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Abstract Self-heating and self-combustion are currently taking place in some coal waste dumps in the Upper 
Silesian Coal Basin, Poland, e.g. the dumps at Rymer Cones, Starzykowiec, and the Marcel Coal Mine, all in the 
Rybnik area. These dumps are of similar age and self-heating and combustion have been occurring in all three for 
many years. The tools of organic petrography (maceral composition, rank, etc.), gas chromatography-mass 
spectrometry, and proximate and ultimate analysis are used to investigate the wastes. 

Organic matter occurs in quantities up to 85 vol.%, typically a few to several vol.%, in the wastes. All three 
maceral groups (vitrinite, liptinite, and inertinite) are present as unaltered and variously-altered constituents 
associated with newly-formed petrographic components (bitumen expulsions, pyrolytic carbon). The predominant 
maceral group is vitrinite with alterations reflected in the presence of irregular cracks, oxidation rims and, rarely, 
devolatilisation pores. In altered wastes, paler grey-vitrinite and/or coke dominates. The lack of plasticity, the 
presence of paler-coloured particles, isotropic massive coke, dispersed coked organic matter, and expulsions of 
bitumens all indicate that heating was slow and extended over a long time. Macerals belonging to other groups are 
present in unaltered form or with colours paler than the colours of the parent macerals.  

Based on the relative contents of organic compounds, the most important groups of these identified in the 
wastes are n-alkanes, acyclic isoprenoids, hopanes, polycyclic aromatic hydrocarbons (PAHs) and their 
derivatives, phenol and its derivatives. These compounds occur in all wastes except those most highly altered 
where they were probably destroyed by high temperatures. These compounds were generated mainly from 
liptinite-group macerals. Driven by evaporation and leaching, they migrated within and out of the dump. Their 
presence in some wastes in which microscopically visible organic matter is lacking suggests that they originated 
elsewhere and subsequently migrated through the dump piles. During their migration, the compounds fractionated, 
were adsorbed on minerals and/or interacted.  
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The absence of alkenes, and of other unsaturated organic compounds, may reflect primary diagenetic processes 
that occurred in coals and coal shales during burial and/or organic matter type. Their absence may also be 
a consequence of heating that lasted many years, hydropyrolysis, and/or the participation of minerals in the 
reactions occurring within the dumps. The wastes contain compounds typical of organic matter of unaltered 
kerogen III type and the products of pyrolytic processes, and mixtures of both. In some wastes, organic 
compounds are completely absent having been destroyed by severe heating. 

The distributions of n-alkanes in many samples are typical of pyrolysates. In some wastes, narrow n-alkane 
distributions reflect their generation over small temperature ranges. In others, wider distributions point to greater 
temperature ranges. Other wastes contain n-alkane distributions typical of unaltered coal and high pristane content 
or mixtures of pyrolysates and unaltered waste material. The wastes also contain significant amounts of final  
hopanes. Polycyclic aromatic hydrocarbons are represented only by two- to five-ring compounds as is typical of 
the thermal alteration of hard coal. 

Correlations between the degree of organic matter alteration and the relative contents of individual PAHs and 
hopanes and geochemical indicators of thermal alteration are generally poor. The properties of the organic matter 
(its composition and rank), temperature fluctuations within the dumps, migration of organic compounds and 
mineral involvement are probably responsible for this. 

The processes taking place in coal waste dumps undergoing self-heating and self-combustion are complicated; 
they are very difficult to estimate and define. The methods of organic petrology and geochemistry give 
complementary data allowing the processes to be described. However, each of the dumps investigated represents 
a separate challenge to be surmounted in any regional attempt to delineate the regional environmental impact of 
these waste dumps. 
 
Key-words: coal wastes, dumps, macerals, bitumens, biomarkers, self-heating, pyrolysis 
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1. Introduction 

 
Coal wastes that originate during coal production are inseparable components of all 

coal fields in Poland and around the world. They are generated during the preparation of 
coal seams for exploitation and during the coal separation processes. Coal wastes, mostly 
composed of mineral matter, also contain several % of organic matter (Skarżyńska 1995a). 
Most of the wastes are deposited in dumps typically adjacent to their parent mines.  

The quantity of wastes generated during coal mining is strongly related to the amount 
of coal mined. In recent years, the amount of mined coal has decreased slightly and, 
likewise, the amount of wastes deposited in the dumps. Some of the wastes are used as 
construction material in hydraulic-, harbour-, highway, and mining engineering; some in 
the remediation of derelict land, the restoration of open pits, quarry sites and mining 
subsidence areas; and some in the manufacture of building materials and the recovery of 
minerals (Skarżyńska 1995b). Some of the wastes are deposited in dumps in which 
weathering processes lead, in some cases, to self-heating and self-combustion. 

Despite much research, the processes of self-heating and self-combustion are not fully 
understood. It is well known that these processes result in gaseous and particulate pollutants 
that are emitted to the atmosphere and leached into surface- and ground waters (e.g. 
Grossman et al. 1994; Stracher, Taylor 2004; Finkelman 2004; Pone et al. 2007; Zhao et al. 
2008; Querol et al. 2008; Carras et al. 2009; Hower et al. 2009; O’Keefe et al. 2010; Skręt 
et al. 2010). It has been estimated that 1 t of coal mine wastes can generate 0.84 kg of SO2, 
0.61 kg of H2S, 0.03 kg of NOx, 99.7 kg of CO, and 0.45 kg of smoke (Liu et al. 1998).  
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Self-heating can be easily recognised on the dumps. In winter, heated places on dump 
surfaces remain free of snow. Rising steam and other gases are typical features of heated 
dumps. The fact that coal waste dumps are an environmental hazard can be easily 
appreciated by the smells in their vicinity and, particularly, the distinctive smell of 
hydrocarbons generated by the self-heating. For these environmental and health reasons, it 
is important that the processes that occur in the dumps be defined and that the types of 
chemical compounds generated during self-heating and self-combustion documented. 

Up to relatively recently, the problems of self-heating and self-combustion, and their 
consequences, e.g. mining safety, deterioration of coal properties and environmental 
problems, were addressed mostly in relation to coal seams and coal heaps (e.g. Urbański 
1983; Brooks et al. 1988; Misra, Singh 1994; Clemens, Matheson 1996; Walker 1999; 
Jones 2000; Beamish et al. 2001; Kuenzer et al. 2007; Pone et al. 2007; Singh et al. 2007a; 
Stukalova, Rusinova 2007; Stracher 2007; Wachowicz 2008; Carras et al. 2009; Hower et 
al. 2009; Quintero et al. 2009; Sahu et al. 2009; Liu, Zhou 2010). Relatively little attention 
has been given to self-heating in coal waste dumps (Wagner 1980; Liu et al. 1998; Walker 
1999; Sawicki 2004). In Poland, this is a consequence of the neglect of coal utilisation in 
heat and energy production until the end of the last century. Recent years have seen an 
increase in research on waste dumps worldwide (e.g. Ribeiro et al. 2010) and in Poland 
(Ćmiel, Misz 2005; Misz et al. 2007; Hanak, Nowak 2008; Parafiniuk, Kruszewski 2009; 
Misz-Kennan, Fabiańska 2010; Misz-Kennan et al. 2011a, b). 

In the context of self-heating, the situation is very different in coal seams compared to 
coal-waste dumps. The relative amounts of organic matter in coal and coal wastes and the 
geometric or morphological forms of coal seams and waste heaps are critical differences. 
The occurrence of coal-seam fires relates to mining methods, ventilation, coal geology, and 
the relative abundance of methane (Liu, Zhou 2010). Coal-waste fires, in contrast, depend 
on the manner of waste deposition and access of air into the dump (Urbański 1983; Szafer 
et al. 1994; Tabor 2002, 2002-2009). Some influencing factors, e.g. the properties of 
organic matter, are common to both. Some research has begun to focus on the new organic 
compounds that form as a result of the self-heating of coal wastes (Misz et al. 2007; Misz-
Kennan, Fabiańska 2010; Ribeiro et al. 2010; Misz-Kennan et al. 2011b).  

The limited knowledge that exists on the transformations of organic matter in coal 
wastes during self-heating and self-combustion inspired the author to investigate this 
subject – a subject potentially very important in terms of pollutants generated during these 
processes that influence the chemistry of soils and are leached to waters. It has been shown 
that pollutants can migrate within dumps (Misz-Kennan et al. 2011b) and out of them (Pone 
et al. 2007; Skręt et al. 2010). The question is very complex and a number of factors are 
influential. In addition, it has to be appreciated that thermally active coal waste dumps 
change dynamically, i.e. temperatures in any given place can and do fluctuate up and down 
and as the fire fronts migrate (Tabor 2002-2009; Misz-Kennan, Tabor 2011; Misz-Kennan 
et al. 2011a). In an attempt to define exactly what takes place, this work focuses on the 
transformations of organic matter in three coal waste dumps in the Rybnik area, Upper 
Silesia. 
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2. Aims of the research 
 
The interrelated aims of the research were:  

 To determine and explain the petrographic and geochemical changes occurring in 
organic matter in coal wastes deposited in dumps undergoing self-heating. 

 To identify organic compounds in wastes that experienced heating and oxidation to 
varying degrees. 

 To establish the influence of organic matter type, and of the heating history of the 
dumps, on the self-heating and self-combustion products.  

 To define the various reactions that occurred in the wastes as a result of heating and 
oxidation. 

 To outline the conditions occurring within the selected dumps and their influence on 
the organic matter present. 
 

3. Coal wastes and self-heating processes 
 

3.1. Origin and composition of coal wastes 
 
In the Upper Silesian Coal Basin (USCB) in southern Poland, 0.6-0.7 tons of coal 

wastes are generated for every ton of coal mined. These wastes can be divided into (a) 
mining wastes and (b) washery wastes. Mining wastes come from preparatory mining 
works and coal-seam exploitation. In these, individual fragments commonly range up to 
500 mm. Washery wastes are generated during coal separation. These may be divided into 
(a) coarse-grained (10-250 mm) wastes produced from suspension plants, (b) fine-grained 
(0.5-30 mm) wastes produced from sedimentation processes, and (c) very fine-grained 
(< 1 mm) slurries (tailings) resulting from flotation processes (Skarżyńska 1995a).  

The wastes are composed of mineral matter and, to a lesser extent, organic matter. In 
petrographic terms, the USCB coal wastes are composed mainly of claystones (40-98%), 
mudstones (2-40%), coal shales (2-40%), sandstones (< 33%), coal (3-30%, usually 8-
10%), and rare conglomerates and carbonates. Typically minestone contains clay minerals 
(50-70%); quartz (20-30%); and other minerals (10-20%) such as chlorite, pyrite, siderite, 
ankerite, gypsum, and jarosite, in addition to carbonaceous matter (Skarżyńska 1995a). The 
content of organic matter in wastes is typically 7-15% but can reach a few tens % 
(Skarżyńska 1995a; Alonso et al. 2002). This organic matter plays the crucial role in waste 
self-heating processes. 

 
3.2. Self-heating in coal wastes 

 
Immediately after their deposition in a dump, coal wastes undergo weathering 

processes that may lead to fires. In terms of their origin, two types of fires are 
distinguished. Exogenic fires are linked to an external source of heat, e.g. hot slag from 
combustion, badly protected welding works, etc. (Urbański 1983). Endogenic fires, as 
discussed here, are related to self-heating processes believed to be caused by low-
temperature oxidation of organic matter (Urbański 1983; Itay et al. 1989; Krishnaswamy et 
al. 1996a, b; Walker 1999; Sensogut, Cinar 2000; Lu et al. 2004; Shi et al. 2005; Singh et 
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al. 2007a). At the present time, endogenic fires are a feature of several coal-waste dumps in 
the USCB.  

Self-heating occurs only when three influencing factors exist at the same time. These 
are (a) the presence of components (organic matter, pyrite) that may easily react with air, 
(b) access for air into the interior of the dump, and (c) conditions that make heat 
accumulation possible (Urbański 1983; Szafer et al. 1994; Brooks et al. 1988; Tabor 1999, 
2002; Barosz 2002, 2003; Kaymakçi, Didari 2002; Pone et al. 2007). At a heated spot on 
a dump, the difference between the surface temperature of the dump and the atmospheric 
temperature is > 3°C (e.g. Szafer et al. 1994; Barosz 2002; Tabor 2002). The hot-spot is 
commonly located ca 1.5-2.5 m below the dump surface (Urbański 1983; Walker 1999). In 
attempting to inhibit or avoid fire, it is impossible to completely eliminate organic matter 
from the wastes. Air access can be limited by compaction of the wastes using vibrating 
rollers where dumps are currently being formed or by the insertion of screens of inert 
material (e.g. fly ash, clay) in existing dumps. However, despite all of these efforts, self-
heating occurs in a number of USCB dumps (Misz-Kennan, Fabiańska 2010; Misz-Kennan, 
Tabor 2011; Misz-Kennan et al. 2011a). 

The self-heating process occurs in two stages. During an initial incubation stage, no 
change in temperature is observed (Walker 1999; Sawicki 2004). Exothermic oxidation 
processes occurring at this stage are linked to the release of gases such as CO, CO2, 
hydrocarbons, and hydrogen (Cygankiewicz 1996; Wang et al. 1999, 2002a, b, 2003; Lu et 
al. 2004).  

During this incubation stage, a number of changes in organic and mineral matter 
occur at low temperatures. Coal oxidation is considered to be the essential preliminary 
precursor of self-heating. The oxidation of organic matter includes, in sequence, the 
chemisorption of oxygen and the formation of intermediate oxygenated complexes, the 
decomposition of the unstable intermediates and the formation of stable oxygenated 
complexes, the destruction of the stable oxygenated complexes and the formation of new 
active sites and, finally, the decomposition of the solid complexes (van Krevelen 1993).  

The incubation stage is followed by self-heating during which the temperature rises 
continuously (Walker 1999; Sawicki 2004). The critical temperature is 60-80°C (Sawicki 
2004; Sokol 2005; Pone et al. 2007). Above, a rapid increase in temperature takes place up 
to self-ignition; this is strongly dependent on coal rank. The temperature of ignition is ca 
150°C for subbituminous coal, ca 200°C for bituminous coal, ca 250°C for coke, and ca 
300°C for anthracite. Temperatures within burning dumps may reach as high as 1300°C 
(Sawicki 2004; Sokol 2005).  

Several internal and external factors influence the self-heating processes (Urbański 
1983). Internal factors determine the reactivity of the waste material to atmospheric oxygen 
at low temperatures, e.g. mineral composition, maceral composition, the presence of 
chemical compounds that inhibit oxidation reactions, and moisture (Urbański 1983; Rosiek, 
Urbański 1990; Walker 1999; Kaymakçi, Didari 2002). External factors influence the 
filtration abilities of dumps and their heat balance (Urbański 1983; Krishnaswamy et al. 
1996a, b; Walker 1999; Kaymakçi, Didari 2002). 

Organic matter present in coal wastes occurs in a form of macerals belonging to all 
three maceral groups (vitrinite/huminite, liptinite, and inertinite). Their classification, 
origin, and properties have been discussed in numerous publications (e.g. ICCP 1998, 2001; 
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Taylor et al. 1998 and references therein; Sýkorová et al. 2005). The organic matter occurs 
interlayered with mineral matter, as lenses and laminae of various length and width, and as 
dispersed organic matter (Misz et al. 2007; Misz-Kennan, Fabiańska 2010; Ribeiro et al. 
2010; Misz-Kennan et al. 2011b). Individual macerals show different propensities for self-
heating. Vitrinite is the maceral group that self-ignites most easily (Strumiński, Rosiek 
1990; Taylor et al. 1998; Machnikowska et al. 2003). Vitrite undergoes oxidation earlier 
than durite, a difference especially marked during the earliest stages of oxidation (Taylor et 
al. 1998; Machnikowska et al. 2003). Apart from vitrinite, liptinite macerals are also very 
reactive and highly prone to spontaneous combustion (Misra, Singh 1994; Mastalerz et al. 
2010). However, other research has shown that resinite from this group is not prone to 
spontaneous combustion (Beamish et al. 2001). Some workers, e.g. Strumiński and Rosiek 
(1990), suggest that because of its high specific area, fusinite can also be the cause of 
endogenic fires.  

The rank of organic matter in coal and coal wastes influences ignition temperatures 
(Sawicki 2004). In general, the ability of organic matter to self-heat decreases with 
increasing rank (Rosiek, Urbański 1990; Walker 1999; Beamish et al. 2001; Mastalerz et al. 
2010). However, self-heating of coal wastes generated during anthracite mining has been 
reported (Ribeiro et al. 2010). Subbituminous coals are considered to be those most prone 
to self-heating (Beamish et al. 2001; Beamish 2005).  

Moisture is always present in the wastes. During self-heating, a considerable quantity 
of heat energy is used in its evaporation. Moisture facilitates pyrite decomposition and 
participates in chemical reactions that promote self-heating processes. Influenced by 
moisture, the activation of coals promotes oxygen absorption and oxidation (Clemens, 
Matheson 1996). At moisture contents > 6%, coals are more prone to self-heating (Rosiek, 
Urbański 1990). Though a certain amount of moisture can speed up the process of self-
heating, too much acts to inhibit that process (Rosiek, Urbański 1990; Sawicki 2004; Smith, 
Glasser 2005).  

The shape and size of a dump determine its filtration properties and influence the 
generation and accumulation of heat within it (Urbański 1983). Commonly, self-heating 
processes occur in high- and/or steep scarps of dumps, particularly so in the case of cone 
type dumps because of particle fractionation and the enhanced influence of wind on their 
slopes (Urbański 1983; Krishnaswamy et al. 1996b; Misz-Kennan, Tabor 2011; Misz-
Kennan et al. 2011a). The flow of the wind enhances oxidation, leading to a natural, 
asymmetric, convection within the dump (Krishnaswamy et al. 1996b; Moghtaderi et al. 
2000). Temperatures can be much higher on windward slopes than elsewhere (Urbański 
1983; Moghtaderi et al. 2000; Misz-Kennan, Tabor 2011).  

Particle size and particle surface area are important with regard to oxygen absorption. 
They influence the availability and consumption of oxygen within the dump 
(Krishnaswamy et al. 1996b). Some authors consider that larger particles lead to fires more 
easily than smaller particles do (e.g. Krishnaswamy et al. 1996b). On the other hand, larger 
particles can be considered to catch fire more slowly due to the reduction in the global 
reaction rate. However, Misra and Singh (1994) favour the conclusion that small particles 
favour spontaneous combustion. The influence of particle size is clearly not settled.  

Fractionation of particles during the building of cone-type dumps generates 
conditions conducive to the infiltration of air into dump interiors; the process of self-
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heating is thus promoted. Smaller particles tend to accumulate in the upper parts of these 
dumps and larger particles in lower parts. Coarse-grained (and porous) dumps are prone to 
self-heating in autumn and winter, and fine-grained dumps in spring and summer (Urbański 
1983; Szafer et al. 1994).  

Atmospheric conditions also influence the self-heating process. Rainfall, particularly 
when heavy, tends to damage the structure of the dump, enabling the migration of air into 
the interior. Seasonal changes in air temperature are also an influence; the ventilation of 
a dump is twice as effective in winter compared to summer (Urbański 1983).  

Hot spots in coal waste dumps usually occur at depths of 1.5-2.5 m. As material is 
burnt out, the fire zone migrates inwards. In the hot spots, the burnt out places, ‘wolf’s 
pits’, are hot cavities that can easily subside and collapse under small pressures (Urbański 
1983; Szafer et al. 1994).  

There are several theories that purport to explain the phenomenon of self-heating and 
self-combustion. Some authors, e.g. Urbański (1983), Skarżyńska (1995a), Evans et al. 
(2003), Sawicki (2004) suggest that the self-heating of coal results from the reaction of 
pyrite in coal with atmospheric oxygen or bacterial- or catalytic non-saturated compounds, 
functional groups and oxygen complexes. At the present time, it is considered that low-
temperature oxidation of organic matter is the essential driver of the self-heating process 
(Krishnaswamy et al. 1996a, b; Lu et al. 2004; Singh et al. 2007a).  

 
3.3. Maceral changes during self-heating 

 
All macerals present in coal and/or as dispersed organic matter in various rocks 

respond to heating in various ways. These have been extensively investigated for both 
natural- and industrial processes.  

Organic matter consists of three groups of microscopic components - macerals 
(huminite/vitrinite, liptinite, and inertnite groups) that are distinguished on the basis of their 
colour, reflectance, fluorescence, and morphology. They have different origins and respond 
in different ways to rising temperature (ICCP 1998, 2001; Taylor et al. 1998, and 
references therein; Sýkorová et al. 2005). However, as Taylor et al. (1998) have shown, 
their behaviour also depends on whether they occur in association with other macerals (as 
microlithotypes) and/or with minerals (as carbominerites). The co-occurrence of vitrinite 
and liptinite leads to the formation of more porous solid residues after combustion, whereas 
the co-occurrence of vitrinite and semifusinite leads to less porous residues (Taylor et al. 
1998, and references therein; Suárez-Ruiz, Crelling 2008, and references therein).  

In terms of their response to heating, all macerals are classified as reactive-, semi-
reactive/semi-inert, or inert macerals. Reactive macerals (liptinite, vitrinite, micrinite, low-
reflectance semifusinite, macrinite, funginite, inertodetrinite) are easily and completely 
destroyed by thermal processes; their original properties cannot be recognized in their solid 
residues. Inert macerals (especially pyrofusinite, pyrosemifusinite, secretinite, and highly-
reflective macrinite and funginite) require much higher temperatures and/or longer time 
spans for complete thermal destruction; in practice, their original morphologies are easily 
recognizable in solid residues. The semi-reactive/semi-inert macerals behave in an 
intermediate manner (Taylor et al. 1998, and references therein; Suárez-Ruiz, Crelling 
2008, and references therein). 
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Alterations of individual macerals due to heating also depend on the rank of the 
organic matter, the heating rate, the final temperature, the duration of heating, and the 
presence/absence of air (e.g. Taylor et al. 1998; Suárez-Ruiz, Crelling 2008). Knowledge of 
the behaviour of macerals during technological processes has proved very valuable to the 
understanding of maceral alterations in coal wastes exposed to self-heating (e.g. Taylor et 
al. 1998; Beamish et al. 2001; Sawicki 2004; Mastalerz et al. 2010; Misz-Kennan, 
Fabiańska 2010; Ribeiro et al. 2010; Misz-Kennan et al. 2011b). Of the three maceral 
groups, vitrinite responds to heating before other maceral groups do (Taylor et al. 1998). 
Liptinite, in contrast, undergoes vitrinitization and devolatilization at temperatures above 
300°C (Mastalerz, Mastalerz 2000).  

Heating rate appears to be one of the key factors that determine the morphology of 
altered macerals. However, the results are strongly rank dependent. Fast heating rates have 
less influence on the development of anisotropy in chars of low-rank vitrinites. With 
increasing heating rate, vitrinite macerals show a greater tendency to softening as indicated 
by rounded particle edges and/or by the fusion of individual particles into much larger 
irregular masses. The fluidity of vitrinite macerals also increases with heating rate, 
irrespective of rank. Vitrinites in anthracites do not show evidence of plasticity. Higher 
heating rates cause volatile release resulting in the formation of pores and thinner char 
walls. Middle-rank vitrinites develop mosaic structure that coarsens with increasing heating 
rate (Goodarzi, Murchison 1978; Murchison 2006).  

At present, no commonly accepted classification of organic forms developed as 
a result of self-heating processes in coal wastes has been developed. However, in recent 
years, the author has been involved in several attempts to classify them (Misz et al. 2007; 
Misz-Kennan et al. 2009; Misz-Kennan, Fabiańska 2010; Misz-Kennan et al. 2011b). These 
attempts were based on numerous works describing the thermal alteration of organic matter 
in the vicinity of igneous intrusions (e.g. Goodarzi, Murchison 1978; Kwiecińska et al. 
1995; Kwiecińska, Petersen 2004; Steward et al. 2005; Cooper et al. 2007; Singh et al. 
2007b, 2008; Mastalerz et al. 2009; Rimmer et al. 2009) and coking and combustion 
processes (e.g. Taylor et al. 1998; Suárez-Ruiz, Crelling 2008).  

A preliminary classification of organic matter in coal and coal wastes exposed to self-
heating can be based on such criteria as the presence/absence of plasticity, changes in 
colour of individual macerals and their parts, the presence/absence of anisotropy, and the 
degree of preservation of original maceral properties. This classification includes the 
following forms: unaltered macerals, cracks and microfissures, oxidation rims (paler and 
darker in colour), plasticised particles (particles with porosity and particles with plasticised 
edges), bands, paler coloured particles, coke (massive, isotropic, anisotropic; porous), 
inertinite, pyrolytic carbon, natural chars, and unaltered particles (Misz-Kennan et al. 
2009). 

 
3.4. Chemical transformations of organic matter during heating 

 
Thermal transformations of organic matter in coal differ considerably from those seen 

in coal wastes. In coal seams and in rocks associated with them, the changes are linked to 
the processes of coalification whereas, in coal waste dumps, they reflect weathering and 
self-heating. In this study, the terms thermal alteration and transformation will be used.  
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Organic matter present in coal wastes is mostly of kerogen III (coaly) type (e.g. Misz 
et al. 2007; Ribeiro et al. 2010; Misz-Kennan, Fabiańska 2010; Misz-Kennan et al. 2011b). 
Its chemical composition is strongly dependent on maceral composition and rank. 
Individual macerals display different chemical compositions related to their biological 
origin. Vitrinite and inertinite group macerals mostly derive from the lignin and cellulose of 
plant cell walls as well as tannins (Hatcher, Clifford 1997; Taylor et al. 1998). The 
compositions of liptinite macerals are much more complex with individual macerals 
comprising different chemical compounds reflecting their more varied biological origin; 
sporinite is composed of sporopollenin, cutinite of cutan, alginite of algaenan, and resinite 
of various waxes, resins, balsam, copal, latex, oils, and fats (Hatcher, Clifford 1997; Taylor 
et al. 1998; Killops, Killops 2005). Liptodetrinite comprises a mixture of these compounds. 
It merits emphasizing that the chemical compositions of coals change with rank, e.g. 
contents of polar groups generally decrease in line with changes in the elemental 
composition of the total coal, aromatic structures increase in size and aliphatic chains 
break-out and are introduced into the bitumen fraction (Hatcher, Clifford 1997; Killops, 
Killops 2005). 

The general structural composition of coal includes fused benzene rings with 
associated functional groups joined together by ether linkages or sulphur bridges. With 
increasing maturity, the number of linkages or bridges decreases. At temperatures e.g. 
300°C, weaker bridges such as –CH2-CH2- and CH2-O-CH2- are broken first, followed by 
the loss of functional groups and the formation of non-condensable gases. The reactions 
encompass pyrolysis, bond cleavage, fission and production of tarry and volatile products. 
At temperatures < 300°C, organic compounds and their products are released during 
depolymerisations, water elimination, fragmentation, oxidation, char formation, and 
volatilisation/steam stripping of molecular traces (Oros, Simoneit 2000). All of the changes 
in organic matter are dependent on a number of factors such as maceral composition and 
rank (Huizinga et al. 1987) and heating history (Huizinga et al. 1987; Lu, Kaplan 1992; 
Raymond, Murchison 1992; Meyers, Simoneit 1999). 

Biomarkers (biogenic markers, molecular fossils) have been applied in organic 
geochemistry for many reasons. For this role, they must have preserved the basic carbon 
skeleton of the parent compound and it must be possible to establish the chemical pathway 
of the alteration from parent compound to biomarker. Various groups of compounds are 
used as biomarkers, e.g. alkanes, acyclic isoprenoids, steranes, hopanes (Killops, Killops 
2005, and references therein; Peters et al. 2005, and references therein). Polycyclic 
aromatic hydrocarbons are used for evaluation of maturity and thermal alteration (Radke 
1987). Most of the maturity parameters are based on the relative abundances of two 
diastereoisomers (Tables 1, 2; Killops, Killops 2005; Peters et al. 2005) and involve 
a relative increase of the more thermally stable isomer in comparison to the original isomer 
of biological origin with biochemical stereochemistry (Farrimond et al. 1998).   

Biomarkers have been used in many ways, including estimation of the degree of 
alteration of organic matter during maturation (e.g. Bray, Evans 1961; Allan, Douglas 
1977; Radke et al. 1982, 1986; Radke 1987; Strachan et al. 1989a, b; Bishop, Abbot 1995; 
Dzou et al. 1995; Mayers, Simoneit 1999; Norgate 1999; Amijaya et al. 2006) and 
evaluation of the influence of temperature increases due to magmatic intrusion (e.g. 
Clayton, Bostick 1986; George 1992; Raymond, Murchison 1992; Bishop, Abbot 1993; 
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Farrimond et al. 1996; Amijaya et al. 2006). Recently, they have been used to identify 
organic matter in smoke from combustion and smouldering processes (Oros, Simoneit 
2000; Simoneit 2002; Fabbri et al. 2009). Individual geochemical parameters of thermal 
maturation have different ranges of application depending on the reflectance of organic 
matter (Peters at al. 2005). In addition, the values of biomarker parameters may be 
influenced to various extents by processes such as interconversion (isomerisation), 
generation, and thermal destruction of organic compounds (Farrimond et al. 1998). 

 
TABLE 1 

 
Selected indicators of biological source and environment based on biomarkers 

 

Short formula or 
parameter symbol 

Total formula of 
parameter 

Geochemical meaning and 
application 

References 

Σ (n-C12-n-C22)/ 
Σ (n-C23-n-C35) 

Sum of C12-C22  
n-alkanes /sum of 
C23-C35 n-alkanes 

Higher content of long chain  
n-alkanes is indicative of vascular 

plants forming organic matter 

Tissot, Welte 
1984 

n-C23/n-C31 Ratio of n-C23 and 
n-C31 alkane 

contents 

High content of n-C21, n-C23 and  
n-C25 compared to n-C29, n-C31 and 
n-C33 is typical for organic matter 

originating from Sphagnum 

Pancost et al. 
2002 

Pr/Ph Pristane/pytane ratio Pr/Ph > 1 – oxic environment of 
deposition 

Pr/Ph < 1 – anoxic environment of 
deposition, (except kerogen III) 

Didyk et al. 
1978 

Jiamo et al. 
1990 

Pr/n-C17 Pristane/ 
n-heptadecane ratio 

Various interpretations; 
determination of degree of alteration 
of organic matter and water leaching 

Leythaeuser, 
Schwartzkopf 

1986 

Ph/n-C18 Phytane/ 
n-octadecane ratio 

Various interpretations; 
determination of degree of 

maturation/alteration of organic 
matter and water leaching 

Leythaeuser, 
Schwartzkopf 

1986 

 
Changes in biomarkers reflect configural isomerisation that occurs in acyclic 

isoprenoids, n-alkanes, steranes and triterpanes, a process that mostly involves hydrogen 
exchange. In steranes, the stereochemistry corresponds to the most stable thermodynamic 
configuration (e.g. C-8 and C-9). At C-10 and C-13, hydrogen exchange cannot alter the 
configuration as there is no hydrogen directly bonded to the stereogenic carbon atom to 
permit the process to occur. Thus, isomerisation is limited to C-14, C-17, and C-20 
positions. Similar reactions are also involved in triterpane isomerisation. In C31-C35 
hopanes, the biologically conferred 22R configuration is preserved during the initial stages 
of diagenesis. Isomerisation results in a final equilibrium mixture of the same contents of 
22R and 22S isomers. At the C-17 and C-21 positions, the configurations are initially 
mainly 17,21. That isomer is the least thermally stable and is converted into the 17,21 
or 17,21 isomers. With increasing temperature, the 17,21 isomer is converted almost 
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completely into the more stable 17,21 isomer. Hopanes with 17,21 configuration are 
named moretanes (Killops, Killops 2005).  

 
TABLE 2 

 
Selected indicators of degree of organic matter maturation based on biomarkers and  

aromatic hydrocarbons 
 

Short formula or 
parameter symbol Total formula of parameter Geochemical 

meaning References 

CPI CPI = 0.5{[(n-C25+n-C27+n-C29+ 
n-C31+n-C33)/(n-C24+n-C26+n-C28+ 

n-C30+n-C32)]+[(n-C25+n-C27+n-C29+ 
n-C31+n-C33)/(n-C26+n-C28+n-C30+ 

n-C32+n-C34)]} 

Value decreases 
to about 1.0 with 

the increasing 
maturity 

Bray, 
Evans 
1961 

C31S/(S+R) C31S/(S+R) = 17α(H),21β(H)-29-
homohopane 22S/(17α(H),21β(H)-29-
homohopane 22S+17α(H),21β(H)-29-

homohopane 22R) 

Value increases 
with maturity 

from 0 to about 
0.6; at Rr = 0.7% 

parameter validity 
ends 

(equilibrium) 

Ourisson 
et al. 1979; 

Seifert, 
Moldowan 

1980 

Ts/(Ts+Tm) Ts/(Ts+Tm) = 18α(H)-22,29,30-
trisnorneohopane/(18α(H)-22,29,30-
trisnorneohopane+17α(H)-22,29,30-

trisnorhopane) 

Increase of Ts 
relative to Tm; 

ratio values 
increase from 0.0 
to about 0.80-0.85 

Seifert, 
Moldowan 

1978 

C30βα/(αβ+βα) C30βα/(αβ+βα) = 17β(H),21α(H)-29-
hopane C30/(17α(H),21β(H)-29-hopane 

C30+17β(H),21α(H)-29-hopane C30) 

Decreases with 
maturity from 

about 0.8 to 0.0 

Seifert, 
Moldowan 

1980 
C30ββ/(ββ+αβ+βα) C30ββ/(ββ+αβ+βα) = 17β(H),21β(H)-29-

hopane /(17β(H),21β(H)-29-hopane 
+17β(H),21α(H)-29-hopane) 

Decreases with 
maturity from 

about 0.8 to 0.0 

Seifert, 
Moldowan 

1980 
MNR MNR = 2-methylnaphthalene/ 

1-methylnaphthalene 
Increases with 

increasing degree 
of maturity; very 
sensitive to water 

leaching 

Radke et 
al. 1994 

DNR DNR = (2,6-dimethylnaphthalene+ 
2,7-dimethylnaphthalene)/ 
1,5-dimethylnaphthalene 

Increases with 
increasing degree 

of maturity 

Radke et 
al. 1982 

TNR-1 TNR-1 = 2,3,6-trimethylnaphthalene/ 
(1,3,6-trimethylnaphthalene+ 
1,4,6-trimethylnaphthalene+ 
1,3,5-trimethylnaphthalene) 

Increases with 
increasing degree 

of maturity 

Radke et 
al. 1986 
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cont. TABLE 2 
 

TNR-2 TNR-2 = (1,3,7-trimethylnaphthalene+
2,3,6-trimethylnaphthalene)/ 
(1,3,5 trimethylnaphthalene + 
1,4,6-trimethylnaphthalene + 
1,3,6 trimethylnaphthalene) 

Increases with 
increasing degree 

of maturity 

Radke et 
al., 1986 

TNR-4 TNR-4 = 1,2,5- trimethylnaphthalene /
(1,2,5-trimethylnaphthalene + 
1,2,7-trimethylnaphthalene + 
1,6,4-trimethylnaphthalene) 

Increases with 
increasing degree 

of maturity 

Peters et 
al., 2005 

MPI-3 MPI-3 = (2-methylphenanthrene+ 
3- methylphenanthrene)/ 
(1-methylphenathrene+ 
9- methylphenanthrene) 

Increases with 
increasing degree 
of maturity before 

decreasing 

Radke, 
Welte, 
1983 

2-MP/2-MA 2-MP/2-MA = 2-methylphenanthrene/ 
2-methylanthracene 

Values depend on 
degree of 

influence of fire 
and self-heating 

Fabiańska, 
2007 

MB/DBF MB/DBF = (3-metylbiphenyl+ 
4-methylbiphenyl)/dibenzofurane 

Increases with 
increasing degree 

of alteration 
before decreasing 

Radke, 
1987 

 
The mobility of methyl groups in lignin and other moieties during thermal 

degradation of kerogen and coal opens the possibility of methyl-group migration from less- 
to more thermodynamically stable sites in aromatic compounds. With advancing 
coalification, the thermodynamically more stable isomers became dominant in bitumens. 
Stability is determined by the degree of steric interaction between each methyl group and 
the substitutions on the immediately adjacent C atoms of the ring system (Radke 1987). 
More recent studies suggest that the distribution of methylated naphthalenes and 
phenanthrenes reflects the dilution of components in the bitumen inherited from diagenesis 
by components with different distributions generated from kerogen (Radke et al. 1990).  

Various factors influence the transformation of biomarkers, e.g. the presence and 
composition of mineral matter and of water (Huizinga et al. 1987; Li, Kaplan 1992; Pan et 
al. 2009, 2010). Sterane diastereoisomerisation, for example, leading to formation of 
diasteranes in coals, is less responsive to heat than when this process occurs in shales 
(Raymond, Murchison 1992). Heating history (heating rate, end-heating temperature, and 
time) also plays a crucial role in the transformation of biomarkers. For a given rank, 
maturity indices are lower for rapidly heated organic matter than for the same matter heated 
slowly (Raymond, Murchison 1992). Coals are less sensitive to heat-driven losses of 
organic matter than are oil shales (Mayers, Simoneit 1999).  

Water is known to retard pyrolysis (Huizinga 1987; Lewan 1997). The peak 
generation of bitumen is at ca 320°C and the major part of the bitumen decomposes to 
lighter hydrocarbons in the temperature range 360-400°C (Pan et al. 2009). It has been 
shown that the composition of minerals plays a role in the distribution of n-alkanes and 
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acyclic isoprenoids; the presence of calcite has no significant influence on the thermal 
evolution of these compounds whereas they are mostly destroyed in the presence of 
montmorillonite and minor alterations only occur in the presence of illite (Huizinga et al. 
1987). Both of these clays significantly inhibit alkene formation during dry pyrolysis; their 
effect is substantially reduced when the proportion of clays to water is 2:1 (Huizinga et al. 
1987). Polarity-difference bitumen fractionation occurs in the presence of clay minerals but 
is insignificant in the presence of calcite due to the fact that the small molecular diameter of 
n-alkanes allows them to enter clay mineral interlayers (Huizinga et al. 1987). 

 
4. Thermal history of the coal waste dumps 

 
4.1. Rymer Cones  

 
The Rymer Cones dump was the dump of the Rymer Coal Mine, that is now closed 

(Fig. 1). At the beginning of the last century, the original dump was formed in the shape of 
three cones using what are now outdated techniques. The original waste material was 
essentially burnt out. In the period 1994-1999, the cones were redeveloped and enclosed 
with more recent coal wastes (Tabor 2002; Barosz 2003). During this redevelopment, two 
cones (No. 2 and No. 3) were dismantled; only cone No. 1 remained (Barosz 2003). Around 
the turn of the present century, the surface of this cone was covered by openwork concrete 
panels and fly ash as a block to the entry of air. Despite these efforts, self-heating restarted 
and intensified to the point that a decision to remove the panels and fly ash was taken. At 
present, the dump covers an area of 0.13 km2, its height is +300 m above sea level and its 
capacity is 2.4·106 m3. Currently, only the eastern slope and top of the dump are sealed and 
self-heating continues. The temperature fluctuations in the dump have been described in 
detail by Misz-Kennan and Tabor (2011) and Misz-Kennan et al. (2011a). 

 
4.2. Starzykowiec 

 
The Starzykowiec coal waste dump located within the area of the Chwałowice Coal 

Mine (Fig. 1) was probably started when the mine opened in 1903. In later years, coal mud 
collectors were constructed on top. In the early 1970s, the deposition of coal mud was 
stopped and mud from some of the collectors began to be exploited. Dismantling of the 
scarp took place up to 1990. The thermally-transformed wastes were used for rebuilding the 
nearby Niedobczyce railway station. In the early 1990s, the work stopped as the scarp was 
in danger of collapsing. When the scarp was being exploited from 1970-1990, the waste 
material was already completely altered and there was no active self-heating.  

Up to 2005, mud exploitation continued and reclamation of the dump using wastes 
from the existing mining operation was undertaken. Since 2004, the west scarp has been 
surrounded by wastes from current production. In 2006, the scarp became thermally active 
(Miczajka 2008; Tabor 2002-2009; Misz-Kennan, Tabor 2011). 
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Fig. 1. Localities of the coal waste dumps. 1 – Starzykowiec, 2 – Marcel Coal Mine,  
3 – Rymer Cones. 

 
4.3. Marcel Coal Mine 

 
The coal waste dump at the Marcel Coal Mine is an over-levelled dump that is an 

amalgamation of three old dumps formed at different times (Fig. 1). The history of the first 
part, Old Cones, started at the end of the 19th century and, eventually, two cones covered an 
area of 0.13 km2 and their capacity has been estimated at > 12·106 m3. When dumping 
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stopped here in 1986, the height reached +353 m above sea level. Self-heating of varying 
intensity occurred throughout. In 1982, at the base of the old cones, a new dump was 
created on a flat surface covering an area of 0.33 km2 at a height of +272 m above sea level 
and with a capacity of 3.7·106 m3. This third dump, enclosing the two older dumps and 
covering an area of 0.56 km2, has a capacity is 24.9·106 m3. It rises +320 m above sea level 
(Barosz 2003; see Misz-Kennan, Tabor 2011 for a detailed history). 

At the present time, the burnt-out waste material is used for road building. Material 
from current mining, deposited in place of the exploited wastes, is being compacted with 
vibrating rolls. However, self-heating is still taking place at several sites within the dump. 

 
5. Methodology 

 
5.1. Sample collection 

 
Coal waste samples were collected at each of the three targeted coal waste dumps 

(Fig. 1). In total, 142 samples of coal wastes, three samples of fly ash, and four soil samples 
were collected. All were collected from places undergoing self-heating at the time of their 
collection. The weight of each sample was 1-2 kg.  

 
5.1.1. The Rymer Cones dump 

 
In the Rymer Cones dump, samples were collected once a month at locations where 

monthly monitoring of the dump takes place. This collection strategy provided additional 
information on the heating dynamics in the dump. The monthly monitoring included 
measurements of CO, CO2, and O2 contents, measurements of surface and interior 
temperatures, and visual observations. The interior temperature was measured at a depth of 
0.8-1.0 m using a probe and thermometer (Tabor 2002; Barosz 2003). The methodology is 
described in detail in Misz-Kennan and Tabor (2011).  

Samples were collected in October 2007 (R1, R3, R5, R7, R8, R18, R20), in April 
2008 (RS24-RS34a), in May 2008 (RS40-RS53), and in June 2008 (RS54-RS62a). In total, 
43 of the coal waste samples were collected 25-30 cm under the dump surface. 
Additionally, one sample (RRS0) of fly ash overlying heated coal wastes was collected in 
October 2007, and a further four samples of soil (RRSG1, RSG2, RSG4, and RSG6) and 
two samples of fly ash (RRS1 and RRS2) covering the dump in April 2008. Sample 
collection sites are indicated in Figure 2 and some examples of sampling sites in Figure  
3a-d. 

 
5.1.2. The Starzykowiec dump 

 
For this research, a total of 48 samples were collected in the lower part of the dump at 

the Chwałowice Coal Mine. Currently, the dump is thermally active. The samples were 
again collected at sites where the monthly monitoring took place (Fig. 3e-f, 4a). Samples 
C1-C27 were collected during the period of October-December 2007 and samples CH1-
CH22 during March-May 2008. All were collected 25-30 cm under the dump surface. At 
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the sampling sites, the temperature of the dump surface was measured and, in some 
instances, the temperature at a depth of ca 1 m also. 

 

 
 

Fig. 2. Sample collection sites in the Rymer Cones coal waste dump. 
 

5.1.3. The Marcel Coal Mine dump  
 
In October 2007, 11 samples of coal wastes (samples M1 - M11) were collected on 

the northern slope of the dump over the coal mud collector in the Marcel Coal Mine dump 
(Fig. 4b). In May 2008, 23 samples of coal wastes (M12 – M23) were collected from a site 
in exploited burned-out wastes, one of several sites in the dump where self-heating was 
taking place (Fig. 4c). The place was redeveloped after the samples were collected. In 
February 2009, 14 samples (M30-M43) of coal wastes were collected at the south-west part 
of the top of the old burnt out dump that had been prepared for exploitation (Fig. 4d).  

Some of the samples were collected on the surface of the dump (M12, M13, M14, 
M15, M16, M17, M18, M19, M20, M21, M22, and M23) and others about 30 cm below the 
surface (M12a, M13a, M14a, M15a, M16a, M17a, M18a, M19a, M20a, M21a, and M22a; 
Fig. 4c). Finally, two representative samples (M24 and M25) of coal wastes that were 
weathered but which showed no evidence of self-heating and one sample (M24a) of coal 
wastes from current production were also collected to provide a preliminary petrographic 
and geochemical comparison with weathered and self-heated wastes.  
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Fig. 3. Sampling sites. A, B – the Rymer Cones dump with grey blocks of the remnant fly ash cover; 
C – melted snow on the surface of the Rymer Cones dump; D – expulsions of hydrocarbons on the 
surface of the Rymer Cones dump (wastes with hydrocarbons are darker in colour); E, F – smoke 

coming from heated wastes in the Starzykowiec dump. 
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Fig. 4. Sampling sites. A – Starzykowiec dump; B – Marcel Coal Mine dump, sampling site for  
M1-M11; C – Marcel Coal Mine dump, sampling site for M12-M22a; D – Marcel Coal Mine dump, 

sampling site for M30-M43. 
 

5.2. Analytical methods  
 
Samples were dried at room temperature before being crushed in a metal mill to 

< 1 mm for petrographic analysis, to < 0.05 mm for proximate and ultimate analysis, and to 
< 0.02 mm for geochemical analysis. Samples for chemical analyses were stored in sealed 
plastic bags after each sample had been further wrapped in aluminium foil to avoid 
contamination by plasticiser chemicals in the bags.  

Petrographic analyses were carried out on pellets of all samples prepared according 
to procedures described in PN-ISO 7404-2:2005. An optical Axioplan II microscope was 
used at magnification X500. Maceral compositions, including forms of maceral alteration 
and mineral contents, were determined for all samples at 500 points according to PN-ISO 
7404-3:2001. Random reflectance (Rr) was measured on samples containing organic matter 
visible under the microscope. The measurements were taken according to PN-ISO 7404-
5:2002 at 100-500 points depending on the level of alteration of the organic matter.  

Geochemical analyses involved solvent extraction and gas chromatography-mass 
spectrometry (GC-MS). About 20 g of each sample was extracted with dichloromethane for 
about 20 min in an ultrasonic bath to obtain a solvent extract. For each, that procedure was 
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repeated 3-4 times. All extracts were collected, evaporated, and weighed. They were not 
separated into compound groups due to the low extractability of some samples. 

An Agilent gas chromatograph 6890 with a DB-35 column (60 m × 0.25 mm i.d.), 
coated with a 0.25 μm stationary phase film and coupled with an Agilent Technology mass 
spectrometer 5973 was used. The experimental conditions were as follows: carrier gas - He; 
temperature - 50°C (isothermal for 2 min); heating rate - up to 175°C at 10°C/min, to 
225°C at 6°C/min and, finally, to 300°C at 4°C/min. The final temperature (300°C) was 
held for 20 min. The mass spectrometer was operated in the electron impact ionisation 
mode at 70 eV and scanned from 50-650 Da. Data were acquired in a full scan mode and 
processed with the Hewlett Packard Chemstation software. All compounds were identified 
by using their mass spectra, comparison of peak retention times with those of standard 
compounds, interpretation of MS fragmentation patterns and literature data (Philp, 1985; 
the Wiley/NBS Registry of Mass Spectral 2000). Geochemical parameters were calculated 
using peak areas acquired in the manual integration mode. 

Proximate and ultimate analyses were performed on 51 samples (29 from Rymer 
Cones, 26 from Starzykowiec, and 10 from Marcel Coal Mine) selected on the basis of their 
petrography and geochemistry, and that were representative of the variability they 
displayed. Proximate analyses involved the determination of moisture (M), ash (A), volatile 
matter contents (VM), and calorific value (Qs). Ultimate analyses included determination of 
carbon (C), hydrogen (H), nitrogen (N), oxygen (O) by difference, and total sulphur (St) 
contents.  

The petrographic and geochemical analyses were carried out in the Faculty of Earth 
Sciences, University of Silesia, Sosnowiec. The proximate and ultimate analyses were 
carried out according to standard procedures at the Main Research Laboratory Ltd. in 
Jastrzębie Zdrój (Poland). 

 
6. The Rymer Cones dump – results 

 
6.1. Temperature at a depth of 0.8-1.0 m 

 
During the period of sample collection, temperatures at about 1 m below the dump 

surface were in the range 14.7-285°C. The lowest temperature was measured in May 2008 
at the sample RS42 collection site, the highest during collection of RS60 and RS24 in June 
and April 2008 (Table 3; Fig. 2). However, in the southern part of the dump, the interior 
temperatures were somewhat lower (205 and 202°C, respectively) when RS33 and RS52a 
were collected in April and May 2008 – a month in which a sudden increase was noted. The 
reverse was seen in the western part of the dump; the temperature there decreased from 
285°C in May 2008 when RS24 was collected to 227°C when RS54 was collected 
(Table 3). Fluctuations of about 30°C were measured in SE part of the dump (RS32 and 
RS61; Table 3). 

Such temperature fluctuations are typical for dumps (Tabor 2002-2009; Misz-Kennan, 
Fabiańska 2010; Misz-Kennan, Tabor 2011). However, during the period of sample 
collection, fluctuations in the range of a few to several °C were more typical.  
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In April and June 2008, in the upper SE part of the dump where samples RS34a and 
RS59 were collected (Fig. 2), the temperatures were 185.5 and 218°C, respectively. Until 
the end of 2007, the temperatures lay in the range 60-92°C and in the period January-
September 2008, they were in the range 118-218°C. Later, and up to now, the temperature 
has ranged from 70-150°C. At another site, in the same part of the dump where samples 
RS33, RS52a, and RS60 were collected, temperatures had been high for several years. Until 
October 2007, the temperatures lay in the range 60-80°C before the self-heating processes 
intensified and temperatures reached as high as 306°C in March 2009. Subsequently, the 
temperatures dropped below 100°C (Tabor 2002-2009). In June 2008, when RS62 was 
collected at the base of what remained of cone No. 1, the temperature was 210°C. The 
temperature is still high there. The temperature in the upper part of the SW part of the dump 
(RS62a) was also very high (163.5°C) at the time of collection in June, 2008.  

In the other parts of the dump, measured temperatures were lower, usually in the 
range 53.5-95.6°C. Temperatures of 41.2°C and 47.3°C were measured at the lower part of 
the remaining cone just above the surface of the top of the dump where RS28a and RS49 
were collected. 

 
6.2. Petrography  

 
Mineral matter is usually the dominant component (60-95 vol.%) in the samples from 

the Rymer Cones dump (Table 3). Samples RS26a and RS56 are entirely composed of 
thermally transformed minerals, mainly represented by clay minerals altered to varying 
degrees. Pyrite commonly occurs as disseminated framboidal grains within vitrinite 
particles or clay minerals and as aggregates in the forms of balls or laminae. Carbonates 
occur in some samples, e.g. R3, R5, R18, R20, RS59, and RS61. Quartz occurs typically as 
large (several tens of µm) grains with rounded edges in most samples. In some instances, 
altered minerals occur together with unaltered macerals. 

Organic matter comprises 23.5 vol.% of the wastes on average though individual 
sample contents are usually in the range 10-40 vol.% (Table 3). The following organic 
matter forms were recognized in the wastes from all three dumps at Rymer Cones: 
unaltered macerals of vitrinite (Fig. 5a-e), liptinite (Fig. 5b-e), and inertinite (Fig. 5b) 
groups; altered organic matter (vitrinite with cracks, pale-coloured vitrinites (Fig. 5f, 6a-b), 
porous particles, particles with oxidation rims (Fig. 6c-d), coke (Fig. 6e-f); newly formed 
pyrolytic carbon; and bitumen (Fig. 6g-h). 

Unaltered macerals belonging to the vitrinite, liptinite, and inertinite groups, showing 
no signs of alteration, such as cracks, oxidation rims, pores, or elevated reflectance, are 
present in coal wastes that were exposed to relatively low temperature (Misz et al. 2007; 
Misz-Kennan, Fabiańska 2010; Misz-Kennan et al. 2011b). Thus, the vitrinite, liptinite, and 
inertinite classifications (ICCP 1998, 2001; Taylor et al. 1998; Sýkorová et al. 2005) can be 
applied to these forms.  

Cracks are mainly seen in moderately altered particles. However, they can also occur 
in coked particles. The cracks are typically short and irregular when seen in vitrinite 
particles or they may lie perpendicular to the edges of particles, in some cases with 
oxidation rims (Misz-Kennan et al. 2009; Misz-Kennan, Fabiańska 2010).  
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Fig. 5. Organic and mineral matter in coal wastes from the Rymer Cones dump (immersion oil).  
A – collotelinite and mineral matter (sample RS30; white light); B – trimacerite particle (sample R18; 
white light); C – cutinite, collotelinite, vitrodetrinite, and inertodetrinite associated with clay minerals 
(sample RS48a; white light); D – cutinite, collotelinite, vitrodetrinite, and inertodetrinite associated 
with clay minerals (sample RS48a; fluorescence); E – telinite with cells filled with resinite (sample 
R5; white light); F – paler coloured vitrinite associated with macrinite and inertodetrinite (sample 
RS60; white light). V – vitrinite; Ct – collotelinite; T – telinite; Vt – vitrodetrinite; Sp – sporinite;  

Cu – cutinite; R – resinite; Ma – macrinite; Id – inertodetrinite; MM – mineral matter. 
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Fig. 6. Organic and mineral matter in coal wastes from the Rymer Cones dump (immersion oil).  
A – trimacerite particle with megasporinite, and resinite (sample R18; white light); B – trimacerite 
particle with megasporinite and resinite (sample R18; fluorescence); C – paler coloured oxidation 
rims around the edge of vitrinite particle and along internal cracks (sample RS62a; white light);  

D – paler-coloured oxidation rims around vitrinite particles associated with minerals (sample RS62a; 
white light); E – massive isotropic coke (sample RS52a; white light); F – co-occurrence of coke and 

unaltered vitrinite (sample RS33; white light); G – bitumens (sample RS48a; white light);  
H – bitumens (sample RS48a; fluorescence).V – vitrinite; Sp – sporinite; R – resinite;  

Sf – semifusinite; Id – inertodetrinite; Or – oxidation rims. 
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Paler-coloured particles, resulting from low heating rates (e.g. Goodarzi, Murchison 
1978; Murchison 2006), contain small devolatilization pores of the type described 
elsewhere. Particles containing pores being a sign of their increased plasticity are formed 
during rapid increases in temperature (Taylor et al. 1998). They occur only in a few of the 
coal waste samples. 

Oxidation rims mostly occur around the edge of vitrinite particles and along cracks 
within these particles. They may be paler in colour (Chandra 1962; Stach et al. 1982; 
Calemma et al. 1995; Ndaji, Thomas 1995; Misz et al. 2007) or darker (Ingram, Rimstidt 
1984; Nelson 1989; Bend, Kosloski 1993). The paler-coloured rims display higher 
reflectance resulting from the higher aromaticity of oxidized coal and the combined effect 
of reaction temperature and chemical changes (Chandra 1962; Stach et al. 1982). These 
changes occur at temperatures of 200°C (Calemma et al. 1995; Ndaji, Thomas 1995). 
Darker oxidation rims characterised also by lower reflectance indicate that the parent 
(unaltered) particles formed during oxidation in the presence of moisture and are associated 
with the formation of humic acids (Bend, Kosloski 1993). Some instances of zoned 
oxidation rims may be interpreted as due to fluctuations of temperature within the dump 
(Misz et al. 2007).  

White- or yellow-white coke occurs in strongly altered wastes in the dump. Massive, 
usually isotropic, coke likely reflects a low heating rate and a long heating time, probably 
under conditions of limited oxygen supply (Goodarzi, Murchison 1978; Murchison 2006). 
Porous, commonly isotropic, coke particles are probably indicative of a high heating rate 
and greater air access. Absent or weakly-marked anisotropy is typical of the wastes (Misz-
Kennan et al. 2009; Misz-Kennan, Fabiańska 2010). In contrast, coals altered by igneous 
intrusions typically show strong mosaic anisotropy (Singh et al. 2007b; Mastalerz et al. 
2009). 

In cooler parts of the dump, pyrolytic carbon is a gaseous phase product associated 
with thermal cracking of volatiles. Under laboratory conditions, it is obtained at 
temperatures of 500°C (Taylor et al. 1998). It occurs as lamellar, dome shaped, highly 
anisotropic, worm-like or rope-like masses – the forms described by Singh et al. (2007b) 
from elsewhere.  

Expulsions of bitumens result from the heating of organic matter present in the coal 
wastes. They occur as small droplets a few µm in diameter (Misz et al. 2007), fill pores 
between minerals (e.g. clay minerals), and in thread-like and irregular forms. They are 
probably adsorbed by vitrinite (Taylor et al. 1998). 

The most commonly occurring vitrinite-group macerals found in the wastes of Rymer 
Cones are collotelinite (Fig. 5a, c-d), vitrodetrinite (Fig. 5a), and collodetrinite (Fig. 5b, 6a-
b). In some of the wastes, corpogelinite and telinite with cell cavities filled with resinite 
(Fig. 5e) occur. Vitrinite macerals occur in both unaltered and altered forms. Altered 
vitrinite particles have irregular cracks and are paler in colour (Fig. 5f). Paler coloured 
oxidation rims occurring on particle edges and along cracks are rare (RS62a; Fig. 6c). In 
some cases, such rims also occur around vitrinite particles associated with minerals (Fig. 
6d). Few signs of plasticity are evident.  

The liptinite maceral group is represented mostly by sporinite, usually microsporinite 
(Fig. 5b), but also by megasporinite in some instances (Fig. 6a-b), cutinite (Fig. 5c-d), 
resinite (Fig. 5e, 6a-b), and liptodetrinite (Fig. 5b, 6a-b). Fusinite, semifusinite (Fig. 6a), 
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and inertodetrinite (Fig. 5b, 5d, 6a-b) are the most common inertinite macerals; funginite, 
macrinite (Fig. 5f), and micrinite are rare.  

Coke (Fig. 6e), as the most intensely altered form of organic matter, is present as 
massive isotropic particles or as detritus occurring in association with transformed 
minerals. It occurs together with paler coloured vitrinite, vitrinite with cracks, and even 
unaltered vitrinite (Fig. 6f). The association of coke with vitrinite with a much lower degree 
of alteration indicates the formation of the coke in parts of the dump with much higher 
temperatures. The coke was probably introduced during the redevelopment of the dump. 

Pyrolytic carbon is rarely encountered in the dumps. If present, it occurs as strongly 
anisotropic ribbons a few µm in width and several hundred µm in length. 

In some samples (R5, R18, R20, RS41, RS48a, RS52, RS53, and RS62), irregular 
expulsions of bitumens are evident (Fig. 6g-h). They were not included in Tables 3, 4 
because their abundance is too low to be revealed by petrographic observation 
(< 0.2 vol.%) in most samples. 

Vitrinite macerals are the dominant component in most waste samples. Liptinite and 
inertinite macerals are less common or absent (Tables 3, 4). The exception is R7 in which 
liptinite and inertinite contents exceed that of vitrinite; their contents are the highest 
encountered in the Rymer Cones dump (10.8 and 13.0 vol.%, respectively; 37.0 and 
44.5 vol.% mmf, respectively). In most instances, unaltered vitrinite is the dominant form 
and, in some samples, it is the only form of vitrinite (Tables 3, 4). Though paler coloured 
vitrinite is absent in many samples, it is the only form of vitrinite in RS52a and RS60 (17.8 
and 11.4 vol.%, respectively; 67.9 and 79.2 vol.% mmf, respectively) and, in R18 and 
RS48, the dominant maceral form. The highest content of vitrinite with cracks occurs in 
R20 (9.0 vol.%; 16.5 vol.%, mmf). 

Macerals of the liptinite group are absent from eight samples (Tables 3, 4). In the 
others, their content is < 5.2 vol.%. An exceptionally high liptinite content (10.8 vol.%) 
characterises R7. Inertinite is absent in four samples (Tables 3, 4). In the remainder, 
contents are < 13 vol.%. 

Coke occurs in a number of samples, generally together with macerals altered to 
varying degrees (Tables 3, 4). When coke is present, contents range widely from 0.9-
49.0 vol.%, mmf (Table 4). 

Pyrolytic carbon is present only in RS30 and RS31, where its content is 0.2 vol.% (0.7 
and 1.3 vol.%, mmf, respectively; Tables 3, 4). It is also occurs in samples RS45 and RS46 
but below the detection limit (< 0.2 vol.%). 

The random reflectance (Rr) values measured on vitrinite in the wastes are generally 
low, usually in the range 0.53-0.81% (Table 3). However, four samples contain vitrinite 
with Rr = 1.05-1.59%. The highest reflectance was measured in RS52a (Table 3). Most of 
the reflectograms are narrow, e.g. those for R1, R3, R5, R20, RS27, RS48a, RS49, and 
RS57 (Fig. 7a-b). Others are wider, e.g. those for R7, R8, RS26, R34a, RS46, RS47, RS53, 
RS59, and RS62 (Fig. 7c-d). Relatively wide reflectograms occur for RS25 with Rr = 
0.72% (Fig. 7e) and all samples with higher reflectance (Fig. 7f-h).  
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TABLE 4 
 

Petrography of coal waste samples from the Rymer Cones dump calculated on mineral  
matter free (mmf) basis 

 

Sample 
no. 

Unaltered 
vitrinite 
(vol.%) 

Vitrinite 
with 

cracks 
(vol.%) 

Paler 
coloured 
vitrinite 
(vol.%) 

Vitrinite 
with 
pores 

(vol.%) 

Liptinite 
(vol.%) 

Inertinite 
(vol.%) 

Pyrolytic 
carbon 
(vol.%) 

Coke 
(vol.%) 

R1 90.3 0.0 0.0 0.0 5.8 3.6 0.0 0.2 
R3 93.7 0.0 0.0 0.0 0.8 5.5 0.0 0.0 
R5 84.1 2.6 0.0 0.0 2.6 10.6 0.0 0.0 
R7 18.5 0.0 0.0 0.0 37.0 44.5 0.0 0.0 
R8 61.6 0.0 0.0 0.0 20.8 17.6 0.0 0.0 

R18 0.0 5.7 62.5 0.0 6.8 24.2 0.0 0.8 
R20 56.0 16.5 3.7 0.0 1.8 17.9 0.0 4.0 

RS24 53.6 38.1 0.0 0.0 3.1 5.2 0.0 0.0 
RS25 64.6 0.0 3.0 0.0 7.1 18.2 0.0 7.1 
RS26 75.4 18.1 0.0 0.0 2.2 4.3 0.0 0.0 
RS26a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
RS27 81.7 0.0 0.0 0.0 7.9 10.4 0.0 0.0 
RS28 75.9 3.4 0.0 0.0 8.6 12.1 0.0 0.0 
RS28a 58.5 13.4 0.0 0.0 8.8 19.4 0.0 0.0 
RS29 64.4 10.0 6.7 0.0 6.7 8.9 0.0 3.3 
RS30 32.8 11.7 12.4 0.0 6.6 35.8 0.7 0.0 
RS31 53.2 2.6 0.0 0.0 6.5 36.4 1.3 0.0 
RS32 65.7 0.0 0.0 0.0 4.7 24.9 0.0 4.7 
RS32a 84.1 0.0 2.3 0.0 9.1 4.5 0.0 0.0 
RS33 65.4 4.7 16.8 0.0 0.9 5.6 0.0 6.5 
RS34a 34.2 15.0 15.8 0.0 5.8 6.7 0.0 22.5 
RS40 63.4 5.6 2.8 0.0 0.0 11.3 0.0 16.9 
RS41 52.1 8.3 0.0 0.0 4.1 14.9 0.0 20.7 
RS42 78.3 4.3 0.0 0.0 6.5 6.5 0.0 4.3 
RS45 69.4 0.0 0.0 0.0 8.2 22.4 0.0 0.0 
RS46 52.2 8.7 6.5 0.0 15.2 17.4 0.0 0.0 
RS47 63.8 10.0 10.8 0.0 2.3 10.8 0.0 2.3 
RS48 4.8 0.0 95.2 0.0 0.0 0.0 0.0 0.0 
RS48a 70.3 1.0 0.0 0.0 4.0 24.8 0.0 0.0 
RS49 68.0 1.7 0.0 0.0 10.5 18.0 0.0 1.7 
RS50 49.0 0.0 2.0 0.0 0.0 0.0 0.0 49.0 

RS52A 0.0 0.0 67.9 0.0 0.0 9.9 0.0 22.1 
RS53 73.1 9.6 0.0 0.0 5.8 5.8 0.0 5.8 
RS54 63.5 24.7 0.0 0.0 4.7 7.1 0.0 0.0 
RS55 68.1 6.9 0.0 0.0 3.4 21.6 0.0 0.0 
RS56 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
RS57 64.9 1.8 0.0 0.0 6.3 27.0 0.0 0.0 
RS58 89.5 0.0 0.0 0.0 7.0 3.5 0.0 0.0 
RS59 78.6 10.0 0.0 0.0 2.9 8.6 0.0 0.0 
RS60 0.0 0.0 79.2 0.0 0.0 13.9 0.0 6.9 
RS61 60.9 1.4 0.0 0.0 8.7 29.0 0.0 0.0 
RS62 60.5 2.5 1.7 0.0 9.2 21.8 0.0 4.2 
RS62a 45.6 8.8 41.2 0.0 0.0 2.9 0.0 1.5 
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Fig. 7. Reflectograms for selected representative samples. A – sample R20, B – sample RS49,  
C – sample RS62, D – sample RS47, E – sample RS25, F – sample RS48, G – sample RS52a,  

H – sample RS62a. 
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6.3. Organic geochemistry 

 
Solvent extract yields of most of the coal waste samples lie in the range 0.004-

0.728 wt% (Table 5). The highest yields were obtained from RS34a and RS59 collected in 
the upper SE part of the dump and for RS30 and RS54 from the western slope. Samples 
RS30 and RS54 yielded considerably lower extract yields than RS46 and RS24 collected in 
the same places. The lowest extract yields (0.005 and 0.004 wt%, respectively) are for 
RS26a and RS56 which lack microscopically visible organic matter. Fly ash samples 
collected at the Rymer Cones gave, as might be expected, much lower extract yields (0.001-
0.009 wt%). Yields for soils (0.007-0.117 wt%) compare with those of most coal samples.  

Three main groups of chemical compounds characterise the wastes in the Rymer 
Cones dump, namely, n-alkanes, light aromatic hydrocarbons, and phenols and their 
derivatives. Geochemical indices of thermal maturation based on these compounds do not 
reveal any dependence on the site or time of sample collection. 

n-Alkanes (m/z = 71), present in coal (e.g. Kotarba, Clayton 2003) and formed during 
pyrolysis (Huizinga et al. 1987; Leif, Simoneit 2000), were found in all of the wastes, 
however, their distribution differs in individual samples. The widest distribution of  
n-alkanes is from n-C11 to n-C35 (RS28a, RS49, and RS53; Fig. 8a), but, commonly the 
distribution is slightly narrower, in the range from n-C13 to n-C35.  

Most of the samples contain pyrolysates with a Gaussian n-alkane distribution. Some 
of the distributions are narrow (e.g. RS24, RS34a, RS59; Fig. 8b), others wide (e.g. RS26-
RS27, RS48, RS50; Fig. 8c). Narrow chromatograms reflect the distribution of lighter  
n-alkanes with a maximum at n-C18 or n-C19 (R8, RS28, RS58, and RS59) or of heavier  
n-alkanes with a maximum at n-C21 (RS24, RS48a, and RS54). Some samples (R3, RS42, 
and RS62) contain slightly altered material with typical n-alkane distributions and high 
pristane contents. Several of the relatively unaltered samples (e.g. RS28a, RS49, RS53; Fig. 
8a) contain lighter n-alkanes from n-C11 to n-C15). Sample RS45 contains mostly light  
n-alkanes in the range from n-C13 to n-C18 (Fig. 8d).  

Most samples show a slight predominance of odd-over-even carbon number  
n-alkanes, expressed as Carbon Preference Index (CPI), with values that range from 1.07 in 
RS33 to 1.71 in R3 (Table 5). Only in two samples (RS31 and RS48) are CPI values < 1. 
Long chain n-alkanes are dominant in most of the wastes. However, in R3, R5, RS26, 
RS33, RS47, and RS56, short chain n-alkanes predominate as is expressed by short-to-long 
chain n-alkane index values in the range 1.05-2.17. 

The pristane to phytane ratio (Pr/Ph), used here for determining the oxicity of the 
organic matter deposition environment (Didyk et al. 1978; Kotarba, Clayton 2003), can also 
be used as an indicator of the transformation of organic matter (Misz et al. 2007; Misz-
Kennan, Fabiańska 2010; Misz-Kennan et al. 2011b). In the wastes investigated here, 
values of Pr/Ph span a wide range (0.42-11.81). However, only in RS24, RS32, RS41, and 
RS62 are the Pr/Ph values < 1. Pristane to n-heptadecane (Pr/n-C17) values also span a wide 
range, usually 0.05-4.60. Extremely high values of the later ratio characterize R3 (9.83) and 
R5 (12.19). Phytane to n-octadecane (Ph/n-C18) values for most samples are < 1; only in 
five samples they are > 1.0 (Table 5).  
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Fig. 8. n-Alkane distribution in the Rymer coal waste extracts (m/z = 71). a – wide n-alkane 
distribution of a coal or kerogen III type; b – narrow n-alkane distribution in pyrolysate; c – wide  
n-alkane distribution in pyrolysate; d – narrow distribution of light n-alkanes. Sample numbers  

on plots. 
 
Hopanes (m/z = 191), occur in most samples (Table 5). Values of C31S/(S+R) 

(explanation of the abbreviation given in Table 5) vary within a narrow range (0.47-0.60) 
showing the predominance of the geochemical diastereomer. Values of Ts/(Ts+Tm), 
(explanation of the abbreviation given in Table 5) also vary within a relatively narrow 
range from 0.74-0.93 (Table 5; Fig. 9). 

Two ratios based on hopanes, C30βα/(αβ+βα) and C30ββ/(ββ+αβ+βα), (explanations of 
the abbreviations given in Table 5) vary little in the wastes. The values of C30βα/(αβ+βα) 
generally lie in the range 0.28-0.43 and those of C30ββ/(ββ+αβ+βα) in the range 0.01-0.02 
(Table 5). Sample RS42 is the exception in having the lowest value (0.03) of C30βα/(αβ+βα) 
and highest value (0.13) of C30ββ/(ββ+αβ+βα).  
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Fig. 9. Pentacyclic triterpane distribution in extracts from the Rymer Cones coal waste samples 
(m/z = 191). Ts – 18α(H)-22,29,30-trisnorneohopane, Tm –  17α(H)-22,29,30-trisnorhopane, 

C29– 17,21(H)-30-norhopane, C29– 18,21(H)-30-norneohopane, C30– 17,21(H)- 
hopane, C30– 17,21(H)-hopane, C30– 17,21(H)-hopane, C31– 17,21(H)-30- 

homohopane 22S and 22R, C31–  18,21(H)-30-homohopane 22R, C32– 17,21(H)-30- 
bishomohopane 22S and 22R. 
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In samples, C29, C30, and C31 hopanes are present in similar relative amounts (Fig. 10). 
hopanes strongly predominate over  hopanes and, especially, over  hopanes (Fig. 
11). The general overall trend is  hopanes. Sample RS45 contains the highest 
content of  hopanes and the lowest content of  hopanes. Many samples (R1, R3, 
RS25-RS27, RS29, RS32-RS33, RS47, RS53, RS55, RS56, and RS59) lack  hopanes. 

Alkylnaphthalene and alkylphenanthrene parameters of thermal maturation show no 
inter-site pattern or trend in values. Methylphenanthrene ratio values range from 0.29 in 
RS32a to 2.54 in RS49 (Table 6). Values of the Dimethylnaphthalene (DNR) and 
Trimethylnaphthalene ratios (TNR-1, TNR-2, TNR-4) fall in the ranges 0.63-10.19, 0.18-
7.30, 0.38-1.36 and 0.37-0.81, respectively. The ranges of the Methylphenanthrene Index 
(MPI-3) and methylbiphenyl/dibenzofurane (MB/DBF) are 0.39-1.95 and 0.04-0.74, 
respectively (Table 6). Examples of alkylnaphthalene distributions are shown in Figure 12.  

 

 
 

Fig. 10. Relative percentage contents of C29, C30 and C31 hopanes calculated as a sum of 
17α(H),21β(H)-, 17β(H),21α(H)- and 17β(H),21β(H)-hopane diastereomers in coal wastes from the 

dumps at Rymer Cones, Starzykowiec, and Marcel Coal Mine. 
 
Unsubstituted polycyclic aromatic hydrocarbons (PAHs) are represented mostly by 

two-and three-ring PAHs (naphthalene m/z = 128, phenanthrene and anthracene, m/z = 178; 
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Fig. 13) and four-ring PAHs (fluoranthene and pyrene, m/z = 202, benzo[ghi]fluoranthene, 
benzo[a]anthracene and chrysene, m/z = 228). PAHs with five rings 
(benzo[b+k]fluoranthene, benzo[a]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, and 
perylene, m/z = 252) are commonly present though their contents relative to other PAHs are 
usually < 15.38 rel.% (Table 7; Fig. 14). The highest contents of five-ring PAHs are in 
RS50 (38.77 rel.%) and RS33 (44.41 rel.%). Contents of individual compounds vary 
greatly in individual samples. Among two- and three-ring PAHs, phenanthrene is usually 
dominant. However, naphthalene dominates in R7, R18, R20, RS28, RS28a, RS32, RS45, 
RS48a, RS49, RS53, and RS61. Anthracene typically occurs in the lowest relative content 
except for RS29 which has the highest (41.83 rel.%) content. 

 

 
 

Fig. 11. Relative percentage contents of 17α(H),21β(H)-, 17β(H),21α(H)- and 17β(H),21β(H)-hopane 
diastereomers calculated for C29, C30, and C31 hopanes in coal wastes from the dumps at Rymer 

Cones, Starzykowiec, and Marcel Coal Mine. 
 
PAHs with four rings are represented mostly by fluoranthene, pyrene, and chrysene. 

Benzo[a]anthracene occur in small relative contents and benzo[ghi]fluoranthene is lacking 
in all samples (Table 7). PAHs with five rings are usually present in a few rel. % though, in 
RS33 and RS50 which contain their highest contents, the relative contents of these 
individual compounds is also highest (Table 7).  
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TABLE 6 
 

Aromatic hydrocarbon parameters for coal waste, fly ash, and soil samples from 
the Rymer Cones dump 

 

Sample 
no. MNR DNR TNR-1 TNR-2 TNR-4 MPI-3 2-MP/ 

2-MA MB/DBF 

 1) 2) 3) 4) 5) 6) 7) 8) 
Coal wastes 

R1 - - - - - - - - 
R3 0.55 0.81 - - - - - 0.12 
R5 0.95 0.99 3.40 1.00 0.63 - - 0.25 
R7 0.95 1.08 - - - - - 0.10 
R8 0.69 0.97 2.11 0.80 0.77 - - 0.36 

R18 1.52 1.53 1.60 0.98 0.51 0.39 - 0.66 
R20 1.23 1.64 - - - - - 0.33 

RS24 0.77 0.69 - - - 1.32 - 0.05 
RS25 0.45 - - - - - - 0.13 
RS26 0.97 1.70 - - - - - 0.11 
RS26a 0.92 1.98 2.24 1.18 0.59 1.49 - 0.15 
RS27 0.53 0.76 - - - - - - 
RS28 1.27 1.17 7.30 1.17 0.37 - - 0.13 
RS28a 1.81 2.50 4.97 1.00 0.44 - - 0.37 
RS29 0.94 1.19 3.37 0.99 0.54 - - 0.27 
RS30 0.92 - - - - - - 0.22 
RS31 0.87 2.36 0.98 0.80 0.70 0.91 - 0.29 
RS32 0.69 - - - - - - - 
RS32a 0.29 - - - - - - 0.27 
RS33 0.90 0.63 2.26 0.97 0.58 - - 0.20 
RS34a 0.75 - - - - 1.83 - 0.19 
RS40 1.48 2.81 1.16 0.90 0.66 1.13 - 0.27 
RS41 1.33 2.19 0.86 0.76 0.70 1.03 - 0.30 
RS42 1.08 1.78 0.88 0.76 0.71 1.01 - 0.28 
RS45 1.60 2.44 0.62 0.81 0.61 1.10 - - 
RS46 0.67 1.76 - - - - - 0.15 
RS47 1.65 4.65 3.13 1.36 0.70 1.25 - 0.16 
RS48 1.19 4.17 2.62 1.28 0.67 1.37 - 0.20 
RS48a 0.72 - - - - 1.33 - - 
RS49 2.54 4.12 0.67 - - 0.68 - 0.46 
RS50 0.66 5.26 - - - - - - 
RS52a 0.77 1.14 0.37 0.62 0.50 1.82 - 0.29 
RS53 1.92 10.19 0.18 0.38 0.64 0.77 - 0.40 
RS54 1.47 0.92 2.23 1.30 0.76 1.11 - 0.07 
RS55 2.01 2.59 2.63 1.05 0.71 1.21 - 0.15 
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cont. TABLE 6 
 

RS56 - - 1.25 0.95 0.67 1.23 - 0.14 
RS57 1.63 7.47 1.19 0.78 0.67 1.57 - 0.04 
RS58 1.62 9.06 4.75 1.28 0.81 1.49 - 0.20 
RS59 - - - - - 1.95 - 0.10 
RS60 1.64 2.09 1.52 0.79 0.45 0.96 - 0.08 
RS61 1.56 4.98 0.39 0.60 0.67 0.82 - 0.74 
RS62 1.01 1.59 1.07 0.79 0.73 0.86 - 0.32 
RS62a 1.60 3.10 1.39 0.97 0.59 1.31 - 0.23 

Fly ash 
RRS0 0.70 - 1.20 1.63 0.39 - - - 
RRS1 - 1.43 1.08 0.82 0.64 1.33 - 0.34 
RRS2 - - - - - - - 0.19 

Soils 
RSG1 0.85 1.66 1.24 0.88 0.64 1.43 - - 
RSG2 1.57 2.68 1.31 0.90 0.64 1.93 - - 
RSG4 0.33 3.41 0.74 0.48 0.80 0.82 - - 
RSG6 0.76 2.57 2.49 1.17 0.51 1.17 - - 

1) MNR = 2-methylnaphthalene/1-methylnaphthalene; m/z = 142; thermal maturity parameter (Radke 
et al. 1994). 

2) DNR = (2,6-dimethylnaphthalene+2,7-dimethylnaphthalene)/1,5-dimethylnaphthalene; m/z = 156, 
thermal maturity parameter (Radke et al. 1982). 

3) TNR-1 = 2,3,6-trimethylnaphthalene/(1,3,6-trimethylnaphthalene+1,4,6-trimethylnaphthalene 
+1,3,5-trimethylnaphthalene); m/z = 170, thermal maturity parameter (Radke et al. 1986). 

4) TNR-2 = (1,3,7-trimethylnaphthalene+2,3,6-trimethylnaphthalene)/(1,3,5-trimethylnaphthalene 
+1,4,6-trimethylnaphthalene+1,3,6-trimethylnaphthalene); m/z = 170, thermal maturity parameter 

(Radke et al. 1986). 
5) TNR-4 = 1,2,5-trimethylnaphthalene/(1,2,5-trimethylnaphthalene+1,2,7-trimethylnaphthalene 

+1,6,4-trimethylnaphthalene); m/z = 170, thermal maturity parameter. 
6) MPI-3 = (2-methylphenanthrene+3-methylphenanthrene)/(1-methylphenanthrene+9-methyl-

phenanthrene); m/z = 192; thermal maturity parameter (Radke,Welte 1983). 
7) 2-MP/2-MA = 2-methylphenanthrene/2-methylanthracene; m/z = 192. 

8) MB/DBF = (3-methylbiphenyl+4-methylbiphenyl)/dibenzofurane; m/z = 168; thermal maturity 
parameter (Radke 1987). 

“–” compounds present but concentration too low to calculate a parameter value. 
 
Phenol and its derivatives are widely present (Fig. 15). They originate through the 

thermal destruction of lignine units in vitrinite macerals (Horsfield 1989; Hatcher, Clifford 
1997). In the investigated wastes, they are represented mainly by phenol, methylphenols  
(o-, m-, p- cresols), dimethylphenols (m-, o- ethylphenols), ethylmethylphenols, and 
ethylprophylphenols. Their absence is conspicuous in RS24, RS26a, RS28a, RS49, RS54, 
and RS57 collected at the top of the western slope of the dump. Sample RS48, from the 
same site as RS26a and RS57, does contain low relative amounts of phenols. Phenols are 
present mainly in the vicinity of the cone (R1, R3, R5, R7, R8, R18, R20, RS27, RS28, 
RS40, RS48a, and RS58), on the western slope of the dump (RS30, RS32a, RS45, RS46, 
RS53, and RS55), in the SW part of the dump (RS61 and RS62a), and in the southern part 
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of the dump (RS33, RS34a, RS52a, and RS59). Elsewhere, they are present in lower 
amounts. 

 

 
 

Fig. 12. Composed ion chromatogram showing distributions of naphthalene and alkylnaphthalenes in 
the Rymer Cones coal wastes extracts (m/z=128+142+156+170+184). 1: naphthalene,  

2: 2-methylnaphthalene, 3: 1-methylnaphthalene, 4: 2,6+2,7-dimethylnaphthalene,  
5: 1,3+1,7-dimethylnaphthalene, 6: 1,6-dimethylnaphthalene, 7: 1,4+2,3-dimethylnaphthalene,  

8: 1,5-dimethylnaphthalene, 9: 1,2-dimethylnaphthalene,10: 1,3,7-trimethylnaphthalene,  
11: 1,3,6-trimethylnaphthalene, 12: 1,4,6+1,3,5-trimethylnaphthalene, 13: 2,3,6-trimethylnaphthalene, 
14: 1,2,7+1,6,7-trimethylnaphthalene, 15: 1,2,6-trimethylnaphthalene, 16: 1,2,5-trimethylnaphthalene, 

17: 1,2,3,4-tetramethylnaphthalene. 
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Fig. 13. Distribution of two-and three-, four-, five-ring polycyclic aromatic hydrocarbons in coal 
wastes from the dumps at Rymer Cones, Starzykowiec and Marcel Coal Mine, calculated as relative 

percentage concentrations. 
 

 

Fig. 14A. Distribution of PAHs in selected samples from the Rymer Cones coal wastes.  
A – calculated as relative concentrations from ion chromatograms (m/z = 128, 178, 202, 228, and 252). 

A 
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Fig. 14B. Distribution of  PAHs in selected samples from the Rymer Cones coal wastes.  
B – composed ion chromatograms of four- and five- ring PAHs (m/z = 228, 252). N – naphthalene,  

P – phenanthrene, A – anthracene, Fl – fluoranthene,  
Py – pyrene, B[ghi]F - benzo[g]fluoranthene+benzo[h]fluoranthene+benzo[i]fluoranthene,  

B[a]A – benzo[a]anthracene, Ch – chrysene, B[k+f]F – benzo[k]fluoranthene+ 
benzo[f]fluoranthene, B[a]F – benzo[a]fluoranthene, B[e]P – benzo[e]pyrene,  

B[a]P – benzo[a]pyrene, Per – perylene. 
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Fig. 15. Distribution of phenol and its derivatives in coal waste samples from the Rymer Cones dump 
(m/z = 94+108+122+136+150+164). 

 
Chemical parameters of thermal maturation vary considerably in the fly ash and soil 

samples. Interestingly, hopanes and phenols are absent in fly ash samples (Table 5). In 
these, n-alkanes display the widest range (n-C13-n-C22 ) and their distribution is Gaussian 
with the maximum at n-C18 (RRS0 and RRS2; Fig. 16a). Except for RRS2, CPI values are 
higher than in the coal wastes. They also show a predominance of long-to-short chain  
n-alkanes that is reflected in Σ1/Σ2 values in the range 0.36-0.81. Pr/Ph shows the highest 
value (5.30) in RRS0 – a value probably due to generated hydrocarbons. Other fly ash 
Pr/Ph values are much lower. Pr/n-C17 and Ph/n-C18 values are also low (Table 5).  
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Fig. 16. n-Alkane distribution in (a) fly ash and (b) soil extracts (m/z = 71) from samples collected at 
the Rymer Cones dump. 

 
Indices of thermal maturation based on substituted polycyclic aromatic hydrocarbons 

in the fly ash samples fall in the same range as for coal wastes (Table 6; Fig. 17a-b). 
Polycyclic aromatic hydrocarbons (PAHs) are absent in RRS0. In the other two samples, 
phenanthrene is the only representative of two- and three-ring PAHs. In general, four-ring 
PAHs are represented mostly by fluoranthene and pyrene. In RRS3, a small amount of 
chrysene was detected. All compounds of five-ring PAHs were found only in RRS2, none 
in RRS0 or RRS1 (Table 7). 

The soil samples have a composition completely different from that of the fly ash. 
They all contain n-alkanes with the Gaussian distribution in the widest range from n-C14 to 
n-C35 (Fig. 16b). Sample RSG1 contains a mixture of pyrolysates generated at different 
temperatures. The CPI values for the soils are generally much higher than those for the coal 
wastes and long-chain n-alkanes predominate over their short-chain homologues; Σ1/Σ2 
values are in the range 0.32-0.76. Except RSG4, all of the other samples have Pr/Ph values 
> 4. In RSG4, the value is < 1. Pr/n-C17 and Ph/n-C18 values are low (Table 5). 

Hopanes in the soils are represented mainly by C29 and C30 hopanes. C31 hopanes are 
present only in RSG6 (25.78 rel.%). and  hopanes are dominant in all soil samples 
while  hopanes are absent in RSG2 and RSG4 and, in RSG1 and RSG6, their contents 
are < 10 rel.%. Values of indices of thermal maturation based on hopanes are low or they 
were not calculated due to their absence or very low concentration (Table 5). However, 
Ts/(Ts+Tm) values in the range 0.56-0.90 compare to those in coal wastes (Fig. 18). 
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Fig. 17. Composed ion chromatogram showing distributions of naphthalene and alkylnaphthalenes in 
fly ash (a, b) and soil (c, d) extracts (m/z = 128+142+156+170+184) from samples collected at the 

Rymer Cones dump. 1: naphthalene, 2: 2-methlnaphthalene, 3: 1-methylnaphthalene,  
4: 2,6+2,7-dimethylnaphthalene, 5: 1,3+1,7-dimethylnaphthalene, 6: 1,6-dimethylnaphthalene,  

7: 1,4+2,3-dimethylnaphthalene, 8: 1,5-dimethylnaphthalene, 9: 1,2-dimethylnaphthalene, 
10: 1,3,7-trimethylnaphthalene, 11: 1,3,6-trimethylnaphthalene, 12: 1,4,6+1,3,5-trimethylnaphthalene, 
13: 2,3,6-trimethylnaphthalene, 14: 1,2,7+1,6,7-trimethylnaphthalene, 15: 1,2,6-trimethylnaphthalene, 

16: 1,2,5-trimethylnaphthalene.
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Fig. 18. Pentacyclic triterpane distribution in the extracts from soil samples collected at the Rymer 
Cones dump (m/z = 191). Ts – 18(H)-22,29,30-trisnorneohopane, Tm – 17(H)-22,29,30-
trisnorhopane, C29 – 17,21(H)-30-norhopane, C29 – 18,21(H)-30-norneohopane,  
C30 – 17,21(H)-hopane, C30 – 17,21(H)-hopane, C30 – 17,21(H)-hopane,  

C31 – 17,21(H)-30-homohopane 22S and 22R, C31 – 18,21(H)-30-homohopane 22R, 
C32 – 17,21(H)-30-bishomohopane 22S and 22R, 1 – homohop-22(29)-en-3-ol. 

 
Values of indices based on polyaromatic hydrocarbons in the soils lie in the same 

range as for the coal wastes (Table 6; Fig. 17c-d).  
PAHs with two- and three-rings dominate over four- and five-ring PAHs in all soil 

samples (Table 7). Phenanthrene is the main representative of these PAHs though 
anthracene is also present in considerable quantity in RSG2. Naphthalene is present only in 
RSG2 and RSG4 and at contents < 4 rel.%. Fluoranthene and pyrene are the dominating 
compounds of the four-ring PAHs. However, RSG1 and RSG2 also contain a marked 
amount of chrysene (6.32 and 8.71 rel.%, respectively). RSG6 contains the most 
benzo[a]anthracene (11.60 rel.%) and RSG1 (2.48 rel.%) and RSG2 (2.51 rel.%), similar 
amounts; there is none at all in RSG4. PAHs with five rings are absent in samples RSG2 
and RSG4. Benzo[b+k]fluoranthene, benzo[a]pyrene, and benzo[e]pyrene are the most 
important in the remaining samples (Table 7). 

Phenols are present in all soil samples but their distributions differ. They are present 
in relatively higher quantities in RSG2 and RSG6, much lower quantities in the remainder. 
Phenols except methylpropylphenols occur in RSG2 (Fig. 19a). Phenol is absent and 
ethylphenols are present in low relative amounts in RSG6 (Fig. 19b). 
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Fig. 19. Distribution of phenol and its derivatives in soils covering the Rymer Cones dump  
(m/z = 94+108+122+136+150+164). 

 
 

6.4. Proximate and ultimate analyses 
 
The ash content (Aa) in waste samples collected in the Rymer Cones dump is on 

average 76.32 wt% (Table 8). Moisture contents (Ma) are low at < 3.30 wt%. Volatile 
matter content (VMdaf) is on average 76.32 wt%. Calorific values (Qs

daf) range from 0.58-
25.32 MJ·kg-1 and is lowest in RS26a. Carbon contents (Cdaf) range widely with an average 
of 59.09 wt%. Hydrogen contents (Hdaf) are < 6.88 wt% and nitrogen contents (Ndaf) are 
< 3 wt%. Oxygen contents (Odaf) are on average 31.76 wt%. Total sulphur (St

a) is typically 
low - on average 0.56 wt%; RS34a is an exception (2.36 wt%; Table 8). 
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TABLE 8 
 

Proximate and ultimate analyses of coal wastes from the Rymer Cones dump 
 

Sample 
no. 

Ma 

(wt%) 
Aa 

(wt%) 
VMdaf 

(wt%) 
Qs

daf 

(MJ·kg-1)
Cdaf 

(wt%) 
Hdaf 

(wt%) 
Ndaf 

(wt%) 
Odaf 

(wt%) 
St

a 

(w.%) 
RS24 1.96 62.22 63.18 25.32 68.68 5.14 1.23 22.17 1.00 
RS25 2.65 75.49 51.05 17.70 59.47 4.25 2.20 33.07 0.22 
RS26 3.13 72.66 53.20 17.83 59.48 4.34 2.31 31.23 0.64 
RS26a 2.04 89.42 98.01 0.58 16.39 3.63 1.87 77.87 0.02 
RS27 2.38 78.52 47.23 19.05 64.92 3.72 1.99 27.80 0.30 
RS28 1.70 79.46 47.08 17.74 62.63 4.35 2.34 28.56 0.40 
RS28a 3.30 59.44 44.34 24.16 68.71 4.64 1.61 22.87 0.81 
RS29 1.52 82.00 49.88 17.52 60.07 4.19 1.94 32.71 0.18 
RS30 0.93 79.04 63.85 18.80 57.91 5.34 2.00 32.10 0.53 
RS31 1.87 84.62 57.66 12.24 45.89 4.96 1.63 47.00 0.07 
RS32 2.37 81.60 64.88 12.39 47.41 4.93 1.50 45.04 0.18 
RS32a 2.06 84.55 65.27 9.97 42.57 4.56 2.39 46.00 0.60 
RS33 1.30 78.96 50.56 17.06 58.76 4.61 2.63 31.97 0.40 
RS34a 1.81 70.46 56.33 25.32 71.76 4.76 2.24 12.73 2.36 
RS40 1.99 79.95 62.90 20.65 66.45 4.87 1.66 35.11 0.13 
RS41 1.38 73.90 54.85 19.95 64.72 6.07 1.25 26.42 0.38 
RS42 1.30 78.56 59.68 17.71 59.58 5.91 1.49 32.13 0.18 
RS44 1.66 59.64 53.95 22.36 65.37 5.09 1.47 25.71 0.91 
RS45 0.98 79.66 54.55 17.71 57.33 6.56 2.38 29.44 0.83 
RS46 0.72 81.40 63.98 17.77 58.72 6.88 1.85 29.64 0.52 
RS47 1.84 71.56 51.95 20.62 64.29 6.05 2.03 26.50 0.30 
RS48 1.90 83.15 70.10 9.63 49.50 5.48 1.61 42.74 0.10 
RS48a 1.26 76.80 61.94 16.78 58.34 5.33 2.51 29.31 0.99 
RS49 2.30 63.02 48.59 22.35 64.59 5.42 1.59 25.55 0.99 
RS50 1.20 86.78 52.66 19.38 70.72 3.74 3.00 20.22 0.28 
RS51 1.16 72.36 45.47 21.93 68.73 5.51 2.00 19.90 1.02 
RS52 1.48 72.76 56.60 20.23 63.66 5.75 1.44 27.76 0.36 
RS52a 1.30 73.79 48.45 20.05 65.44 4.86 2.57 24.41 0.68 
RS53 1.84 81.50 76.23 13.64 51.62 6.60 2.04 35.17 0.76 

 
M – moisture, A – ash, VM – volatile matter, Qs – calorific value, C – carbon, H – hydrogen,  

N – nitrogen, O – oxygen, S – sulphur, a – air dry basis, daf – dry ash free basis, t – total. 
 
 

7. The Starzykowiec dump – results 
 

7.1. Temperatures on the surface and within the dump 
 
During the period of sample collection, surface temperatures ranged from 7-85°C. 

Temperatures at a depth of ca 1 m ranged from 24°C (sample CH12) to 448°C (sample 
CH3). Interior temperatures were, on average, several tens of °C higher than surface 
temperatures (Table 9). 
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7.2. Petrography 
 
The mineral matter content in the samples varies from 21.2-98.8 vol.%, usually 70-

80 vol.% (Table 9). It mostly comprises clay minerals and framboidal pyrite and, in some 
cases, carbonates. In most samples, the clay minerals are partly altered due to heating. 

Organic matter commonly occurs as lenses and laminae of various widths and lengths 
and as dispersed organic matter. It is represented mostly by vitrinite macerals in all samples 
except C12; this last is composed entirely of altered organic matter (coke) and minerals 
(Tables 9, 10). Vitrinite macerals occur as unaltered macerals (Fig. 20a), paler-coloured 
macerals (Fig. 20b-c), macerals with irregular cracks (Fig. 20b-c), and macerals with pores 
(Fig. 20d). Pale oxidation rims around the edges of some vitrinite particles and along cracks 
also occur in samples C17, CH2-CH4 (Fig. 20e-f). Vitrinite group macerals may occur 
alone (Fig. 20b, 20f) or with macerals of other groups and/or minerals, typically clay 
minerals and pyrite (Fig. 20a, 20c-e). The most common macerals of this group are 
collotelinite (Fig. 20a-c, 20f) and vitrodetrinite. Occasionally collodetrinite (Fig. 20a, 20c, 
20e), corpogelinite, and telinite with cells filled with resinite, are present.  

Most liptinite macerals except alginite are present in the wastes, e.g. sporinite (Fig. 
20a, 20c, 20e). These macerals commonly occur with vitrinite, inertinite, and with minerals. 

Fusinite, semifusinite (Fig. 20a, 20c), and inertodetrinite (Fig. 20a, 20c, 20e) are the 
most common macerals of the inertinite group. In some samples, macrinite (Fig. 20c), 
funginite, and micrinite occur. 

Coke is present in several samples (Tables 9, 10; Fig. 21a-b) as an admixture deriving 
from other, much more strongly altered parts of the dump. The exception is C12 in which 
coke is the only form of organic matter microscopically visible.  

Bitumens generated from macerals are seen in C4, C6-C9, C13, C15, C16, C18-27, 
CH1-CH3, CH5a-CH10, CH12-16, CH18, and CH21 (Fig. 21c-f). They occur as irregular- 
or thread-like forms in quantities < 0.2 vol.%.  

Vitrinite maceral contents range from 1.2-61.6 vol.% (Table 9), 58.0-100.0 vol.%, 
mmf (Table 10). Several samples contain only unaltered vitrinite macerals (Tables 9, 10). 
Amounts range from 0.2 vol.% in sample C11 to 61.4 vol.% in sample C19, except for C12 
and C14 which contain no unaltered vitrinite. Usually, unaltered vitrinite macerals occur 
together with macerals with cracks (e.g. C2-C4, CH18, and CH19) and with paler-coloured 
macerals (e.g. C6, C16, and CH9; Tables 9, 10). Unaltered vitrinite occurs with both forms 
of altered vitrinite in several samples (Tables 9, 10). Vitrinite with cracks dominates in C3 
(6.2 vol.%). Paler-coloured vitrinite is the only form of organic matter in C14 and vitrinite 
with pores occurs only in sample CH3 (Tables 9, 10).  

Liptinite is present in amounts up to 5.2 vol.% in sample C19 which also contains the 
highest content of unaltered vitrinite (Table 9). On a mmf basis, liptinite is most abundant 
in C13 (19.3 vol.%, mmf; Table 10).  

Inertinite macerals occur in amounts up to 12.0 vol.% in sample C19 (Table 9). On 
a mmf basis, the highest content occurs in sample C5 (Table 10).  
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TABLE 10 
 

Petrographic composition of coal waste samples from the Starzykowiec dump calculated on a mineral 
matter free (mmf) basis 

 

Sample 
no. 

Unaltered 
vitrinite 
(vol.%) 

Vitrinite 
with 

cracks 
(vol.%) 

Paler 
coloured 
vitrinite 
(vol.%) 

Vitrinite 
with pores 

(vol.%) 

Liptinite 
(vol.%) 

Inertinite 
(vol.%) 

Pyrolytic 
carbon 
(vol.%) 

Coke 
(vol.%) 

C1 79.3 0.0 0.0 0.0 1.8 18.9 0.0 0.0 
C2 68.4 26.3 0.0 0.0 0.0 2.6 0.0 2.6 
C3 72.4 12.4 0.0 0.0 2.4 10.0 0.0 2.8 
C4 67.1 4.7 0.0 0.0 6.7 16.8 0.0 4.7 
C5 60.9 0.0 0.0 0.0 3.0 36.1 0.0 0.0 
C6 76.5 0.0 5.9 0.0 9.8 7.8 0.0 0.0 
C7 74.3 8.6 0.0 0.0 8.6 8.6 0.0 0.0 
C8 57.1 0.0 0.8 0.0 9.2 31.9 0.0 0.8 
C9 64.1 15.4 0.0 0.0 12.0 8.5 0.0 0.0 

C11 14.3 42.9 42.9 0.0 0.0 0.0 0.0 0.0 
C12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
C13 53.4 0.0 5.7 0.0 19.3 21.6 0.0 0.0 
C14 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
C15 69.5 5.1 0.0 0.0 8.5 16.9 0.0 0.0 
C16 91.7 0.0 8.3 0.0 0.0 0.0 0.0 0.0 
C17 0.0 0.0 96.3 0.0 0.0 0.0 0.0 3.7 
C18 77.7 1.5 0.0 0.0 3.7 17.2 0.0 0.0 
C19 77.9 0.3 0.0 0.0 6.6 15.2 0.0 0.0 
C20 77.8 1.1 2.2 0.0 6.7 12.2 0.0 0.0 
C21 81.2 0.0 0.0 0.0 5.1 11.6 0.0 2.2 
C22 77.6 3.4 1.7 0.0 1.7 8.6 0.0 6.9 
C23 39.3 0.0 50.0 0.0 3.6 7.1 0.0 0.0 
C24 70.7 0.0 3.3 0.0 9.8 16.3 0.0 0.0 
C25 83.9 2.0 0.0 0.0 4.0 10.1 0.0 0.0 
C26 83.3 0.0 4.0 0.0 6.3 6.3 0.0 0.0 
C27 78.2 6.4 7.7 0.0 3.8 2.6 0.0 1.3 
CH1 84.6 0.9 1.7 0.0 6.8 6.0 0.0 0.0 
CH2 60.6 3.0 4.0 0.0 4.0 28.3 0.0 0.0 
CH3 54.4 6.8 13.6 1.9 1.9 19.4 0.0 1.9 
CH4 77.4 3.6 1.2 0.0 3.6 14.3 0.0 0.0 
CH5a 70.1 1.5 1.5 0.0 7.5 11.9 0.0 7.5 
CH6 59.4 15.6 1.6 0.0 9.4 10.9 0.0 3.1 
CH7 90.0 0.0 0.0 0.0 10.0 0.0 0.0 0.0 
CH8 69.7 2.3 0.0 0.0 7.6 19.7 0.0 0.8 
CH9 78.3 0.0 1.5 0.0 3.5 16.7 0.0 0.0 

CH10 82.2 5.9 0.0 0.0 2.0 9.9 0.0 0.0 
CH11 0.00 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
CH12 80.8 6.0 0.0 0.0 4.9 8.2 0.0 0.0 
CH13 71.4 5.2 2.6 0.0 7.8 6.5 0.0 6.5 
CH14 75.2 0.7 0.7 0.0 3.5 15.6 0.0 4.3 
CH15 67.6 3.8 0.0 0.0 5.7 22.9 0.0 0.0 
CH16 84.8 1.3 0.0 0.0 5.1 8.9 0.0 0.0 
CH17 78.0 2.0 12.0 0.0 2.0 6.0 0.0 0.0 
CH18 73.3 2.7 0.0 0.0 6.7 10.7 0.0 6.7 
CH19 81.8 3.9 0.0 0.0 2.6 11.7 0.0 0.0 
CH20 83.1 0.0 0.0 0.0 4.8 12.0 0.0 0.0 
CH21 92.3 0.0 0.0 0.0 3.3 4.4 0.0 0.0 
CH22 86.0 0.0 0.0 0.0 6.0 8.0 0.0 0.0 
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Fig. 20. Organic and mineral matter in coal wastes from the Starzykowiec dump (white light, 
immersion oil). A – trimacerite (sample CH21); B – paler coloured collotelinite (sample CH3);  
C – paler coloured trimacerite (sample CH3); D – vitrinite with pores, pyrite and clay minerals 

(sample CH3); E- paler coloured oxidation rims around the edge of trimacerite particle and along 
cracks within it (sample CH3); F – paler coloured oxidation rims around vitrinite particle (sample 

C17). V – vitrinite, Sp – sporinite, Sf – semifusinite, Ma – macrinite, P – pyrite. 
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Fig. 21. Organic and mineral matter in coal wastes from the Starzykowiec dump (immersion oil).  
A, B – massive coke (sample C17; white light); C, E – bitumines and clay minerals (sample CH16; 

white light); D, F – bitumines and clay minerals (sample CH16; fluorescence). Bi – bitumen 
expulsions. 

 
Coke contents are usually < 1.4 vol.% (7.5 vol.%, mmf). The highest content of coke 

occurs in sample C12 (2.8 vol.%, 100.0 vol.%, mmf; Tables 9, 10). 
Random reflectance values (Rr) are typically low (0.55-0.89%). The low reflectance 

can probably be explained as due to bitumens generated, during self-heating, from liptinite 
migrating into the microcracks in vitrinite. Reflectograms are narrow (Fig. 22a). The 
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highest random reflectance (1.79%) was measured in C12 composed entirely of coke and 
relatively high reflectances values (1.22-1.54%) in C11, C14, and C17 (Table 9). The much 
wider reflectograms in these cases, and for CH3, reflect the varying degrees of alteration of 
individual particles (Fig. 22b-d).  

 

 
 

Fig. 22. Reflectograms of selected samples from the Starzykowiec coal waste dump. A – sample C19, 
B – sample CH3, C – sample C11, D - sample C17. 

 
7.3. Organic geochemistry 

 
Extract yields range from 0.002 wt% (CH7) to 0.164 wt% (C2) for the majority of 

samples collected at the Starzykowiec dump (Table 11). Only CH14 (0.256 wt%) and 
CH5a (0.704 wt%) have higher extract yields. The main groups of compounds in the 
samples are n-alkanes, acyclic isoprenoids (pristane and phytane), hopanes, polyaromatic 
hydrocarbons and their derivatives, and phenols. 

n-Alkanes (m/z = 71) are the dominant group of compounds in most samples except 
for C17, C23, CH5a, CH10, and CH15. Their distribution contains compounds with 
variable ranges, usually from n-C13 to n-C35. However, in C1-C3, C7-C9, C13, C19, C20, 
CH2-CH4, CH8, CH12, and CH18-CH21, lighter n-alkanes ranging from n-C9 to n-C12 are 
also present (Fig. 23a).  

Samples C1, C2, C5-C9, C13, C17-C22, C24, C27, CH1, CH4, CH6-CH9, CH12-
CH15, and CH19-CH22 are unaltered or weakly altered with n-alkane distributions typical 
of coals or kerogen type III (Fig. 23a). In all such, there is a marked predominance of odd-
over-even carbon number n-alkanes reflected in Carbon Preference Index (CPI) values in 
the range 1.48-2.07 (Table 11).  
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Fig. 23. n-Alkane distribution in selected Starzykowiec coal waste extracts (m/z = 71). a – wide  
n-alkane distribution of a coal or kerogen III type; b – narrow n-alkane distribution in pyrolysate;  

c – wide n-alkane distribution in pyrolysate; d – wide n-alkane distribution with two maxima,  
e – mixture of unaltered sample and pyrolysate.
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Samples containing pyrolysates (C4, C11-C12, C15, C16, CH2, CH17, and CH18) 
show a Gaussian distribution (Fig. 23b-d) and the predominance of odd-over-even carbon 
number n-alkanes is lower than in unaltered samples. CPI values are in the range 1.17-1.72 
though the most altered sample (CH11) has the lowest CPI value of 1.10. The distribution 
of n-alkanes in pyrolysates is narrow – in the range from n-C12 to n-C22 with maxima at  
n-C16 in CH18, n-C18 in C15 and CH2, and n-C19 in C4 (Fig. 23b). In others, it is wide – in 
the range from n-C13 to n-C33 with maxima at n-C19 in C16 and n-C24 in C11 (Fig. 23c). 
C12 and CH17 display a bimodal distribution with maxima at n-C20 and n-C24, and at n-C18 
and n-C23, respectively; this may indicate that they are mixtures of pyrolysates (Fig. 23d). 
A Gaussian n-alkane distribution is weakly marked in the most strongly altered sample 
(CH11). 

Altered and unaltered material was found in C3, C14, C23, C25, C26, CH3, and 
CH16 (Fig. 23e). In these, there is also predominance of odd-over-even carbon number  
n-alkanes. CPI values in the range 1.37-1.79 are intermediate between those for weakly 
altered samples and those containing pyrolysates (Table 11). 

The ratio of short-to-long chain n-alkanes expressed by Σ(n-C13 to n-C22) / Σ(n-C23 to 
n-C35), the Σ1/Σ2 index, also reflects the degree of sample alteration. Weakly-altered 
samples have generally higher values of this index in the range 0.51-2.59 compared to those 
for pyrolysates (0.12-0.65). Where both types of material are present together, the range is 
0.46-2.36.  

Similar data were obtained for acyclic isoprenoids, pristane and pytane and indices of 
thermal alteration based on them (m/z = 71). The ratio of pristane to phytane (Pr/Ph) is 
highest in the weakly-altered samples, lying in the range 3.90-11.76 (Table 11). It is 
generally lower (1.19-7.02) in waste samples containing pyrolysates. In material 
comprising a mixture of weakly- and more strongly-altered material, Pr/Ph values are 
intermediate (0.93-9.77). The pristane to n-heptadecane ratio (Pr/n-C17), an indicator of 
degree of thermal alteration, reveals a similar pattern; values are highest (2.29-34.28) in 
weakly altered samples, lowest (0.47-2.50) in material with pyrolysates, and values are 
intermediate (1.41-19.92) where mixtures of weakly- and strongly-altered material are 
involved. The phytane to n-octadecane ratio (Ph/n-C18) likewise follows a similar pattern; 
values tend to be the highests (0.32-2.85) for weakly-altered wastes, generally the lowest 
(0.09-0.32) for samples containing pyrolysates and usually intermediate for mixtures of 
variously-altered material (Table 11). An obvious exception to the pattern is the pyrolysate-
bearing CH2 with a Ph/n-C18 value of 0.85. 

Hopanes (m/z = 191) are present in all investigated samples except samples C14, C17, 
and C23 (Table 11). The level of sample alteration is expressed by values of the C31S/(S+R) 
in the range 0.28-0.54. The level of alteration is also expressed by values of Ts/(Ts+Tm) in 
the range 0.63-0.85 (Table 11). Sample C11 displays the highest values of both ratios and 
the highest relative contents of C29 and  hopanes;  hopanes are absent. In contrast, 
sample C25 has the lowest value of C31S/(S+R), one of the lowest values of Ts/(Ts+Tm), 
and the lowest relative content of . The values of C30ββ/(ββ+αβ+βα) are very low 
(< 0.08) while the values of C30βα/(αβ+βα) are in the range 0.34-0.63 (Table 11). In 
general, C30 hopanes occur in the highest relative contents in samples from this dump (Fig. 
10, 24). In all,  hopanes dominate, occurring in 51.0-67.4 rel.%;  and  hopane 
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contents are also lower. However,  hopane relative contents are always higher than those 
of  (< 16 rel.%; Fig. 11). Hopanes with configuration are absent in samples C2, C4, 
C5, C7, C9-C13, C19, C22, and C24-C27. Hopane distributions in selected samples are 
shown in Figure 24. 

 

 
 

Fig. 24. Pentacyclic triterpane distribution in the extracts from selected Starzykowiec coal waste 
samples (m/z = 191). Ts – 18(H)-22,29,30-trisnorneohopane, Tm – 17(H)-22,29,30-trisnorhopane, 

C29 – 17,21(H)-30-norhopane, C29 – 18,21(H)-30-norneohopane,  
C30 – 17,21(H)-hopane, C30 – 17,21(H)-hopane, C30 – 17,21(H)-hopane,  

C31 – 17,21(H)-30-homohopane 22S and 22R, C31 – 18,21(H)-30-homohopane 22R, 
C32 – 17,21(H)-30-bishomohopane 22S and 22R. 
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TABLE 12 
 

Aromatic hydrocarbon parameters for samples from the Starzykowiec coal waste dump 
 
Sample no. MNR DNR TNR-1 TNR-2 TNR-4 MPI-3 2-MP/2-MA MB/DBF 

 1) 2) 3) 4) 5) 6) 7) 8) 
C1 0.89 1.45 0.21 0.38 0.62 0.49 - - 
C2 1.24 0.92 0.16 0.28 0.56 0.79 - - 
C3 0.88 0.91 0.25 0.41 0.77 0.68 - - 
C4 1.03 0.83 0.22 0.40 0.50 0.83 - - 
C5 0.78 0.53 1.75 0.99 0.57 0.79 - - 
C6 1.29 1.15 2.76 0.82 0.61 0.70 - - 
C7 0.71 0.78 2.01 0.77 0.55 0.38 - - 
C8 0.78 0.70 2.30 0.83 0.60 0.53 - - 
C9 0.92 0.92 2.35 0.75 0.59 0.46 - - 

C11 0.78 1.09 0.37 0.42 0.65 0.44 - - 
C12 0.90 1.11 0.29 0.30 0.63 0.66 - - 
C13 0.73 0.64 0.19 0.20 0.62 0.31 - - 
C14 0.57 1.11 0.26 0.23 0.54 - - - 
C15 2.16 - 0.20 0.22 0.66 0.90 - - 
C16 1.09 1.30 0.19 0.23 0.71 0.29 - - 
C17 - - - - - - - - 
C18 0.71 0.42 0.38 0.29 0.50 0.23 - - 
C19 0.27 - - - - - - - 
C20 0.52 0.76 0.23 0.20 0.73 0.31 - - 
C21 0.37 0.68 3.12 0.72 0.73 - - - 
C22 - - - - - - - - 
C23 - - - - - - - - 
C24 0.55 0.81 2.91 0.78 0.71 0.51 - - 
C25 0.00 0.00 0.93 0.44 0.69 - - - 
C26 0.00 - - - - - - - 
C27 0.00 - - - - - - - 
CH1 - - - - - - - - 
CH2 1.47 1.76 0.55 0.57 0.83 1.21 - 0.21 
CH3 1.43 3.08 0.88 0.76 0.76 - 4.06 0.18 
CH4 1.16 1.06 - - - 0.87 - 0.30 
CH5a - - - - - - - - 
CH6 0.38 - - - - - - - 
CH7 0.28 - - - - - - - 
CH8 1.14 2.09 0.60 0.59 0.67 0.87 1.97 0.32 
CH9 0.82 0.96 - - - - - 0.34 

CH10 - - - - - - - - 
CH11 1.14 1.94 1.42 0.97 0.66 1.45 - 0.39 
CH12 1.41 1.80 0.32 0.51 0.61 0.81 7.52 0.36 
CH13 0.79 1.03 - - - - - 0.30 
CH14 0.41 - - - - - - - 
CH15 - - - - - - - - 
CH16 0.41 - - - - - - - 
CH17 1.15 0.98 0.45 0.36 0.64 1.72 - 0.34 
CH18 1.70 1.61 2.35 1.17 0.81 1.22 - 0.17 
CH19 0.86 0.97 0.31 0.47 0.63 0.84 8.82 0.31 
CH20 1.72 1.26 2.68 1.12 0.83 1.01 - 0.35 
CH21 1.24 1.17 - - - 1.00 - 0.24 
CH22 0.97 1.68 0.53 0.57 0.66 0.76 3.82 0.33 
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1) MNR = 2-methylnaphthalene/1-methylnaphthalene; m/z = 142; thermal maturity parameter (Radke 

et al. 1994). 
2) DNR = (2,6-dimethylnaphthalene+2,7-dimethylnaphthalene)/1,5-dimethylnaphthalene; m/z = 156, 

thermal maturity parameter (Radke et al. 1982). 
3) TNR-1 = 2,3,6-trimethylnaphthalene/(1,3,6-trimethylnaphthalene+ 

1,4,6-trimethylnaphthalene+1,3,5-trimethylnaphthalene); m/z = 170, thermal maturity parameter 
(Radke et al. 1986). 

4) TNR-2 = (1,3,7-trimethylnaphthalene+2,3,6-trimethylnaphthalene)/ 
(1,3,5-trimethylnaphthalene+1,4,6-trimethylnaphthalene+1,3,6-trimethylnaphthalene); m/z = 170, 

thermal maturity parameter (Radke et al. 1986). 
5) TNR-4 = 1,2,5-trimethylnaphthalene/(1,2,5-trimethylnaphthalene+ 

1,2,7-trimethylnaphthalene+1,6,4-trimethylnaphthalene); m/z = 170, thermal maturity parameter. 
6) MPI-3 = (2-methylphenanthrene+3-methylphenanthrene)/(1-methylphenanthrene+ 
9-methylphenanthrene); m/z = 192; thermal maturity parameter (Radke, Welte 1983). 

7) 2-MP/2-MA = 2-methylphenanthrene/2-methylanthracene; m/z = 192. 
8) MB/DBF = (3-methylbiphenyl+4-methylbiphenyl)/dibenzofurane; m/z = 168; thermal maturity 

parameter (Radke 1987). 
“–” compounds present but concentrations too low to calculate a parameter value. 

 
Compared to other compounds, concentrations of methylnaphthalenes (m/z = 142), 

dimethylonaphthalenes (m/z = 156), and trimethylnaphthalenes (m/z = 170) are low. There 
are none in C17, C22, C23, C26, C27, CH1, CH5a, and CH15; Methylnaphthalene Ratio 
(MNR) values for the remainder range from 0.27-2.16 (Table 12). Dimethylnaphthalene 
Ratio (DNR) values fall in the range 0.42-3.08 and Trimethylnaphthalene Ratios (TNR-1, 
TNR-2, and TNR-4) in the ranges 0.16-3.12, 0.20-1.17, and 0.50-0.83, respectively. Values 
of the Methylphenanthrene Index (MPI-3; m/z = 192) range from 0.23-1.72 and values of 
methylbiphenyl/dibenzofuran (MB/DBF) from 0.17-0.39 (Table 12; Fig. 25).  

Polyaromatic hydrocarbons (m/z = 128+178+202+228+252) are represented by two- 
to five-ring compounds. PAHs with more than five rings are absent (Fig. 13, 26). The 
amounts of individual compounds vary greatly (Table 13; Fig. 26). There are no PAHs in 
CH1, CH5a-CH7, CH10, and CH15. In the remainder, four-ring PAHs are represented by 
fluoranthene, pyrene, benzo[ghi]fluoranthene, benzo[a]anthracene, and chrysene. Among 
two- and three-ring PAHs (naphthalene, phenanthrene, anthracene), none occur in C14 and 
C25. Among five-ring PAHs (benzo[b+k]fluoranthene, benzo[a]fluoranthene, 
benzo[e]pyrene, benzo[a]pyrene, and perylene), none occur in CH11, CH14, and CH17. 
PAHs with two- and three- rings dominate in most samples. In C1, C3-C5, C14, C18, C19, 
C21, C25, C26, CH9, CH13, CH14, and CH16, PAHs with four rings dominate and, in 
C11, PAHs with five rings prevail over two-four ring PAHs (Table 13).  

Phenols are also present in these coal wastes (Fig. 27). Present in varying quantities in 
all samples except C12, C14, CH7, CH9, CH12, and CH14, they are represented mainly by 
phenols, methylphenols (m-, p-, o-cresols), dimethylphenols (m-ethylphenols), 
tetramethylphenols and, in traces, aniline. 
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Fig. 25. Composed ion chromatogram showing distributions of naphthalene and alkylnaphthalenes in 
selected Starzykowiec coal waste extracts (m/z = 128+142+156+170+184). 1: naphthalene,  

2: 2-methlnaphthalene, 3: 1-methylnaphthalene, 4: 2,6+2,7-dimethylnaphthalene,  
5: 1,3+1,7-dimethylnaphthalene, 6: 1,6-dimethylnaphthalene, 7: 1,4+2,3-dimethylnaphthalene,  

8: 1,5-dimethylnaphthalene, 9: 1,2-dimethylnaphthalene, 10: 1,3,7-trimethylnaphthalene,  
11: 1,3,6-trimethylnaphthalene, 12: 1,4,6+1,3,5-trimethylnaphthalene, 13: 2,3,6-trimethylnaphthalene, 
14: 1,2,7+1,6,7-trimethylnaphthalene, 15: 1,2,6-trimethylnaphthalene, 16: 1,2,5-trimethylnaphthalene. 
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Fig. 26. Distribution of PAHs in selected samples from the Starzykowiec coal wastes calculated as 
relative concentrations from ion chromatograms (m/z = 128, 178, 202, 228, and 252).  
N – naphthalene, P – phenanthrene, A – anthracene, Fl – fluoranthene, Py – pyrene,  

B(ghi)F –  benzo(g)fluoranthene+benzo(h)fluoranthene+benzo(i)fluoranthene, B(a)A – 
benzo(a)anthracene, Ch – chrysene, B(k+f)F –benzo(k)fluoranthene+benzo(k)fluoranthene, 

B(a)F – benzo(a)fluoranthene, B(e)P – benzo(e)pyrene, B(a)P –  benzo(a)pyrene, Per – perylene. 
 

 
7.4. Proximate and ultimate analyses 

 
Ash contents (Aa) in samples from the Starzykowiec dump are typically 70-85 wt%, 

average 76.52 wt% (Table 14). Only in C18 and C19 is the ash content < 42.50 wt%. 
Moisture contents (Ma) are low and usually < 3 wt% (average 2.01 wt%); an exception is 
C19 with ca 4 wt%. Volatile matter contents (VMdaf) vary typically from 50-76 wt% 
(average 59.11 wt%) with only C16 being exceptional with 92.84 wt%. Calorific values 
(Qs

daf) usually range from 7-25 MJ·kg-1. C11 and C12 have the lowest calorific values (0.28 
and 0.27 MJ·kg-1, respectively) and, not surprisingly, the highest ash contents (Table 14).  

Carbon contents (Cdaf) typically range from 50-70 wt% (average 57.84 wt%), the 
highest being 82.52 wt% in C19 that also has the highest calorific value (Table 14). 
Hydrogen contents (Hdaf) vary between 3.44-7.77 wt%. Nitrogen contents (Ndaf) are low, 
typically < 1.5 wt% but with CH3 an exception with 2.27 wt%. Oxygen contents (Odaf) are 
usually 20-50 wt%; C19 is exceptionally low at 9.17 wt%. Total sulphur contents (St

a) 
range up to 1.26 wt% (average 0.50 wt%).  
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Fig. 27. Distribution of phenol and its derivatives in selected coal waste samples from the 
Starzykowiec dump (m/z = 94+108+122+136+150+164). 
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TABLE 14 
 

Proximate and ultimate analyses of coal waste from the Starzykowiec dump 
 

Sample  
no. 

Ma  

(wt%) 
Aa  

(wt%) 
VMdaf 

(wt%) 
Qs

daf 

(MJ·kg-1)
Cdaf 

(wt%) 
Hdaf 

(wt%) 
Ndaf 

(wt%) 
Odaf 

(wt%) 
St

a  

(wt%) 
C11 1.06 89.78 76.20 0.28 34.93 7.75 0.76 54.91 0.15 
C12 0.94 90.57 70.67 0.27 40.05 7.77 0.71 48.88 0.22 
C13 1.92 78.60 56.26 16.86 57.49 6.31 1.08 32.80 0.45 
C14 1.54 77.73 53.64 14.96 53.06 4.97 1.45 34.44 1.26 
C15 1.41 84.36 60.65 12.85 49.89 6.96 1.12 39.35 0.38 
C16 1.14 88.10 92.84 6.96 43.68 7.62 1.12 44.98 0.28 
C17 1.66 77.91 45.62 15.20 57.27 5.14 1.47 30.35 1.18 
C18 3.04 37.37 54.98 19.89 62.59 3.44 0.87 32.69 0.24 
C19 3.94 42.50 44.62 31.09 82.52 5.79 1.31 9.17 0.65 
C20 1.78 73.32 67.79 14.54 55.82 4.58 0.92 36.99 0.42 
C21 2.61 71.80 57.13 18.87 61.74 5.43 1.41 29.31 0.54 
C22 2.27 78.58 67.57 13.01 52.74 5.59 1.36 38.59 0.33 
C23 1.85 76.19 54.74 16.78 59.65 5.28 1.50 31.28 0.50 
C24 2.46 75.44 54.16 17.71 59.28 5.84 1.18 32.08 0.36 
C25 2.88 68.11 49.43 21.53 64.12 6.38 1.41 26.75 0.39 
C26 2.59 71.70 55.15 20.48 64.18 5.76 1.13 27.46 0.38 
C27 2.54 70.18 65.58 17.60 60.12 5.06 1.17 32.48 0.32 
CH1 2.54 72.25 52.32 19.51 63.86 5.71 1.39 25.35 0.93 
CH2 2.54 61.52 61.30 20.36 65.11 4.62 1.14 26.99 0.77 
CH3 2.19 77.52 59.44 13.57 52.74 5.08 2.27 36.77 0.64 
CH4 1.40 79.12 58.68 16.91 59.55 5.60 1.23 31.67 0.38 
CH5a 1.91 74.16 55.41 19.50 61.01 6.35 1.21 29.34 0.50 
CH6 1.48 78.28 54.94 17.24 58.79 6.27 1.48 31.37 0.42 
CH7 1.28 84.02 61.77 13.18 52.38 6.87 1.43 36.39 0.43 
CH8 1.30 78.62 54.63 18.05 60.76 5.88 1.25 30.03 0.42 
CH9 1.94 53.90 51.34 24.96 70.43 5.16 1.20 22.12 0.48 

 
M – moisture, A – ash, VM– volatile matter, Qs – calorific value, C – carbon, H – hydrogen,  

N – nitrogen, O – oxygen, S – sulphur, a – air dry basis, daf – dry ash free basis, t – total. 
 
 

8. The Marcel Coal Mine dump - results 
 
The properties of the waste samples collected at the Marcel Coal Mine dump show 

a strong dependence on the places where they were collected. These wastes contain varying 
amounts of organic matter. 
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8.1. Temperature on the surface and within the dump 
 
The temperatures on the northern slope of the dump over the coal mud collector 

where samples M1-M11 were collected were about 500°C at a depth of ca 1m (Table 15). 
Where heating is taking place now and where the burned out wastes are being currently 
worked, and where samples M12-M23 were collected, the temperatures on the surface were 
much lower, in the range 50-70°C when the samples were collected. Much higher surface 
temperatures (> 200°C) were measured at the collection site of samples M30-M43. At this 
site, a mixture of gases, with a very strong asphyxiating smell, was venting to the 
atmosphere at the time. 

 
8.2. Petrography 

 
The petrographic analyses of the samples from the Marcel Coal Mine dump reflect, as 

noted above, their collection sites. In general, unaltered and paler-coloured vitrinite, and 
coke, are the dominant components. 

Unaltered coal wastes (sample M24a) from current coal production contains 
91.2 vol.% of minerals (Table 15), mostly clay minerals and carbonates. Unaltered 
macerals occur in these wastes. However, irregular cracks occur in a few vitrinite particles. 
Vitrinite is the dominant maceral group in this sample (Fig. 28a; Tables 15, 16). Inertinite is 
a minor component (0.4 vol.%; 4.5 vol.%, mmf) and liptinite does not occur. The random 
reflectance (Rr) measured on vitrinite is 0.72% and the reflectogram is narrow (Fig. 31a), 
confirming the absence of alteration. 

Wastes exposed to weathering for a few years (M24 and M25) contain slightly lower 
amounts of mineral matter, 88.6 and 86.4 vol.%, respectively. The contents of all three 
maceral groups are similar in both samples (Tables 15, 16). The total vitrinite contents are 
8.4 (M24) and 8.6 vol.% (M25). Liptinite and inertinite contents are slightly higher in 
sample M25 (2.6 and 2.4 vol.%) than in M24 (1.6 and 1.4 vol.%; Fig. 28b). Rare particles 
of vitrinite with irregular cracks are seen in M24. The vitrinite reflectances are the same as 
for unaltered wastes (0.72 and 0.74%, respectively) and the reflectograms are narrow 
(Fig. 31b).  

Samples M1-M11 comprise organic matter altered to varying degrees. Though M8 
contains relatively unaltered organic matter and the greatest amount of unaltered vitrinite 
(19.4 vol.%; 78.9 vol.%, mmf), it contains 4.4 vol.% (17.9 vol.%, mmf) of vitrinite with 
irregular cracks (Tables 15, 16). Unaltered vitrinite is also present in sample M10, 
a mixture of variously altered material that also contains vitrinite with cracks, paler-
coloured vitrinite, and coke. Paler-coloured vitrinite (Fig. 28c-f) is the most common form 
of vitrinite in M1-M6 and M9; amounts range from 21.6-55.0 vol.% (Table 15), 46.1-
79.1 vol.% mmf (Table 16). Vitrinite with pores (Fig. 28d-e), in M6 only 0.8 vol.% 
(1.2 vol.%, mmf), indicates a relatively higher heating rate. In M5, liptinite, represented 
mostly by sporinite (Fig. 28c), cutinite, and liptodetrinite (Fig. 28c) occurs in amounts up to 
8.4 vol.% (10.4 vol.%, mmf). Inertinite, mainly represented by fusinite, semifusinite 
(Fig. 28c, 28e), inertodetrinite (Fig. 28c-e), and macrinite ranges up to 26.4 vol.% 
(46.8 vol.%, mmf) in M2. Rarely, funginite, secretinite (Fig. 28d), and micrinite are 
present, e.g. as fillings of cell lumens in telinite (Fig. 28f).  
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Fig. 28. Organic and mineral matter in coal wastes from the Marcel dump (white light, immersion 
oil). A – collotelinite (sample M24a), B – trimacerite (sample M25), C – trimacerite (sample M9),  
D – paler coloured vitrinite associated with secretinite and inertodetrinite (sample M6), E – paler 
coloured vitrinite associated with semifusinite and inertodetrinite (sample M6), F – paler coloured 

telinite with cell lumens filled with micrinite (sample M9). V – vitrinite, Ct – collotelinite,  
Sp – sporinite, Sf – semifusinite, Sc – secretinite, Mi – micrinite, Id – inertodetrinite. 
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TABLE 16 
 

Petrographic composition of coal waste samples from the Marcel dump calculated  
on a mineral matter free (mmf) basis 

 

Sample 
no. 

Unaltered 
vitrinite 
(vol.%) 

Vitrinite 
with 

cracks 
(vol.%) 

Paler 
coloured 
vitrinite 
(vol.%) 

Vitrinite 
with 
pores 

(vol.%) 

Liptinite 
(vol.%) 

Inertinite 
(vol.%) 

Pyrolytic 
carbon 
(vol.%) 

Coke 
(vol.%) 

M1 0.0 0.0 64.6 0.0 7.7 27.7 0.0 0.0 
M2 0.0 3.5 46.8 0.0 2.8 46.8 0.0 0.0 
M3 0.0 10.3 62.1 0.0 3.4 24.1 0.0 0.0 
M4 0.0 4.8 71.5 0.0 4.3 19.4 0.0 0.0 
M5 0.0 1.0 57.7 0.0 10.4 30.9 0.0 0.0 
M6 0.3 1.2 79.1 1.2 0.0 18.1 0.0 0.0 
M7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M8 78.9 17.9 0.0 0.0 3.3 0.0 0.0 0.0 
M9 0.0 30.3 46.1 0.0 0.7 15.8 0.0 7.0 

M10 20.9 0.9 31.4 0.0 0.9 12.7 0.5 32.7 
M11 0.0 0.0 18.2 0.0 0.0 4.5 0.0 77.3 
M12 32.7 0.0 5.5 0.0 5.5 20.0 0.0 36.4 
M12a 39.3 1.6 11.5 0.0 3.3 8.2 0.0 36.1 
M13 44.3 5.7 15.7 0.0 1.4 7.1 0.0 25.7 
M13a 47.1 0.0 13.7 0.0 2.0 7.8 0.0 29.4 
M14 26.4 5.7 13.8 0.0 5.7 8.0 1.1 39.1 
M14a 26.8 4.2 22.5 0.0 2.8 8.5 0.0 35.2 
M15 58.4 2.0 2.0 0.0 5.0 20.8 0.0 11.9 
M15a 26.8 4.2 22.5 0.0 2.8 8.5 0.0 35.2 
M16 29.0 1.1 9.7 0.0 0.0 6.5 0.0 53.8 
M16a 4.0 4.0 24.0 0.0 0.0 4.0 0.0 64.0 
M17 25.9 0.0 13.8 0.0 3.4 13.8 0.0 43.1 
M17a 35.3 1.0 30.4 0.0 2.9 4.9 0.0 25.5 
M18 36.8 0.0 28.9 0.0 0.0 7.9 0.0 26.3 
M18a 25.0 1.3 1.3 0.0 0.0 17.1 0.0 55.3 
M19 46.3 1.5 7.5 0.0 3.0 4.5 0.0 37.3 
M19a 47.1 0.0 2.0 0.0 2.0 0.0 0.0 49.0 
M20 57.7 0.0 3.8 0.0 1.9 11.5 0.0 25.0 
M20a 58.6 0.0 12.1 0.0 1.0 14.1 14.1 0.0 
M21 39.2 8.9 8.9 0.0 1.3 12.7 0.0 29.1 
M21a 31.8 0.0 13.6 0.0 0.0 10.6 0.0 43.9 
M22 32.5 0.0 12.5 0.0 2.5 5.0 0.0 47.5 
M22a 37.1 4.3 4.3 0.0 0.0 8.6 0.0 45.7 
M23 0.0 0.0 14.3 0.0 0.0 0.0 0.0 85.7 
M24 73.7 0.0 0.0 0.0 14.0 12.3 0.0 0.0 
M24a 86.4 9.1 0.0 0.0 0.0 4.5 0.0 0.0 
M25 61.8 1.5 0.0 0.0 19.1 17.6 0.0 0.0 
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cont. TABLE 16 
 

M30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
M31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
M33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
M34 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M35 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
M36 0.0 0.0 0.0 0.0 0.0 3.5 0.0 96.5 
M37 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M38 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
M39 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M41 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
M42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
M43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 
Coke, the most altered form of organic matter, occurs in M9-M11. It is the dominant 

form in M10 and M11 where it prevails over unaltered vitrinite, vitrinite with cracks, and 
paler-coloured vitrinite (Fig. 29a-b). The coke content (14.4 vol.%; 32.7 vol.%, mmf) is 
highest in M10 which also contains a significant amount of paler-coloured vitrinite 
(13.8 vol.%; 31.4 vol.%, mmf). However, M9 contains more vitrinite with cracks and paler- 
coloured vitrinite than coke (Tables 15, 16).  

Pyrolytic carbon occurs in M10 (0.2 vol.%, 0.5 vol.% mmf) and M11(< 0.2 vol.%). 
Yellowish in colour, it has a ribbon-like morphology and displays a very strong anisotropy. 

The mineral contents are significant in M1-M11. In these, they range from 14.8 vol.% 
in M1 to 100.0 vol.% in sample M7 (Table 15).  

The reflectance of these wastes ranges from 0.76% in the least altered sample M8 to 
2.34% in the most altered M11 (Table 15). The reflectograms of some samples are narrow 
and similar to the reflectograms of samples M24a and M24 (Fig 31a-b). Others show 
varying degrees of alteration with two maxima (Fig. 31c). 

Samples M12-M22a came from a place that is self-heating at the moment. Their 
petrography reflects a mixture of strongly altered material containing coked organic matter 
and less altered material containing unaltered macerals (Tables 15, 16). Unaltered vitrinite 
is the dominant form of that maceral group in these wastes. Its content is from 0.4 vol.% 
(4.0 vol.%, mmf; M16a) to 11.8 vol.% (58.4 vol.%, mmf; M15). Contents of paler coloured 
vitrinite (Fig. 29c), present in all samples in the range from 0.2 vol.% (1.3 vol.%, mmf; 
M18a) to 6.2 vol.% (30.4 vol.%, mmf; M17a), are lower than those of unaltered vitrinite. 
Vitrinite with cracks occurs in most samples but contents are low; the maximum is 
1.4 vol.% (8.9 vol.%, mmf) in M21. Rare vitrinites with paler-coloured oxidation rims are 
encountered (Fig. 29d). A few particles of vitrinite with pores occur in M17a and M22a in 
contents < 0.2 vol.%. Liptinite and inertinite contents in these wastes reach their maximum 
contents in M15 (1.0 and 4.2 vol. %, respectively; Tables 15, 16).  
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Fig. 29. Organic and mineral matter in coal wastes from the Marcel dump (white light, immersion oil). 
A, B – coke (sample M11); C – paler coloured vitrinite and inertodetrinite (sample M12); D – paler 
coloured oxidation rim around vitrinite particle (sample M21a); E – coke interlayered with mineral 

matter (sample M14); F – massive coke (sample M14). V – vitrinite, C – coke, MM – mineral matter. 
 
Coke (Fig. 29e-f) occurs in all samples, though its content is < 0.2 vol.% in M20a. In 

all other samples, coke contents are in the range 2.0-10.0 vol.% (11.9-77.3 vol.%, mmf). 
Pyrolytic carbon is present in samples M14 (0.2 vol.%; 1.1 vol.%, mmf) and M20a 
(2.8 vol.%; 14.1 vol.%, mmf). Irregular expulsions of bitumens with a marked yellow 
fluorescence occur in trace amounts in some samples (M12a, M13, M13a, M14, M14a, 
M15, M22, and M22a) and are always associated with clay minerals (Fig. 30).  
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Fig. 30. Expulsions of bitumens in coal wastes from the Marcel dump (sample M15; immersion oil). 
A, C, E – white light, B, D, F – fluorescence. Bi – bitumen expulsions. 

 
Reflectance varies from 1.68% in M14a to 2.71% in M18; it is typically > 2.30%. All 

reflectograms are very wide, indicating that the samples comprise organic matter unaltered 
and altered to varying degrees (Fig. 31d).  

Sample M23 contains 83.2 vol.% of mineral matter, coke (14.4 vol.%; 85.7 vol.%, 
mmf), and paler-coloured vitrinite (2.4 vol.%; 14.3 vol.%, mmf); there is no visible liptinite 
or inertinite present (Tables 15, 16). A reflectance of 2.14% indicates strong heating.  
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Fig. 31. Reflectograms of selected samples from the Marcel coal waste dump. A – sample M24a,  
B – sample M24, C – sample M10, D -  sample M12a. 

 
Mineral contents range from 35.0-100.0 vol.% in the most altered samples from the 

dump (M30-M43; Table 15). Microscopically visible organic matter is absent in M31, 
M34, M37-M39, and M43. The only forms of organic matter in the other samples are coke 
and inertinite. Coke contents range from 1.2-65.0 vol.% (96.5-100.0 vol.%, mmf). Inertinite 
is present only in sample M36 in 0.8 vol.% (3.5 vol.%, mmf; Tables 15, 16). The random 
reflectance, ranging from 4.55-5.83%, is the highest measured for the wastes collected.  

 
8.3. Organic geochemistry 

 
The wastes sampled at the Marcel Coal Mine dump vary considerably both in their 

extract yields and in the character of the compounds present. The differences reflect the 
collecting sites. The most commonly occurring chemical compounds are n-alkanes and 
their derivatives, acyclic isoprenoids, hopanes, and polyaromatic hydrocarbons. Most 
samples contain phenols. 

Extract yields for all the wastes collected from the dump lie in the range from 
0.002 wt% in M12 and M24a to 9.431 wt% in M18 (Table 17); for the majority, the yields 
are < 0.4 wt%. The highest extract yields were obtained from samples collected over the 
coal mud collector on the northern slope of the dump, and from M12-M23. The most 
altered samples contain no bitumen at all or, at most, very low quantities (0.003-
0.006 wt%). Notably, the unaltered sample M24a provided the lowest extract yield of all, 
and the weathered samples M24 and M25, very low yields (0.017 and 0.026 wt%, 
respectively).
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n-Alkanes (m/z = 71) are present in all unaltered and moderately altered samples, and 
also in some highly altered samples (Table 17). They occur in variable ranges, though 
typically from n-C13 to n-C35. n-Nonane was found in M2, M14, M15, and M19. A wide  
n-alkane distribution is typical for most of the Marcel dump samples though a relatively 
narrow distribution characterises some, i.e. M7, M31, M38, and M40.  

M24a has an n-alkane distribution typical of unaltered coal (Fig. 32a), with a slight 
predominance of odd-over-even carbon number n-alkanes as expressed by the CPI value of 
1.03. A predominance of long-to-short chain n-alkanes is reflected in the Σ1/Σ2 value of 
0.80. Sample M24, altered by weathering to a minor extent, has a high content of lighter  
n-alkanes (n-C10-n-C16; Fig. 32b). The n-alkanes in M25, likewise mildly alteration due to 
weathering, show a Gaussian distribution in the range n-C14-n-C36 with a maximum at n-C21 

(Fig. 32c). CPI values for both of the latter are ca 1.0 (Table 17). They are also 
characterised by a predominance of long-to-short chain n-alkanes as is reflected in low 
Σ1/Σ2 values; that of M24 (0.35) is particularly low.  

 

 
 

Fig. 32. n-Alkane distribution in selected Marcel coal waste extracts (m/z = 71). a – a wide n-alkane 
distribution of  coal/kerogen III type; b – a wide n-alkane distribution of coal/kerogen III; c – a wide 
n-alkane distribution composed of bitumen from thermally unaltered organic matter and pyrolysate. 
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Wastes collected over the coal mud collector on the northern slope of the dump are 
weakly altered (M1, M2, and M7-M10; Fig. 33a) or moderately altered (M3-M6; Fig. 33b-
c). M11 is the most strongly altered sample from there (Fig. 33d). The levels of alteration 
are reflected in a distribution of n-alkanes that is typically in the range n-C13 to n-C35. 
Weakly-altered samples have n-alkane distributions typical of unaltered coal. M3-M5, 
which contain pyrolysates, display a Gaussian n-alkane distribution (Fig. 33b-c). The most 
altered sample (M11) contains n-alkanes ranging from n-C16 to n-C32, and the highest 
 

 
 

Fig. 33. n-Alkane distribution in selected Marcel coal waste extracts (m/z = 71). a – a wide n-alkane  
distribution of coal/kerogen III; b – a wide n-alkane distribution of a mixture of coal/kerogen III and 

pyrolysate; c – a wide n-alkane distribution of a mixture of coal /kerogen III and pyrolysate;  
d – a wide n-alkane distribution of pyrolytic type. 
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content of n-C25 alkane (Fig. 33d). Long-to-short chain n-alkanes predominate in most 
samples in this set; values of Σ1/Σ2 range from 0.41-0.75. It is only in M5 and M11 that 
short chain n-alkanes predominate.  

M12-M22a display a Gaussian n-alkane distribution typical of pyrolysates. Some of 
these wastes with a wide Gaussian distribution also contain light n-alkanes in the range  
n-C9 to n-C13 (M17 and M19; Fig. 34a). Many others have a wide Gaussian distribution 
containing n-alkanes in the range n-C13 to n-C35 (M12, M13a, M14a, M15a, M17a, M19a, 
M20, M20a, and M22a) or n-C11 to n-C31 (M12a, M13, M17, M18a, and M19). M14 and 
M13, also with wide n-alkane distributions in the range n-C9-n-C31 and n-C11 to n-C31, 
respectively (Fig. 34b-c), show two maxima indicative of different temperature ranges of 
origin. The maxima in M14 are at n-C19 and n-C23 and in M13 at n-C18 and n-C22.  

A narrow n-alkane distribution is typical of M15, M16, M16a, M18, M21, M21a, and 
M22 (Fig. 34d-e). The distributions are in the ranges n-C11 to n-C20 for M16 with the 
highest contents of n-C16 and n-C17 alkanes (Fig. 34d), n-C14 to n-C21 (M15 and M16a),  
n-C13 to n-C24 (M18 and M22) and n-C16 to n-C24 (M21 and M21a); all have maxima that 
vary slightly from n-C17 to n-C21. Apart from the narrow n-alkane distribution, M16a also 
contains a high content of light n-alkanes in the range n-C12 to n-C14.  

A slight predominance of odd-over-even carbon number n-alkanes is typical for 
M12a-M18a, M19a-M21a, and M22a) and in others (M12, M19, and M22) even number  
n-alkanes are present in slightly higher contents - as is expressed in CPI values in the 
ranges 1.05-1.59 and 0.96-0.97, respectively (Table 17). Sample M14 is characterized by 
the highest CPI value (1.59). A strong predominance of long-to-short chain n-alkanes is 
typical of all; values of Σ1/Σ2 range from 0.09-0.71. 

M23 differs to some extent. n-Alkanes present in a wide range (n-C11 to n-C35), with 
the highest content of n-C17, indicate a wide range of heating temperatures. The narrow 
Gaussian distribution is in the range n-C23 to n-C30. In this sample odd-over-even carbon 
number n-alkanes are slightly predominant and short-chain n-alkanes strongly dominate 
(Table 17). 

The most strongly altered wastes (M30-M43) contain n-alkanes only in M31, M38, 
and M40. Only heavier n-alkanes ranging from n-C18 to n-C32 with narrow Gaussian 
distributions are present in these. CPI values are ca 1.0 (Table 17). A strong predominance 
of short-over-long chain n-alkanes with Σ1/Σ2 values of 2.04-4.22 is typical of these.  

Acyclic isoprenoids (pristane and phytane; m/z = 71) occur in all but the most altered 
samples (M30-M43). Though the pristane to phytane (Pr/Ph) values are relatively high 
(4.32) in the unaltered sample M24a (Table 17), the weathered samples M24 and M25 
show even higher values (7.03 and 6.60, respectively). In moderately altered material, Pr/Ph 
values are highly variable; the lowest value (0.63) was found in the highly altered M11. In 
others in this set, values range from 1.78 (M6) to 8.00 (M2). Even greater variation in Pr/Ph 
values are seen in more strongly altered samples M12-M22a; the values in these range from 
0.23 (M14) to 8.13 (M16). On average, the ratio tends to be highest in the unaltered- and 
weathered material, and lowest in the highly altered samples.  

A similar trend is seen in Pr/n-C17 values (Table 17). The trend is reversed for  
Ph/n-C18. Unaltered waste (M24a) has the highest value of Pr/n-C17 (4.32), weathered 
material (M24 and M25) have much lower values (1.54 and 1.52, respectively), and 
moderately altered samples (M1-M11) have a range of values from 0.33 (M8) to 3.59 
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(M10). The most altered wastes (M12-M22a) have Pr/n-C17 values that range from 0.25 
(M13) to 3.09 (M20).  
 

 

Fig. 34. n-Alkane distribution in selected Marcel coal waste extracts (m/z = 71). a – a wide n-alkane 
distribution in pyrolysate; b – a wide n-alkane distribution in pyrolysate; c – wide n-alkane 

distribution in pyrolysate; d – narrow distribution of lighter molecular-weight n-alkanes in pyrolysate; 
e – a narrow distribution of higher molecular-weight n-alkanes in pyrolysate. 
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Hopanoids (m/z = 191) are present in all wastes except the most altered ones (M30, 
M32-M37, M39, and M41-M43; Table 17). Excepting these, all samples show similar 
values of C31S/(S+R) in the range 0.55-0.66 (Table 17). Values of Ts/(Ts+Tm) are also 
similar in all (0.80-0.99). The moretanes to hopanes ratio, C30βα/(αβ+βα), ranges from 0.13 
in M11 to 0.30 in M20. Low values of C30ββ/(ββ+αβ+βα), ranging from 0.01 (M1 and 
M24a) to 0.18 (M22), are consistent with the high contents of  hopanes (Fig. 10, 11, 35, 
36).  

Values of thermal indices based on aromatic hydrocarbons show strong correlations 
with collection sites (Table 18). The unaltered sample M24a shows the lowest value (0.52) 
of the Methylnaphthalene Ratio (MNR; m/z = 142) and the second lowest value (0.59) of 
the Methylphenanthrene Index (MPI-3; m/z = 192). The value of MB/DBF (m/z = 168) is 
0.70 and is above the average (0.56) for all other samples. Other parameters based on 
aromatic hydrocarbons were not calculated for M24a due to low contents.  

 
TABLE 18 

 
Aromatic hydrocarbon parameters for samples from the Marcel coal waste dump 

 
Sample no. MNR DNR TNR-1 TNR-2 TNR-4 MPI-3 2-MP/2-MA MB/DBF 

 1) 2) 3) 4) 5) 6) 7) 8) 
M1 1.18 2.07 1.97 1.36 0.52 0.83 32.50 0.51 
M2 1.54 2.94 1.00 0.71 0.63 0.92 1.93 0.34 
M3 1.00 1.43 1.25 0.96 0.42 0.84 21.33 0.37 
M4 1.32 1.68 1.86 1.11 0.56 0.91 6.86 0.29 
M5 0.61 0.87 1.73 1.13 0.60 0.81 15.40 0.87 
M6 0.55 0.99 - - - 0.88 15.22 0.75 
M7 0.68 0.92 0.99 0.81 0.50 0.85 13.50 1.04 
M8 1.32 1.22 1.65 1.06 0.67 0.66 21.00 0.62 
M9 0.99 2.08 1.94 1.10 0.42 1.10 32.67 0.64 

M10 1.19 1.18 - - - 0.83 1.29 0.43 
M11 - - 1.48 1.01 0.64 - - - 
M12 - - - - - 0.67 2.67 0.80 
M12a 1.69 4.14 - - - 0.82 2.02 0.45 
M13 1.74 1.43 - - - 1.28 15.17 0.90 
M13a 1.69 1.22 - - - 0.41 2.93 0.57 
M14 1.79 3.38 0.97 0.82 0.58 1.07 2.80 0.32 
M14a 1.68 1.18 - - - 0.92 12.50 0.29 
M15 1.94 3.59 0.89 0.78 0.57 1.12 4.22 0.47 
M15a 1.73 1.15 1.05 3.64 0.72 
M16 1.64 2.05 1.04 4.32 0.36 
M16a 1.53 6.43 1.08 0.85 0.52 0.93 3.90 0.35 
M17 1.50 1.62 3.73 1.49 0.54 0.90 6.67 0.38 
M17a 1.36 1.62 2.74 1.30 0.66 0.70 4.67 0.33 
M18 0.70 - - - - 0.88 - 0.61 
M18a 1.71 0.86 - - - 0.66 - 0.41 
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cont. TABLE 18 
 

M19 2.04 3.36 0.61 0.68 0.53 1.22 3.58 0.41 
M19a 1.37 3.27 - - - 1.16 14.20 0.63 
M20 1.12 1.72 - - - 1.02 3.67 0.63 
M20a 1.23 1.91 - - - 1.00 - 0.65 
M21 1.90 3.99 - - - 0.79 - 0.58 
M21a 2.04 4.23 1.29 0.91 0.69 0.68 3.64 0.50 
M22 1.58 1.47 1.69 1.04 0.71 0.85 4.47 0.60 
M22a 1.48 2.41 - - - 1.21 8.44 0.84 
M23 1.68 2.62 1.20 0.86 0.52 1.15 2.50 0.37 
M24 1.31 2.38 1.23 1.35 0.53 0.87 9.52 0.70 
M24a 0.52 - - - - 0.59 - 0.70 
M25 0.56 1.92 - - - 0.97 - 0.62 
M30 - - - - - - - - 
M31 - - - - - - - - 
M32 - - - - - - - - 
M33 - - - - - - - - 
M34 - - - - - - - - 
M35 - - - - - - - - 
M36 - - - - - - - - 
M37 - - - - - - - - 
M38 - - - - - - - - 
M39 - - - - - - - - 
M40 - - - - - - - - 
M41 - - - - - - - - 
M42 - - - - - - - - 
M43 - - - - - - - - 

 
1) MNR = 2-methylnaphthalene/1-methylnaphthalene; m/z = 142; thermal maturity parameter (Radke 

et al. 1994). 
2) DNR = (2,6-dimethylnaphthalene+2,7-dimethylnaphthalene)/1,5-dimethylnaphthalene; m/z = 156, 

thermal maturity parameter (Radke et al. 1982). 
3) TNR-1 = 2,3,6-trimethylnaphthalene/(1,3,6-trimethylnaphthalene+ 

1,4,6-trimethylnaphthalene+1,3,5-trimethylnaphthalene); m/z = 170, thermal maturity parameter 
(Radke et al. 1986). 

4) TNR-2 = (1,3,7-trimethylnaphthalene+2,3,6-trimethylnaphthalene)/ 
(1,3,5-trimethylnaphthalene+1,4,6-trimethylnaphthalene+1,3,6-trimethylnaphthalene); m/z = 170, 

thermal maturity parameter (Radke et al. 1986). 
5) TNR-4 = 1,2,5-trimethylnaphthalene/(1,2,5-trimethylnaphthalene+ 

1,2,7-trimethylnaphthalene+1,6,4-trimethylnaphthalene); m/z = 170, thermal maturity parameter. 
6) MPI-3 = (2-methylphenanthrene+3-methylphenanthrene)/(1-methylphenanthrene+ 
9-methylphenanthrene); m/z = 192; thermal maturity parameter (Radke, Welte 1983). 

7) 2-MP/2-MA = 2-methylphenanthrene/2-methylanthracene; m/z = 192. 
8) MB/DBF = (3-methylbiphenyl+4-methylbiphenyl)/dibenzofurane; m/z = 168; thermal maturity 

parameter (Radke 1987). 
“–” compounds present but concentrations too low to calculate a parameter value. 
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Fig. 35. Pentacyclic triterpane distribution in extracts from selected Marcel coal waste samples that 
underwent weathering and moderate alteration (m/z = 191). Ts – 18(H)-22,29,30-trisnorneohopane, 

Tm – 17(H)-22,29,30-trisnorhopane, C29 – 17,21(H)-30-norhopane,  
C29 – 18,21(H)-30-norneohopane, C30 – 17,21(H)-hopane, C30 – 17,21(H)-hopane, 

C30 – 17,21(H)-hopane, C31 – 17,21(H)-30-homohopane 22S and 22R,  
C31 – 18,21(H)-30-homohopane 22R, C32 – 17,21(H)-30-bishomohopane 22S and 22R. 
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Fig. 36. Pentacyclic triterpane distribution in extracts from more strongly altered Marcel coal waste 
samples (m/z = 191). Ts – 18(H)-22,29,30-trisnorneohopane, Tm – 17(H)-22,29,30-trisnorhopane, 

C29 – 17,21(H)-30-norhopane, C29 – 18,21(H)-30-norneohopane,  
C30 – 17,21(H)-hopane, C30 – 17,21(H)-hopane, C30 – 17,21(H)-hopane, 

C31 – 17,21(H)-30-homohopane 22S and 22R, C31 – 18,21(H)-30-homohopane 22R, 
C32 – 17,21(H)-30-bishomohopane 22S and 22R. 

 
The weathered samples (M24 and M25) also have low MNR values (1.31 and 0.56, 

respectively; Fig. 37a-b) in comparison to other samples from the Marcel dump. Their 
Dimethylnaphthalene Ratio (DNR) and Trimethylnaphthalene Ratios (TNR-1 and TNR-4; 
m/z = 170) are in the range of values for the wastes in this dump. The TNR-2 ratio for M24, 
is one of the highest for all samples collected in the dump. The MB/DBF values are 
relatively high in M24 and M25 in comparison to those of other samples (Table 18). 
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Fig. 37. Composed ion chromatogram showing distributions of naphthalene and alkylnaphthalenes in 
the Marcel coal waste extracts from unaltered, oxidized and moderately altered samples  

(m/z = 128+142+156+170+184). 1: naphthalene, 2: 2-methylnaphthalene, 3: 1-methylnaphthalene,  
4: 2,6+2,7-dimethylnaphthalene, 5: 1,3+1,7-dimethylnaphthalene, 6: 1,6-dimethylnaphthalene,  

7: 1,4+2,3-dimethylnaphthalene, 8: 1,5-dimethylnaphthalene, 9: 1,2-dimethylnaphthalene,  
10: 1,3,7-trimethylnaphthalene, 11: 1,3,6-trimethylnaphthalene, 12: 1,4,6+1,3,5-trimethylnaphthalene, 
13: 2,3,6-trimethylnaphthalene, 14: 1,2,7+1,6,7-trimethylnaphthalene, 15: 1,2,6-trimethylnaphthalene, 

16: 1,2,5-trimethylnaphthalene, 17: 1,2,3,4-tetramethylnaphthalene. 
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Fig. 38. Composed ion chromatogram showing distributions of naphthalene and alkylnaphthalenes in 
Marcel coal waste extracts from more strongly altered samples (m/z = 128+142+156+170+184).  

1: naphthalene, 2: 2-methylnaphthalene, 3: 1-methylnaphthalene, 4: 2,6+2,7-dimethylnaphthalene,  
5: 1,3+1,7-dimethylnaphthalene, 6: 1,6-dimethylnaphthalene, 7: 1,4+2,3-dimethylnaphthalene,  

8: 1,5-dimethylnaphthalene, 9: 1,2-dimethylnaphthalene, 10: 1,3,7-trimethylnaphthalene,  
11: 1,3,6-trimethylnaphthalene, 12: 1,4,6+1,3,5-trimethylnaphthalene, 13: 2,3,6-trimethylnaphthalene, 
14: 1,2,7+1,6,7-trimethylnaphthalene, 15: 1,2,6-trimethylnaphthalene, 16: 1,2,5-trimethylnaphthalene, 

17: 1,2,3,4-tetramethylnaphthalene. 
 

Samples M1-M11 collected over the coal mud collector on the northern slope of the 
dump have relatively low values of MNR (0.55-1.54) and DNR (0.87-2.94; Fig. 37c-e) and 
also of TNR-1, TNR-2, and TNR-4 compared to the others. Values of the 2-methyl-
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phenanthrene/2-methylanthracene (2-MP/2-MA; m/z = 192) ratio are distinctly higher in 
most of the material collected in that sampling site; most are in the range 13.50-32.67 
(Table 18). Only M10, M2, and M4 have lower values. This ratio was not determined for 
M11 due to the very low contents of these compounds. MPI-3 and MB/DBF values are in 
the range characterizing other samples.  

On average, the MNR and DNR values are higher in M12-M22a than in the other 
samples collected at the Marcel dump (Table 18). The MNR values range from 0.70 in M18 
to 2.04 in M19, and DNR values from 0.86 in M18a to 6.43 in M16a (Table 18). TNR-1 
and TNR-4 parameters based on trimethylnaphthalenes are higher on average, and TNR-2 
ratios lower for these samples. 2-MP/2-MA values are usually in the range 2.02-8.44, 
significantly lower than for other samples; only M13, M14a, and M19a show higher values 
(Table 18). Values of MPI-3 and MB/DBF ratios are similar to those in other samples. The 
distribution of naphthalene and alkylnaphthalenes in M12-M22a is shown in Figure 38. 

Two- and three-ring PAHs (m/z = 128+178+202+228+252) predominate in unaltered, 
weathered and moderately altered wastes (Fig. 13, 39; Table 19). Only in the most altered 
sample M38 do four-ring PAHs dominate over two- and three- and five-ring PAHs. The 
lowest relative contents of five-ring PAHs occur in samples M12-M22a. Samples M30-
M37 and M39-M43 contain no aromatic hydrocarbons. In this case, they were probably 
destroyed by high temperatures.  

 

 
 

Fig. 39A. Distribution of PAHs in selected samples from the Rymer Cones coal wastes.  
A – calculated as relative concentrations from ion chromatograms (m/z = 128, 178, 202, 228, and 

252). 
 
 

A 
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B 

 
 
 

Fig. 39B. Distribution of PAHs in selected samples from the Rymer Cones coal wastes.  
B – composed ion chromatograms of four and five rings PAHs (m/z = 228, 252). N – naphthalene,  

P – phenanthrene, A – anthracene, Fl – fluoranthene, Py – pyrene,  
B[ghi]F – benzo[g]fluoranthene+benzo[h]fluoranthene+benzo[i]fluoranthene,  

B[a]A – benzo[a]anthracene, Ch – chrysene, B[k+f]F – benzo[k]fluoranthene+benzo[f]fluoranthene, 
B[a]F – benzo[a]fluoranthene, B[e]P – benzo[e]pyrene, B[a]P – benzo[a]pyrene, Per – perylene. 
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Phenols present in the waste samples from the Marcel dump (Fig. 40) are mostly 
represented by phenol, o-, p-, and m-cresols, o-, m-ethylphenols, di- and trimethylphenols, 
ethylmethylphenols, and, rarely, methylpropylphenols. They are mostly present in M5 and 
M12-M22a. Contents are low in M1, M8, M10, and M23 and they do not occur at all in 
M2-M4, M7, M9, M11, M24-M25, and M30-M43.  

 

 
 

Fig. 40. Distribution of phenols in coal wastes from the Marcel Coal Mine dump 
 (m/z = 94+108+122+136+150+164). 
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8.4. Proximate and ultimate analyses 
 
Ash contents (Aa) of the samples from the Marcel Coal Mine dump lie in the range 

65.16-84.22 wt% (average 74.83 wt%; Table 20). Moisture contents (Ma) are low (0.99-
3.19 wt%, average 2.20 wt%). Volatile matter contents range 43.83-65.17 wt% (average 
51.30 wt%). The calorific value (Qs

daf) is, on average, 18.93 MJ·kg-1. Carbon contents (Cdaf) 
range from 53.06-68.27 wt% (average 62.38 wt%), hydrogen from 4.56-6.69 wt% (average 
5.39 wt%), nitrogen (Ndaf) from 0.68-4.78 wt% (average 1.81 wt%), oxygen (Odaf) 15.74-
39.12 wt% (average 22.46 wt%), and total sulphur contents (St

a) from 0.07-3.60 wt% 
(average 2.13 wt%), (Table 20).  

 
TABLE 20 

 
Proximate and ultimate analyses of coal waste from the Marcel Coal Mine dump 

 
Sample 

no. 
Ma 

(wt%) 
Aa 

(wt%) 
VMdaf 

(wt%) 
Qs

daf 

(MJ·kg-1)
Cdaf 

(wt%) 
Hdaf 

(wt%) 
Ndaf 

(wt%) 
Odaf 

(wt%) 
St

a 

(wt%) 
M12 3.01 72.22 44.73 20.20 65.00 4.56 1.45 19.46 2.36 

M12A 2.12 74.86 43.83 21.73 67.77 4.91 1.39 16.72 2.12 
M13 1.98 77.25 57.15 18.56 62.59 4.62 1.69 15.74 3.19 

M13A 1.83 75.38 45.63 21.09 65.82 5.09 1.67 18.52 2.03 
M15 3.19 65.16 47.42 21.29 63.82 5.21 1.77 17.82 3.60 

M15A 2.02 76.01 52.07 21.41 68.27 6.01 1.55 21.62 2.10 
M19 2.98 70.65 57.87 15.33 53.85 5.27 4.78 24.50 3.08 

M19A 2.82 70.70 46.79 19.44 63.07 4.87 2.19 19.75 2.68 
M24 1.08 84.22 65.17 12.55 53.06 6.67 0.68 39.12 0.07 

M24A 0.99 81.82 52.36 17.71 60.50 6.69 0.93 31.30 0.10 
 

M – moisture, A – ash, VM – volatile matter, Qs – calorific value, C – carbon, H – hydrogen,  
N – nitrogen, O – oxygen, S – sulphur, a – air dry basis, daf – dry ash free basis, t – total. 
 
 

9. Discussion 
 
The processes taking place in the coal waste dumps undergoing weathering and self-

heating began immediately after deposition of the wastes in the dumps. The complexity of 
the processes reflects the initial heterogeneity of the organic matter in the wastes, the 
quantity of the organic matter, the elemental and maceral composition, the coal rank, and 
the quantity and composition of the mineral fraction. All are, in turn, reflected by values 
obtained for a range of chemical parameters of thermal maturation (e.g. Strachan et al., 
1989a; Raymond, Murchison, 1992; Peters et al., 2005; Pan et al., 2009, 2010). 

External factors such as precipitation, melting snow, and wind direction and strength 
also play significant roles (e.g. Urbański 1983; Krishnaswamy et al. 1996b; Walker 1999; 
Moghtaderi et al. 2000; Tabor 2002; Tabor 2002-2009; Sawicki 2004; Pan et al. 2009, 
2010; Misz-Kennan, Tabor 2011; Misz-Kennan et al. 2011a). Self-heating and self-
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combustion are, in essence, almost random processes that change dynamically with time at 
any given place in a dump. Temperatures at individual spots show daily, seasonal, and 
longer- term fluctuations (Tabor 2002-2009; Misz-Kennan, Fabiańska 2010; Misz-Kennan, 
Tabor 2011). Commonly, in a given dump, heating and combustion occur over tens of years 
(e.g. Tabor 2002-2009). Dumps are by their very nature, randomized accumulations.  

The term “self-heating” is precise in this situation. However, the term “self-
combustion”, traditionally used in describing high-temperature processes in the dumps, is 
less precise. Combustion processes involve a sequence of exothermic chemical reactions 
between a fuel and an oxidant that are accompanied by the production of heat and the 
conversion of chemical compounds such as CO, CO2, SOx, and NOx. In coal waste dumps, 
the amount of oxidant (air) is usually limited and the processes are slow and usually 
flameless. Thus, the terms pyrolysis or smouldering may be more appropriate (Hadden, 
Rein 2009).  

Water resulting from atmospheric precipitation and/or decomposition of organic 
compounds (e.g. Berkowitz 1985; Clemens et al. 1991; Wang et al. 2002a; Sokol 2005) 
participates in the reactions taking place. Thus, self-heating processes taking place in the 
presence of moisture may be termed hydropyrolysis. During hydropyrolysis, water acts as 
a solvent and reacts chemically, leading to the incorporation of water-derived hydrogen into 
organic matter (Lewan 1992; Leif, Simoneit 2000). During these processes, carbon dioxide 
is produced in increased amounts (Lewan 1992). 

The presence of air in voids in the dump material seems to be essential for the 
initiation of self-heating which then continues under oxygen-depleted conditions. The 
chemical reactions are of the cracking and condensation type. Chemical compounds 
generated during self-heating can migrate within a dump (Misz-Kennan, Fabiańska 2010; 
Misz-Kennan et al. 2011b). Migration is multidirectional and driven by evaporation and 
leaching processes; the migration is generally from places of higher to lower temperature. 
Organic compounds in the range of 50-400 daltons have been found in completely burnt-
out wastes with no microscopically visible organic matter (Misz-Kennan, Fabiańska 2010; 
Misz-Kennan at al. 2011b). On the other hand, organic compounds are commonly absent in 
wastes containing coked matter (Misz-Kennan et al. 2011b). In addition, organic 
compounds probably undergo fractionation as they move from place to place.  

In the typical dump, migration paths are complex in direction and distance. In 
consequence some compounds may be adsorbed on nearby minerals, others may migrate to 
distant sites. Lighter compounds driven upwards by evaporation into cooler parts condense 
and those leached downwards by rain and melting snow take part in reactions with organic 
matter still present in the wastes. Radial migration of compounds away from heat sources is 
an additional complication. Wind influences the migration of compounds from the vents, 
however, it may also force migration of compounds back into deeper, higher-temperature 
environments where they would decompose again. Certainly, higher temperatures resulting 
from wind-induced additional oxygen input will influence decomposition of compounds 
and promote reactions with other organic and inorganic substances present in the coal 
wastes. Organic compounds of higher molecular weight are less mobile and are likely to be 
more predominant in the deeper parts of a dump. Migration paths are schematically 
summarized in Figure 41.  
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Fig. 41. A scheme of the processes taking place in a coal waste dump undergoing self-heating. 
White spots – heating places, black arrows – wind direction, white arrows – rain and snow falls, dark 
grey arrows – migration directions of thermally generated chemical compounds, pale grey arrows – 

direction of leaching and migration of compounds within the dump. 
 
In terms of the organic matter present, all of the wastes examined in this work can be 

divided into four groups: 
1. Wastes containing both microscopically-visible organic matter and extractable organic 

compounds, i.e. a bitumen fraction (R1, R3, R5, R7, R8, R18, R20, RS24-RS26, RS27-
RS55, RS27-RS62a, M1-M25 and all samples from the Starzykowiec dump).  

2. Wastes in which extractable organic compounds are absent even though petrographic 
organic constituents are present (RS26a, RS56, M32, M33, M35, M36, and M41).  

3. Wastes in which microscopically-visible organic constituents are absent but extractable 
organic compounds are present (M31, M38, and M40).  

4. Wastes lacking both microscopically-visible organic matter and extractable organic 
compounds (M30, M34, M37, M39, M42, and M43).  

 
9.1. The Rymer Cones dump 

 
The self-heating wastes in the Rymer Cones dump were covered with fly ash and 

clays to inhibit air access enhancing the self-heating processes in the dump interior. That 
undertaking failed and the whole dump is currently heating (Tabor 2002-2009; Misz-
Kennan, Fabiańska 2010; Misz-Kennan, Tabor 2011).  

Commonly, macerals in the wastes do not show alterations visible under a microscope 
(Fig. 5a-e) and their reflectance is low (0.50-0.70%). Their uniformly paler-grey colour and 
their lack of any signs of plasticity indicate that these altered macerals experienced a slow 
increase in temperature. Reflectance values in the range 0.70-1.59% are higher than in 
unaltered particles (e.g. R18, R30, RS33, RS34, RS47, RS52a, RS60, and RS62a; Fig. 5b, 
6a; Tables 3, 4). As might be expected, the content of unaltered macerals decreases sharply 
with increasing reflectance and contents of paler-coloured vitrinite macerals increase. The 
coked organic matter in some wastes (RS25, RS25, RS34a, RS40, RS41, RS50, and RS52a; 
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Fig. 6e-f) is uniformly white or yellowish white and shows no anisotropy, also suggesting 
that heating rates in the dump were low. None of the wastes contain porous or anisotropic 
macerals that would indicate higher heating rates (Goodarzi, Murchison 1978; Murchison 
2006). Oxidation rims of paler colour in RS62a (Fig. 6c-d) corresponds to a temperature of 
ca 200°C (Ndaji, Thomas 1995; Calemma et al. 1995) and increased aromatization 
(Chandra 1962; Stach et al. 1982).  

Bitumens expelled from mostly liptinitic organic matter are evident in some wastes 
(RS30, RS34a, RS54, and RS59; Fig. 6g-h; Table 5). Their presence is not reflective of 
extract-yield values (Table 5); bitumens occur both in wastes of lowest extract yield 
(RS48a) and in others with yields as high as 0.702 wt% (R20; Table 5). Adsorption on clay 
minerals and vitrinite could explain their apparent absence in other samples (Huizinga et al. 
1987; Pan et al. 2009, 2010). Adsorption in vitrinite probably decreases its reflectance.  

Total sulphur contents in the wastes from Rymer Cones are generally low (< 1 wt%; 
Table 8) as is typical for non-marine sedimentary organic matter in which, if it is present at 
all, contents are low (Willey et al. 1981). Thus, organic sulphur does not have significant 
influence on the temperature of bitumen generation in the dump (Taylor et al. 1998), 
especially as sulphur compounds such as thiophene derivatives and thiophenols were found 
only in low contents in waste extracts or are absent.  

Geochemical data gives further insight into the nature of the heated wastes. Wastes 
seeming to be unaltered under a microscope commonly show chemical features typical of 
thermally altered organic material. Most of the wastes contain compounds of pyrolytic 
origin. For example, samples R5, R7, R18, R20, RS28, RS33, RS40, RS45, RS49, RS52a, 
RS53, RS58, and RS61 contain phenols originating from the destruction of the lignine-
originated structure-building macerals of vitrinite group. The abundance of phenol and 
cresols, both very soluble in water (Fakseness, Brandvik 2008), shows that these 
pyrolysates are of relatively recent origin and were not long exposed to weathering. Due to 
their relatively high solubility, these compounds are easily leached (Skręt et al. 2010) and, 
thus, potentially easily transported into the dump interior. It is relevant that phenols are 
absent in altered old dumps where heating ceased some years ago, e.g. the upper part of the 
Starzykowiec dump (Misz-Kennan et al. 2011b).  

The Gaussian, monomodal n-alkane distribution (Fig. 8b-c) is typical of pyrolysates 
(e.g. Amijaya et al. 2006). n-Alkanes have two sources in coal wastes. In the primary 
organic matter of the wastes, they are the products of fatty-acid defunctionalisation and 
saturation of double bonds. Lighter n-alkanes can be the by-products of the decomposer 
organisms whose remains probably contribute to the formation of the humic substance or 
they can come from plant tissues. For example, common fatty acids such as palmitic and 
stearic acids produce n-hexadecane and n-octadecane, respectively. Long-chain n-alkanes 
can also originate from higher-plant waxes; they are dominated by n-C23 to n-C35 isomers 
that are typical of higher-plant leaf waxes (Killops, Killops 2005). As in rocks altered by 
heat from igneous intrusion, their small contents in the wastes also can be explained by 
heating (Bishop, Abbot 1995).  

n-Alkanes are also formed during pyrolysis in cracking reactions linked to the 
breakdown of aliphatic kerogen (Allan, Douglas 1977; Huizinga et al. 1987; Leif, Simoneit 
2000); in this case, their content increases with temperature (Huizinga et al. 1987; Stalker et 
al. 1998).  
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In pyrolysates, the n-alkane distribution probably reflects the major temperature range 
to which the wastes were exposed. Using the boiling temperatures of n-alkanes, it is 
possible to approximate the heating temperatures within the dump. Self-heating leads to the 
generation from organic matter of lighter n-alkanes in the range n-C11-n-C14 (Fig. 8a, 8d) at 
temperatures of ca 150-300°C (Chemical Land21). RS45 contains only lighter n-alkanes  
(n-C13 to n-C18; Fig. 8d), suggesting that they were generated in a temperature range of ca 
200-330°C (Chemical Land21). These n-alkanes are liable to migrate away more easily 
from the heat source (Bishop, Abbot 1995). Several wastes contain a narrow range of  
n-alkanes, e.g. n-C13-n-C21 (as in RS34a), probably reflectings narrow temperature ranges 
of ca 200-380°C (Chemical Land21). The presence of n-alkanes in the range n-C13-n-C35 as 
in RS48 (Fig. 8c) indicates generation at ca 200-520°C. Wastes lacking visible organic 
matter (RS26a and RS56) contain n-alkanes in the wide range n-C16-n-C35 and their 
chromatograms also have the Gaussian outline.  

The absence of heavier n-alkanes (> n-C35) in the surface wastes may reflect the lower 
mobilities of these higher molecular weight aliphatic compounds. They are probably 
present in the dump interior. That these pyrolysates were not affected by leaching may be 
indicated by the presence of lighter n-alkanes (and naphthalenes and phenols) easily soluble 
in water and prone to migrate. n-Alkanes are destroyed at temperatures > 450°C (Pan et al. 
2009). Thus, their presence in the wastes without any microscopically visible organic 
matter was probably caused by their migration into sites of relatively low temperature 
where they precipitated.  

The CPI index is one of the best indicators of thermal maturity in self-heated wastes. 
In coal seams and associated rocks in Upper Silesia, CPI values are similar and in the range 
0.96-1.91 (Kotarba, Clayton 2003). The wastes from Rymer Cones have CPI values in the 
range 0.79-1.71 (Table 5) that seem to decrease with degree of alteration – a normal trend 
in organic-matter maturation (Allan, Douglas 1977). Up to a reflectance of 1.05%, the 
short-to-long chain n-alkane ratio does not show any correlation with degree of organic 
matter alteration. Above that reflectance value, the values of the n-alkane ratio increase in-
line with an increasing input of lighter compounds, suggesting that condensation reactions 
occurred in these wastes (Fig. 42a; Allan, Douglas 1977). The predominance of shorter- to 
longer-chain n-alkanes (Table 5) is indicative of the generation of shorter chain n-alkanes 
homologues from wastes exposed to heating (Bishop, Abbot 1995).  

A feature of interest in the wastes investigated here is the absence of unsaturated 
hydrocarbons (alkenes) that form as an intermediate stage during pyrolysis. Leif and 
Simoneit (2000) found that n-alkenes rapidly isomerise to internal alkenes via acid-
catalyzed isomerisation under hydrothermal conditions. These n-alkenes simultaneously 
undergo reduction to n-alkanes, the major product, and oxidation to ketones via alcohols 
that are formed by hydration of the alkenes. Conditions of dry pyrolysis result in 
a deficiency of hydrogen and the formation of both alkenes and alkanes (Ishiwatari, 
Fukushima 1979).  
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Fig. 42. Relationship between reflectance (Rr) and various geochemical parameters of thermal 
maturation based on A – n-alkanes, B – pristane and phytane and C-E – hopane-based geochemical 

parameters for the Rymer Cones dump. For parameter formulae, see Table 5. 
 
The presence of pyrolysates is also marked by changes in the pristane to phytane ratio 

(Pr/Ph). This ratio is commonly used for determining the oxicity/anoxicity of the original 
depositional environment and the source of organic matter (Table 1; Didyk et al. 1978; 
Kotarba, Clayton 2003), and the level of maturity (Dzou et al. 1995; Amijaya et al. 2006). 
However, phytane can be generated from methanogenic- or halophyllic phytanyl lipids 
(Goosens at al. 1988a, b). It seems that the dominant source of pristane in the heated wastes 
was likely its generation from the kerogen macromolecule during catagenesis (Goosens at 
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al. 1988a, b) though generation during kerogen degradation has been postulated (Huizinga 
et al. 1987). 

Most coals in the USCB show very high values of Pr/Ph. Values < 1.0 characterize 
coals with reflectance of ca 0.9% or higher. Floor and roof rocks associated with coal 
seams have notably lower Pr/Ph values than the coal itself (e.g. Pr/Ph for coal 5.98, for roof 
1.08, for floor 0.83 where coal Rr is 0.59% and Pr/Ph for coal 5.82, for roof 0.88, for floor 
0.62 where coal Rr is 0.90%; Kotarba, Clayton 2003). The Rymer Cones coal wastes 
display a wide of Pr/Ph values ranging from 0.42-11.81 (Table 5). They do not simply 
increase with the level of transformation in any simple way in the wastes with Rr < 0.81% 
as observed in other dumps (Misz et al. 2007; Misz-Kennan et al. 2011b). Above that 
reflectance, Pr/Ph decreases with increasing level of waste alteration (Fig. 42b), probably 
caused by aromatization processes and by heat-driven destruction of pristane (Dzou et al. 
1995; Amijaya et al. 2006). The lack of any relationship between level of the waste 
transformation and Pr/Ph in the unaltered- and moderately-altered wastes with Rr < 0.81% 
probably reflects the generation of chemical compounds in deeper parts of the dump and 
their migration away from the source of heat. The same applies to most geochemical 
indices of thermal maturation calculated for the coal wastes; in all waste samples, reversals 
in the values of the various thermal indices occur at a reflectance of ca 1%. This pattern 
also suggests that the rate of heating was low. Otherwise, a significant shift into higher 
reflectances would be seen. Raymond and Murchison (1992) recorded such a shift in the 
reversal of the Methylphenanthrene Index (MPI) in the interval from ca Rr = 1.35% to ca  
Rr = 2% in rapidly heated coals. 

The values of other acyclic isoprenoid ratios, i.e. pristane/n-heptadecane (Pr/n-C17) 
with values in the range 0.05-12.19, and phytane/n-octadecane (Ph/n-C18) with values in the 
range 0.04-5.67 (Table 5), also do not show any simple correlation with the level of waste 
alteration. Pr/n-C17 values decrease with increasing maturity and increase with increase in 
hydrogen expulsions (Leythaeuser, Schwarzkopf 1986). The Rymer Cones self-heated 
wastes do not show these trends; the dynamic conditions within the dump and migration of 
organic compounds within and outside the dump are possible reasons. 

Membrane lipids of some bacteria are the source of hopanes (Ourisson et al. 1979). Ts 
and Tm are strongly dependent on the source and maturity (Peters et al. 2005). The Rymer 
Cones wastes have Ts/(Ts+Tm) values in the range 0.74-0.93 (Table 5) that show no 
correlation with the level of thermal alteration. A similar pattern holds for 22S and 22R 
homohopanes (m/z = 191). Both Ts/(Ts+Tm) and C31S/(S+R) ratios are considered good 
indicators of maturity (e.g. Dzou et al. 1995). The fact that they have little obvious 
application at Rymer Cones may reflect the presence of water retarding alteration (Pan et al. 
2010). 

Values of C30βα/(αβ+βα) increase and values of C30ββ/(ββ+αβ+βα) decrease with 
increasing alteration for wastes with Rr < 0.81% (Fig. 42c-d). This is linked to the fact that 
 hopanes have a biological configuration and are converted into  and  hopanes by 
diastereoisomerisation. It is believed that  hopanes represent the primary component, that 
hopanesare intermediate products and that hopanes are the final component (Seifert, 
Moldowan 1980; Ten Haven et al. 1992). Contents of  hopanes resistant to conversion 
under pyrolysis conditions increase with progressive heating (Lu, Kaplan 1992); this occurs 
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before the conversion of  hopanes (Farrimond et al. 1998). That  and  hopane 
contents increase even when  hopanes are absent points to another source that is 
probably the hopane skeletons bound into kerogen (Farrimond et al. 1998). The conversion 
of  moretanes into  hopanes is probably a two-step free radical process that is 
thermodynamically controlled in kerogen (Seifert, Moldowan 1980). Regretably, the 
potential for applying these observations is limited in the dump (Misz et al. 2007; Misz-
Kennan, Fabiańska 2010; Misz-Kennan et al. 2011b). Again, intra-dump migration is 
perhaps important here.  

Sample RS42 from the lower part of the NW part of the dump (Fig. 2) shows 
a marked deviation from the general trend (Fig. 42c-d; Table 5). Values of C30βα/(αβ+βα) 
are appreciably lower in this sample, and C30ββ/(ββ+αβ+βα) considerably higher, than in 
the other samples. Relative contents of C29, C30, and C31 hopanes (Fig. 10) and , , and 
 hopanes (Fig. 11) are similar in all samples. The fact that the relative content of  
hopanes, the intermediate stable diastereomers, tends to increase in the wastes with 
increasing degree of transformation (Fig. 42e) suggests that the wastes did not attain the 
degree of maturation at which the more stable  hopanes would start to prevail over  
hopanes. This indicates that the wastes were relatively little altered, that they did not attain 
thermal stability and/or that migration took place. The absence of  hopanes in many 
samples (Fig. 9, 11) is partially related to the fact that they were likely converted into  
and  hopanes during maturation and by thermal processes (Lu, Kaplan 1992; Farrimond 
et al. 1996). The exception is RS45 with the highest relative content of  hopanes 
(25.3 rel.%) compared to 0.34-5.80% in the remainder.  

These hopane trends can be explained by the fact that the concentration of molecular 
species in the soluble state depends on the relative rates of formation and destruction (Dzou 
et al. 1995) – a continuous process in the coal waste dumps. Also bitumens released from 
kerogen that migrated may be an influence (Strachan et al. 1989a). The pattern might also 
be explained by the fact that hopane diastereoisomerisation requires more time to proceed 
to equilibrium (Grantham 1986) or it may reflect heating rate (Strachan et al. 1989a, b). In 
this context, the absence of unsaturated hopanoidal hydrocarbons (hopenes) may be 
significant. Leif and Simoneit (2000) found them to be the dominant triterpenoid released 
from kerogen during hydrous pyrolysis after one hour but to be absent after ten hours. Any 
hopenes in the wastes would likely have been destroyed.  

Various thermal parameters based on aromatic hydrocarbons give an additional 
insight into the alteration of organic matter in the wastes. Methylnaphthalenes, 
dimethylnaphthalens and other aromatic compounds are generated during pyrolysis of 
vitrinite and sporinite (Horsfield 1989). Contents of aromatic compounds relative to  
n-alkanes increase with temperature and, at 400°C, aromatic components are dominant in 
pyrolysates (Pan et al. 2009). It has also been noted that the amount of aromatic 
hydrocarbons markedly increases with reflectance (Radke et al. 1986).  
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Fig. 43. The relationship between reflectance (Rr) and individual geochemical parameters of thermal 
maturation based on aromatic hydrocarbons for the Rymer Cones dump. For parameter formulae, 

 see Table 6. 
 

The Methylnaphthalene Ratio (MNR), generally considered as one of the most useful 
parameters (Radke et al. 1986; Raymond, Murchison 1992) shows a very poor correlation 
with thermal alteration in the dump (Fig. 43a); one reason is probably the fact that 
methylnaphthalenes are very soluble in water and are easily leached. The poor correlation 
may also indicate that water is involved in the pyrolysis reactions taking place in the dump 
interior. The Dimethylnaphthalene Ratio (DNR) is a much better indicator of the degree of 
alteration of organic matter. As with all these indices of thermal maturation, DNR shows no 
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correlation with Rr < 0.81% but, for more altered wastes, DNR values decrease with 
reflectance (r = 0.99; Fig. 43b). Similar patterns characterize all Trimethylnaphthalene 
Ratios (TNR-1, TNR-2, and TNR-4); values decrease with reflectance > 0.81% (Fig. 43c-e) 
in agreement with the fact that the contents of some trimethylnaphthalene isomers decrease 
with increasing reflectance (Willsch, Radke 1995). The corresponding correlation 
coefficients are -0.93, -0.97, and -0.80, respectively. 

Individual unsubstituted PAHs have various sources, making any interpretation 
difficult. In general, the main sources are incomplete combustion of plant material in both 
natural, e.g. forest fires, and anthropogenic environments, e.g. combustion of fossil fuels 
and biomass (Radke et al. 1986). Combustion in settings with deficient oxygen leads to the 
cracking of organic matter into smaller molecules that recombine to form PAHs (Simoneit 
1998). Some, e.g. perylene, probably have a biogenic origin linked to early diagenetic 
processes; their molecular structure is similar to that of polycyclic compounds of biogenic 
origin (Radke 1987; Jiang et al. 1998). Grice et al. (2009) believe that its presence might be 
connected with the activity of wood-degrading fungi. Steranes can also be converted into 
triaromatic hydrocarbons during aromatization (Radke 1987; Simoneit 1998). Other 
potential sources of PAHs are hopanoids in bacterial remnants and tetraterpenoids in green 
sulphur bacteria (Simoneit 1998). Naphthalenes can be generated from vitrinite macerals 
and from semifusinite of the inertinite group (Radke et al. 1986) which may partly explain 
their poor correlation with level of waste alteration. Pyrene is not present in pyrolystes 
generated at 240-320°C, but is present in considerable amounts at 400°C (Pan et al. 2009). 
The main source of anthracene and phenanthrene is believed to be subbituminous- and 
bituminous coal combustion (Simoneit 1998). Coals from the Upper Silesian Coal Basin 
contain three- to six-ring PAHs (Bojakowska, Sokołowska 2001). Oros and Simmoneit 
(2000) found that most PAHs in smoke from bituminous coal combustion and smouldering 
are two- to five-ring PAHs, with six-ring PAHs (anthranthrene) and seven-ring PAHs 
(coronene) constituting a minority and that PAHs with more than seven rings were absent.  

The individual PAHs vary in their toxicity. It is generally accepted that for 
unsubstituted PAHs, a minimum four benzene rings is required for carcinogenic activity 
(Pickering et al. 1999). The most carcinogenic PAH is benzo[a]pyrene while 
benzo[a]anthracene has a weak carcinogenic effect (e.g. Pickering et al., 1999; Pickering 
2000). Usually, the relative contents of four- and five-ring PAHs in the wastes from the 
Rymer Cones is much lower than the contents of PAHs with two and three rings (Table 7; 
Fig. 13, 14). However, in some samples (e.g. RS33), the relative contents of PAHs of 
higher molecular weight such as benzo[a]pyrene can be significant.  

A lack of any correlation between vitrinite reflectance and relative contents of 
individual polyaromatic hydrocarbons is evident for Rymer Cones wastes with reflectance 
< 0.81%. In the highly altered wastes (Rr > 1.05%), an increase in relative content with 
increasing alteration is best seen for five-ring PAHs (benzo[b+k]fluoranthene, 
benzo[a]fluoranthene, benzo[e]pyrene, benzo[a]pyrene; Fig. 44a-d; r = 0.85, 0.82, 0.96, 
and 0.94) and four-ring PAHs (chrysene; Fig 44e; r = 0.80); this feature is linked to thermal 
stress during combustion (Lu, Kaplan 1992; Jiang et al. 1998; Oros, Simoneit 2000). That 
the relative content of phenanthrene generally decreases with increasing reflectance 
> 0.81% (Fig. 44f) agrees with the findings of others (e.g. Willsch, Radke 1995). No direct 
relationship between the relative contents of two- and three-ring PAHs and four- and five-
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ring PAHs is evident in wastes of reflectance < 0.81%. Above that value, the relative 
contents of two- and three-ring PAHs seems to decrease, and those of four- and five-ring 
PAHs increase with increasing reflectance – what is probably linked to increasing 
aromatisation (Willsch, Radke 1995). 

 

 
 

Fig. 44. The relationship between reflectance (Rr) and relative concentrations of polycyclic aromatic 
hydrocarbons for the Rymer Cones dump. 

 
Though individual chemical parameters of thermal alteration show poor correlation 

with each other, some trends are evident. Values of n-C23/n-C31 tend to decrease with the 
increasing CPI (Fig. 45a). Pr/Ph values decrease with CPI values < 1.4; above, values seem 
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to be independent of further rise in CPI (Fig. 45b). Relative contents of C29 hopanes 
decrease and those of C31 hopanes increase with increasing CPI (r = -0.56 and 0.61; 
Fig. 45c-d). The Methylphenanthrene Index (MPI-3) also decreases with increasing CPI 
(Fig. 45e). Relative contents of fluoranthene, pyrene (Fig. 45f), benzo[a]anthracene, 
benzo[b+k]fluoranthene (Fig. 45g), chrysene, and benzo[e]pyrene (Fig. 45h) seem to 
decrease with increasing CPI. There appears to be a general trend of relative contents of 
two- and three-ring PAHs increasing with increasing CPI values, and the opposite for four- 
and five-ring PAHs.  

The complexity of the thermal processes still taking place in the Rymer Cones dump, 
despite actions taken to inhibit self-heating, is probably the key influence for the lack of 
any dependence between geochemical and petrographical properties and sample location. 
Chemical migration within the dump is also important. It might be assumed that values of 
the chemical indices of thermal maturation for RS50 collected on the eastern slope of the 
dump where temperatures have remained low for many years would differ from those of 
samples collected from other parts of the dump. The fact that all fall in the same range 
suggests that migration has played and continues to play a crucial role. In addition, no 
seasonal changes in the various parameters were observed; the compounds generated during 
temperature fluctuations are mixing in the wastes.  

Samples of fly ash and soils were collected in the Rymer Cones dump. It may be 
assumed that most compounds present in the fly ash cover of the dump originated from the 
destruction of organic matter during self-heating processes and are of pyrolytic origin as 
coal compounds were very likely completely destroyed during combustion. Differences in 
the occurrence of individual organic compounds and in the values of individual parameters 
of thermal alteration may be connected with differences in their adsorption and their 
volatility; the fly ash forms the top cover of the dump and is in direct contact with the 
atmosphere. The soils contain some compounds typical for very immature organic matter.   

Extract yields from soil- and fly-ash samples fall in a low range compared to that of 
the values for the coal wastes and, as might be expected, are lower in fly ash than in soils 
(Table 5). However, the fact that these samples were collected in sites where expulsions of 
hydrocarbons were marked by darker patches on the dump surface may be relevant. 

A typical feature of fly ash samples is the lack of phenols and hopanes (Table 5) and 
the Gaussian distribution of n-alkanes in the narrow range (n-C13-n-C22) and generated from 
the heated wastes probably at temperatures in the range ca 200-400°C (Chemical Land21). 
Values of CPI, ratios of short-to-long chain n-alkanes, Pr/Ph, and Ph/n-C18 are in the coal-
waste ranges whereas those of n-C23/n-C31 n-alkanes and Pr/n-C17 are in the lower ranges 
characterising the coal wastes. The absence of phenols can be attributed to their destruction 
during combustion, evaporation to the atmosphere or leaching to deeper parts of the dump. 
The absence of hopanes is probably connected with their destruction during the coal 
combustion that produced the fly ash, and to their absence in pyrolysates.  

The chemical properties of the soils are influenced by their intrinsic chemistry and the 
pyrolysate composition. A Gaussian distribution of n-alkanes is seen in the soils covering 
the Rymer Cones dump but their range is much wider (from n-C14 to n-C35) than that of the 
fly ash. This suggests that they were generated at temperatures of ca 230-520°C (Chemical 
Land21) or that a proportion of the n-alkanes originated with the soils. The soils may have 
acted as a trap for migrating n-alkanes generated elsewhere in the dump.  
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Fig. 45. Relationship between individual geochemical parameters of thermal maturation and relative 
concentrations of selected polyaromatic hydrocarbons for the Rymer Cones dump. 
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The soils also contain phenols, but with distributions differing considerably from 
sample to sample (Fig. 19). RSG2 contains phenol and ethylphenols in considerable amount 
whereas, in RSG6, dimethylphenols, ethylmethylphenols, and methylpropylphenols are 
dominant, phenol was absent and ethylphenols occur only in minor quantities. In the 
remaining two soil samples (RSG1 and RSG4), the various types of phenols are present in 
similar amounts. The presence of the unstable  hopanes of biological origin is most likely 
linked with the primary soil composition and the presence of recent fungi and bacteria 
(Killops, Killops 2005). Compared to the wastes, the soils also display high relative 
contents of intermediate  hopanes.  

 
9.2. The Starzykowiec dump 

 
The Starzykowiec dump is one of the oldest in Upper Silesia and was built using 

outdated methods. Self-heating ceased a few tens of years ago in the upper part of the dump 
(Tabor 2002-2009; Misz-Kennan, Tabor 2011; Misz-Kennan et al. 2011b). The organic 
petrology, geochemistry, and mineralogy of that upper part of the dump have been 
discussed in detail elsewhere (Misz-Kennan et al. 2011b). Today, self-heating is still taking 
place in the lower part of the dump; it intensifies with increased precipitation in the spring 
and autumn (Tabor 2002-2009).  

As in the Rymer Cones dump, temperature fluctuations, continuing degradation of 
organic matter and formation of new organic compounds, and their migration within and 
outside the dump (Fig. 41) also take place in the Starzykowiec dump. Both dumps are of 
similar age. The average mineral content is 79.6 vol.% (Table 9) and, in the Rymer Cones 
dump, 76.5 vol.% (Table 3). Four samples (C1, C3, C18, and C19) from the Starzykowiec 
dump have mineral contents ≤ 50 vol.%. The reflectance of original organic matter in the 
wastes is also similar to that in the Rymer Cones dump (Tables 3, 9). The lack of a fly ash 
cover is probably the cause of much reduced extract yields from the Starzykowiec samples 
(Tables 5, 11); the average extract yield for the Rymer Cones dump samples is 0.52 wt% 
and, for Starzykowiec samples, is 0.07wt%. Many Starzykowiec samples contain no 
bituminous fraction. Both dumps have been heating for the same span of time. Liptinite 
contents are similar in both. It may be that leaching moved the extractable bitumen fraction 
into the dump interior or to the outside. 

The vitrinite reflectance of the organic matter in the coal wastes is usually in the range 
0.50-0.89% (Table 9). Only samples C12, C14, C17, and CH11 show reflectance values 
above that range. The waste composition is dominated by unaltered vitrinite; contents can 
reach 61.4 vol.%. The content of paler-grey vitrinite increases with reflectance. These 
wastes also experienced slow heating as is evident in what are uniformly paler-coloured 
particles (Fig. 20b) and a general lack of porosity. Porosity suggesting higher heating rates 
is seen only in CH3 (Tables 9, 10; Fig. 20d) though oxidation rims on the edges of some 
particles, irregular cracks and paler coloured liptinite (Fig. 20e) suggest temperatures 
> 200°C. Massive isotropic coke in some samples (Fig. 21a-b) is the product of slow 
heating over a long time span (Goodarzi, Murchison 1978; Murchison 2006). Rare coke 
particles associated with unaltered vitrinite in some samples (e.g. C3, C4, C21, C22, C27, 
and CH5a) suggest that the coke may have formed in the upper part of the dump (Misz-
Kennan et al. 2011b). Only in C12, with the highest reflectance, coke has formed in situ.  
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An interesting feature of the wastes in this dump is the presence of bitumen expelled 
mostly from liptinitic organic matter and co-occurring with clay minerals (Fig. 21c-f) in 
some samples. These expulsions have thread-like or irregular shapes and a strong yellow 
fluorescence. They were probably originally generated from organic matter at relatively 
high temperatures in deeper parts of the dump. The bitumen expulsions in the wastes are 
not related to high extract yields; they occur, e.g. in CH16 with an extract yield only 
slightly above the average for the dump (0.077 wt%; Table 11). In cases were bitumen 
expulsions and organic remnants are not seen under the microscope, and yet the samples 
provided high extract yields, it may be assumed that the bitumens were adsorbed on 
minerals. In those cases where bitumen expulsions are not microscopically visible in 
samples from the upper part of the dump, and where self-heating had ceased tens of years 
ago (Misz-Kennan et al. 2011b), water washing that continued for a few tens of years may 
explain the lack of bitumens. 

The wastes also display varying levels of alteration. As with the Rymer Cones 
material, individual indices of thermal maturation based on aliphatic and aromatic 
hydrocarbons, and acyclic isoprenoids show poor correlations with the degree of alteration 
expressed by reflectance, especially for wastes of reflectance < 1% (Fig. 46). This suggests 
that other factors, possibly migration within and out of the dump, and temperature 
fluctuations, were responsible. With all of the indices, and with the relative contents of 
hopanes and individual polycyclic aromatic hydrocarbons, reverses in trends are seen at 
reflectances > 1%. In these cases, slow heating is indicated (Fig. 46). These reversals, at the 
same reflectance value, characterize the upper part of the Starzykowiec dump (Misz-
Kennan et al. 2011b). For many indices, no consistent correlation with vitrinite reflectance 
is evident; the dynamic nature of the dump is probably responsible.  

The presence of phenols (Fig. 27) in many waste samples suggests recent heating. 
However, the absence of phenol, and the presence of its methyl-, dimethyl-, and 
ethylmethyl homologues, indicate that any phenol was leached into other parts of the dump 
or was thermally destroyed (Skręt et al. 2010; Misz-Kennan et al. 2011b).  

Some wastes are unaltered, with n-alkane distributions typical for unaltered coal (Fig. 
23a). However, in most samples, the input of pyrolysates results in a Gaussian n-alkane 
distribution (Fig. 23b-e). The n-alkanes originated by cracking of organic compounds of 
higher molecular weight. The presence of lighter n-alkanes in the range of n-C12-n-C22 
indicates that the bitumen fraction was not affected by water washing. In the Starzykowiec 
material, the n-alkanes show both monomodal (Fig. 23b-c, 23e) and bimodal distributions 
(Fig. 23d). Some wastes (C4, C15, CH2, and CH18) contain n-alkanes generated over 
a narrow temperature range, reflected in a narrow distribution (Fig. 23b) that suggests 
generation at ca 210-380°C (Chemical Land21). The wide n-alkane distributions of other 
wastes samples (e.g. C11 and C16; Fig. 23c) suggest generation over a much wider 
temperature range of ca 210-520°C (Chemical Land21). There are also wastes with 
a mixture of pyrolysates formed in different temperature ranges characterised by two 
maxima (Fig. 23d) and some that contain a mixture of unaltered organic matter and 
pyrolysate (Fig. 23e). As in the Rymer Cones wastes, alkenes are absent. The alkenes likely 
isomerised into n-alkanes under the long-term influence of heat and hydrothermal activity 
(Leif, Simoneit 2000). 
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Fig. 46. The relationships between reflectance (Rr) and various parameters of thermal maturation for 
the Starzykowiec coal waste dump. For parameter formulae, see Tables 11 and 12. 

 
Some geochemical indicators of thermal maturation (Tables 11, 12) show that the 

Starzykowiec wastes are relatively weakly altered. CPI values are always > 1.1 and 
decrease in wastes of reflectance < 1%. Pr/Ph values in most wastes are > 1.0 except in 
C14. Samples C17, C23, CH5a, CH10, and CH15 lack pristane and phytane. The values of 
Pr/Ph seem to decrease with increasing vitrinite reflectance > 1% (Fig. 46a). Values of 
pristane/n-heptadecane reaching 34.28 in C27 also suggest a low level of thermal alteration. 
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Values of phytane/n-octadecane are much lower, reaching, for example, only 2.85 in C22 
(Table 11).  

A low level of thermal alteration is also reflected by relatively high contents of  
hopanes and lower contents of geochemical diastereomers, i.e.,  and  hopanes (Fig. 
11). The relative contents of  hopanes tends to decrease up to Rr = 0.89% and, above 
that, their contents increase (Fig. 46b); this is the opposite to the pattern in the Rymer 
Cones dump (Fig. 42e). No such relationship is seen for initial  and final  
diastereomers. At the thermal stage reached in this dump, the intermediate hopanes 
reflect an intermediate stage of its equilibrium. This is also reflected in the opposed trends 
of the changes in the relative contents of C29 and C30 hopanes in more altered wastes; C29 
hopanes decrease (Fig. 46c) and C30 hopanes increase (Fig. 46d) with increasing 
reflectance. As in Rymer Cones, the relative contents of C31 hopanes remain unchanged in 
more altered wastes.  

Correlations between the degree of thermal alteration expressed by vitrinite 
reflectance values and parameters based on aromatic hydrocarbons are also much poorer 
than they are for the Rymer Cones dump. Only thermal parameters based on naphthalenes 
and their derivatives (DNR, TNR-4; Fig. 46e-f) show a tendency to decrease with 
increasing alteration in wastes of Rr > 1% in Starzykowiec.  

Relative contents of individual PAHs show no relationship with degree of waste 
thermal alteration. However, there is some tendency for contents of four- and five-ring 
PAHs to increase, and those of two- and three-ring PAHs to decrease with increasing 
vitrinite reflectance. 

In most samples, two- and three-ring PAHs dominate over four- and five-ring PAHs, 
however, in some samples four ring, and in C11 five-ring PAHs dominate (Table 13; Fig. 
13, 26). The content of benzo[a]pyrene, the most carcinogenic PAH, is low (usually 
< 4 rel.%). Only in sample C11 is the content high, which may reflect secondary oxidation 
and biodegradation processes (Hadibarata 2009; Kyin et al. 2009).  

Though they display poor correlations with reflectance, individual parameters of 
thermal maturation show somewhat better correlations with CPI (Fig. 47). Values of indices 
based on acyclic isoprenoids (Pr/Ph, Pr/n-C17, and Ph/n-C18) increase with increasing CPI  
(r = 0.70, 0.66, and 0.49, respectively; Fig. 47a-c), i.e. they decrease with decreasing 
degrees of thermal alteration. Relative contents of C29 hopanes decrease with increasing 
CPI (r = -0.64; Fig. 47d) and those of C30 hopanes increase (r = 0.54; Fig. 47e). Individual 
polyaromatic hydrocarbons correlate poorly with CPI with the exception of phenanthrene; 
its relative contents decrease with increasing CPI (r = -0.58; Fig. 47f). Correlations 
involving the relative contents of two- and three-ring PAHs that decrease with increasing 
CPI, and those of four- and five-ring PAHs that show the reverse, are relatively much 
stronger.  
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Fig. 47. The relationship between Carbon Preference Index (CPI) and various indices of thermal 
maturation for the Starzykowiec coal waste dump. For parameter formulae, see Table 11. For relative 

concentration of phenanthrene, see Table 13. 
 

9.3. The Marcel Coal Mine dump 
 
The Marcel Coal Mine dump is the largest of the dumps investigated. Self-heating has 

occurred there for tens of years and occurs now in several places located hundreds of 
meters from each other. The dump contains wastes that are altered by self-heating and self-
combustion to varying degrees. Most waste samples contain organic matter visible under 
the microscope with the exception of M7, M30, M31, M34, M37-M41, and M43 (Tables 
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15, 16). Organic compounds were detected in M7, M31, M38, and M40. Organic matter, 
either microscopically visible or extractable, is absent in M30, M34, M37, M39, M42, and 
M43 (Tables 17-19).  

The mineral content in the wastes averages 82 vol.% (Table 15), similar to the 
contents in the other coal waste dumps (Tables 3, 9). There is a marked difference in total 
sulphur content between the wastes in the Marcel dump (2.13 wt%, Table 20) and those in 
Rymer Cones and Starzykowiec dumps (0.56 and 0.50 wt%, respectively; Tables 8, 14).  

Extract yields from the Marcel samples, on average 0.51 wt%, are similar to those 
from Rymer Cones and higher than those from Starzykowiec. The differences may be 
related to the duration of water leaching. 

The original organic matter in the Marcel wastes is the most coalified and provides 
the highest vitrinite reflectance values compared to the other two waste dumps (Tables 3, 9, 
15). The reflectance of organic matter in the wastes deriving from current coal production is 
0.72% (M24a; Fig. 31a). The normal n-alkane distribution (Fig. 32a), the CPI value of ca 
1.0 and the high Pr/Ph (4.32; Table 17) also reflect the lack of alteration. 

Values of vitrinite reflectance determined for weathered wastes (M24 and M25; 0.72 
and 0.74%, respectively; Table 15; Fig. 31b) are similar to those of unaltered wastes. 
Values for weathered wastes in the other dumps may be as low as 0.50% (Tables 3, 9). The 
remaining waste samples (M1-M23 and M30-M43) from the Marcel dump give vitrinite 
reflectance values > 0.76% (Table 15; Fig. 31c-d). Samples M12-M22a are particularly 
heterogeneous, containing strongly altered wastes comprising coked organic matter and 
much less altered wastes that have undergone thermal transformation in the dump at the 
place of their collection. This, of course, makes any interpretation particularly difficult as, 
due to the migration of bitumen within the dump, chemical compounds of variable origin 
may be included in the sample extracts.  

The lack of any signs of plasticity in most wastes indicates that the temperature rose 
slowly. Pores within some vitrinite particles are only seen in samples M6, M17a, and M22a 
(Fig. 28d-e; Tables 15, 16). These particles were probably locally exposed to higher 
temperatures and may have contained liptinite macerals. All of the remaining macerals are 
uniformly paler in colour and display higher reflectance (Fig. 29c). Rarely, as in M21a, 
paler- coloured oxidation rims (Fig. 29d) are indicative of temperatures > 200°C.  

Paler-coloured vitrinite is the dominant component in all wastes. M8, characterized by 
a slightly elevated vitrinite reflectance value (0.76%) and the highest unaltered vitrinite 
content is an exception, as is M7, the most intensely altered sample. They reflect a slow 
temperature rise (Goodarzi, Murchison 1978; Murchison 2006).  

Coke is present as the only component in some wastes (M32, M33, M35, M36, and 
M41) and is associated with unaltered and other variously altered macerals in other samples 
(M9-M11, M12-M20, and M21-M23; Tables 15, 16; Fig. 29a-b, 29e-f). The coke is always 
isotropic and present in massive forms or as laminae and detritus, suggesting that it was 
formed by low-rate heating. Probably the unaltered wastes known for their tendency to self 
heat were mixed with altered wastes containing coked organic matter in an attempt to avoid 
that process.  

Microscopically visible bitumens are present in some of the wastes (e.g. M15; Fig. 
30) appear to be a typical feature of self-heated wastes where the temperature was rising 
slowly – even samples in which the liptinite content from which bitumens were mostly 
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generated is only a few per cent. They are present in wastes for which the extract yields 
(0.022-0.225 wt%) are lower than the average (0.51 wt%) for all waste samples from the 
Marcel dump (Table 17). On the other hand, waste samples with the highest extract yields 
(M4, M18, and M20a) have no microscopically-visible bitumens. The visible bitumens 
were adsorbed on minerals. 

The presence of pyrolytic carbon in some samples (M10, M14, and M22a; Tables 15, 
16) suggests they formed by condensation of volatiles at low temperature. These volatiles 
were likely generated during decomposition of organic matter at high temperatures 
elsewhere in the dump. 

All of the wastes investigated have very complex chemical compositions. The 
absence of solvent-extractable organic compounds in samples M30, M32-M37, M39, and 
M41-M43 suggests that the compounds were thermally destroyed. As noted above, the 
extract yields (Table 17) in the coal wastes from the Marcel dump are similar, on average, 
to those from wastes in the Rymer Cones dump, and much higher than those from the 
Starzykowiec dump. All the indicators of thermal maturation (Tables 17-19) confirm that 
the wastes in the Marcel dump are the most altered of all those examined in this study. 

Organic matter in the wastes in the interior of the dump was heated to higher 
temperatures than that in wastes located close to the dump surface. Organic compounds 
with various molecular weights, generated during slow heating, likely underwent 
fractionation during any migration within the dump. At the same time, atmospheric 
precipitation would tend to drive some compounds downwards into deeper parts of the 
dump where they would be reheated. Many migrating organic compounds probably reacted 
with other organic and inorganic compounds that they encountered. Minerals in the wastes 
would have played a significant role in these very complicated processes (Huizinga et al. 
1987; Pan et al. 2009, 2010); for example, many of the migrating compounds would have 
been adsorbed on them. 

In comparison with the Rymer Cones and Starzykowiec dumps, individual parameters 
of thermal alteration, and relative contents of hopanes and polyaromatic hydrocarbons 
calculated for the Marcel dump, show the weakest correlations with vitrinite reflectance. 
The individual indices of thermal alteration also display poor correlations with each other. 
This is probably a reflection of the complicated thermal history of individual sites, and also 
of fluctuations in temperature in the dump. The fact that samples M12-M22a contain 
a mixture of strongly altered, relatively unaltered- and weakly-altered material by self-
heating is an additional complexity. However, even the exclusion of those samples does not 
significantly improve many of the correlations. Reverses in trends with increase in 
reflectance were observed in many cases, but at relatively high reflectance values of ca 
1.5% Rr. Many geochemical indicators of thermal maturation display tendencies and 
patterns in the Marcel dump that differ from those seen in the other dumps. This may be 
a reflection of some or all the factors noted above and the degree of transformation of the 
original organic matter.  

n-Alkanes are one of the most important groups of organic compounds present in 
these wastes. As elsewhere, the absence of their unsaturated homologues, alkenes, is an 
indication of long heating times and hydrous pyrolysis (Leif, Simoneit 2000). In most 
Marcel dump wastes, n-alkanes show Gaussian distributions typical for pyrolysates (Fig. 
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32c, 33b-c, 34a-e). Many samples (Fig. 32b, 33a) contain lighter n-alkanes that were likely 
generated during thermal cracking of organic matter.  

Coal waste sample M25, exposed to weathering for some years, is characterized by 
a wide, typically pyrolytic, n-alkane distribution with a maximum at n-C21, and also by 
a high Pr/Ph (Fig. 32c; Table 17). Sample M24, also weathered, is characterized by 
a considerable amount of lighter n-alkanes, and a high Pr/Ph (Fig. 32b). The difference 
between these two waste samples suggests limited water washing. 

More intensely altered wastes contain n-alkanes generated during various stages of 
heating and over various temperature ranges. Some of these may have been returned to the 
dump interior due to atmospheric precipitation and as a result, been heated to high 
temperatures and perhaps adsorbed on minerals. Some of the n-alkanes may have originated 
through the cracking of compounds earlier generated from organic waste matter. 

n-Alkane boiling temperatures give some insight into the temperatures of their 
generation in the dump. A wide distribution of n-alkanes in the range n-C13-n-C33 with 
a maximum at n-C21, as in sample M3 (Fig. 33b), suggests their formation at temperatures 
of ca 210-520°C. Narrow distributions, as in M16 and M21 (Fig. 34d-e), suggest 
temperature ranges of ca 170-370°C for M16 and ca 260-420°C for M21 (Chemical 
Land21). The irregular n-alkane distributions of samples M14 and M13 (Fig. 34b-c) 
indicate that the n-alkanes were generated over a wide temperature range with maxima at  
n-C23 and n-C17, respectively. In the case of M14, they formed at temperatures in the range 
ca 135-500°C with a peak at ca 360-410°C. The n-alkanes in M13 were generated at 
temperatures between ca 170-500°C; in this case, however, the likely peak temperatures 
were much lower at ca 260-325°C; Chemical Land21). 

Values of CPI ca 1.0 suggest relatively high levels of maturation of the original 
organic matter in the wastes at the time of dumping. In all waste samples, the CPI values 
fall in the range 0.96-1.59 (Table 17). CPI values decrease with increasing reflectance in 
the Rymer Cones and Starzykowiec dumps but, in the Marcel dump, they increase up to Rr 
= 1.5%, then decrease (Fig. 48a). 

All waste samples from this dump, except M5, M11, M23, M31, M38, and M40, 
show a marked predominance of long-over-short chain n-alkanes. Short chain n-alkanes 
dominate mostly in the most intensely altered wastes. Values of Pr/Ph higher than in 
unaltered wastes indicate that considerable amounts of pristane were formed from kerogen 
during catagenesis (Goosens at al. 1988a, b). Values of other parameters based on acyclic 
isoprenoids (pristane/n-heptadecane and phytane/n-octadecane) are very variable (Table 
17), again reflecting the complex heating regime in the wastes. 

The wastes from the Marcel dump contain the highest relative contents of final  
hopanes and relatively low contents of intermediate  hopanes compared to the wastes in 
the other two dumps (Fig. 11). Surprisingly, initial  hopanes are relatively common and 
are present even in M38, one of the most altered samples. They are absent only in M14 and 
M31. Waste samples M21a and M22 contain two of the highest contents of  hopanes at 
15 rel.% and 16 rel.%, respectively, in comparison not only with the wastes from the 
Marcel dump, but also with the wastes of the other two dumps. There is, as yet, no 
explanation for this. In the Marcel wastes, all of the parameters of thermal alteration based 
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on hopanes have similar values and, thus have limited potential application in unravelling 
the thermal history. 

Parameters based on aromatic hydrocarbons show almost no pattern of correlation 
with vitrinite reflectance. The exception is MPI-3 in which values increase up to 1.5% and 
above which the trend is reversed (Fig. 48b).  

 

 
 

Fig. 48. The relationships between reflectance (Rr) and A – CPI, B – MPI-3, C – fluoranthene (Fl), 
and D – pyrene (Py) for the Marcel Coal Mine dump. For parameter formulae, see Tables 17 and 18. 

For relative concentrations of fluoranthene and pyrene, see Table 19. 
 
A characteristic feature of the wastes from the Marcel dump is their relatively high 

contents of two- and three-ring PAHs and relatively low contents of five-ring PAHs 
compared to wastes from the other dumps (Table 19; Fig. 13, 39). This is especially marked 
in M12-M22a. Individual PAHs show a weak correlation with reflectance. Only four-ring 
PAHs, notably fluoranthene (Fig. 48c) and pyrene (Fig. 48d), give relative-content values 
that increase with reflectance up to 1.5% and then decrease. The limited contents of most 
PAHs probably reflect the thermal destruction of these compounds.  

 
10. Conclusions 

 
Oxidation leading to self-heating began immediately after the deposition of the wastes 

in the dumps at Rymer Cones, Starzykowiec, and Marcel Coal Mine. Self-heating, self-
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combustion, and smouldering/hydropyrolysis occurred in a setting with limited access for 
air and in the presence of water. The processes took place very slowly over periods of many 
years.  

All three maceral groups are present in the wastes. Vitrinite macerals are those most 
affected by the self-heating. They are present in the wastes mainly as unaltered macerals 
and macerals of paler-grey colour. Some vitrinite particles are characterized by irregular 
cracks and paler-coloured oxidation rims. The common lack of evidence for plasticity in the 
macerals, and their uniform paler colour, is indicative of slow heating. The presence of 
isotropic massive coke and dispersed coked organic matter associated with minerals also 
indicates that heating was slow over a long time in all three dumps. 

The temperature and duration of heating was not enough to result in the complete 
transformation of the organic compounds constituting the original macerals. 
Microscopically, visible organic matter is lacking only in the most altered wastes. Only rare 
particles with plasticised edges or pores formed during devolatilisation are indicative of 
sudden heating.  

A characteristic feature of some of the wastes is the presence of bitumen expulsions 
generated during self-heating. They commonly occur in association with minerals. The 
occurrence of these bitumens is independent of extract yields. Their absence in wastes 
characterized by high extract yields indicates that bitumens were absorbed on minerals in 
these. The presence of extractable bitumens in samples without any microscopically visible 
organic matter suggests their migration from sites of higher temperature elsewhere and their 
precipitation on minerals. Bitumens are absent in dumps where heating ceased some years 
ago; in these cases, they were probably washed away by rain.   

The major chemical compounds present or generated in the wastes include n-alkanes, 
acyclic isoprenoids, hopanes and moretanes, PAHs and their derivatives, and phenols. 
Some of these, e.g. PAHs and phenols, are significant environmental toxicants.  

The presence of n-alkanes, PAHs, and phenols is partly linked to the thermal 
decomposition of vitrinite and partly to the chemical composition of the primary organic 
matter in the wastes. Under conditions similar to hydropyrolysis that continued for many 
years and perhaps aided by mineral properties, it is likely that any n-alkenes and hopenes, 
once present but now absent, underwent isomerisation into n-alkanes and hopanes, 
respectively.  

Dumps or parts of dumps where heating ceased some years ago are depleted in all of 
these compounds. Phenol and its derivatives are found only in wastes recently heated. All 
were probably rain-leached into deeper parts of the dumps, or outside the dumps. 

Many factors influence the distribution of individual chemical compounds in the 
dumps and the conclusions that can be drawn from geochemical parameters of thermal 
maturation is based on sample analyses. The nature of the organic matter, the quantities of 
minerals and their properties, dynamic temperature fluctuations and the migration of 
chemical compounds within and to the outside of the dumps due to water washing and 
evaporation are the most important factors. 

It is also highly probable that compounds generated at different temperatures and in 
different places mixed during any migration. Petrographic and chemical analyses show that, 
in some wastes, unaltered organic matter and material of pyrolytic origin are in close 
association. Mixing is a further factor disturbing correlations between vitrinite reflectance 
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and values of individual chemical parameters of thermal maturation. Despite all of these 
potentially interfering influences, all calculated geochemical parameters of thermal 
maturation tend to change trend at vitrinite reflectance values of ca 1%.  

The organic compounds in the waste dumps have the characters of compounds 
affected by heat but little disturbed by water washing as indicated by the presence of phenol 
and its homologues. The presence of light n-alkanes is clearly indicative of limited 
leaching; the absence of light n-alkanes, and phenol with its homologues, is typical of 
dumps in which self-heating processes ceased some years ago. 

The presence of n-alkanes in different ranges and of different distribution types 
suggests generation in discrete heating spots at different temperatures. Some wastes contain 
n-alkanes generated within relatively narrow temperature ranges, others over much wider 
ranges. In some wastes, n-alkanes were probably generated at different/fluctuating 
temperatures or they originated from both unaltered organic matter and pyrolysates; 
bimodal distributions suggest so.  

The level of thermal transformation of the wastes is reflected in the distribution of 
hopane diastereomers. Their absence in many wastes is due to thermal destruction. The final 
 hopanes predominate in the wastes and the initial hopanes are absent in many. Notably, 
in the wastes of the Marcel Coal Mine dump in which the original organic matter is the most 
coalified,  hopane contents reach the highest levels seen in any of the three dumps. 

A characteristic feature of all the wastes is the presence of the two- to five-ring PAHs 
that are typical products of the thermal alteration of hard coals. PAHs with more than five 
rings are not present. The spatial distribution of the PAHs is probably mainly influenced by 
temperature fluctuations as they do not show any pattern related to dump geometry.  

Any investigation of alterations in coal wastes resulting from self-heating and self-
combustion in waste dumps is a challenge. The vary nature of the dumps means that they 
are heterogeneous from the day they were first formed. Many factors influence the thermal 
transformations of organic matter in the wastes, namely, maceral composition, coal rank, 
and heating conditions including heating rate, the final heating temperature, and the 
duration of heating. The presence and properties of any minerals present are also important. 
In addition, the processes involved are made even more complicated by temperature 
fluctuations within the dump, atmospheric precipitation, and potential migration of 
compounds through the intrinsically permeable waste material. Water-washing that takes 
place during heating and after the thermal processes cease is also a significant process.  

The tools of organic petrography and gas chromatography-mass spectrometry, used 
together, provide complementary data crucial to any attempt at defining the processes that 
happen within waste dumps. Each dump has to be examined as a separate entity as all are 
different with regard to waste properties and self-heating history. If the internal processes 
that occurred in the dumps can be established, any environmental impact they might have, 
or may have had, will be open to more definitive evaluation.  
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11. Glossary of terms 

 
Biomarkers – complex organic compounds occurring in rocks and showing little or no 

change in structure from their parent organic molecules in living organisms. 
Carbominerites – association of macerals and minerals (20-60% clay minerals, carbonates 

and silica, and 5-20% sulphides) 
Coal wastes – wastes generated during coal mining and coal separation processes, 

composed mostly of minerals and various amount of coaly matter 
Combustion – thermal process taking place in the presence of air  
Durite – microlithotype composed of macerals of liptinite and inertinite groups 
Macerals – microscopically recognizable organic constituents of coal distinguished on the 

basis of colour, fluorescence, reflectance, morphology, and size. They also differ 
in origin and behaviour during technological processes. Three maceral groups 
are distinguished: huminite/vitrinite, liptinite, and inertinite 

Microlithotypes – associations of one, two or three groups of macerals 
Pyrolysis – thermal process taking place in the absence of oxygen and leading to 

destruction of organic compounds 
Self-heating – processes associated with a slow rise in temperature, e.g. coal, coal wastes 

and preceded by oxidation of organic matter  
Vitrite – microlithotype composed of vitrinite-group macerals 
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