching 

vibrations of the phenolic hydroxyl group at 2854 cm−1 and 2931 cm−1 and almost similar 

to the broad peak of the phenolic hydroxyl group at 1436 cm−1, except the carbonyl stretch 

of the phenolic hydroxyl group peak at 1733 cm−1, where it is absent in composition of the 

studied OM. The carbonyl group could be disappeared in the studied OM during a 

decarboxylation process. Other OM composition and structure functional groups 

correspond with the phenolic hydroxyl group characteristic of lignin material. 

The extractable fraction and the volume of the soluble OM were very small, and it 

was not fractionated further. 

 
5.1.9  Sequential extraction experimental results 

Three sequential extraction stages were used to remove the gold and silver from the 

soluble OM of the samples, associated with two exchangeable fractions bounding to the 

OM and arsenic sulphide minerals like pyrite and sulfosalts. 

The optical and electron microscope techniques have not confirmed the presence of 

native gold grains in the OM of the samples and even in the arsenian pyrites and some 

sulfosalt minerals. The experimental extractions of gold were successful for the previously 

separated organic fraction and the handpicked, arsenian pyrite bearing minerals. Moreover, 

the organic fraction contains silver, but no platinum metals besides gold. This suggests that 

the gold and silver are very finely dispersed within the organic matrix. 

 
Table 6 Results of extracted metals from the whole rock samples in the three stages. 

Samples Three stages with chemicals and elements values (unit, ppm) 
I stage (KOH) / OM 

Au Ag As Fe Cu Zn Pb Sb 
WH2-057 2.28 0.11 2.2 1.8 0.03 0.02 - - 
WH2-073 1.89 0.01 5.3 0.1 0.36 0.36 - 0.05 
WH2-077 3.28 0.07 3.3 0.3 0.07 0.02 - - 
Average 

(unit, ppm) 
2.48 0.06 3.6 0.73 0.15 0.13 - 0.025 

Samples II stage (HCl) / Sulphide minerals 
Au Ag As Fe Cu Zn Pb Sb 

WH2-057 0.20 0.19 2.9 749 0.05 0.4 0.4 - 
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Note: TOC (%) concentration reaches 0.15 % in WH2-057; 0.17% in WH2-073 and 0.25% in WH2-077 
 

ICP-OES measured the gold for gold concentrations accompanied by silver shown 

in Tables 8 from the two different phases of the soluble organic fractions and arsenic 

sulphide minerals from three samples.  

In the first stage of the sequential fractioning, the total amount of extracted gold 

was 7.45 ppm (2.48 g/t on average) and silver 0.19 ppm, respectively for both elements. 

Other elements were in much smaller quantity at this stage, see in Table 8. 

During the second sequential stage, the high concentration of hydrogen chloride 

leached a total amount of gold at 1.27 ppm (0.42 g/t on average) and silver at 0.52 ppm, 

additional higher amounts of iron at 1041 ppm and lead up to 29 ppm, while arsenic 

remained in smaller quantity.  

During the third sequestration, Aqua regia dissolved the remaining metals, sulfosalt 

and pyrite. In the dissolved material, arsenic (up to 84 ppm), iron (1136 ppm), copper (2.8 

ppm), zinc (18 ppm), antimony (0.3 ppm) remained with an elevated total concentration of 

silver up to 2.86 ppm, most likely from sulfosalt minerals as tetrahedrite and Cu-As-Zn-Fe-

Sb sulfosalts, but the gold is absent. 

The gold and silver concentrations in the OM and arsenic sulphide minerals (pyrite 

and sulfosalts) differed. The three stages of experiments strengthened that most of the gold 

is associated with the OM (7.45 ppm) compared to the sulphide minerals (1.27 ppm). At 

the same time, the silver concentration is greater in the sulphide minerals (3.38 ppm) than 

in the OM (0.19 ppm). The highest gold content has the sample WH2-077. However, the 

sample WH2-057 shows the highest silver value (Table 8). 

 
5.1.10 LA-ICP-MS  

 The LA-ICP-MS line spot analyses on the OM grain (Figure 32) show good signals 

of carbon content with higher signals of U and Th and the presence of signals of Au and 

WH2-073 0.44 0.18 7.1 1041 0.55 7.1 5.6 - 
WH2-077 0.63 0.15 6.7 639 0.75 0.5 29 - 
Average 

(unit, ppm) 
0.42 0.17 5.56 809 0.45 2.6 11.6 - 

Samples III stage (Agua regia) / Residual materials 
Au Ag As Fe Cu Zn Pb Sb 

WH2-057 - 1.19 84 393 0.4 0.6 0.3 0.33 
WH2-073 - 0.89 61.0 1045 2.5 18 2.1 0.06 
WH2-077 - 0.78 37.5 1136 2.8 1.2 3.4 0.07 
Average 

(unit, ppm) 
- 0.95 60.8 858 1.9 6.6 1.9 0.15 
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Ag. The signals of radioactive elements with Au increase more in the core of the grain of 

OM than in the rim.  

Line profiles from the host into pyrite crystals show the presence of Au and Ag 

counts within the pyrite, with more signals in the core than in the rim of pyrite. Arsenic 

content is higher in the core than in the rim of pyrite crystals (Figure 32). 

The LA-ICP-MS analyses of 33 spots with good signals of a total of 45 on the 

grains of OM, mainly reworked vitrinite shows the presence of Au and Ag, ranging from 

1.19 ppm to 5.06 ppm Au; and 1 ppm to 90 ppm Ag.(Figure 32 a, and Table 9, 10 and 11). 

The value of Au enriches with increasing the values of radioactive elements (the 

highest values of 61 ppm U and 9 ppm Th) and arsenic content (the highest value of 2558 

ppm). Table 10 shows detectable thirty-three gold signals of the sample WH2-065 with 

selected the highest values from 5.05 ppm to below detection limit while the remaining 

samples have low signals. 

In the case of pyrobitumen of the sample WH2-065, 50 spots on the grains of 

veined pyrobitumen were analysed with a searching size of 100 µm in width but mostly 

was lesser than 50 µm. The very small-sized veined pyrobitumen with tiny forms was the 

main reason for its inaccessibility, showing low signals of trace elements and gold. 

The spot analyses on the OM show other trace elements from its associated mineral 

elements of Fe (average 26431 ppm), As (average 256.7 ppm), Cu (average 2984 ppm), Pb 

(average 4535 ppm), and Zn (average 610 ppm), and other many additional elements of Ti 

(411142 ppm), Mn (average 9206 ppm), Ni (average 1990 ppm), Ga (average 739 ppm), Sr 

(average 2844 ppm), Y (920 ppm), Nb (average 1034 ppm), Mo (average 663 ppm), Ba 

(average 11100), and Hf (average 509 ppm).  

Concentrations in the OM of many other elements are mostly low signals Bi, W, 

Ta,Ge and Sb (average between 35 ppm and 231 ppm) and below the detection limit, such 

as C, S, Se, Pd and Pt. 

The LA-ICP-MS spot analyses on crystal grains of pyrites detect (Table 11) much 

lesser Au content (up to 0.67 ppm) but much higher values of Ag (up to 43 ppm) and As 

contents (up to 25146 ppm) than in the OM. Nevertheless, gold is present in both euhedral 

and cement pyrites showing almost similar concentrations below the detection limit to 0.67 

ppm, with an average value of 0.32 ppm.  

The euhedral pyrite contains higher concentrations of Cu (average 2361 ppm), Zn 

(average 367 ppm), Pb (average 2025 ppm), and Sb (average 64), while the cement pyrite 

ranges low concentrations of the elements mentioned above. Nevertheless, other trace  
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Figure 27 Representative time-resolved LA-ICP-MS depth profiles for Au, Ag, U and Th 

along a liner track through grains of OM in the sample of WH-2-065. (Scale 100 µm in the 

photomicrograph). 

 

 
Figure 28 Representative time-resolved LA-ICP-MS depth profiles for Au and Ag  

along a liner track through pyrite grains of pyrite in the sample of WH-2-072. 

elements in the cement pyrite are higher than in the euhedral pyrite, such as Mn (average 

58 ppm), Nb (average 3 ppm), Ni (average 136 ppm), Ag (average 36 ppm), Ti (medium 
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145 ppm), Ba (average 27 ppm), Sr (average 6 ppm) and similar concentrations of As 

(average up to 23 020 ppm), Mo (average up to 693 ppm) and W (average 0.09 ppm) in 

both pyrites. The highest Cu and Zn and Pb values in the euhedral can be explained that the 

pyrite occuring next to Cu-rich sulfosalt minerals in its pores and some minor galena 

crystal inclusions. 

For all two pyrite generations, the concentrations of many other elements are 

mostly below the detection limit, such as Sc, Cr, Ga, Ge, Zr, Hf, Ta, Bi, Th, and U. 

The results of LA-ICP-MS spot analyses correspond with the results of ICP-OES, 

where the value of Au is more in OM than in pyrite, but the value of silver is more in 

pyrite than in OM. The results of LA-ICP-MS confirm the results of ICP-OES.  

The dataset of LA-ICP-MS shows that gold concentrations are relatively uniform 

among the samples. Most of the LA-ICP-MS time-resolved depth profiles for Au, Ag, U 

and Th in OM are wavy, displaying several spikes. The pyrite grains (cement texture) also 

show many spiky depth-concentration for Au and Ag (Figure 33, and Figure 34), 

indicating the occurrence of Au primarily as a solid solution in a lattice or as 

homogeneously distributed nanoparticles (Cook, et al., 2009); (Sung, et al., 2009); (Gao, et 

al., 2019).  

 

5.2 The results of Bakyrchik 

5.2.1 Organic Petrology 

The OM occurs in all nine samples. Vitrinite is very seldom and it usually occurs as 

5 µm to 20 µm elongated angular grains in the mineral matrix. The other form of vitrinite 

was in the Bak 1 sample, where a bigger, fractured grain with more than 200 µm length in 

total can be seen as fractured pieces of 20x50 µm angular particles.  The original particle 

had fractured epigenetically when the crystal growth of the hydrothermal quartz embedded 

it. The thermal maturity level of samples is in the coalification stage of anthracite, and the 

liptinite optical feature also conforms. These fractured OM particles were the only place 

where liptinite is visible with higher reflecting sporinite. Inertinite is not a typical maceral 

of the samples. Because the fractured vitrinite particles with sporinite are very uncommon 

in the samples, I have consdidered it reworked vitrinite which trapped and fracked into 

angular-shaped macerals in the middle of the hydrothermal fracture zone. They are more or 

less parallel with the fracture orientation, located in the middle of large voids later filled by 

spheroidally growing quartz. The growing pattern of quartz crystals is perpendicular to the 



60 
 

orientation of the elongated particles. This reworked vitrinite appears relatively rarely, 

does it occur in the first and second groups of samples (found only in three samples of Bak 

1, Bak 2.1 and Bak 2.5). In the reworked vitrinite, framboidal pyrite is frequent. 

Dark brown solid bitumen (B1) occurs as a diffuse bituminous matrix or a 

continuous pretty thin membrane on the quartz, which is also adhered also to the wall 

rocks. This solid bitumen type usually occurs on most quartz veins (Figure 35).  

The solid bitumen shows discontinuous membrane fillings and veins with a diameter 

smaller than 0.5 µm, adhered to wall rocks and occurs in the veinlets like patches of 

diffused bitumen or following the grain boundaries (Figure 35 a and b). Solid bitumen is 

often associated with sulphide ore minerals in hydrothermal quartz veins and veinlets. 

 

Figure 29 Photomicrographs of fracked reworked, (a) angular vitrinite (V1) particles  

with sporinite (SP) and dark brown solid bitumen (B1) filling in hydrothermal quartz 

veins and pyrite py (in oil immersion, normal reflected light and right is ultraviolet 

excitation) and filling in hydrothermal quartz veins: reworked vitrinite, V1 and pyrite (Bak 

1 sample); (b) solid bitumen (B1) void fillings and diffuse appearance (Bak 2 sample). 

Scale: 10 µm. 
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Associations of solid bitumen B1 and pyrobitumen PB with grains of reworked 

vitrinite, telinite and pyrite growth are shown in Figure 36 a and d. All DOM 

accompanying solid bitumen have no fluorescence intensity. The filamentous solid 

bitumen is infilled in very thin fractures and fissures of quartz grains with the rare presence 

of telinitre and reworked vitrinite. At the same time, pyrobitumen is frequently associated 

with filamentous solid bitumen and vitrinites. The small vitrinite particles associated with 

solid butimen occur as angular grains disseminate in the bitumen. In vitrinite, pyrite 

growths in framboidal and cubic crystal forms occur (Figure 36 d). 

 

 

Figure 30 Photomicrographs of solid bitumen normal reflected light in oil immersion 

filling in hydrothermal quartz veins: a) very tiny filamentous and diffuse solid bitumen 

(B1) (sample Bak 2); b) filamentous and diffuse solid bitumen with pyrobitumen (sample 

Bak 1) and the pyrobitumen spongy feature at left indicates that asphaltene type solid 

bitumen could transform to pyrobitumen; c) vitrinite,  telinite sample Bak 5); d) Egg like a 

humic type of vitrinite with the growth of euhedral pyrite crystals (py) in the middle and 

diffuse solid bitumen in the surrounding (sample Bak 1). Left: parallel polarised light in oil 
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immersion. Right: ultra-violet fluorescent excitation, uranium-containing fluid  inclusion is 

visible. Scale: 10 µm. 

5.2.2 Ore mineralogy  

The ore microscopic observations show that the samples have ore mineral 

assemblages of arsenian pyrite and arsenopyrite, stibnite (antimonite), and valentinite 

(Figure 37 a and e; and Figure 38 a and c). Two morphologic varieties of arsenopyrite are 

recognised in mineralised rocks: acicular-prismatic and tabular forms. The pyrite textures 

appear in four forms, found under the microscope in several polished samples from the 

three specimens. The first textural type of pyrite is framboidal aggregate and very rare 

cubic pyrite; the size is more than 50 μm in the samples, appearing in sericitized 

carbonaceous siltstones. Another two forms are pentahedral and hexahedral pyrite crystals. 

Arsenopyrite always occurs in more quantities with pentahedral and hexahedral pyrite in 

all samples while with antimony ore minerals rarely occur and with small amounts as 

finely disseminated forms. 

The arsenic sulphide ore minerals are closely associated with OM and are 

frequently presented, and the antimony minerals are rarely associated with OM and are in 

very small amounts. The arsenic pyrite was found in cubic and hexahedral textures with 

solid filamentous bitumens. At the same time, arsenopyrite minerals in the samples had a 

twin-tabular and acicular form with pyrobitumens (see Figure 37 a and b). 

The antimony ore minerals are stibnite and valentinite, found in the open space of 

hydrothermal quartz veins in the form of overgrowths of fibrous textures (shown in Figure 

37 c). Antimony ore minerals are radially fibrous crystal aggregates filling voids or 

massive, fine-grained aggregates. Native gold was not detected in samples under optical 

microscopy.  

 
Figure 31 Photomicrographs of ore microscopy: a) cubic pyrite (py), acicular  
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arsenopyrite (asp) and solid bitumen (B1) occurring within hydrothermal quartz veins (Bak 

2.3 sample); b) hexahedral pyrite (py) and tabular arsenopyrite (asp) in quartz veins (qtz) 

(Bak 2.2 sample); c) stibnite and antimonite into quartz veins (qtz) (Bak 2.4 sample). 

Scale: 10 µm. 

 
5.2.3 Mineralogical and chemical composition 

XRPD values show muscovite (average 10.5 wt%), albite (average 5 wt%), illite 

(with low-grade smectite, general average 17 wt%), hydrothermal carbonate minerals 

(ankerite and siderite, general average 16 wt%), and hydrothermal quartz (average 25.1 

wt%) in samples and paragenetically associate with the arsenic sulphide ore minerals, 

antimony minerals, and amorphous matter (Table 12). 

The arsenic sulphide ore minerals were found mostly in the three samples of the 

second group; they always occur along the veins of hydrothermal quartz. Arsenian pyrite 

varies between 1.5 wt% and 32.7 wt% (average 7.7 wt%), while arsenopyrite varies 

between 1.5 wt% and 12.5 wt% (average 4.2 wt%). The antimony minerals have values 

between 3.9 wt% and 7.7 wt% (average 6.5 wt%), found only in three samples of the third 

samples group, related to the upper surface zone of mineralisation. Sulphide ore minerals 

of the whole rock samples consisted of elements As (up to 35%), Sb (up to 137%), Fe (up 

to 29.8%), Cu (up to 55 ppm), Zn (up to 218) and Pb (up to 1304). Maximum arsenic 

content is up to 35% in the second sample group, and the lowest value is 346 ppm in the 

third group of samples. At the same time, the antimony shows the highest value, up to 

137%, in the third group of samples (shown in Table 12). 

 
5.2.4 Electron microscopic observation of OM and ore minerals 

Microprobe analysis was carried out for reworked vitrinite grains as inclusions of 

diagenetic pyrite crystals. The vein types of pyrobitumen were not detected in the 

technique because they have very fine microtextures; other authors also mentioned the 

detection limit problem (Belin, 1994) and (Cardott, et al., 2007). Pyrite growing over the 

reworked vitrinite appears in globular framboids, or sometimes polyframboids were found 

only in the first group of samples. The framboidal pyrite is of sedimentary-digenetic origin 

with a diameter of 2-50 micron, showing no presence of arsenic (Figure 39). The reworked 

vitrinite contains more than 90 wt% carbon element and oxygen of 4-6 wt%.  
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Moreover, the reworked vitrinite has a relatively higher S content, between 0.78 

wt% and 1.27 wt% P (0.15-0.19) and Cl (0.09-0.12 wt%). Fe is detected as 0.23 wt%, 

while Ti varies between 1.19- 2.77 wt% in some samples. 

 

 

Figure 32 BSE images showing the chemical composition of vitrinite (V) and  

growths of framboidal pyrites on the vitrinite (unit wt%). 

Si is detected up to 0.32 wt% and Al is up to 0.25 wt%, with minor amounts of K 

and Mg in the range of 0.08-0.17 wt% present in OM. The minor amounts of Si, Al, K and 

Mg are most likely present in the reworked vitrinite due to the vicinity of the rock-bearing 

minerals. 

Framboidal pyrites occur up to 8 µm in reworked vitrinite grains, where they are 

enriched in Zn up to 0.43 wt%, As to 0.46 wt% and Sb to 0.49 wt% in some samples.  

Additionally, using EMPA-EDS, 66 points were analyzed on the surfaces of 

individual arsenic sulphide crystals in polished sections to detect gold and arsenic 

elements. The measurement of the analytical points on grains of individual and 

combination crystal grains are shown in Figure 40 from a to h, and their elemental 

concentrations on average are indicated in Table 13. The EDS results show varying 

chemical concentrations within different morphogenetic shapes and sizes. Cubic and 

hexahedral shapes of pyrite were found in the samples of the second group, and they are of 

hydrothermal origin with 0.15-0.5 mm in size. Arsenic was found in the cubic pyrite 

between 0.97-3.68 wt% (average 3.0 wt%) and 2.7-4.86 wt% (average 3.81 wt%) in the 

hexahedral pyrite. Gold was not detected in the these pyrite grains (Table 13 ). 

  Arsenopyrite crystal has twin-tabular and acicular forms in the second group of 

samples. The average size of the twin-tabular arsenopyrite crystal is 0.2 mm, and the 



65 
 

acicular crystal is between 0.6-1 mm in length and about 75 microns in width. 

Arsenopyrite of both textures has an apparent arsenic content between 44.41-48.39 w% 

(average 46.7 wt%) and has no gold inclusions. 

 
Table 7 Elemental concentration (on average wt%) in textures of arsenic  

sulphide ore minerals of samples Bak 1; Bak 2, and Bol 

Shapes of minerals Elements Shapes of 
minerals 

Elements 

S Fe As S Fe As 
Acicular-prismatic 

arsenopyrite 
22.12 31.29 46.60 Pentahedral 

pyrite 
54.41 42.54 3.06 

Tabular arsenopyrite 22.18 30.40 46.85 Hexahedral 
pyrite 

53.20 43.13 3.81 

Combination of acicular-
prismatic arsenopyrite and 

pentahedral pyrite 

54.11 43.55 2.33 Cubic 
pyrite 

53.21 43.75 3.05 

 
Antimony content is measured at over 80 wt% in valentinite and less than 73 wt % 

in stibnite; these minerals have no arsenic content, gold and other elemental inclusions. 

 

5.2.5 X-ray maps of OM for carbon and sulphur  

EMPA X-ray map shows that sulphur cover reworked vitrinite grains (Figure 41 a 

and c). The OM has about 90 wt% carbon with 1.27 wt% sulphur. Several light white spots 

on the reworked vitrinite show growths of individual sulphide crystals of sphalerite and 

pyrite on the map. The reworked vitrinite includes framboidal pyrite up to 5 µm in size,  

 

Figure 33 EMPA-EDS X-Ray map for vitrinite: BSE image (a) and EDS  



66 
 

measurements; (b) sulphur mapping image in thin-walled fly ash,  

an inertinite particle (c) (unit wt%). 

 
containing relatively lower amounts of arsenic (1.02 wt%), and the absent elements of 

copper, zinc, and antimony present in the acicular form, and crystal-shaped pyrite with a 

size of 30 µm. The vitrinite also occurs in intergrowths with tiny globular sphalerite grians, 

3-5 µm in size (Figure 41 b), which have similar phosphorus content in the composition 

but do not contain chlorine. 

 
5.2.6 Thermal maturity and reflectance 

The results of micro-Raman spectroscopy for two types of solid bitumen, the 

vitrinite, and inertinite macerals, additionally, the kerogen was focused on the first-order 

region, which associated with two bands (D and G) between 1350 – 1600 cm-1, and on the 

second region being associated with up to three bands (S) between 2600 – 3500 cm-1, 

following the studies of (Jehlicka, et al., 2003) and (Kouketsu, et al., 2014). The Raman 

results indicate pyrobitumen with bituminous structure in the samples, which can be 

correlated with the structural evolution of bitumen from Zbecno (Czech Republic) and 

Karelia (Russia) in the study of (Jehlicka, et al., 2003). The Raman measurements 

concentrate on three parameters; the position of peaks, intensity, and full width at half 

maximum (FWHM), which is based on the Kouketsu’s (Kouketsu, et al., 2014) equation, 

see Equation 1 below: 

 

T (°C) = - 2.15(FWHM-D1)+478  (1) 

where T = estimated temperature; FWHM = full width at half maximum; D1 = a peak of 

Raman spectra.   

The equation is used to estimate the thermal maturity of carbonaceous matter, 

because it is applicable and accurate in 200-400oC (Kouketsu, et al., 2014).. The 

quantitative Raman measurement shows that multiple spot analyses of different areas in the 

samples of three types of carbonaceous matter and kerogen provided similar spectra (“n” 

means the numbers of spectra), showing relatively intensive bands of D (1331-1338 cm-1) 

and G (1600-1604 cm-1), while D3 (1500 cm-1) and D4 (1180 cm-1) are quite weak bands 

in the first-order region, and S bands (between 2600-3300 cm-1) have a relatively low 



67 
 

intensity in the second-order region. The three types of carbonaceous matters and kerogen 

are described separately below (shown in Figure 42 and Table 14): 

Kerogen is characterized by a low intensity wide (up to 118.6 cm-1 FWHM) D1 

band at around 1332.9 ± 8.7 cm-1 (n = 5), and a relatively high intensity narrow (up to 

68.46 cm-1 FWHM) D2 band at 1601.0 ± 11.57 cm-1 (n = 5). In the second-order region, 

the major peaks occur at wavenumbers of 2867.06 cm-1 (S1), 2914.31 cm-1 (S2) and 

3065.69 cm-1 (S3). 

Vitrinite (V1) is characterized by a low intensity wide (up to 117.64 cm-1 FWHM) 

D1 band at around 1331.6 ± 9.6 cm-1 (n = 10) and a relatively high intensity narrow (up to 

58.82 cm-1 FWHM) D2 band at 1603.9 ± 6.75 cm-1 (n = 10). In the second-order region, 

the major peaks occur at wavenumbers of 2655.9 cm-1 (S1), 2913.35 cm-1 (S2), and 

3219.87 cm-1 (S3). 

The solid bitumen (B1) has a high intensity wide D1 peak (up to 109.92 cm-1 

FWHM) at wave-number of 1337.8 ± 22.2 cm-1 (n = 5) and a low intensity, narrow D2 

peak (up to 58.81 cm-1 FWHM) at wavenumber of  1601.0 ± 7.7 cm-1 (n = 5) in the first 

region and the S peaks at wavenumbers of 2607.46 cm-1 (S1), 2922.98 cm-1 (S2) and 

3191.1 cm-1 (S3) (n = 5) in the second region.  

The pyrobitumen (PB) exhibits a high intensity, relatively wide (up to 93.53 cm-1) 

D1 peak at around 1338.7 ± 12.54 cm-1 (n = 5), while a low intensity, narrow (up to 49.18 

cm-1) D2 peak at around 1602.9 ± 5.8 cm-1 (n = 5) occurs in the first region. In the second 

region, the pyrobitumen has a weak S1-peak at around 2655.9 cm-1 (S1), and two weak 

overtones at 2992.41 cm-1 (S2) and 3203.58 cm-1 (S3) are present. 

The reflectance of pyrobitumen was determined by laser Raman characteristic 

peaks (peak height) using Liu’s (Liu, et al., 2013) equation, which is equivalent to vitrinite 

reflectance that can reflect different maturation grades and the surface optical properties of 

samples (Liu, et al., 2013), see Equation 2 below: 

  

RmcRo % = 1.1659 h (Dh/Gh) + 2.7588   (2) 

where RmcRo% refers to the Raman reflectance using Raman parameters; h(Dh/Gh) refers 

to the Raman peak height ratio (Dh refers to the peak height D, Gh refers to the peak 

height G). 

The equation is more applicable for pyrobitumen (highly matured hydrocarbon with 

mineral inclusion) in an ore deposit (Liu, et al., 2013); (Yuguang, et al., 2017), which 
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corresponds to our case. The samples' equivalent reflectivity of three pyrobitumen and 

kerogen were calculated, the maturity parameters indicated in Table 14. 
 

 

Figure 34 Raman microscopy measurement of reworked vitrinite  (V), two types of 

pyrobitumen (PB) and kerogen with Raman spectra (a) of D and G peaks, and optical 

photomicrographs under cross-polarized  light (b – kerogen, c – vitrinite, and d – B1 and 

PB).  Scale: 10 µm. 

 

Table 8 Relevant parameters of the Raman spectra of selected samples (Bak 1, Bak 2, Bak 

2.4, Bak 2.5) for estimated temperatures and estimated organic maturity. 

OM RP P 
(cm-1)  

FWHM 
(cm-1) 

PH Gi/Di 

ratio 
Dh/Gh 
ratio 

RmcRo
% 

ToC 
(±30) 

Kr G 1601.0 56.88 158 1.032 0.968 3.88 231.3 
D 1332.9 114.74 153 

V G 1603.9 55.92 1420 1.163 0.859 3.76 235.5 
D 1331.6 112.81 1220 

B1 G 1601.0 54.96 1165 0.978 1.021 3.94 254.1 
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D 1337.8 104.14 1190 
PB G 1602.9 49.18 2200 0.956 1.045 3.97 276.9 

D 1338.7 93.53 2300 
Abbreviation: OM is organic matter; Kr is kerogen; V1 is vitrinite; PB is pyrobitumen and B1 is solid 
bitumen; RP is Raman peak; P is Position; FWHM is full width at half maximum; PH is Peak height; Gi/Di 
is intensity ratio; Dh/Gh is peak height ratio; RmcRo% is Raman reflectance calculated using Raman 
parameters expressed in equivalent to vitrinite reflectance; T is Temperature. 
 

5.2.7 Total organic content (TOC) and organic elemental (H, N, S) 
analysis 

The total organic carbon (TOC %) was measured in carbonate-free samples using 

an organic elemental analyser after treatment with10 % hydrochloric acid at room 

temperature and 60°C for 20-30 minutes in a water bath. The TOC was found in various 

samples ranging from 0.31 wt% to 0.47 wt% (0.36 wt%) in three groups of samples. The 

lowest TOC content was found in the sample Bak 2.25, which is 0.31 wt%, and no TOC 

was found in the Bol and Bak 2.4 samples from the third group, which is related to the 

antimony sulphide ore zone (near-surface post-ore mineralisation). The average TOC value 

ranges from 0.33 wt% to 0.38 wt% in three samples (Bak 2.2, Bak 2.3 and Bak 2.1) of the 

second group related to the arsenic sulphide ore zone (the main ore mineralisation. In 

contrast, the first group of the three samples (Bak 2, Bak 1 and Bak 2.5), belonging to the 

zone rich in the carbonaceous matter (pre-ore mineralisation), shows the highest TOC 

content from 0.32 wt% to 0.47 wt% (see in Table 15). 

Table 9 Total organic carbon (TOC %) H, N and S of nine whole-rock samples. 
Samples Bak 2 Bak 1 Bak 2.5 Bak 2.2 Bak 2.3 Bak 2.1 Bol Bak 2.4 Bak 2.25 

TOC 0.34 0.33 0.38 0.47 0.43 0.32 - - 0.31 
H 0.43 0.21 0.32 0.09 0.51 0.19 - 0.10 0.14 
N 0.21 0.19 0.22 0.26 0.24 0.10 - 0.15 0.17 
S 1.17 1.15 1.23 2.1 1.97 1.14 1.12 1.34 1.24 

 
The organic elemental analyser determined the OM's, H, N, and S content. 

Hydrogen contents range from 0.09 wt % to 0.43 wt% (average 0.26 wt %), while the 

nitrogen content varies from 0.15 wt % to 0.26 wt % (average 0.21 wt%) in the samples. 

Total sulphur content varies from 1.12 wt % to 2.1 wt %, and the average value is 1.61 

wt%. 

 

5.2.8 Functional group composition and soluble OM analysis 

The composition of OM was determined using FTIR spectra (Figure 43): a broad 

peak at 3375 cm−1 has stretching vibrations of hydroxyl (O–H) groups (very small 



70 
 

amount), and methylene groups appear like antisymmetric stretching the peak at 2932 cm−1 

and stretching the peak at 2854 cm−1, respectively. The peaks at 1632 cm−1, 1525 cm−1, 

1497 cm−1 and 1282 cm−1 correspond to characteristic vibrations from aromatic rings, 

which are characterised by polycyclic aromatic hydrocarbon. The stretching vibration of C-

O for carbonyl groups is absent in the samples. The characteristic vibrations of the 

aromatic rings of the phenolic hydroxyl group at 1632 cm−1, 1523 cm−1, 1499 cm−1 and 

1282 cm−1, and the similar characteristic peaks of vibrations reflect the studied OM shows 

stretching vibrations similar to the phenolic hydroxyl group at 2854 cm−1 and 2931 cm−1 

and is practically similar to the broad peak of the phenolic hydroxyl group at 1436 cm−1. 

However, the carbonyl area of the phenolic hydroxyl group peak at 1733 cm−1, where it is 

absent in the composition of the studied OM. During a decarboxylation process, the 

carbonyl group could be missed in the studied OM Other functional groups of the OM 

composition and structure correspond to the phenolic hydroxyl group characteristic of the 

lignin material.  

The extractable fraction and the volume of the soluble OM were very small and not 

fractioned further. 
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Figure 35. FTIR analysis and comparison of organic fractions: (a) molecular structure of 

lignin with silica nanocomposites (modified from (Weizhen, et al., 2017)); (b) OM with 

rock matrices from the rock samples (no carbonyl is indicated in the frame). 

5.2.9  Experimental results 

The optical and electron microscope techniques did not confirm the presence of 

native gold grains in the three types of pyrobitumen and even in the arsenic sulphide 

minerals. Moreover, besides gold, the organic fraction contains other precious metals, too. 

This confirms that gold and other precious metals are very finely dispersed within the 

organic matrix. 

Gold content accompanied with other metals (Ag, Pt and Pd) extracted by the 

sequential extraction from two different phases, soluble organic fractions of solid bitumen 

and arsenic sulphide minerals from nine samples were measured by ICP-OES; see Table 

16.  

In the first stage of sequential extraction, the solvent of hydroxyl ammonium 

chloride started to extract a higher amount of As (up to 3608 ppm), Fe (up to 8297 ppm) 

and S (up to 8450 ppm); most likely, the dissolution of arsenian pyrite was removed with a 

precious metal content of gold (between 0.01 ppm and 0.13 ppm), Ag (up to 1.4 ppm) and 

Pt (up to 230 ppb).  

The amounts of dissolved precious metals in the nine samples exceeded the first 

stage in the second stage. This solvent was strong enough to oxidise organic materials 

removing major amounts of precious metals: gold (7.23 ppm), Ag (3.8 ppm) and Pt (31 

ppb) and Pd (26 ppb). Additionally, the presence of other elements in the extracts was 

found, such as As (up to 138 ppm), Fe (up to 3989 ppm) and S (up to 132 ppm) and at this 

stage. 

In the last third stage, the most powerful aqua regia solvent completely dissolved all 

remaining precious metals from arsenopyrite and some remains of pyrite, and even no-

recoverable metals from the first stage. This stage shows the highest values for As (4050 

ppm), Fe (14285 ppm), S (10246 ppm), and the highest grade of Au (10 ppm), Ag (33 

ppm) and Pt (263 ppb)were dissolved by the aqua regia solvent, most likely, from the 

arsenopyrite minerals (see in Table 16). 

The XRPD shows that one may affirm that in the first sage, the hydroxyl 

ammonium chloride had no completely digestive effects on all sulphide-ore minerals, 

especially arsenopyrite, which were dissolved partly, following base-metal sulphide and  
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Figure 36 Triangular diagram of the gold in pyrobitumens, vitrinite, Arsenopyrite, and 

pyrite ratio in three sample groups of a total of nine samples (Denoted by colour: black for 

group I; violet for group II, red for group III, and samples in the brackets). 

 

antimony-sulphide minerals. Moreover, it was detected that no-dissolving silicate minerals 

(quartz, mica, feldspar and illite almost in all samples) and oxide minerals (rutile, and etc.) 

were not dissolved by acids in the two stages of the experiment. Still, all sulphide-ore 

minerals were dissolved completely in the second stage due to the aqua regia acid. 

Nevertheless, the XRPD confirms that each chemical element has corresponding phases in 

the three stages, with decreasing or completely lost phases of amorphous and sulphide 

mineral matters during acid digestion. 

The three groups of the nine samples have gold, Ag, Pt and Pd contents with 

different values in OM and arsenic sulphide ore minerals. The total gold content is higher 

in sulphide minerals (11 ppm) than in pyrobitumen (7 ppm) (described below in detail). 

The total Pt value includes (490 ppb) appearing more in sulphide minerals than in 

pyrobitumen (31 ppb), while the Pd value found in pyrobitumen alone totals up to 26 ppb. 
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According to the ratio of gold to pyrobitumen and arsenic sulphide ore minerals, in 

a triangular diagram (Figure 44), it can be seen that the gold content decreases from 

arsenopyrite (6 times more) and pyrobitumen (3 times more) to pyrite in the nine samples 

from three groups (Junussov, et al., 2021). Samples show that the arsenopyrite mineral is 

more enriched in gold, especially in the samples from the second group, which corresponds 

to the main ore mineralisation (Junussov, et al., 2018a); (Junussov & Umarbekova, 2018b) 

and (Junussov, et al., 2018c). Solid bitumen comprises gold from three groups of samples, 

mainly from samples of the second group. The lowest content of gold is observed in pyrite; 

gold of pyrite includes mostly in the second group of samples (Junussov, 2018a); 

(Junussov, 2018c); (Junussov M., 2018d). 

Samples of group I:   

Bak 2 sample contains a relatively high gold content (2 ppm) in pyrobitumen, and 

low gold content in arsenopyrite (0.5) and pyrite (0.1 ppm). The ratio of gold in 

pyrobitumen is relatively higher (77 %). 

Bak1 sample contains an average gold content (3 ppm) in pyrobitumen and higher 

gold content in arsenopyrite (4 ppm), and a low gold content (0.13 ppm) in pyrite. The 

highest gold ratio in this sample has arsenopyrite (56%).  

Bak 2.5 has a higher content of gold (0.21 ppm) in pyrobitumen than in 

arsenopyrite (0.11 ppm) and pyrite (0.09 ppm). The 52 % gold ratio has the sample of 

pyrobitumen. 

Samples group II: 

Bak 2.3 contains an average gold content (0.19 ppm) in pyrobitumen. Arsenopyrite 

has a high content of gold (0.81 ppm), while pyrite has a low content of gold (0.08 ppm) in 

this sample. The arsenopyrite has a relatively higher gold ratio (75 %) than others in the 

sample. 

Bak 2.2 has an average gold content (0.22 ppm) in pyrobitumen, high gold content 

(1.26 ppm) in arsenopyrite and low content of gold in pyrite (0.05 ppm). The arsenopyrite 

to gold in this sample ratio is 83%. 

Bak 2.1 includes an average content of gold value in pyrobitumen (0.76 ppm); in 

arsenopyrite, it is higher (2.1 ppm), while in pyrite, it is low (0.13 ppm). Arsenopyrite has 

a 71% gold ratio in the sample.  

Samples group III: 



74 
 

The Bol sample is enriched with the gold of pyrobitumen on average (0.2 ppm), 

arsenopyrite has a higher value (0.4 ppm), and pyrite has a lower content (0.01 ppm). The 

gold to arsenopyrite in this sample ratio is 65%.  

Bak 2.4 varies in different values of gold content in different phases: it has high 

gold (0.44 ppm) in pyrobitumen and almost similar content of gold (0.43 ppm) in 

arsenopyrite, while the gold content (0.10 ppm) in pyrite is low. Almost the same ratio of 

gold (44 - 45%) has both pyrobitumen and arsenopyrite in the sample. 

Bak 2.25 sample has an average gold content in pyrobitumen (0.21 ppm); in 

arsenopyrite, it is high (0.48), while in pyrite, the content of gold is low (0.05 ppm). The 

sample has a higher gold ratio (65 %) related to arsenopyrite. 

According to the ratio of gold to pyrobitumen and arsenic sulphide ore minerals in a 

triangular diagram, it can be seen that the gold content increases from arsenopyrite (6 times 

more) and pyrobitumen (3times more) to pyrite in nine samples from three groups. Three 

samples show that the arsenopyrite mineral is more enriched in gold, especially from the 

second group of three samples, which corresponding to the main ore mineralisation. Solid 

bitumen comprises gold from three groups of samples, mainly from samples of the second 

group. The lowest content of gold is observed in pyrite of three groups; gold of pyrite 

includes mostly in the second group of samples. 

The results of the ratio of gold to the organic phase and ore sulphide phase indicate 

that the second group of samples from the main ore mineralisation zone is more relevant 

and promising. 

 

5.2.10   LA-ICP-MS 

A total of 50 LA-ICP-MS spot analyses were conducted on the OM and arsenic 

sulphide minerals. In the case of OM, it was hard to find the relevant grain size (Figure 45) 

of OM. Most OM is found in inassessible sizes with tiny veins or small-sized filamentous 

forms. Nevertheless, most of the spots contained measurable quantities of gold and silver. 

The dataset shows that gold concentrations are relatively uniform among the samples. 

Most samples' OM composed of gold distribution patterns are relatively weak smooth with 

a few spikes, while the arsenic sulphide grains show many spiky depth-concentration for 

Au and Ag. The OM and arsenic sulphide minerals analyses have been shown in Figure 46 

and Figure 47.  
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As (Cook, et al., 2009); (Sung, et al., 2009) and (Gao, et al., 2019) mentioned that 

smooth spectra indicate a presence of nano- to submicron-sized inclusions of native gold, 

while wavy or spiky spectra mean that gold occurs primarily as a solid solution in a lattice 

of mineral matter or as homogeneously distributed nanoparticles.  

 
Figure 37 LA-ICP-MS images of spot analyses on grains of OM (light grey). 

 Scale 100 µm. 

 

 
Figure 38 Representative time-resolved LA-ICP-MS depth profiles for Au, Ag, C  

and S along a liner track through grains of OM in the sample of Bak 2.4.  
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(Scale is 100 µm in the photomicrograph). 

  
The LA-ICP-MS line spot analyses on the OM grains (Figure 46) show good 

signals of Au and Ag and good signals of S, but the absence of signals of carbon content.  

The LA-ICP-MS spot analyses on the grains of OM show Au and Ag's presence, 

ranging from 19 ppm (Bak 2.4) to 250 ppm (Bak 2 and Bak 2.5) in the OM, relatively but 

having no carbon signals.  

Line profiles from the host into arsenopyrite crystals show the presence of good 

signals of Au, Ag, and Pt counts within the arsenopyrite, with more signals in the core of 

the mineral crystal (Figure 47).  

The results of LA-ICP-MS spot analyses confirm the presence of Au, Ag and Pt 

elements in OM and the crystal mineral with results of ICP-OES.  

6. Discussion  
 
6.1  W-Mecsek: geological occurrence and genetic model 

 
6.1.1 Source of OM and Au 

The type of the dispersed OM (DOM) according to the vitrinites (with the trace of 

wood tissues) and the solid bitumen types confirmed by FTIR results indicate the humic 

acid origin of the terrestrial OM in the fluvial environment. Geochemical results show that 

the OM has the presence of sulphur-rich polycyclic hetero-aromatic hydrocarbon, the TOC 

content ranges from 0.5% to 1.1%., and high thermal maturity up to 2.2 (Ro). 

Au is occured with various grades in OM of the Permian-Early Triassic Sandstones 

in the W-Mecsek Mountains, in the same area of the Permian KSF with high uranium 

content (Kádas, 1983); (Barabás & Konrád, 2000); and (Barabás, 2010). (Szalay, 1954); 

and (Barabás, 2010) described that the uranium is sourced from the granite of the Mórágy 

complex. Gold is most likely sourced also from the granite complex accompanied by 

uranium. The organic-rich sequences are enriched in gold by surface and groundwater or 

hydrothermal leaching of the underlying and denudation surface of the granitoid complex. 

6.1.2 Generation and maturation of OM  

 The high-rank maturation of the DOM shows the semi-anthracite to anthracite 

stage, the presence of highly reflecting homogenous pyrobitumen and the higher 

reflectivity of sporinite in the reworked vitrinite particles. Telinite is relatively frequent in 
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the lower zone from 847.6 m while the small size angular vitrodetrinite is abundant in 

WH2-072, WH2-076 and WH2-077 in the coarser arcosis siltstone part of the samples. In 

the DOM, a part of solid bitumen is thermally altered. (Jacob, 1989) defined pyrobitumen 

as a high-temperature product formed from solid bitumen, a highly aromatic and insoluble 

bituminous substance (Glikson, et al., 2000); (Huc, et al., 2000) with higher than Ro% > 

2%). Usually, it has no fluorescence or is weak (brown, wavelength > 650 nm) (Glikson, et 

al., 2000) and is generally related to magmatic activity and hydrothermal fluid convection 

(Simoneit, 1994), (Simoneit, 2000), (Simoneit, 2018). The flow texture migration patterns 

of dark brown solid bitumen and pyrobitumen and the presence of uranium ore 

accumulation in the vicinity of the texture of vitrinite and pyrobitumen particles with gold 

and other sulphide minerals confirm the occurrence of epigenetic hydrothermal 

conventions. Radiation influence on the vitrinite is obvious when cracking edges show 

lower reflectance rims and desiccation patterns on the bigger telinite grains. The vitrinite 

reflectance is higher than the non-altered telinite. The most altered telnite reflectance of 20 

µm to 50 µm particles has the lowest value among the studied samples, with 1.787 Ro% in 

the WH2-076 sample where the pyrobitumen frequently occurred with dark brown solid 

bitumen together, which probably penetrated the small vitrinite grains in the siltstone. This 

sample shows the high greenish fluorescence intensity of the mineral matrix in the vicinity 

of bitumens, which may also explain the lowering of the reflectivity of vitrinite. Contrary, 

the highest vitrinite reflectance was measured in WH2-070 with 2.381 Ro% where the 

vitrinite was a dominant maceral. (Rojkovic, et al., 1992) described the hydrothermal 

alteration of the DOM, where the Permian OM is affected by radioactive α decay during 

the U mineralisation. Moreover, very similar alterations of the OM are described in the 

works of (Eakin & Gize, 1992), (Sýkorová, et al., 2016), and (Machovič, et al., 2021) in 

uranium deposits where they indicated i.e. increased thermal maturity, aromatisation, and 

decreased H/C atomic ratio Hydrothermal deposits of gold and base metals are described 

by (Parnel, et al., 1993). Nevertheless, we suggest that the DOM thermal alteration result 

from hydrothermal alteration and radioactive decay in our case. Desiccation patterns of 

vitrinite grain craks and the porous texture of telinite with lower reflectivity fields in the 

particle indicate the effect of α decay; however, radiation-induced haloes in the DOM are 

seldom. Other evidence of the radioactive alteration is that vitrinite reflectance minimum 

and maximum values are widely ganging in samples WH2-57 and WH2-72 from 1.600 % 

to 2.897% and from 1.720 % to 2.988 % vitrinite reflectance, respectively. This can also be 

connected to the radiation effect of uranium ore minerals. The hydrothermal effect is 
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confirmed by the (1) presence of pyrobitumen associated with gold in the DOM, (2) 

enrichments of sulphur and chlorine contents in the DOM (3); and the transformation of 

the framboidal pyrite crystal growth in the vitrinite to recrystallised cement pyrite with 

arsenic content (4). 

The solid bitumen B1 most likely migrated by hydrothermal fluids from the high-

temperature zone to the low-temperatures towards the host rock's larger voids, bringing 

together metal-organic complexes and gold. Raman thermal maturity measurement shows 

that the maturity of thin veined homogenous pyrobitumen (PB) is 1.62% (RmcRo), and the 

estimated migration temperature reaches a relatively higher temperature of 144.5±30ºC. In 

comparison, it is closely associated with non-fluorescing bitumen B1 has a thermal 

maturity of 1.37% (RmcRo) with an estimated temperature of 129.7±30ºC. The PB is 

migrated through very thin fractures and voids of the dolomite and between quartz grains 

of the host rock. PB is retained as the tiny thin-filling forms within the dolomite and quartz 

veins showing no-fluorescence intensity; however, in pore fillings, the homogenous 

character is obvious. The occurrence of the thin membrane adhering to mineral grains 

explains that the bitumen was precipitated as the immiscible phase of the hydrothermal 

fluid, and it flowed along the wall of veins due to its consistency transforming to this type 

of PB. According to the Raman measurement, the telinite, desmocollinite thermal maturity 

temperature is between the maximum temperatures of PB and B1. with137±30ºC  and 

1.57% (RmcRo). The reworked vitrinite V1 is associated with solid bitumen B1 and a 

greenish fluorescing mineral matrix, where the estimated temperature is 104±30ºC, 

corresponding to the thermal maturity of 1.0% (RmcRo%). The lowermost vitrinite 

reflectance value of WH2-076 is the closest to the average Raman corrected values. 

However, further investigation is necessary to explain the differences between the results 

of the two methods. In the case of WH2-76, the grain size was the smallest, below 50 µm 

and in the vicinity of grains, solid bitumen in diffuse and veinlet forms may lower the 

reflectivity to 1.787%. 

The vitrinite in the form of big telinite, desmocollinite is relatively frequent in the 

lower zone with the small size angular vitrinite in the parts of the coarser arkosic siltstone 

in WH2-057, WH2-072 and WH2-076.  
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The big vitrinite particles of telinite and desmocollinte V1 often contain framboidal 

and polyframboidal early 

diagenetic pyrite. These pyrites 

are microbial in origin, Figure 48 

showing that pyrite crystals grow 

from the edge to the core place of 

the pyritisation area. The origin 

of such framboidal pyrite in the 

OM has been described by 

Hámor (1994) as a result of early 

diagenesis of coalified plant 

tissues. (Berner, 1969) and 

(Raiswell, 1982:) have pointed 

out that pyrite is formed by the 

decomposing of the most readily 

metabolised, DOM through 

bacterial sulfate reduction. Pyrite 

formation occurs under various 

sedimentary microenvironments 

conditions (Hámor, 1994); 

(Nayak, et al., 2008). 

The vitrinite particles comprise carbon content of 86 wt%, total sulphur up to 5-6 

wt% preserving as a sulphur-rich OM. The thiophenic compounds are thermally stable up 

to 250°C in hydrothermal fluids (Giordano, 2000). Our FTIR results confirm this. In our 

soluble OM samples, we observed a minor quantity of aliphatic hydrocarbons and a higher 

concentration of aromatics; moreover, the Raman indicates the absence of aliphatic 

hydrocarbon chains due to the absence of D4- and D5-bands (Ferralis, et al., 2016), which 

correlate well with the thermal maturity of samples. The detected chlorine in the primary 

autochthonous vitrinite indicates the presence of Cl-rich groundwater during early 

diagenesis (Caswell, et al., 1984a) and (Caswell, et al., 1984b). We compared the maturity 

of our studied samples with the Late Permian uranium ore deposit and the closest measured 

Early-Jurassic hard coals, which are 20 km distance to the East. Thermal maturity and rank 

of the Early Jurassic hard coals range from high volatile bituminous to middle volatile 

bituminous rank in the E-Mecsek Coal Basin, where the vitrinite reflectance is the highest 

 
 

Figure 39 EMPA-BSE images of primary vitrinite 

V1 showing framboidal  pyrite growths of 

bacterial colonies comprising bacterial sulfate-

reduction in the OM texture. Black – OM, dark 

grey – quartz, grey – dolomite, white grey – Fe-

Mg carbonate, imaged from the sample WH2-073. 
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in the Pécsbánya mine in Pécs-Szabolcs area where the samples from 600 m to 800 m 

depth interval ranging from 1.36 % to 1.57 % (Laczó, 1983); (Pápay, 2018). In the E-

Mecsek, the highest burial and heat flux was at the end of the Late Cretaceous with more 

than 100ºC according to apatite and lower than 200ºC for zircon fission-track data the 

Lower Jurassic tuff samples within the coal measures (Dunkl, 1992). The fission-track data 

and the Raman measurements with the estimated temperature ranges confirm that the 

temperature ranged between 100°C to 200°C maximum during the burial. 

 
6.1.3 Migration and entrapment of OM and Au 

Analytical results obtained by LA-ICP-MS for OM with high-grade gold and 

uranium concentrations explain that the metals are intimately associated with DOM, 

vitrinite and solid bitumen, implying that the DOM has played a role in the transport and 

trapping of the metals. Moreover, the results of LA-ICP-MS correlate well thetotal 

digestion of gold and silver followed by ICP-OES. A network of veins and veinlets filled 

with vitrinite and solid bitumen, and the occurrence of OM inclusions in detrital and 

authigenic quartz grains. It provides compelling evidence that the vitrinite and solid 

bitumen derived from a mobile (liquid hydrocarbon) precursor circulated of uranium, Au, 

Ag, Th, Ba, Cu, and Pb, are enriched relative to their concentrations in the organic-rich 

sediments. This is particularly the case for U and Au. The time-resolved LA-ICP-MS line 

scans show wavy peaks of gold and uranium concentrations. This suggests strongly that the 

metals are mainly present as a structurally bond or metal-organic complex.  

The needle-like or veined uranium-titanium ore minerals within the OM and in the 

dolomite veins occur like subhedral uranium-phosphate ore minerals in fractured 

autochthonous vitrinite particle V1 matrix and between quartz grains. This suggests that 

uranium is paragenetically associated with solid bitumen. Moreover, rare earth element 

enriches within the V1 as a phosphate phase, finely dispersed monazite with high uranium 

content. The uranium ore mineralisation was investigated by (Barabás & Konrád, 2000); 

they indicated that the uranium mineralisation in the form of nasturan or pitchblende U3O8 

forms up to 200ºC hydrothermal temperatures, after leaching out and migrating with the 

subsurface waters from the uranium-bearing granite (Barabás & Konrád, 2000); (Barabás, 

2013); (Barabás, 1988); and (Buda, 1990) evaluated that, on average, the uranium 

concentration of the supposed source-rock granite varies from 7 to 10 g/t and total REE 

from 52 ppm to 290 ppm.  
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The surface waters of the fluvial system and the redox conditions of the basement 

and subsurface groundwater flow changes with high plant remains accumulation were in 

favour of the precipitation of uranium and mainly associated with Cu, V, and Cr. The 

uranium is precipitated from waters percolating laterally and downwards (see Figure 49) 

The best conditions were present in abandoned channels, oxbows, ox-bow lakes, and 

swamps. In these parts, grey sediments enriched in the OM were deposited. In the central 

part of the basin, red sandstones were developed under oxidizing conditions. The 

commercial-grade uranium ore was formed between these zones in the green sandstone 

sequence. In some parts, the uranium was dissolved due to oxidation processes (Barabás, 

1979). The dissolved uranium adsorbed on the surface or in the vicinity of the 

decomposing OM forming metal-organic colloids (Szalay, 1954). Hydrodynamics caused 

the uranium to entrap in reducing sediments; the uranium would be precipitated and 

gradually enriched, resulting in the formation of commercial concentrations of uranium 

(Barabás & Konrád, 2000). (Santbrd, 1994) and (Raffensperger & Garven, 1995) studies 

have supported that DOM's strong reductant and may protect the ore from oxidation and 

destruction. (Santbrd, 1994) and others assume that uranium concentrates in the vicinity of 

DOM accumulations by gravity-driven groundwater flow. Others (Raffensperger & 

Garven, 1995) describe large-scale thermal convection cells or thermal convection-initiated 

systems by releasing the accumulated heat through the fracture zones of radioactive 

granites (Fehn, et al., 1978). 

 

Figure 40 Primary syngenetic model of the accumulation of uranium ore deposit in W-

Mecsek. (modified after (Barabás, 2013), and (Virágh & Vincze, 1967))Legend: 1) Fluvial 

floodplain sediment; 2) Peat-forming sediments;  3) Different groundwater tables; 4) Ore 

accumulation lenses;  5) Sub-surface water flow; 6) Oxydated and intermediate rock types; 

7) Intermediate and reductive  rocks border; 8) Mean groundwater level. 
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The electron microscopy results revealed that the fracture-filling needle-like 

uranium ore minerals in the dolomite veins were enriched in titanium. Other subhedral 

forms of the ore minerals are rich in phosphor and titanium and contain zinc in small 

quantities. The high concentration of the phosphor and titanium may explain that uranium 

ore minerals mobilised with elevated mineral matter-containing solutions and later 

precipitated together in the accumulation zone. The uranium accumulation of the Late 

Permian KSF is closely connected on the one hand to the primary weathering processes of 

the denudation surface of the Late Carboniferous magmatic rocks as a primary source of 

ore formation (Virágh & Vincze, 1967). The other origin is the epigenetic dissolution from 

the granitoid complex underlying the host rock (Barabás & Konrád, 2000). The uranium 

migrates in the surface and subsurface waters easily. The dissolved uranium precipitates 

when transported to a reductive environment or highly adsorbing materials like DOM, clay 

minerals, and iron oxides. The accumulation is usually the most intensive in the 

intermediate transition zone of the oxidising and reducing environment.  

From the palaeogeography point of view, the semi-arid climate is favourable 

because the vegetation is not sparse; the environment is highly oxidative, while in the 

geomorphological depression zones in the watercourses and accumulation zones of valleys, 

the lush vegetation with elevated OM creates reductive conditions, which can adsorb the 

uranium. 

In W-Mecsek, the sandstone type of uranium accumulation occurs where flat slopes 

(< 5°) of alluvial rocks across fine-grained sandstone, clay, and siltstone lenses build up 

the sedimentary sequences, and the source of uranium derives from the vicinity of 

uranium-containing rocks. This type of Penn-accordance ore formation shows the 

impregnation of the rock matrix parallel to the bedding. It is associated with the OM's local 

accumulation anomalies in the fluvial sedimentation. 

The W-Mecsek Late Paleozoic-Triassic sequence represents a per anticline 

structure where the strike is WSW-ENE, plunging 10° to 15° to eastwards. This explains 

why we can find the older Permian rocks in the south-western part of the anticline, and the 

younger sediments occur eastwards on the surface. The present inclination of beds on the 

wings of the anticline can reach up to 30° (Barabás, 2013).  

The Mecsekalja tectonic zone delineates the W-Mecsek Permian sequences to the 

south due to left strike block siftings. These complicated tectonic movements explain that 

W-Mecsek Permian rocks were found 20 km distance eastwards from the uranium deposit 

in the Máriakéménd-Bári line in boreholes (Barabás, 2013). 
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The anticline structure turns to syncline towards Pécs, where Late Triassic alluvial 

sediments occur at the surface in the eastern part of the city. Here the Triassic - Jurassic 

sedimentation is more than 1000 m thick; boreholes have never penetrated the Permian 

uranium ore deposit but probably underlie the younger sequences (Barabás, 2013).  

 
6.1.4 Geological model and genetic linkage of OM and Au 

The results of sequential gold extraction of the OM indicate that the gold 

concentration increases with the higher OM carbon content in the presence of carbonate 

minerals. (Földessy, 1997) has confirmed that the gold is preferentially concentrated in 

organic-rich layers. The organic-rich sequences are enriched in gold by surface and 

groundwater or hydrothermal leaching of the underlying and denudation surface of the 

granitoid complex. The OM of the samples is enriched in gold, most likely as (Giordano, 

1994) and (Wood, 1996) have revealed that OM can bind metals to aromatic acids; form 

colloidal phases absorbing metals from water solutions (Seredin & Finkelman, 2008). 

(Seredin, 2007) and (Seredin & Finkelman, 2008) have explained that the concentration of 

ionic gold in coal materials decreases with decreasing the absorption capacity of OM in 

groundwater solutions with increasing rank of coal, so the metal-organic complexes 

formation is expected to form during early diagenesis. According to this, the W-Mecsek 

gold accumulation suggests the finely dispersed gold mineralisation in the OM during 

bituminisation at above 144oC and in-depth between 830 m and 900 m. The gold 

mineralisation occurred most likely during the infiltration circulation of sulphur-rich 

groundwater, enriched in gold and silver and heated both by the radioactive decay of the 

uranium ores and increasing geothermal gradient related to the burial. The gold migrated 

with liquid bitumen in the ore-forming solutions in the sulphur-rich groundwater fluids and 

precipitated within dolomite minerals and intergranular quartz (Figure 50 b and c). The 

gold is bonded to the organic matrix with sulphur-rich heterocyclic aromatic hydrocarbon 

of the coaly type carbonaceous matter, probably as thiosulfate complexes, according to 

(Baruah, et al., 1998) (Figure 50 e-1).  

Some findings of gold as a trace element in arsenic sulphide minerals (pyrite), 

closely associated with the gold-rich OM, show that the OM may favour the gold 

enrichment in the pyrite minerals, as (Nayak, et al., 2008) explained that pyrites have 

adsorbed gold during their precipitation as framboids bands and subsequent 

recrystallisation/ growth, where the gold has been captured from the OM and adsorbed into 

the structure of iron disulphides. (Vincze, 1987) indicated that a significant part of pyrite is 
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of biogenic origin in the zone with increasing OM, which has a framboidal form, due to the 

activity of desulphurising bacteria. (Yue, et al., 2020) explained that the framboidal pyrite 

had been transformed to cement-like pyrite under the addition of thermal fluids with 

abundant sulphur and iron; and to euhedral pyrite after evolving with the addition of low-

temperature thermal fluids to the limited pore space during (late) diagenesis in the grey 

sandstone, what I could also confirm. The occurrence of arsenic Cu-rich sulfosalts (As 

22%, Sb 1% and Cu 37.5%) crystal growths into pore space of the euhedral pyrites has 

been explained in the study by (Sawlowicz, 1993) that the trace element enrichments in the 

pores of the euhedral pyrites as a result of diagenetic recrystallisation during the 

transformation of framboids to euhedral pyrite (shown above in Figure 50 d), where silver 

and copper contents increase with decreasing gold. As (Földessy, 1997) indicated that the 

presence of OM and its enrichment of gold in the ore formation shows a high uranium 

value, but a high value of Cu indicates low grades of Au and U with high in Ag (up to 600 

g/t, generally 50-150 g/t) (see in Figure 50 e-2). 

Formation of gold within OM and arsenic sulphide ore minerals show in Figure 50 

by the schematic model: where gold within OM and arsenic sulphide ore minerals in a 

reducing zone (three pyrite types and sulfosalt minerals) associated with uranium ore 

mineralisation indicating (a) migration of liquid bitumen (brown color) within grains of 

vitrinites (black color) by Au and U-rich (with other As, Sb, Cu, Fe, Mg and rare earth 

element) hydrothermal solution or groundwater (blue) compounds of dominated sulfate 

state under carbonate phase through pore spaces of quartz (grey) and potassium-feldspar 

grains (violet) with becoming dolomite veins; (b) precipitation of uranium ore minerals  

(dark grey) within primary autochthonous vitrinite (black) filling in veins of dolomite 

minerals (white color); (c) occurrence of solid bitumen and primary vitrinite compounds of 

colloidal gold deposited between quartz minerals grains after solidification processes; (d) 

growths of framboidal pyrites  (yellow globular forms) on the grains of primary vitrinite 

evolving from the pyrite to euhedral pyrite and to cement pyrites during hydrothermal 

recrystallization, the euhedral pyrite between pores of potassium-feldspar grains (relatively 

rare quartz)  inter-growing of finely dispersed sulfosalt minerals (orange color) into porous 

center of the pyrite; and (e) inclusions of noble metals as ionic and solid state in lattice 

structures of OM (as metal-organic compounds) (1), and arsenic-rich pyrite (as a very 

finely dispersed or invisible gold). 

 
6.2  Bakyrchik: geological occurrence and genetic model 
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6.2.1 Source of OM and Au 

The bulk ratios of OM's stable carbon isotope ratio. The second data indicates its 

biogenetic nature and organic source (Zairi, et al., 1987). Geochemical results, such as the 

presence of polycyclic (hetero) aromatic hydrocarbon and humic acid, indicate a terrestrial 

carbon source of lignin (TOC, 0.3-0.5%) in the lacustrine environment, which has 

allochthonous nature due to gravity flows (Azerbaev & Zhautikov, 2013). The sample's 

composition and source of kerogen (hardly distinguishable from pyrobitumen) partially 

confirm the terrestrial organic source, mainly from vascular plants, yielding an aromatic 

hydrocarbon (most likely the original coal source). The temperature of transformation of 

heating kerogen into liquid petroleum may occur at 231.3±30oC, which corresponds to its 

thermal maturity of Raman reflectance 3.88 % (RmcRo%) based on Raman results. 

Gold is of a mantle source and occurs in ultramafic rocks from the mantle of the 

oceanic basement (Rafaylovich, 2009), which mainly occurred 300 Ma ago. The formation 

of gold is described by five geological ages: 574, 380, 300, 250 and 210 Ma, due to the 

isotopic analysis of Pb (Pb/U>50) in gold-bearing sulphide ores (Lubecky, et al., 2008); 

(Umarbekova & Dyusembaeva, 2019). The first gold occurrence (574 Ma) is related to 

riftogenic stage of the Late Cambrian and Early Ordovician (€3-O1). The second 

mineralisation (380 Ma) is associated with the oceanic stage of the Early Devonian and 

Middle Devonian (D1-2) with regression of the palaeo-ocean and formation of the volcanic 

island-arc stage in Late Devonian and Early Carboniferous (D3fm-C1v) above the 

subduction zone associated with basalt-andesitic complexes. The age of 300 Ma is related 

to an early collision with the intrusion of the Kunush gold-bearing intrusive complex at the 

Late Carboniferous and Late Permian age (C3-P1); it is a great granitic batholith and the 

source of the main gold generation. The final stage of gold occurrence ended between 250 

and 210 Ma, the Middle Triassic and Late Triassic age (T2-3), characterised by the 

regeneration of gold (Lubecky, et al., 2008).  

 
6.2.2 Generation and maturation of OM and Au 

Vitrinite at the anthracite stage shows that migration at 235.5±30°C confirmed with 

thermal maturity of Raman reflectance 3.76% (RmcRo). This bituminous matter and, 

partially, vitrinite is most likely migrated by a hydrothermal system as angular-shaped 

forms from the high-temperature zone to the low-temperature zone through large voids in 
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the host rock. The large void filling of reworked vitrinite displays a medium to coarse-

grain mosaic textures of particle assemblages in samples of Bak 1, Bak 2.1 and Bak 2.5. 

The vitrinite coexisted within bacterial origin framboidal and needle-shaped 

digenetic pyrite. The coexistence of framboidal sphalerite in the vitrinite grains is 

attributed to a diagenetic, epigenetic origin. The framboidal and needle-shaped textures of 

sulphide crystals have been observed growing from metal-enriched H2S-bearing 

hydrothermal fluids, according to the concept of (Scott, et al., 2009) in a gold sulphide 

deposit. The needle-shaped pyrite and framboidal pyrite and sphalerite of vitrinite include 

minor elements As, Sb, Zn Cu and Ni (from pyrite) and P (from sphalerite), while the 

reworked vitrinite enriched in S, Cl and P. 

Vitrinite and other vitrinite particles contain 90 wt% carbon and 2 wt% organic 

sulphur and other elements (P and Cl) preserved as sulphur-rich vitrinite. (Dai, et al., 2015) 

indicated that organic sulphur is generated from hydrothermal solutions during the 

coalification, ranging from about 0.1% to 4-12% levels (Dai, et al., 2020). Organic sulphur 

is a thiophenic sulphur compound, more abundant in bituminous coal and anthracite than in 

low-rank coals (Chou , 2012). The content of thiophenic sulphur increases with maturation 

(Ho, et al., 1974) in bitumen with a high content of aromatic hydrocarbons, resins and 

asphaltenes (Tissot & Welte, 1984), thermostable up to 250°C in hydrothermal fluids 

(Giordano, 2000). (Hwang, et al., 1998) indicated that the formation of sulphur-rich 

pyrobitumen results from the subsequent thermal change in asphaltic-rich bitumen in the 

presence of sulphur species. Moreover, (Powell, 1984) confirmed that the interaction of 

bitumen with the thermochemical reduction of sulfate should be responsible for the 

formation of some sulphur-rich bitumens.  

Chlorine is present in OM, as (Caswell, et al., 1984a) and (Caswell, et al., 1984b) 

described that сhlorine is more likely taken from Cl-rich groundwater during diagenesis. 

(Chou, et al., 1992) found that, under reducing conditions, chlorine, in the form of HCl, is 

released at temperatures between 250ºC and 600ºC, with a maximum release at 445ºC. 

(Finkelman , 1980) and (Black, 1981) believed that phosphorus in most OMs is likely to be 

present in phosphates, where phosphorus is organic rather than a mineral fraction.  

Dark solid bitumen (B1) migrates at a temperature of 254°C, and its thermal 

maturity is 3.94% (RmcRo). It migrates through narrow fractures and voids within 

hydrothermal quartz in the host rock. It is retained as tiny narrow-filling forms within the 

hydrothermal quartz, showing a weak fluorescence intensity. The occurrence of a thin 

membrane adhered to the wall rocks may explain that the bitumen precipitated as an 
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immiscible phase with the hydrothermal fluid and slowly flowed along the wall of veins 

due to its consistent transformation into this type of pyrobitumen.  

Pyrobitumen (PB) migrated at a relatively higher temperature of 276.9±30°C, with 

thermal maturity 3.97% (RmcRo), and it migrated within the hydrothermal fluid to the 

low-temperature zone through narrow fissures; it is entrapped in the relatively narrow 

voids of the hydrothermal quartz. 

The two sizes of veins of solid bitumens in quartz may explain that they were 

displaced and trapped within different temperatures and became different chemical 

compositions during the distillation process, as cooling the hydrothermal fluid can cause 

differentiation in the chemical composition of the bitumen. The final freezing point of the 

mixture and the molecule size, which can migrate through the neck diameter, controls this 

process. 

Solid bitumen and vitrinite are polymerising to increase aromatic compounds losing 

aliphatic hydrocarbon during the migration within the hot hydrothermal fluid. This 

aromatic hydrocarbon-enriched bitumen is trapped by decreasing the fluid temperature in 

quartz in the lower temperature zone as a filler in voids of the quartz matrix. Thus, the 

heavy component of the bitumen is trapped within hydrothermal quartz, pyrolysed and 

converted to solid bitumen as a result of thermally altered primary bitumen, which was 

driven off the soluble hydrocarbon products and volatile organic components of N, H, CH4 

CO2 (Zairi, et al., 1987), retained in the insoluble carbon-rich residues. The stable carbon 

isotope ratio of the solid bitumen and vitrinite ranges from δ13C -22 ‰ to = -26,8 ‰, 

respectively, which confirms that it has a terrigenous origin (Zairi, et al., 1987). 

6.2.3 Migration and entrapment of OM and Au 

Rafailovich (2009) has considered the transportation and precipitation of gold in the 

Bakyrchik deposit through three processes (1) In the sedimentary-diagenetic process, gold 

was transported by a bisulfite gold and deposited in the shallow zone and underwater 

deltas, rich in OM and hydrogen sulphide, framboidal pyrite precipitated on rhythmically 

layered gold-bearing carbonaceous sediments. (2) In the tectonic-metasomatic process, 

gold was transported in a mineralised solution as a chloric complex of gold and 

precipitated in carbonaceous-terrigenous sediments, while framboidal pyrite recrystallised 

into gold-bearing pyrite of cubic and pentagon-dodecahedral forms with inclusions of 

arsenic. (3) In the intrusive-thermal-metasomatic process, syngenetic gold was remobilised 
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along the Qyzyl shear zone in the areas of intrusions and dikes of the Kunush granitic 

complex. Then gold reached the final precipitations with pyrobitumen. 

6.2.4 Geological model and genetic linkage of OM and Au 

The gold mineralisation of the deposit occurs in the Qyzyl shear zone (Lubecky, et 

al., 2008). (Zhu, et al., 2011) considered that the gold mineralisation in most shear zones 

results from post-peak metamorphism and is associated with a multi-stage alteration event.  

Current and previous analytical and experimental data may explain the role of 

pyrobitumen in the Bakyrchik gold deposit by separating the three geological processes of 

gold mineralisation, which, most likely, correspond to regional maturations of the three 

pyrobitumen types:  

1) Syngenetic gold accumulates in the sedimentary-diagenetic process with an 

increasing precursor asphaltic-rich hydrocarbon at low temperature in a slightly alkaline 

environment with the penetration of hydrogen sulphide-rich hydrothermal fluids into clay 

or silty lacustrine sediments of the Middle-Late Carboniferous formation. The bisulfite 

gold is transported by hydrothermal fluid. The fluid mobilises asphaltic-rich bituminous 

materials through large voids of mineral grains of the host rock in the high-temperature 

zone. (Simoneit, 2018) mentioned that a hydrothermal ore fluid could rapidly generate 

bituminous material from immature OM to fully matured products in host rocks. Ore fluid 

partly destroys the OM with increased aromatic hydrocarbon content (polycyclic 

compound) and loss of aliphatic carbon content. The thermogenic products are rapidly 

removed from the hot zone through voids (Simoneit, 1994). The low-temperature 

hydrothermal water may contribute to the thermochemical origin of framboidal pyrites in 

asphaltic-rich carbonaceous materials. The palaeotemperature was up to 235±30oC, shown 

by the thermal maturation of vitrinite (V1). 

2) The tectonic-metasomatic process results from the Qyzyl deep fault zone of 2 km 

length in the diagonal direction, the controlling structure of gold mineralisation in the 

carbonaceous-siltstone sequence. Gold is transported in a chloric state phase into the 

hydrothermal fluid with the presence of liquid bituminous material. The first arsenian 

pyrite with invisible gold content develops with the recrystallisation of framboidal pyrite 

(Rafaylovich, 2009). The bituminous material is removed from the high-temperature 

alteration of texture, filling very thin voids of mineral grains of the host rock at a 

temperature of 254±30°C, forming very thin veined solid piyrobitumen (PB). The bitumen 



89 
 

in thin veins may be explained because bitumen is transported as an immiscible phase with 

the ore-forming fluid. 

3) In the intrusive-thermal-metasomatic process, we are concerned with intrusions 

and dikes from the Kunush granitic complex at a depth of 4 km (Lubecky, et al., 2008) 

along the Qyzyl shear zone, and the main gold mineralisation belongs to sulphide ore 

zones. Gold mineralisation of the deposit occurs in sulphide ore zones with the presence of 

carbonaceous matter. The Qyzyl fault zone was where gold and pyrobitumen were 

concentrated in arsenic-sulphide minerals accompanied by ore-forming hydrothermal fluid 

upwards through the fault (see Figure 51). 

Studies of fluid-inclusions of quartz from the ore zone showed that the main gold 

mineralisation zone takes place at 340°C and a pressure of 110-130 MPa with the 

formation of invisible gold-bearing arsenic sulphide minerals and by a decreasing in 

temperature to 200oC in gold mineralisation with the appearance of antimony minerals ( 

Novojilov & Gavrilov, 1999). Pyrite and arsenopyrite predominate in the ore zone, while 

chalcopyrite and galena formed less frequently (Umarbekova, et al., 2017a) in relatively 

deep ones (Levitan, 2008). Pyrite occurs in invisible gold-containing cubic pyrite and gold-

containing pentagon-dodecahedral forms in the circumstances of high temperature 

(Rafaylovich, et al., 2011). In the upper zone, arsenian pyrite predominates the 

arsenopyrite in the ratio of 3.5:1, while in the middle and lower zones, more arsenopyrite 

occurs with a ratio of 1:3 (Rafaylovich, et al., 2011). High Au concentration positively 

correlates with As-rich compositions in pyrite and arsenopyrite minerals (Rafaylovich et 

al., 2011). The content of As element is 0.005-0.6%, and the As in pyrite ranges from 1 to 

1.5% (Rafaylovich, et al., 2011). Stibnite and valentinite are associated with native 

antimony (Levitan, 2008). The antimony content increases towards the near-surface area, 

and decreases in the deep zone (between 0.2% - 0.3%) (Volkov & Sidorov, 2017). The 

isotopic composition of the antimony sulphur shows relative values within the δ34S of the 

interval from – 3.8 ‰ to 2.5‰ (Kovalev, et al., 2014). 

The sulphide ore minerals have a magmatic source: the S isotope analysis in 

sulphide ore minerals shows that δ34S belongs to the felsic magmatic origin; the S becomes 

heavier with the increase in its depth from -4 to -6‰ in the depth of 0.5 km to 0.0‰ in the 

depth of 1.5 km (Rafaylovich, et al., 2011).  

(Simon, et al., 1994) explained that Au and As are closely related in arsenian pyrite 

and arsenopyrite with a linear relationship: CAu = 0.02 CAs + 4 x 10-5 (CAu and CAs 

represent the mole percentage of Au and As concentration, respectively). As-bearing pyrite 
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shows that a solid solution of gold has two coordination species: Auo and Au+ (Simon, et 

al., 1994). Au+ can occur in more than one form, including Au+ in vacancies in an 

unknown Au-As-S complex (Simon, et al., 1994). Gold occurs in arsenic sulphide minerals 

as a solid solution and nano-inclusions in over-saturated conditions (Reich, et al., 2005). 

Solid solution gold (Au+ ) enters As-bearing pyrite and arsenopyrite by replacing Fe2+ 

(Tarnocai, et al., 1997) extracts of a solid solution of Au+ from the hydrothermal fluid by 

absorption (Zhu, et al., 2011). 

In the hydrothermal vein system, bitumen can be enriched with the same metals that 

form ore minerals in the system (Parnell, 1988). The homogenisation temperature of gold 

mineralisation is 270°C on average (from 200°C to 340°C) ( Novojilov & Gavrilov, 1999), 

which corresponds to the thermal maturation of narrow veined pyrobitumen (PB). The 

carbonaceous materials are formed everywhere in the ore zones and have maximum in the 

central part of the main ore zone (Rafaylovich, et al., 2011). As (Saxby, 1976) revealed, 

OM and metals dissolved in a hydrothermal fluid can be concentrated and precipitated by a 

reaction with suitable organic ligands as chemisorption into organic materials forming 

metal-organic compounds. Metal-complexing functional groups form in heterocyclic 

hydrocarbons containing nitrogen and sulphur (Saxby, 1976), concentrating mostly in the 

asphaltene fraction of bitumen (Giordano, 2000).  

Gold was detected from the soluble part (in the hydrogen peroxide) of polycyclic 

aromatic fractions in pyrobitumen as a metal-organic compound and in arsenic sulphides 

(dissolved by the hydro ammonium chloride and aqua regia) as inclusions of “invisible 

gold”. The sequential extraction experiment shows no correlation between gold and 

organic carbon (Corg), while the arsenic content correlates positively with gold. In this case, 

there are two most likely reasons why it happens during the migration. First, the precursor 

of liquid bitumen undergoes the three different regional thermal influences. Gold of the 

functional groups in bitumen is partly removed due to the thermally stable and preserved 

gold content in different thermal zones. Secondly, the bitumen of gold complexes in the 

fluid migrates in a different direction through various voids lingering there due to 

molecular sizes of bitumen with different gold contents. Maybe this is one of the reasons 

why gold is partially removed from non-thermostable functional groups of bitumen in the 

hydrothermal system. Then the removed gold precipitates most likely in the structure of 

arsenic sulphide minerals. 
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Other authors indicate this, too; (Saxby, 1976) revealed that reducing of soluble 

Au1+ or Au3+ complexes to Auo by carbonaceous materials may account for some types of 

gold mineralisation. 

(Jiuling L., et al., 1997) explained that organic compounds of gold have a strong 

ability to migrate with As and S upward together with metal-organic compounds. OM 

containing gold in hydrothermal ore fluid is thermally decomposed, removing gold from its 

organic ligand. Gold, together with the arsenic element, enters into the lattice of 

arsenopyrite and arsenian pyrite (Jiuling L., et al., 1997). Gold can form many compounds 

with organic ligands, especially those metal-organic compounds and atom cluster 

compounds containing S, P and Cl (Jiuling L., et al., 1997). 

This explains that the precursor of liquid bitumen in the hydrothermal ore fluid 

mobilises gold as metal-organic compounds and, as a part of the organic fraction of gold, 

undergoes thermal decomposition, releasing dissolved gold and the rest of the preserved 

organic fraction that forms gold. When removed from OM, gold is chemically bound in 

arsenopyrite and arsenian pyrite structures, forming invisible gold. The remaining gold in 

organic functional groups forms gold-containing solid pyrobitumen as metal-organic 

compounds. 

Formation of gold within OM and arsenic sulphide ore minerals shows in Figure 51 

by the schematic model: where gold within OM and arsenic sulphide ore minerals in six 

active zones of the Bakyrchik gold deposit indicating a) penetration of the hot 

hydrothermal ore fluid (blue) into liquid bituminous materials (in coke zone, grey) through 

fissures and fractures in the host rock (white); b) migration of gold, bitumen (orange) and 

sulphide ore components (yellow) into hydrothermal fluid; c) entrapment of gold, bitumen 

and ore elements undergoing thermal and chemical influences for gold precipitation (in 

OM and ore minerals), and bitumen maturation (origin of V) vitrinite (black) and its 

thermochemical reduction for framboidal pyrite, and two veined solid bitumen and 

pyrobitumens (PB, PB1) with increasing thermal maturation and arsenic sulphide minerals 

occurrence (arsenian pyrite and arsenopyrite); d) gold inclusions in polycyclic aromatic 

hydrocarbons of pyrobitumens (orange) and vitrinite (black) as metal-organic compound 

(noble metals) and “invisible gold” in the arsenic structure lattice of arsenian pyrite and 

arsenopyrite (yellow).  

6.3  Summary: Similarity and differences between W-Mecsek and 

Bakyrchik 
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The OM associated with gold mineralisation in both deposits is more likely related 

to the results of the global tectonic Varsican orogenic gold formation within organic-rich 

sedimentary basins in Central Europe (W-Mecsek) and Central Asia (Kazakhstan). More 

details of OM association with Au are shown in Table 17  

OM is closely associated with ore mineralisation in both deposits of W-Mecsek and 

Bakyrchik. In a supergene environment of W-Mecsek and the hypogene environment of 

Bakyrchik, the OM's complexing, adsorption, and uptake of gold might be important 

processes that control the enrichment of the gold in the host rocks during sedimentation 

and diagenesis. Also, humic acids may be important transport agents in 

supergene/hypogene gold ore mineralisation. OM is unlikely to have played an important 

role in gold transportation in hydrothermal processes. However, organic acids produced by 

thermal maturation and decomposition of OM and colloidal, or molecular dissolution of 

hydrocarbon in fluid, might be significant for gold leaching and migration. The high-grade 

maturation of OM in the ores of both deposits relative to the thermally altered OM due to 

hot fluids. Finely disseminated OM of different thermally maturated wood tissues and 

graphite particles in the upper area at the low-temperature zone and associated with gold 

enrichment shows that gold in OM occurs as detrital gold mineralisation. While the 

samples of Bakyrchik have plenty of hydrothermal quartz closely associated with veins and 

veinlets of OM enriched in the gold show that gold occurred as hydrothermal gold 

mineralisation. This evidence shows that OM in hot fluid solutions might have promoted 

Au migration. During the precipitation of gold, the light hydrocarbons that pre-existed in 

the anticline (W-Mecsek) and shear zone (Bakyrchik) might have contributed to the 

thermal reduction of sulfate and thus the pyritisation and gold precipitation. 

Both deposits have extremely low extractable bitumen yield. Total organic carbon 

varies from 0.3 to 0.5 wt%, and the reflectance ranges from 3.7 to 3.9 % and sulphur 

content from 0.8 to 1.27 wt%. The sequentially extracted gold content from the organic 

matter of Western Mecsek reaches an average of 0.82 ppm gold. In comparison, the 

organic matter of Bakyrchik reaches an average of up to 0.80 ppm gold accompanied by an 

average of 0.96 ppm Ag, 10.3 ppb Pt and 13 ppb Pd (Junussov, 2018c); (Junussov, 2020a) 

and (Junussov, 2020b), see in Table 5-1. 

 

Table 10 Similarity and differences between studied mineral deposits. 
Geological settings W-Mecsek Bakyrchik 

Similarity 
Au source Magmatic intrusion Magmatic intrusion 
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OM origin/source Humic acid/terrestrial Humic acid/terrestrial 
OM composition Heteroaromatic hydrocarbon Heteroaromatic hydrocarbon 

OM characteristics Vitrinite / bitumen Vitrinite / bitumen 
OM texture Dispersed, veins Dispersed, veins 

Kerogen type III type III type 
OM rank grade Anthracite stage Anthracite stage 

Differences 
TOC 1 % 0.5 % 

Thermal maturation 2.2 % 3.76 % 
Au grade in OM Average 0.82 ppm Average 0.80 ppm 

Other noble metals in OM  Ag Pt and Pd 
OM association in ores Uranium ore minerals Sulphide ore minerals 

Host rocks Sandstone Siltstone 
Au mineralisation Detrital Hydrothermal 

6.4  Further investigation works 

Future research should include further investigation of these topics and continued 

experimental study of gold extraction from OM and gold measurement in graphite 

particles, metal-organic complexing and chelation, and rates of oxidative degradation of 

OM and metal release from adsorption sites. 

7. Conclusions 

According to the research data of the studies W-Mecsek uranium ore deposit and 

Bakyrchik gold-sulphide deposit, I report for the first time the forms and types of OM in 

both deposits and propose the primary genetic roles of OM in gold mineralisation and 

gold-bearing arsenic-rich pyrite formation of the following observational evidence: (1) The 

OM is terrigenous high plant origin at both locations, shows the carboxylic acid organic 

structure and sulphur-rich aromatic hydrocarbon composition; (2) The hypo-autochthonous 

dispersed OM dominantly occurs as vitrinite at both locations and in a smaller quantity 

liptinite and inertinite occur in the Mecsek samples.  At both sites secondary macerals of 

homogeneous cement of pyrobitumen and brownish, non-fluorescing solid bitumen 

precipitated in the fractures and fine veins of the host rock; (3) Occurrence and local 

enrichments of gold in the OM were confirmed by sequential extraction method with ICP-

OES and LA ICP-MS. Au in the OM is enriched in reducing zones in solid bitumen types 

and arsenian pyrite; (4) Hydrocarbon fluid migration processes played an important role in 

the sulphide and gold transportation because both the physically destructed vitrinite of 

Mecsek and secondary macerals of solid bitumen and pyrobitumen of the studied sites, 

gold was detectable in the OM. This study analytically confirms the occurrence and 

enrichment of gold in the pyrobitumen heteroaromatic fraction in the form of the metal-

organic complex, which  is entrapped in the micrometre size or smaller diameter veins and 
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voids of the host rock pores; (5) The OM had a crucial role in the entrapment, 

transportation, and preservation of the gold. The thermally stable organic fraction of solid 

bitumen like asphaltenes preserved a part of the gold. In contrast, the thermally unstable 

compounds of the organic fraction compounds may liberate some gold during cracking in 

the metagenesis. With the release of thermally unstable light molecule weighted migration 

products during the thermally driven decomposition and cracking of carboxyl and carbonyl 

group-containing compounds, the gold could be enriched in sulphide minerals with the 

recrystallisation of pyrite cement and euhedral crystals where gold enrichment is also 

confirmed. Reflected light and electron microscopic methods showed that the euhedral 

pyrite is enriched in silver in the presence of sulfosalts in its porous centre, which shows 

that in case the precipitating fluid became depleted in gold, silver was replaced within the 

sulphide mineral; (6) In the case of W-Mecsek, the dissolved uranium was transported as 

metal-organic complex during hydrothermal processes, and some places precipitated as 

needle-like uranium oxide in dolomite veins and at the same time formed dispersed 

subhedral uranium phosphate minerals in the clay matrix. The metal-organic-complex 

migration is confirmed by reflected light observation where the vicinity of the bitumen 

veins and vitrinite particles show medium greenish fluorescence of the mineral matrix at 

UV excitation; (7) In the case of Bakyrchik, the reductive OM agent is liberated gold 

above 270oC during the arsenic sulphide ore formation into arsenic lattice structure 

sulphide ore minerals with an arsenic lattice structure in the fracture zone; (8) Gold is 

preserved as a lattice gold or structurally bonded metal in the aromatic hydrocarbon 

fractions of the OM and arsenian pyrite of the deposits of W-Mecsek and Bakyrchik. 
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9. Appendices 

Figure 7 Stratigraphic column of the W-Mecsek uranium  ore deposit (modified 

after (Barabás, 2013)). (red arrow shows uranium ore zone; blue frame indicates 

grey sandstone, where has been sampled) (complied by CorelDRAW Graphics 

Suite X6). 
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Figure 24 Photomicrographs in reflected normal light with oil immersion: 

Vitrinite, tellinite particles with wood tissue texture, b) vitrinite with pyrite crystal 

grains, c) pyrobitumen (PB) with uranium radiation (R) weathering; -dehydration 

crackings and haloes-and pyrite framboids at left to the OM up and to the right 

vitrinite particles (a-b-c – WH2-073 sample); d) Inertinite (I) in the middle and 

graphite (G) to the right (WH2-076 sample); e) Reworked fractured vitrinite in the 

quartz matrix due to hydrothermal crystal grow (WH2-070 sample); f) Dehydrated 

vitrinite particles with cracks due to radioactive decay (WH2-065 sample). 
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Figure 41 Photomicrographs in reflected normal light and fluorescence UV light  

excitation with oil immersion: a and b) Homogeneous grey solid bitumen and brownish 

bitumen, the green FL may reflect some U concentration in the fluidum (WH2-077 

sample); c and d) brownish bitumen,  the green FL may reflect some U concentration in the 

fluidum (WH2-077 and WH2-009 samples). Scale – 50 µm 
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Figure 42 LA-ICP-MS data: a) LA-ICP-MS representative time-resolved depth  

profiles for Au, Au, U and Th along a liner track through grains of OM in the sample of 

WH2-076 measuring the line of 16 spots showing LA-ICP-MS image with a laser line 

burnt across; b) Representative time-resolved LA-ICP-MS depth profiles for Au, Ag, As, 

Fe and S along two cross-line tracks through the grain of pyrite in the sample of WH2-072 

measuring the line 1 of 13 spots and the line 2 of 15 spots showing LA-ICP-MS image 

with a laser line burnt across. Images scale 100 µm. 

 
Figure 43 Reflected light micrographs. Bakyrchik deposit: Rock sample of “A”: (a) 

Hexahedral pyrite crystal with acicular-prismatic arsenopyrite; (b) Pyrite framboidal 

aggregate; (c) Pentagonal pyrite cross-sections and tabular arsenopyrite twin; (d) 

hexahedral pyrite in growth with tabular arsenopyrite; (e) Tabular-arsenopyrite twin. Rock 

sample of “B”: (f) Hexahedral crystal of pyrite. 
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Figure 44 Micrographs of sulphide minerals with points for elemental measurement: a) 

acicular-prismatic arsenopyrite associated  with cubic  pyrite crystals, b) tabular-

arsenopyrite twin,  c) pentahedral pyrite crystal  with tabular-arsenopyrite twin, d) 

integration of acicular-prismatic  arsenopyrite and pentahedral pyrite crystal; e) hexahedral 

pyrite crystal; f) tabular arsenopyrite crystal, g) cubic pyrite crystal with galena inclusion, 

h) acicular-prismatic arsenopyrite with crystals of cubic pyrite.  (asp-arsenopyrite, py-

pyrite, gn-galena).  

 

 

Figure 45 Representative time-resolved LA-ICP-MS depth profiles for Au, Ag, As, Pt, Fe 

and S along a liner track through grains of arsenopyrite in the sample of Bak 2.4. (Scale is 

100 µm in the photomicrograph). 
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Figure 46 Schematic model formation of gold within OM and arsenic  

sulphide ore minerals of the W-Mecsek deposit.  

Detailed view at the micron size (a-d) and nano-size (e). 
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Figure 47 Schematic model of the formation of gold compounds of OM and 

 arsenic sulphide ore minerals in six active zones of the Bakyrchik gold deposit.  

Detailed view at the micron size (a-c) and nano-size (d). 
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Table 11 Sampling preparation of W-Mecsek and Bakyrchik 

№ Samples 
 

Sampling preparation and used analytical methods 

Powder samples (piece) 

polished sections 
(2 pieces for W-

Mecsek) (3 pieces for 
Bakyrchik) 

thin sections 
(1 piece) 

Sampling preparation of W-Mecsek 

1 WH2-057 WD-XRF, XRPD, FTIR, 
OEA, ICP-OES EMPA, OPM, Raman - 

2 WH2-065 WD-XRF, XRPD, EMPA, OPM, Raman, 
LA-ICP-MS OPM 

3 WH2-070 WD-XRF, XRPD, EMPA, OPM, OPM 
4 WH2-071 WD-XRF, XRPD, EMPA, OPM, - 

5 WH2-072 WD-XRF, XRPD, EMPA, OPM, Raman, 
LA-ICP-MS OPM 

6 WH2-073 
WD-XRF, XRPD, FTIR, 

OEA, ICP-OES; 2 for 
Soxhlet 

EMPA, OPM, Raman, 
LA-ICP-MS - 

7 WH2-076 WD-XRF, XRPD, EMPA, OPM, LA-
ICP-MS OPM 

8 WH2-077 
WD-XRF, XRPD, FTIR, 

OEA, ICP-OES, 2 for 
Soxhlet 

EMPA, OPM, - 

Sampling preparation of Bakyrchik 
1 Bak 1 WD-XRF, XRPD, ICP-OES EMPA, OPM, Raman - 

2 Bak 2 WD-XRF, XRPD, OEA, 
ICP-OES 

EMPA, OPM, Raman, 
LA-ICP-MS OPM 

3 Bak 2.5 WD-XRF, XRPD, FTIR, 
OEA, ICP-OES 

EMPA, OPM, LA-
ICP-MS OPM 

4 Bak 2.1 WD-XRF, XRPD, FTIR, 
ICP-OES EMPA, OPM, OPM 

5 Bak 2.2 
WD-XRF, XRPD, FTIR, 

OEA; ICP-OES, 2 for 
Soxhlet 

EMPA, OPM, - 

6 Bak 2.3 WD-XRF, XRPD, ICP-OES EMPA, OPM, - 
7 Bol WD-XRF, XRPD, ICP-OES EMPA, OPM, - 

8 Bak 2.4 WD-XRF, XRPD, OEA, 
ICP-OES 

EMPA, OPM, Raman, 
LA-ICP-MS OPM 

9 Bak 2.25 WD-XRF, XRPD, ICP-OES, 
2 for Soxhlet EMPA, OPM, Raman - 

Total samples (pieces) 65 43 8 
Note: without number in the column of powder samples is 1 piece for the analytical equipment; 

Abbrevations: WD-XRF - Wavelength Dispersive X-ray fluorescence; XRPD - X-ray powder diffraction; and 

FTIR - Fourier-transform infrared spectroscopy; Soxhlet -Soxhlet bitumen extraction; ICP-OES- inductively 

coupled plasma-optical emission spectroscopy; LA-ICP-MS laser ablation inductively coupled plasma mass 

spectrometry; EMPA-electron probe microanalysis, OPM-optical microscope, Raman - Raman microscope; 

OEA-organic elemental analyser. 
 

Table 12 Quantitative results of minerals and amorphous organic matter  

from eight whole-rock samples of W-Mecsek. 
 Samples 
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Contents WH2-
057 

WH2- 
065 

WH2-
070 

WH2-
071 

WH2-
072 

WH2-
073 

WH2-
076 

WH2-
077 

Minerals Mineralogical composition (unit, wt%) 
Amorphous matter 4.0 7.0 6.0 31.0 17.0 4.0 7.0 6.0 

Pyrite - 0.6 9.1 14.4 33.4 2.6 0.8 2.2 
Quartz 35.2 34.8 42.9 0.9 5.4 22.7 31.5 14.2 

Muscovite 16.2 - - - - - - - 
Albite 9.9 12.1 10.5 - 1.8 11.0 10.9 3.0 

Microcline - 16.6 14.7 - 12.0 16.0 16.2 9.1 
Ankerite 8.3 2.3 1.9 15.8 8.7 1.1 0.6 6.3 

Mg-siderite - - - - - 3.4 - - 
Mn-siderite - - - - - 1.4 - - 
Dolomite 19.6 2.8 2.9 37.9 21.5 9.9 4.0 47.3 
Smectite 0.3 1.2 0.9 - - 1.3 0.9 - 
Kaolinite - 1.0 - - - 1.6 0.4 1.2 

Illilte 6.0 19.8 10.1 - 0.2 25.0 22.7 10.7 
Titano-magnetite 0.5 1.8 1.0 - - - 0.3 - 

Chlorite - - - - - - 4.7 - 
Oxide  Chemical composition (unit, wt%) 
SiO2 57.8 63.3 65.3 1.2 13.8 51.7 62.1 30.3 
Al2O3 8.9 16.6 11.3 0.2 2.7 14.5 16.8 5.9 
MgO 5.34 1.72 1.4 5.31 4.88 3.59 2.08 10.28 
CaO 10.4 1.53 1.45 13.9 10.1 4.06 1.06 17.2 
Na2O 1.15 1.26 1.27 0.10 0.20 0.87 1.22 0.45 
K2O 3.88 5.67 4.06 0.13 0.99 5.26 6.20 2.66 

Fe2O3 2.26 1.31 6.71 11.1 19.5 6.24 2.24 3.43 
MnO 0.436 0.047 0.042 0.269   0.128 0.155 0.038 0.360 
TiO2 0.205 0.418 0.179 0.009 0.124 0.584 0.478 0.258 
P2O5 0.051 0.058 0.040 0.059 0.090 0.097 0.259 0.074 

S 0.17 1.0 9.0 27.9 32.4 3.1 0.97 3.0 
Differences 9.4 7.0 - 39.7 15.1 9.8 6.7 26.1 
Elements Chemical composition (unit, ppm) 

As 13 43 2301 4265 5027 532 100 354 
Cu < 10 22 101 2662 2345 32 15 23 
Zn 18 24 14 315 261 241 41 45 
Pb 12 36 89 287 431 117 30 515 

Note: Differences show CO2, water etc. 
 

 

 

 

 

 

Table 13 LA-ICP-MS spot analyses measurement on the OM of the sample 

 WH2-065 showing concentrations of trace elements. 
Spot  

numbers 
The concentrations of elements (unit, ppm) 

Ag Au As Fe Th U 
1 2 3.02 43 8 525 9 46 
2 1 0.05 49 9 582 27 101 
3 1 5.06 61 7 599 6 61 
4 4 0.22 121 38 246 5 10 
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5 2 0.52 56 13 343 8 26 
6 3 0.10 80 24 821 5 8 
7 2 0.03 46 12 816 19 29 
8 0 0.06 14 6 544 7 14 
9 0 0 16 6 709 19 37 
10 90 4.52 2 558 101 946 2 18 
11 16 1.26 515 27 535 18 44 
12 42 2.08 1 528 74 998 5 17 
13 30 1.19 897 92 354 10 36 
14 2 0.02 123 17 780 16 17 
15 4 0.01 264 29 099 13 57 
16 3 0.01 153 17 606 17 50 
17 1 0.02 41 9 929 27 39 
18 8 0.25 306 55 494 14 42 
19 11 0.04 330 76 043 14 67 
20 1 2.81 49 3 774 2 8 
21 2 0.10 71 26 914 10 88 
22 1 0.10 27 10 483 11 50 
23 1 0.06 28 6 780 1 7 
24 0 0.11 10 28 352 1 18 
25 0 0.05 6 714 4 8 
26 0 0.02 11 2 447 6 10 
27 0 0.02 12 13 885 1 8 
28 0 0.01 114 8 452 222 241 
29 2 0.02 85 29 678 8 15 
30 2 0.03 170 15 992 121 495 
31 2 0.04 41 16 590 15 24 
32 13 0.25 435 37 818 14 48 
33 9 0.03 211 39 363 84 203 

Average 7.7 0.67 256.7 26 431 22.4 58.8 
 
Table 14 LA-ICP-MS spot analyses measurement on the grains of pyrite of  

the sample WH2-072 showing concentrations of trace elements. 
Spot 

Numbers 
Elemental concentrations of cement pyrite (unit, ppm) 

Al Si Ti Mn Fe Ni Cu Zn As 
1 5 877 38 262 113 41 465500 96 458 22 22301 
2 3 792 17 819 24 55 465500 95 497 18 28452 
3 10 535 16 244 409 117 465500 244 295 14 16181 
4 5 413 23 978 32 20 465500 109 674 58 25146 

Average 6 404 24 075 145 58 465500 136 481 28 23020 
Elemental concentrations of euhedral pyrite (unit, ppm) 

1 5 810 21 814 162 17 465500 81 2 366 391 22504 
2 2 890 9 677 47 33 465500 66 1 206 189 24806 
3 2 216 4 177 14 25 465500 111 3 513 523 15805 

Average 3 638 11 889 74 25 465500 86 2361 367 21083 
 

Table 15 Continued 

Spot 
Numbers 

Elemental concentrations of cement pyrite (unit, ppm) 
Sr Nb Mo Ag Sb Ba W Au Pb 

1 3 0.94 710 36 20 40 0.13 0.26 890 
2 2 0.23 711 43 20 26 0.05 0.20 1028 
3 18 0.37 552 31 17 7 0.11 0.67 1102 
4 2 1.59 666 34 25 36 0.07 0.22 837 

Average 6 3 659 36 23 27 0.09 0.34 964 
Elemental concentrations of euhedral pyrite (unit, ppm) 
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1 3 0.47 768 24 72 10 0.15 0.46 669 
2 2 0.14 910 26 40 7 0.09 0.29 605 
3 1 0.02 403 18 80 2 0.03 0.22 4803 

Average 2 0.21 693 23 64 6 0.09 0.32 2025 
 

Table 16 Quantitative results for minerals and amorphous matter  

from nine whole-rock samples. 
 

Contents 
Samples 

Bak 2 Bak 1 Bak 
2.5 

Bak 
2.2 

Bak 
2.3 

Bak 
2.1 

Bol Bak 
2.4 

Bak 
2.25 

Minerals Mineralogical composition (unit, wt%) 
Amorphous 

matter 
14 10 - 12 14 8 8 - 9 

Pyrite - - - 32.7 21.4 2.9 2.6 - 1.4 
Arsenopyrite - - - 12.5 10.3 2.2 - - 1.5 

Stibnite - - - - - - 7.7 5.2 - 
Valentinite - - - - - - 3.9 3.9 - 

Quartz 24 15.8 41.5 25 31.1 41.4 63.7 80.4 36.2 
Muscovite 20.6 32.9 - - - 7.9 13.7 - 9 

Albite 2.9 20.8 - 0.1 2.6 13.3 0.4 0.7 15.3 
Ankerite - 3.3 - 3.4 2.8 2.7 - - 2.2 
Siderite 38.5 6.3 - - - - - - - 
Smectite - 2.4 - 14.3 - - - - - 

Illilte - 8.5 28.7 - 17.3 21.4 - 9.8 25.2 
Digenite - - 0.5 - - - - - - 
Dolomite - - - - 0.5 - - - - 
Gypsum - - 0.5 - - - - - - 
Dravite - - 19.9 - - - - - - 
Rutile - - 8.9 - - - - - - 
Anatite - - - - - 0.2 - - 0.2 
Biotite - - - - 0.1 0.2 - - 0.2 
Oxide Chemical composition (unit, wt%) 
SiO2 37.1 51.5 58.4 34.1 47.4 60.7 19.4 74.0 60.2 
Al2O3 11.9 23.3 17.7 8.8 11.2 19.3 0.9 6.0 18.2 
MgO 1.92 0.93 1.38 1.17 1.18 0.95 0.03 0.2 0.86 
CaO 1.01 0.75 0.73 1.71 1.45 1.14 - <0.01 1.13 
Na2O 0.27 1.97 0.76 0.25 0.34 1.60 0.03 0.16 1.73 
K2O 2.17 4.02 2.40 1.37 1.84 3.04 <0.01 0.95 2.91 

Fe2O3 29.8 4.51 5.96 23.1 18.1 4.87 0.07 0.25 3.83 
MnO 0.733 0.049 0.061 0.028 0.030 0.036 <0.005 <0.005 0.035 
TiO2 0.432 0.878 0.893 0.231 0.323 0.690 0.006 0.116 0.710 
P2O5 0.504 0.125 0.145 0.618 0.195 0.012 <0.005 0.007 0.009 

S 2.6 0.25 0.9 27.3 19.1 2.8 26.3 3.9 2.2 
Differences 11.5 11.7 10.6 1.3 - 4.9 53.2 14.4 8.2 
Elements Chemical composition (unit, ppm) 

As 956 1537 4018 34520 35185 17098 346 1902 13100 
Sb - - 102 124 241 88 - 137000 50 
Cu 16 42 55 46 39 51 18 23 24 
Zn 97 61 104 17 29 218 - 10 100 
Pb 835 1304 17 15 11 27 336 35 - 

Note: Differences: CO2, water etc.; 
Group I has samples of Bak 2, Bak 1, Bak 2.5; Group II includes Bak 2.2, Bak 2.3, Bak 2.1; and Group III has 
samples of Bol, Bak 2.4, Bak 2.25 
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Table 17 Concentrations of extracted noble metals of whole-rock samples at the  

3 stages (unit, ppm for Au and Ag; ppb for Pt and Pd). 

 
Eleme

nts 

Samples group I Samples group II Samples group III 
Bak 

2 
Bak 
1 

Bak 
2.5 

Bak 
2.3 

Bak 
2.2 

Bak 
2.1 

Bol Bak 
2.4 

Bak 2.25 

Stage 1 (pyrite)  
Au 0.1 0.13 0.09 0.08 0.05 0.13 0.0

1 
0.10 0.05 

Ag - - 1.4 0.4 1.1 2 - 0.4 1.4 
Pt - - - - - 130 - - 100 
Pd - - - - - - - - - 
As 13 4 4.5 43.2 3608 295 - 68.8 4.5 
Fe 8297 1304

4 
3757 1556 1026

1 
1339 - 182

4 
130 

S 8450 4272 467 2236 6829 2431 - 27 175 
Stage 2 (solid pyrobitumen)  

Au 2.0 3.0 0.21 0.19 0.22 0.76 0.20 0.44 0.21 
Ag 1.7 1.7 - 0.12 0.01 0.32 - - - 
Pt - - 5 - 25 - - - 1 
Pd - - 10 - - - - - 16 
As 12 7 66 85 138 16.6 - 23 57 
Fe 3989 1499 11.5 2507 1003 132 - 948 9.4 
S 34 44 129 72 132 28 - 22 24 

Stage 3 (arsenopyrite)  
Au 0.5 4.0 0.11 0.81 1.26 2.1 0.40 0.43 0.48 
Ag 0.6 27 1,67 0.27 0.62 0.42 - 0.24 1.85 
Pt - - - 105 139 - - 19 - 
Pd - - - - - - - - - 
As 986 4050 288 5057 4748 1192 - 238

1 
309 

Fe 8700 1040
0 

4177 14285 10923 2527 - 500
8 

4177 

S 2779 5199 156 10246 5954 445 - 143
1 

156 

 

 

 

 


