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Coal wastes produced during mining activities are commonly deposited in nearby dumps. These wastes
mostly composed of minerals and variable amounts (usually 20–30%) of organic matter start to weather
immediately after deposition. Oxidation of the organic matter can lead to self heating and self combustion as a
result of organic and mineral matter transformations. The degree of alteration depends on the properties of
the wastes, i.e., the maceral and microlithotype composition of the organic matter and its rank.
Alteration of wastes also depends on the heating history, i.e., the rate of heating, final heating temperature,
duration of heating, and the degree of air access. Although air is probably necessary to initiate and drive the
heating processes, these usually take place under relatively oxygen depleted conditions. With slow heating,
color of organic matter particles changes, irregular cracks and oxidation rims develop around edges and
cracks, and bitumen is expelled. As a result, massive and detritic isotropic and strongly altered organic matter
forms. On the other hand, higher heating rates cause the formation of devolatilization pores, oxidation rims
around these pores and along cracks, vitrinite-bands-mantling particles, and bitumen expulsions.
Organic compounds generated from the wastes include n-alkanes, iso-alkanes, alkylcyclohexanes, acyclic
isoprenoids, mainly pristane, phytane and, in some cases, farnesane, sesquiterpanes, tri- and tetracyclic
diterpanes, tri- and pentacyclic triterpanes, and steranes, polycyclic aromatic hydrocarbons (mostly with
two- to five rings, rarely six rings), and phenols. The compounds formed change during the heating history.
The fact that phenols are found in dumps where heating has not yet been completed, but are absent in those
where heating ceased previously suggests the presence of water washing. The organic compounds formed
may migrate within the dumps. However, when they migrate out of the dumps, they become a hazard to
environment.
This paper is a review on transformations of organic matter (both maceral composition and reflectance and
chemical composition) in coal wastes deposited in coal waste dumps. Immediately after deposition the wastes
are exposed to weathering conditions and sometimes undergo self heating processes.
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1. Introduction

Coal wastes are generated during the preparation of coal seams for
exploitation (mining wastes) and as slurry wastes. The origin of
mining wastes is connected with preparatory mining works and coal
seam exploitation. Individual fragments of these wastes are up to
500 mm. Slurry wastes are generated during coal separation. They are
commonly 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 (b1 mm) slurries (tailings) resulting from flotation processes
(Skarżyńska, 1995).

Constituent elements of wastes vary in size and composition.
Mineral matter, the main component, typically occurs as fragments of
sandstone, shale, mudstone and, less often, conglomerate and
carbonate (Skarżyńska, 1995). Organic matter, usually comprising
3–30% of the waste material (Skarżyńska, 1995), occurs as laminae
and lenses of variable length and width, and as dispersed organic
matter. When they come in contact with oxygen, these wastes start to
oxidize and may generate fires.

In general, two types of fires occur in coal-waste dumps. Exogenic
fires are caused by some external source of heat, such as dumped hot
slag and badly protected welding works (Urbański, 1983). Endogenic
fires are uncontrollable and occur as the end result of self heating
Fig. 1. The main processes that o
processes (Itay et al., 1989; Krishnaswamy et al., 1996a,b; Lu et al.,
2004; Sensogut and Cinar, 2000; Shi et al., 2005; Singh et al., 2007;
Urbański, 1983;Walker, 1999). In this paper, endogenic fires and their
origins will be discussed. Although much research (Beamish, 2005;
Beamish et al., 2001; Brooks et al., 1988; Clemens and Matheson,
1996; Kaymakçi and Didari, 2002; Krishnaswamy et al., 1996a,b; Liu
and Zhou, 2010; Walker, 1999) has been conducted, the origin of
endogenic fires is not understood completely. However, it is clear that
these fires occur in coal wastes that contain organic matter of various
rank, such as bituminous coals (Misz et al., 2007; Misz-Kennan, 2010;
Misz-Kennan and Fabiańska, 2010; Misz-Kennan et al., 2011a) and
anthracites (Ribeiro et al., 2010a,b,c).

Immediately after deposition in coal-waste dumps that are usually
sited close to the source mines, the coal wastes undergo a process of
oxidation that, in some cases, can lead to self heating and self
combustion (Fig. 1). For self combustion to take place, three key
conditions are required to co-exist at the same time. These conditions
are the presence of organic components and pyrite that easily react
with air, easy access for air into the interior of the dump, and the
conditions for heat to accumulate (Barosz, 2002, 2003; Brooks et al.,
1988; Kaymakçi and Didari, 2002; Pone et al., 2007; Szafer et al., 1994;
Tabor, 1999, 2002; Urbański, 1983).

Two critical stages are involved in self heating. During the first
stage no change in temperature is observed (Sawicki, 2004; Walker,
ccur in a coal-waste dump.
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1999). The alterations of both organic and mineral matter happen at
low temperatures. Low-temperature oxidation of organic matter is
believed to be the precursor of self heating (van Krevelen, 1993). The
initial oxidation stage is followed by self heating of the coal wastes
during which the temperature rises continuously (Sawicki, 2004;
Walker, 1999). The critical temperature is 60–80 °C (Pone et al., 2007;
Sawicki, 2004; Sokol, 2005); above this value, the temperature rises
rapidly, also described as thermal runaway, until it reaches the self-
ignition stage. The temperature of self-ignition of coal is strongly rank
dependent and is ~150 °C for subbituminous coal, ~200 °C for
bituminous coal, ~250 °C for coke and ~300 °C for anthracite (Sawicki,
2004; Sokol, 2005). The burning of wastes can result in a temperature
of as high as 1300 °C (Heffern and Coates, 2004; Sawicki, 2004; Sokol,
2005; Querol et al., 2008; Ribeiro et al., 2010a,c).

Self heating and self combustion processes occurring in coal waste
dumps are very dynamic. The temperatures fluctuate and the heating
centers, which usually are located at a depth of 1.5–2.5 m beneath the
dump surface, migrate (Misz-Kennan, 2010; Misz-Kennan and
Fabiańska, 2010; Misz-Kennan and Tabor, 2011; Misz-Kennan et al.,
2011b; Tabor, 2002–2009). In some cases, the burning waste is visible
on the surface (Ciesielczuk, accepted for publication). As organic
material is progressively burnt, the centers of heating migrate deeper
into the waste dump (Szafer et al., 1994; Urbański, 1983).

Many factors influence self heating within coal waste dumps that
may be classified as internal and external factors (Urbański, 1983).
Internal factors are those intrinsic to the coal wastes, especially their
mineral composition, the maceral composition of the organic matter
present, and its rank, and moisture content (Kaymakçi and Didari,
2002; Rosiek and Urbański, 1990; Urbański, 1983; Walker, 1999).
External factors are those that influence the filtration properties of
dumps and their heat balance. These factors include the shape and
height of the dump, the atmospheric conditions, and particle size and
distribution (Kaymakçi and Didari, 2002; Krishnaswamy et al., 1996a,b;
Urbański, 1983; Walker, 1999).

1.1. Internal factors

The organic matter in coal wastes is represented by all three
groups of macerals, i.e., huminite/vitrinite, liptinite, and inertinite
(ICCP, 1998, 2001; Sýkorová et al., 2005; Taylor et al., 1998). Macerals
of the vitrinite group are, of all three maceral groups, the most prone
to oxidation and self heating (Machnikowska et al., 2003; Strumiński
and Rosiek, 1990; Taylor et al., 1998). Liptinite macerals also show a
propensity to spontaneous combustion (Mastalerz et al., 2010; Misra
and Singh, 1994). However, Beamish et al. (2001) have shown that
resinite is not prone to these processes. Macerals of the vitrinite and
liptinite groups are the more susceptible to spontaneous combustion
because they are intrinsically the most reactive macerals; in a heating
situation, their temperature increases more sharply and the ignition
time is shorter (Mastalerz et al., 2010). Inertinite macerals are widely
considered to be the least reactive group of macerals (ICCP, 2001;
Taylor et al., 1998) although some believe that fusinite can be the
cause of endogenic fires because of its high specific area (Strumiński
and Rosiek, 1990).

Individual macerals respond differently to heating when the
particles are composed entirely of a single maceral rather than
when a particle comprises an association of macerals belonging to
various groups (microlithotypes) and/or when organic matter occurs
together with minerals as carbominerites (Suárez-Ruiz and Crelling,
2008; Taylor et al., 1998). The fact that vitrite undergoes oxidation
before durite is especially marked during the earliest stages of
oxidation (Machnikowska et al., 2003; Taylor et al., 1998).

The other important internal factor influencing self heating of coal
wastes is organic-matter rank. Coals and coal wastes of every rank
undergo self heating — from lignites through bituminous coals (Misz
et al., 2007; Misz-Kennan, 2010; Misz-Kennan et al., 2011b; Misz-
Kennan and Fabiańska, 2010) to anthracites (Ribeiro et al., 2010a,b).
However, in general, the tendency of coal wastes to spontaneous
combustion decreases with increasing rank (Beamish et al., 2001;
Mastalerz et al., 2010; Rosiek and Urbański, 1990; Walker, 1999). Of
all coals, the most prone to spontaneous combustion is bituminous
coal (Beamish, 2005; Beamish et al., 2001) which, as it is commonly
inferred, reflects the fact that lower-rank coals contain greater
amounts of reactive macerals (Mastalerz et al., 2010).

In coal wastes, water is always present in varying amounts. It is a
component of some minerals (e.g., clay minerals) and also derives
from atmospheric precipitation and from the decomposition of
organic and mineral compounds during heating. Moisture participat-
ing in chemical reactions enhances self heating. At moisture content
greater than 6%, coals are more prone to self heating (Rosiek and
Urbański, 1990). However, too much water inhibits the process
(Rosiek and Urbański, 1990; Sawicki, 2004; Smith and Glasser, 2005).

1.2. External factors

The shape and size of a dump are important factors that influence
water filtration and heat accumulation. Self heating commonly occurs
on the steep, windward slopes of cone-shaped dumps (Misz-Kennan
and Tabor, 2011; Moghtaderi et al., 2000; Urbański, 1983).

Coal-waste dumps are a source of numerous gaseous and liquid
pollutants that are emitted to the atmosphere and leached to surface
and ground waters (Carras et al., 2009; Finkelman, 2004; Grossman et
al., 1994; Hower et al., 2009; Nelson and Chen, 2007; O'Keefe et al.,
2010; Pone et al., 2007; Querol et al., 2008; Skręt et al., 2010; Stracher
and Taylor, 2004; Zhao et al., 2008). It has been estimated that the
combustion of 1 ton of mine wastes can generate 99.7 kg CO, 0.61 kg
H2S, 0.03 kg NOx, 0.84 kg SO2, and 0.45 kg smoke (Liu et al., 1998). The
gaseous pollutants have a strong smell of hydrocarbons and they can
be suffocating.

Much research has focused on self heating and self combustion in
coal seams (Beamish et al., 2001; Brooks et al., 1988; Carras et al.,
2009; Clemens and Matheson, 1996; Hower et al., 2009; Jones, 2000;
Liu and Zhou, 2010; Misra and Singh, 1994; Pone et al., 2007; Stracher
and Taylor, 2004; Urbański, 1983; Walker, 1999). However, it is only
relatively recently that similar attention has been paid to the changes
of organicmatter caused by these processes in coal wastes. Coal seams
and coal wastes differ mainly with regard to amount of organic matter
(Liu and Zhou, 2010).

Until relatively recently, efforts concentrated on attempts to
explain the mechanisms of self heating, the influencing factors, and
onmethods for preventing and fighting coal-waste fires (Brooks et al.,
1988; Jones, 2000; Kaymakçi and Didari, 2002; Krishnaswamy et al.,
1996a,b;Mahadevan and Ramlu, 1985; Querol et al., 2011; Singh et al.,
2007). Growing knowledge of the types of gases produced during self
heating and self combustion, and their potential polluting influence
on air, water, and soils prompted increased attention.

2. Sampling of coal wastes and gaseous products of self heating

2.1. Sampling of coal wastes

In order to examine coal wastes, samples of at least 1–2 kg should
be collected from about 20 cm beneath the dump surface. Typically,
sampling sites are places differing macroscopically in color, hardness,
compactness or from places differing in temperature. The most
abundant lithologies present in a coal wastes, i.e., coal, sandstone,
clay, quartzite, cleat minerals and sulfide minerals, need to be
sampled (Querol et al., 2008). Additionally, samples of soils covering
the dump may also be collected (Misz-Kennan, 2010; Misz-Kennan
and Fabiańska, 2010) for investigation of bitumen migration outside
the dump.
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In the laboratory, each sample should be cleaned to remove surface
contamination, should be quartered, dried at room temperature and
crushed to a grain size of b1 mm for petrographic analyses. For
geochemical analyses, samples should be crushed to a grain size of
b0.2 mm (Fabiańska, 2006; Misz et al., 2007; Misz-Kennan, 2010;
Misz-Kennan and Fabiańska, 2010; Misz-Kennan et al., 2011a; Querol
et al., 2008). Since semi-liquid bitumen present in self-heated coal
wastes easily absorbs contaminants, only aluminum foil or glass
containers should be used for sample storage to maintain inertness
(Misz-Kennan, 2010; Misz-Kennan and Fabiańska, 2010; Misz-
Kennan et al., 2011a).

2.2. Sampling of gaseous products of self heating

Volatile organic compounds (VOCs) and other gases emitted
during self heating of coal wastes can be investigated in situ or, as it is
more often the case, sampled in a vacuumed container and taken to a
laboratory for more detailed analyses. In situ methods give more
detailed information about the spatial and temporal distributions of
emissions due to heating and combustion. Laboratory analyses
applying gas chromatography (GC) or gas chromatography–mass
spectrometry (GC–MS) enable the general compositions and constit-
uents of a wider range of compounds to be investigated.

Concentrations of CO2 and CO in a combustion gas from burning
coal seams or coal dumps can be assessed in situ using detection tubes
(O'Keefe et al., 2010; Tabor, 2002, 2002–2009). Litschke (2005)
analyzed the composition of gas emissions using a landfill gas
analyzer which detected CH4 and CO2 via infrared absorption at
3.41 μm and 4.29 μm wavelengths, respectively, and used a galvanic
cell to measure O2 concentrations. The same author measured CO and
H2S using electrochemical cells. To assess the in-situ emission rates of
gases in vents forming above dump-fire zones, the application of a S-
type Pitot tube attached to a flow meter measuring gas velocity has
been proposed (Litschke, 2005; O'Keefe et al., 2010).

The gaseous products of self heating may also be sampled in situ
using a syringe, a gas steel probe or a hand-operated pump and
pumped into an inert and impermeable container for storage and
Table 1
Overview of commonly-used analytical methods in coal-waste investigation.

Objects Analytical methods applied Sh

Coal waste mineralogy X-ray diffraction (XRD)
Scanning Electron Microscopy (SEM)

Coal waste organic petrology Maceral, microlithotype, and carbominerite
composition

W
Sta
ISO

Reflectance measurements, oil immersion W
Sta

Trace elements in coal
wastes and leachates

Inductively-Coupled Plasma Atomic-Emission
Spectrometry (ICP-AES)
Inductively-Coupled Plasma Mass
Spectrometry (ICP-MS)

Leaching potential Batch leaching A
24
as

Column leaching De
sat

Gases and VOCs sampling Vacuum stainless steel canisters, or pumping to
storage containers

VOCs Cryogenic pre-concentration, gas chromatography–FID
(flame ionization detector) and gas chromatography–ECD
(electron capture detector), gas chromatography–mass
spectrometry

Gases Gas chromatography–FID (flame ionization detector)
and gas chromatography–thermal conductivity detector

Bitumen in coal wastes Gas chromatography–mass spectrometry
transport (Litschke, 2005; Pone et al., 2007). Stainless steel containers
(Pone et al., 2007), gas washing flasks with a rubber septum (Litschke,
2005) or Teflon bags (Ribeiro et al., 2010a) are suitable impermeable
containers for this purpose. All materials involvedmust be resistant to
heat and the corrosive influence of gases.

3. Methods of investigation of coal wastes

In recent years, self heating of coal wastes, its causes, and its
detrimental effects on environment have been the focus of much
research. The detection of the initial stage of self heating in coal-waste
dumps, the emission of greenhouse gases, volatile organic compounds
(VOCs) and trace elements to the atmosphere have been investigated.
In addition, leaching of inorganic compounds, particularly heavy
metals, and soluble organic compounds to soils and groundwater and
resultant changes in water quality around coal wastes as well as
evaluations of associated environmental dangers have been studied
(Bell et al., 2001; Querol et al., 2008; Ribeiro et al., 2010a; Skręt et al.,
2010). However, majority of data for these investigations came from
laboratory simulations due to measuring difficulties caused by the
large scale of the dumps (Kim, 2007; Kok et al., 1989; Skręt et al.,
2010; Smith and Glasser, 2005; Sujanti and Zhang, 1999). Apart from
environmental studies, mechanisms of coal oxidation, the geochem-
istry of self heated organicmatter, the petrology of organicmatter, the
formation of new minerals and their properties have been investi-
gated, often with possible reuse of coal wastes or self heating
prevention inmind. Due to the great complexity of the wastematerial,
and the variety of the research objectives, many advanced analytical
methods are applied both in the laboratory and in the field. In the
following review of methods, only those related to the organic
petrology and geochemistry of self-heated coal wastes are described.
The methods applied are summarized in Tables 1 and 2.

The self heating and self combustion conditions of some dumps are
systematically monitored to provide information on the initiation of
heating and on the dynamic behavior of the heating processes within
the dumps. The monitoring includes monthly measurements of
temperature on the surface and within the dump (at the depth of
ort description References

Dokoupilova et al., 2007; Masalehdani et al., 2009;
Pone et al., 2007; Misz-Kennan et al., 2011a;
Querol et al., 2008; Ribeiro et al., 2010a,b

ith accordance to International
ndards ISO 7404-3 and
7404-4

Misz et al., 2007; Misz-Kennan, 2010;
Misz-Kennan and Fabiańska, 2010;
Misz-Kennan et al., 2011a; Ribeiro et al., 2010a

ith accordance to International
ndard ISO 7404-5

Querol et al., 2008; Ribeiro et al., 2010a

single or multiple leaching, time:
h with stirring, deionized water
leachant

Querol et al., 2008; Skręt et al., 2010,

ionized water as leachant, under a
urated flow regime

Querol et al., 2008

Pone et al., 2007; Ribeiro et al., 2010a

Davidi et al., 1995; Pone et al., 2007;
Ribeiro et al., 2010a

Pone et al., 2007; Stracher and Taylor, 2004

Misz et al., 2007; Misz-Kennan, 2010;
Misz-Kennan and Fabiańska, 2010;
Misz-Kennan et al., 2011a



Table 2
Selected indicators of biological source and environment and the degree of organic-matter maturation and alteration based on biomarkers and aromatic hydrocarbons.

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 and 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/phytane ratio Pr/PhN1 — oxic environment of deposition
Pr/Phb1 — 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 and
Schwarzkopf, 1986

Ph/n-C18 Phytane/n-octadecane ratio Various interpretations; determination of degree of maturation/alteration of
organic matter and water leaching

Leythaeuser and
Schwarzkopf, 1986

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 and 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
and Moldowan, 1978

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 and 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 and 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 and 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

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 and 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
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1.0 m) as well as measurements of CO, CO2 and O2 (Misz-Kennan and
Tabor, 2011).

3.1. Petrographic analyses of coal wastes

For petrographic analyses, crushed coal wastes are embedded in
epoxy resin and polished according to the procedure described in ISO
7404-2 (Misz et al., 2007; Misz-Kennan, 2010; Misz-Kennan and
Fabiańska, 2010; Misz-Kennan et al., 2011a; Ribeiro et al., 2010a,b).

The analyses include the identification of maceral groups and
mineral contents, and the different forms of transformed organic
matter. Identifications are carried out at 500 points on each pellet
using a magnification of 500× following the procedures described in
ISO 7404-3. Depending on the degree of organic-matter alteration,
random reflectance is measured at 100–500 points according to
ISO 7404-5:2002 (Misz et al., 2007; Misz-Kennan, 2010; Misz-
Kennan and Fabiańska, 2010; Misz-Kennan et al., 2011a; Ribeiro
et al., 2010a,b).

3.2. Gas chromatography of gases and VOCs

The analytical gas-chromatography procedure used to investigate
the compositions of gases and VOCs involves the cryogenic pre-
concentration of a gaseous sample with liquid nitrogen (−196 °C)
and its vaporization with hot water (Pone et al., 2007), or direct
desorption from Tenax to a GC–MS chromatograph (Ribeiro et al.,
2010a). Litschke (2005) used a gas chromatograph equipped with a
thermal conductivity detector (TCD) for N2, CO2, H2 and O2/Ar and
two flame ionization detectors (FID) for saturated and unsaturated
hydrocarbons. Pone et al. (2007) applied the most complex analytical
procedure which involved the division of a sample into three separate
gas chromatographs equipped with five different detectors, namely
two electron capture detectors (ECD), a mass spectrometer (MS) and
two flame ionization detectors (FID). This enabled hydrocarbons,
halocarbons, and halogenated compounds to be analyzed. For CO2

analyses, a gas chromatograph equipped with a thermal conductivity
detector can be used (Pone et al., 2007).

3.3. Analyses of liquid- and semi-liquid products of self heating of coal
wastes

Prior to analysis, the bituminous fraction of coal wastes is
extracted with pre-distilled organic solvents such as dichloromethane
(DCM), or mixtures of solvents, e.g., dichloromethane:metha-
nol=4:1, following a procedure similar to that applied in the
extraction of source rocks or coals (Peters et al., 2005). Ultrasonic
extraction or the Soxhlet apparatus can be used. All extracts are
collected, evaporated, weighed and stored in amber glass and under
freezing conditions. At the next stage, the extracts may be separated
into main compound groups such as aliphatic hydrocarbons, aromatic-
and polar compounds, with asphaltenes precipitated n-pentane, n-
hexane or n-heptane prior to analysis or they may be analyzed as total
analytes, depending on the research aim and quantity of extract
available. Methods such as liquid column chromatography and
preparative layer chromatography may be applied (Fabiańska, 2006).

Gas chromatography–mass spectrometry (GC–MS) is the main
technique applied in the compositional investigation of bituminous
fractions of sedimentary organic matter of various origins (Peters et
al., 2005). Because of its origin and general similarity to pyrolysis
products from coals, e.g., Upper Silesian Coal Basin (USCB) coals
(Fabiańska and Matuszewska, 1998) or hydrothermal bitumens
(Simoneit, 1993), bitumen in coal wastes may be investigated by
GC–MS. Capillary columns of medium polarity can be used, e.g., with
5% diphenyl-95% dimethyl polysiloxane or 35% diphenyl-65% dimeth-
yl polysiloxane as a bonded or cross-linked coating, with a minimum
length 60 m. Some differences in the distributions of particular
compounds such as n-alkanes can reflect column polarity. Helium is
commonly applied as a carrier gas in such analyses. The total retention
time of the GC analysis should be quite long (90–120 min) as many
coal-waste extracts contain compounds of high molecular mass. Due
to high variability in boiling temperatures of the compounds present
in coal wastes extracts the temperature program should show a wide
range of temperatures, at least from 50 to 300 °C. Electron Impact (EI,
70 eV) mode for a spectrometer is used to enable comparisons with
other geochemical objects since such conditions are standard in
organic geochemistry. Due to the great compositional variability of
the analytical products, mass data should be acquired in a full-scan
mode. Every GC–MS analysis should be repeated at least twice to
confirm results. The detailed analytical conditions for GC–MS are
given in Misz et al. (2007), Misz-Kennan and Fabiańska (2010), and
Misz-Kennan et al. (2011a).

4. Data obtained from organic petrology and geochemistry and
their application in coal waste studies

Oxidation, self heating and self combustion cause the transforma-
tion of coal wastes to varying degrees. In terms of their organic-matter
content, four types of wastes can be distinguished in all dumps:
1—wastes with organic matter in the form of microscopic constituents
and organic compounds; 2—wasteswith organicmatter asmicroscopic
constituents but organic compounds are absent; 3 — wastes with
organic compounds but lacking microscopic constituents; 4 — wastes
lacking both microscopic constituents and organic compounds (Misz-
Kennan, 2010; Misz-Kennan et al., 2011a).

4.1. Organic petrology of coal wastes

Organic matter present in coal wastes ranges widely from 0 to
nearly 100%. It usually constitutes 20–30%. Macroscopically and
microscopically, it occurs as interlayers and, microscopically, as
laminae, lenses of varying length and width and as irregular particles
among minerals. Microscopically-visible organic matter is absent in
the most strongly altered wastes (Misz et al., 2007; Misz-Kennan,
2010; Misz-Kennan and Fabiańska, 2010; Misz-Kennan et al., 2011a;
Ribeiro et al., 2010a).

Organic matter is represented by three groups of macerals:
huminite/vitrinite, liptinite, and inertinite (ICCP, 1998, 2001; Taylor
et al., 1998 and references therein; Sýkorová et al., 2005). Their
nomenclature can also be applied to coal wastes where all occur, on a
microscopic scale, variably unaltered and altered (Misz et al., 2007;
Misz-Kennan, 2010; Misz-Kennan and Fabiańska, 2010; Misz-Kennan
et al., 2011a; Ribeiro et al., 2010a,b).

Individual macerals, depending on their optical properties (color,
reflectance, fluorescence, morphology) which, in turn, reflect their
origin and organic-matter rank, respond differently to heating. Their
response to heating also depends on the heating conditions, mostly
the heating rate, the end temperature, duration of heating and the
degree of access of oxygen into the hosting dump (Suárez-Ruiz and
Crelling, 2008; Taylor et al., 1998 and references therein).

Vitrinite is the maceral group that responds prior to heating
(Taylor et al., 1998). A low heating rate increases viscosity and
reduces anisotropy in organic matter (Murchison, 2006). With
increasing heating rates, vitrinites display an increasing tendency to
soften and their particle edges to become rounded and, in addition,
gas released from individual particles in increasing amounts leads to
the formation of vacuoles. The vacuole walls of such vitrinites are
thinner. Vitrinites occurring in anthracites show no evidence of
softening on heating whereas those with reflectances between 1.08
and 1.55% develop mosaic structure and anisotropy. Fluidity rises to a
maximum in coals containing approximately 32% volatile matter and
then falls. Rising temperature and heating rate increases the apparent
fluidity of organic matter irrespective of its rank. Increasing heating
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rates greatly increase the number and size of vacuoles produced
during devolatilization, particularly in lower rank coals (Goodarzi and
Murchison, 1978).

Liptinite undergoes vitrinitization and devolatilization at temper-
atures above 300 °C (Cloke and Lester, 1994; Mastalerz andMastalerz,
2000). At low heating rates, the color of liptinite macerals became
paler and its reflectance increases and they gradually take on the
appearance of vitrinite macerals. High heating rates result in the rapid
devolatilization of liptinite macerals and formation of pores. When
occurring together with vitrinite macerals in clarites, liptinites act to
increase the plasticity of vitrinite (Cloke and Lester, 1994; Taylor et al.,
1998).

Inertinite response to heating is strongly dependent on the
properties of individual macerals in the sample. Low-reflecting,
fluorescent inertinite is partially fused during carbonization and,
during combustion, they form anisotropic porous chars. Non
fluorescent inertinite does not fuse during carbonization and, during
combustion, forms isotropic massive chars that may contain small
devolatilization pores (Cloke and Lester, 1994; ICCP, 2001; Taylor et
al., 1998).

The complex conditions pertaining in coal-waste dumps are
reflected in the presence of a great variety of microscopic forms of
Fig. 2. Organic- and mineral matter in coal wastes from the USCB (immersion oil, white light
vitrinite co-occurring with inertinite (upper part of the Starzykowiec dump). C — partially-
D— paler-colored vitrinite with oxidation rim and irregular cracks (Siemianowice Śląskie du
inside and perpendicular to its edges, and paler-colored oxidation rims (lower part of the S
with irregular cracks (Rymer Cones dump).
organic matter present in the wastes. Currently, there is no broadly
accepted classification of these forms though some attempts to
develop a classification have been undertaken. Any complete
classification of the microscopic forms of organic matter in coal
wastes will be complicated; the primary organic matter is heteroge-
neous as are the conditions within dumps. A variety of organic-matter
microscopic forms can be distinguished on the basis of color,
reflectance, fluorescence, morphology, and size (Misz et al., 2007;
Misz-Kennan, 2010; Misz-Kennan and Fabiańska, 2010; Misz-Kennan
et al., 2009, 2010, 2011a; Ribeiro et al., 2010a).

In coal wastes, unaltered organic matter is represented by
unaltered macerals belonging to all three groups. These have the
optical properties of unaltered macerals (Fig. 2A). Moderately-altered
particles that underwent slow heating typically have a paler color
(Goodarzi andMurchison, 1978;Murchison, 2006). These are not only
paler in color but have a higher reflectance and weaker fluorescence
than the primary particles. This is particularly so for macerals of the
vitrinite group (Fig. 2B). Liptinite macerals rarely show paler colors
(Fig. 2C).

Cracks commonly occur within particles (Fig. 2D–F) and/or on
their edges (Fig. 2E–F). These cracks are usually short and, if occurring
within a particle, irregular.Where they occur at the edges, they are set
). A—macerals in trimacerite (upper part of the Starzykowiec dump). B— paler-colored
oxidized trimacerite with paler-colored spores (lower part of the Starzykowiec dump).
mp). E— paler-colored vitrinite particle associated with inertinite with irregular cracks
tarzykowiec dump). F — paler-colored oxidation rims around edges of vitrinite particle

image of Fig.�2
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perpendicular to them. Cracks occur typically only in moderately
altered particles (Misz-Kennan et al., 2009; Misz-Kennan and
Fabiańska, 2010). However, they also occur within and on the edges
of strongly thermally altered organic matter particles.

Oxidation rims occur around particle edges (Fig. 2F) and/or around
pores or irregular cracks (Fig. 2F). They can be paler in color (Calemma
et al., 1995; Chandra, 1962; Misz et al., 2007; Misz-Kennan, 2010;
Ndaji and Thomas, 1995; Stach et al., 1982) or darker in color (Bend
Fig. 3. Organic- andmineral matter in coal wastes from the USCB (immersion oil). A— darker
of the Starzykowiec dump, white light). B— devolatilization pores in vitrinertite particle (Sie
the form ofmassive layer and detritus occurring together with transformedminerals (Siemia
(upper part of the Starzykowiec dump, white light). E — cracks in massive strongly therma
F — bitumen droplets (Siemianowice Śląskie dump, fluorescence). G — thin vitrinitic ban
complex vitrinitic band on carbominerite particle (Siemianowice Śląskie dump, white lig
and Kosloski, 1993; Ingram and Rimstidt, 1984; Nelson, 1989).
Oxidation rims that are paler in color have higher reflectance resulting
from higher aromaticity (Chandra, 1962; Stach et al., 1982). They are
probably formed at temperatures of 200 °C (Calemma et al., 1995;
Ndaji and Thomas, 1995). They are typical for vitrinite particles from
bituminous coals (Misz-Kennan, 2010; Misz-Kennan et al., 2011a).
Darker oxidation rims probably form during oxidation in the presence
of moisture and are linked to the formation of humic acids (Bend and
-colored oxidation rim on strongly thermally altered organic matter particle (upper part
mianowice Śląskie dump, white light). C— strongly thermally altered organic matter in
nowice Śląskie dump, white light). D— porous strongly thermally altered organic matter
lly altered organic matter particle (upper part of the Starzykowiec dump, white light).
d surrounding mineral particle (Siemianowice Śląskie dump, white light). H — thick
ht).

image of Fig.�3
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Kosloski, 1993). Their reflectance is also lower than that of the parent
vitrinite. They have been observed in strongly altered wastes of high
rank (Ribeiro et al., 2010a,b,c) and also on edges of strongly thermally
altered organic matter (Fig. 3A). In some conditions, zoned oxidation
rims can form that likely reflect heating stages interrupted by a drop
in temperature (Ćmiel and Misz, 2005).

Porous forms are formed during faster heating that causes the
organic matter to go through a plastic stage (Fig. 3B). Mostly vitrinite
macerals have circular or oval pores that, in some instances, are
surrounded by pale oxidation rims. It is rare for pores to occur in
liptinite macerals.

Strongly thermally altered organic matter is the product of long
and slow heating of organic matter, mostly of vitrinite type within the
dump (Goodarzi and Murchison, 1978; Murchison, 2006). As a result,
it does not give out any extractable chemical compounds. This term is
used in this paper in the meaning of organic matter that was altered
by temperature in self heating processes and not as a degree of
thermal evolution as applied in organic geochemistry in the case of
natural geochemical products. Strongly thermally altered organic
matter commonly occurs with transformed clay minerals as layers of
widths ranging from a few to several tens of μm, as lenses and as small
irregular particles (Fig. 3C–E). Some wastes also contain porous
strongly thermally altered organic matter formed during rapid
heating (Fig. 3D). In general, strongly thermally altered organic
matter is characterized by a white or yellowish color and high
reflectance. Usually, it does not show any signs of anisotropy (Misz-
Kennan, 2010; Misz-Kennan and Fabiańska, 2010; Misz-Kennan et al.,
2009). It is commonly the only form of altered organic matter
remaining in heavily-altered wastes.

Bitumen expulsions are present in some wastes, e.g., in the Rymer
Cones- and the Siemianowice Śląskie dumps in the Upper Silesian Coal
Basin (Ćmiel and Misz, 2005; Misz et al., 2007; Misz-Kennan, 2010;
Misz-Kennan and Fabiańska, 2010). They are present in the form of
droplets a few μm in size (Fig. 3F) or have irregular shapes. Their
fluorescence is always very strong and yellowish. They were mostly
generated from liptinite macerals in heated coal wastes.

Pyrolytic carbon is occasionally present in coal wastes. If present, it
has a ribbon-like shape and is strongly anisotropic. Under laboratory
conditions, it is obtained at temperatures of about 500 °C (Taylor et al.,
1998). It forms in the cooler parts of dumps as a product of the
thermal cracking of volatiles.

Vitrinite bands occur only in Siemianowice Śląskie dump in Upper
Silesia, Poland (Misz et al., 2007). The bands, a few to several μmwide,
comprise vitrinite that became plastic and now surround trimacerite-,
carbominerite-, and mineral particles (Fig. 3G–H).

The random reflectance (Rr) of organic matter present in the
wastes gives information about the degree of their alteration. The
reflectance of unaltered organic matter in coal-waste dumps located
in Poland is 0.60–0.76% (Misz et al., 2007; Misz-Kennan, 2010; Misz-
Kennan and Fabiańska, 2010; Misz-Kennan et al., 2011a). In
Portugal, the reflectance is 4.82% and 4.97% Rr for wastes from the
Lomba dump and 4.25 and 4.05% for wastes from S. Pedro da Cova
(Ribeiro et al., 2010a; Table 3). Higher reflectance values are typical
of wastes from dumps in the Upper Silesian Coal Basin (Misz et al.,
2007; Misz-Kennan, 2010; Misz-Kennan and Fabiańska, 2010; Misz-
Kennan et al., 2011a). With increasing temperature, reflectance
increases in bituminous coals and, commonly decreases in metaan-
thracites. Strongly-weathered metaanthracite wastes can have
considerably lower reflectance (3.76% Rr). In wastes from burning
zones, reflectance is commonly lower and in the range 4.46–5.00%
for the Lomba dump and 4.18–4.75% for S. Pedro da Cova (Ribeiro et
al., 2010a). The reflectance of organic matter in moderately-altered
wastes from USCB dumps is approximately 0.70–1.50% (Table 3). In
the most strongly altered wastes, it can reach values as high as 6.57%
(Misz et al., 2007). Reflectograms of unaltered organic matter are
usually narrow (Fig. 4A), commonly wider for moderately-altered
wastes (Fig. 4B–D) and widest of all for the most strongly-altered
material (Fig. 4E–F). Reflectance may reveal the presence of material
of different degrees of alteration in wastes; in such cases,
reflectograms are wide and contain more than one maximum
(Fig. 4C–D).

There is little information about the contents of individual altered
forms of organic matter in wastes; publications usually give
description of these forms and reflectance (e.g., Ribeiro et al., 2010a,
b,c) but do not give quantitative data about contents of these forms
(Table 3). Attempts at such have been made in the USCB dumps
(Ćmiel and Misz, 2005; Misz et al., 2007; Misz-Kennan, 2010; Misz-
Kennan and Fabiańska, 2010; Misz-Kennan et al., 2011a). The type of
organic matter is strongly dependent on the maceral composition and
the level of transformation of the wastes and varies greatly (Table 3).
In microscopically-unaltered wastes of low reflectance, unaltered
macerals dominate. With increasing transformation and reflectance,
vitrinite with cracks, pale-colored vitrinite, and vitrinite with
oxidation rims dominate. Strongly thermally altered organic matter
is commonly the component of strongly-altered wastes. Organic
matter is microscopically absent in the most severely-altered material
(Misz-Kennan, 2010; Misz-Kennan and Fabiańska, 2010; Misz-
Kennan et al., 2011a).

The various organic forms give information about the maceral
composition and rank of unaltered organic matter, the heating rate,
and presence of air within a dump. Darker-colored oxidation rims are
typical of organic matter that was originally of high rank, as in
Portugese wastes (Ribeiro et al., 2010a). The forms in this type of
wastes also typically contain cracks and fissures, devolatilization
vacuoles, and partially-burnt particles. The reflectance of altered
anthracite particles is lower than that of unaltered particles (Ribeiro
et al., 2010a,b).

Wastes containing organic matter of lower rank contain a great
variety of forms. These wastes are unaltered and altered to varying
degrees. The heating rate seems to play a crucial role in the formation
of variously altered forms. Where the temperature rose slowly (as in
some dumps in the Rybnik area, Upper Silesian Coal Basin), the
organic forms show no signs of plasticity (Fig. 2). The particles of
organic matter have the same features as unaltered organic matter
though, where more strongly altered, their color is paler gray to white
and yellowish. Cracks and, in some cases, oxidation rims are also
typical for moderately altered samples (Fig. 2C–F). The presence of
bitumen (Fig. 3F) is characteristic for some samples. The bitumen,
expelled from organic matter under conditions of slow heating and
oxygen depletion occur as droplets, in irregular forms, fill gaps
between minerals (e.g., clay minerals), and probably migrated into
vitrinite micropores (Taylor et al., 1998). Organic matter is absent, as
always, in the most strongly-altered material.

Different conditions existed in other dumps, e.g. Siemianowice
Śląskie, Upper Silesian Coal Basin. Here flames were seen above the
dump surface. Organic matter in the dump is mostly terrestrial. A
heating rate that was much higher than in the dumps in the Rybnik
area is reflected in a greater variety of forms (Fig. 3B, F, G, H). Except
for unaltered wastes, organic matter is altered to varying degrees
including strongly altered in this dump. Commonly, particles have
pale oxidation rims around their edges and/or along cracks (Fig. 2D).
Plasticized vitrinite forms bands of various widths around trimacerite,
carbominerite, and mineral particles (Fig. 3G–H). Zoned oxidation
rims indicating periods of heating interrupted by periods of lower
temperature (Ćmiel andMisz, 2005) are, to-date, unique to this dump.
Higher heating levels are reflected in the usual devolatilization pores
surrounded, in some cases, by pale oxidation rims. Bands formed of
plasticized vitrinite occur, as above, enclosing particles of various
types. Expulsions of hydrocarbons as droplets are observed in heated
sapropel material that releases a strong hydrocarbon smell and stains
blotting paper on contact for a few minutes (Ćmiel and Misz, 2005;
Misz et al., 2007).
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4.2. Organic geochemistry of coal wastes

The chemical composition of coal-waste extracts reflects the
biogenic origins of their constituent organic matter, the evolution of
its thermal maturity in a deposit and secondary post-depositional
processes such as weathering, water-washing, and self heating
(Killops and Killops, 2004; Peters et al., 2005; Tissot and Welte,
1984). As a result of many influencing factors, sometimes leading to
contradictory effects, organic matter in coal wastes is very variable in
character and complex in composition. However, self heating is the
most important factor in dumps, profoundly altering coal-waste
organic matter (Fig. 1). As outlined above, conditions such as
temperature range, heating time, presence or absence of humidity
and oxygen access, together with coal-waste properties such as
particle sizes, rank, and inherent inorganic matter, particularly pyrite
content, decree the types of products formed (Kaymakçi and Didari,
2002; Küçük et al., 2003; Lyman and Volkmer, 2001; Wanatabe and
Zhang, 2001; Wang et al., 2003). Thus, from a geochemical point of
view, coal waste samples should be divided into two major groups:
these which underwent self heating episodes during their storage in a
dump and those that did not.

4.2.1. Geochemical characteristics of coal wastes unaltered by self
heating

In coal wastes not subjected to self heating, sedimentary organic
matter usually shows two different geochemical characteristics. Most
contain type III kerogen formed predominantly from remains of
terrestrial plants subjected to bacterial activity in a swamp (Tissot and
Welte, 1984). Its geochemical features are similar to those of
bituminous coal excavated with the wastes both with regard to the
biogenic origins of the organic matter, its chemical composition and
its thermal maturity. The organic geochemistry of associated coals,
when known, can be used as a reference for coal waste compositions
altered by self heating and water washing in a dump. As, in many
cases, it is not possible to know the detailed history of a dump or the
source(s) of material in it, knowledge of the geochemistry of the
parent coals can be invaluable. The organic geochemistry of
bituminous coals in the Upper Silesian Coal Basin, investigated by
many (Fabiańska et al., 2003; Kotarba et al., 2002; Kotarba and
Clayton, 2003), underpins the understanding of the organic geo-
chemistry of coal wastes stored in the same region (Misz et al., 2007;
Misz-Kennan and Fabiańska, 2010; Misz-Kennan et al., 2010, 2011a).

The USCB bituminous coals were formed as a part of the Upper
Carboniferous coal-bearing sequencemore than 8000 m thick infilling
a flexural foreland basin. Its lower part (Namurian A) is of paralic type
and comprises deposits ofmarine, shore, deltaic and fluvial sediments,
whereas the upper part (Namurian B to Westphalian D) consists of
non-marine deposits laid down in various fluvial systems (Kotas,
1990). The rank of coals in the USCB ranges from subbituminous to
high-volatile bituminous coals. Maceral composition is more uniform;
humic coals rich in vitrinites dominate here with rare sapropelic coals.
The ranks and maceral-group compositions of the USCB coals have
been investigated by many authors (Gabzdyl and Probierz, 1987;
Knafel, 1983; Kotarba et al., 2002; Kruszewska, 1983).

In the last decade, the organic geochemistry of these bituminous
coals has been investigated (Fabiańska and Matuszewska, 1998;
Fabiańska et al., 2003; Kotarba and Clayton, 2003; Kotarba et al.,
2002). A wide range of biomarker types and their distributions,
among them n-alkanes, steranes, cyclic and acyclic isoprenoids, has
been deliniated. This work has shown that the organic matter
contained in them was derived predominantly from higher-plant
(terrestrial) precursors.

In some dumps, there are wastes, mostly coal shales and
mudstones, in which organic matter occurs in a dispersed form
without any visible coaly aggregations (Misz-Kennan et al., 2011a).
This type of organic matter shows a much more pronounced



Fig. 4. Reflectograms of vitrinite-type organic matter in coal wastes from the USCB. A— reflectogram of unaltered wastes (Rymer Cones dump). B— reflectogram of moderately-altered
wastes (Marcel dump). C— reflectogram of moderately-alteredwastes (Rymer Cones dump). D— reflectogram of moderately-altered wastes (Rymer Cones dump). E, F— reflectograms
of strongly-altered wastes (upper part of the Starzykowiec dump).
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sapropelic geochemical character than do coaly-type wastes. The
bacterial input is much more prominent here together with some
algal input whereas vascular-plant material was more degraded
before deposition. For example, geochemical investigation of USCB
carbonaceous shales has shown that depositional conditions and
sources of organic matter changed sharply between deposition of the

image of Fig.�4
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coals and the shales; the transition was not solely a continuum in
relative proportions of organic-carbon- and mineral-matter input
(Kotarba and Clayton, 2003).

4.2.2. Products of self heating formed within a dump
It is generally accepted that self heating causes coal oxidation,

comprising such processes as chemisorption of oxygen with the
formation of intermediate oxygenated complexes, the formation of
unstable oxygenated complexes, the decomposition of unstable
oxygenated intermediates to gaseous products and stable complexes,
the degradation of stable complexes and the generation of new active
sites and the decomposition of stable complexes (Wang et al., 2002a).
Phenolic, carboxylic, and ketone groups increase their contents in
aromatic and aliphatic structures (Garcia et al., 1999; Singh et al.,
2007; Wang et al., 2002a,b). With temperature increase, the thermal
destruction of organic matter macromolecules (pyrolysis) begins to
dominate. It is the most important process participating in changes
caused by self heating since it leads to the formation of gaseous, liquid
and solid products (Stracher and Taylor, 2004). Gases comprise
carbon and sulfur monoxides and dioxides, methane and volatile
organic compounds (VOCs), liquid and semi-liquid products are
complex mixtures of bituminous substances of pyrolytic origin and
solid products are strongly thermally altered organic matter and
completely burnt-out wastes (Carras et al., 2009; Pone et al., 2007;
Misz-Kennan et al., 2011a; Misz et al., 2007; see Fig. 1).

4.2.3. Gases produced in self heating and self combustion
The gaseous products of self heating are of particular interest due

to their toxicity, carcinogenicity and greenhouse effects (Finkelman,
2004; Finkelman et al., 2002; Kim, 2007; Stracher, 2004; Stracher and
Taylor, 2004; Younger, 2004). Self heating coal-waste dumps are often
situated in highly-populated industrial regions such as Upper Silesia.
Such dumps should be considered a major environmental and health
hazard. The odor of bitumens expelled from coal waste dumps when
there is an oxygen deficiency leads to complaints from nearby
residents. The most harmful compounds, however, are often odorless
(e.g., carbon monoxide, monoaromatic hydrocarbons). In addition,
ammonia, sulfur oxides, nitrogen oxides, hydrochloride, hydrofluor-
ide, hydrosulphide, n-alkanes, n-alkenes, sugars, alcohols, PAHs, and
heavy metals (Hg, As, Pb, and Se) are found in volatilized products
(O'Keefe et al., 2010; Pone et al., 2007; Querol et al., 2011; Simoneit et
al., 2007; Stracher, 2004; Stracher and Taylor, 2004).

Carbon dioxide is the main product of the self heating process,
accompanied by carbon monoxide and lighter organic compounds,
partially from gaseous compounds trapped in the pores of organic
matter and partly from pyrolysis, depending on the temperature
range, fixed carbon concentration and oxygen availability (Davidi et
al., 1995; Kim, 2007; Querol et al., 2008; Younger, 2004). However,
emissions of carbon dioxide and methane, the main greenhouse gases
from coal and coal waste self heating, are extremely difficult to
estimate because of measurement problems such as representative
sampling, emission variability in time, the diffuse nature of the
emissions, the large scale of measurement sites, and influence of
weather conditions. For example, Carras et al. (2009) investigating
emission fluxes of CO2 and CH4 from spoil piles and coal waste dumps
at 11mines in Australia found great variability, e.g., CO2 emission from
1 m2 ranged from about 12 kg CO2 per year to 8200 kg CO2 per year.
According to Kim (2007), methane desorption from coal increases
with temperature by about 0.001% per 1 °C.

VOCs emitted during coal- or coal-waste self combustion comprise
aromatic and aliphatic hydrocarbons, and halocarbons. Benzene,
toluene, ethylbenzene, xylenes, ethyltoluene, and trimethylbenzene
are themain aromatic compounds present, with benzene contributing
53.7%, and toluene 42.9% of the VOCs emitted. Aliphatic hydrocarbons,
present in lesser amounts than aromatic hydrocarbons, include
ethane, ethylene, followed by propane, propene and butane; ethane
occurs in the highest concentrations. Small amounts of higher
n-alkanes up to n-dodecane were found in emissions from burning
coal wastes by Ribeiro et al. (2010a). Halogenated hydrocarbons, such
as bromomethane, iodomethane, and trichloromethane, occur in the
lowest concentrations of all VOCs (Davidi et al., 1995; Pone et al.,
2007). Heterocyclic oxygen compounds such as furane derivatives,
sulfur (thiophene derivatives) and nitrogen heterocyclics (e.g.,
pyridine and pyrazine) have also been identified (Ribeiro et al.,
2010a).

Most of these compounds show toxic, carcinogenic and mutagenic
properties (Finkelman et al., 2002; Yan et al., 2003). Because they are
emitted at relatively low temperatures (Davidi et al., 1995), some of
these light compounds, e.g., ethylene, can be used for early detection
of spontaneous combustion of coals or coal wastes as has been
proposed by Xie et al. (2011).

4.2.4. Pyrolytic products of self heating
Research on the chemical composition of coal-waste extracts

should give particular attention to biomarkers (molecular fossils),
organic compounds with a molecular structure showing a direct and
unambiguous relationship to their precursors synthesized by living
organisms (Peters et al., 2005; Tissot and Welte, 1984). After the
death of an organism, biomarker precursors deposited in sediments
undergo a complete evolution together with the rest of the biogenic
material. Since the main chemical changes in their molecular
structure are defunctionalization and saturation of double bonds, a
general carbon atom skeleton of a molecule becomes preserved.
Biomarker occurrences and distributions are commonly applied in
research to assess thermal maturity of organic matter (rank), input of
organisms participating in biogenic organic-matter formation and the
sedimentary environment of the organic matter. Since coal wastes
contain significant amounts of sedimentary organic matter, bio-
markers can also be used to estimate the influence of water-washing,
self heating and weathering.

4.2.5. Main groups of organic compounds in coal wastes
It is worth noting that, up to now, the bituminous products of self

heating have been investigated in most detail in the coal wastes
stored in the USCB (Misz et al., 2007; Misz-Kennan, 2010; Misz-
Kennan and Fabiańska, 2010). Thus, unfortunately, it is not possible to
compare these results with others on coal wastes of lower or higher
ranks from other self heating sites elsewhere.

The main groups of biomarkers commonly found in extracts from
USCB coal wastes unchanged by self heating correspond to those
found in bituminous coals. They comprise n-alkanes (m/z=71), iso-
alkanes (m/z=71), alkylcyclohexanes (m/z=83), acyclic isoprenoids,
mainly pristane, phytane and, in some cases, farnesane (m/z=71,
183), sesquiterpanes, tri- and tetracyclic diterpanes (m/z=123, 254),
tri- and pentacyclic triterpanes (m/z=191), and steranes (m/
z=217). Steranes are, in some cases, and as in USCB coals, not
present in USCB coal wastes, or occur only in low concentrations
despite their obviously terrestrial origin (Fabiańska et al., 2003).
When present, they show a predominance of C29 sterane diastereo-
mers, typical for coals and type III kerogens (Huang and Meinschein,
1979).

Apart from these aliphatic compounds, aromatic hydrocarbons are
also abundant. Extracts of coal wastes can contain alkylbenzenes,
partially aromatized compounds such as monoaromatic steranes and
triaromatic steranes, and polycyclic aromatic hydrocarbons (PAHs).
The last group comprises compounds with two to five condensed
rings, and only rarely six rings. They include naphthalene (m/z=128),
fluorene (m/z=166), phenanthrene and anthracene (m/z=178),
fluorantene and pyrene (m/z=202), benzo[a]anthracene and chry-
sene (m/z=228), benzofluoranthenes, benzo[a]pyrene, benzo[e]
pyrene and perylene (m/z=252). In some coal wastes, benzohopanes
have also been found.
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Unsubstituted PAHs are accompanied by their C1–C5 alkyl de-
rivatives. The most common are alkylnaphthalenes (m/z=142, 156,
170,184, and 198) and alkylphenathrenes (m/z=192, 206, 220,and
234) butmethylpyrenes (m/z=216) andmethylchrysenes (m/z=232)
are also found.

All of the above compounds come from organic matter unaffected
by heating within a dump. They can be preserved in coal wastes
subjected to self heating as well, despite the relatively high
temperatures reached. Apart from these biomarkers, such wastes
can contain large amounts of products formed by the thermal
destruction of organic-matter macromolecules. As a result, the
extracts show the geochemical features of coal pyrolysates.

Coal wastes affected by self heating usually contain phenol and
its alkyl derivatives, most commonly in the range from C1 to C2
(m/z=94+14). In some cases, even higher substituted compounds
up to C5 phenols are found (m/z=134, 150, 164). In addition, C3
phenols such as p-propylphenol, p-vinylguaiacol, 2-ethyl-6-methyl-
phenol and 3-ethyl-5-methylphenol are quite common in relatively
freshly-heated coal wastes (Misz-Kennan, 2010; Misz-Kennan and
Fabiańska, 2010).

Despite the high contents of elementary sulfur in most extracts of
the USCB coal wastes, benzothiophenes and dibenzothiophenes have
not been found in amounts significant enough to allow their
application in geochemical interpretation.

4.2.6. Distributions of particular organic compounds groups

4.2.6.1. n-Alkanes. Aliphatic hydrocarbons are dominated by n-alkanes.
In some USCB coal waste extracts, n-alkenes (m/z=69) are also found.
Generally, four types of n-alkane distributions can be distinguished
(Fig. 5):

1) Bimodal distributions with variable contents of short-chain
(n-C13–n-C22) and long-chain (n-C23–n-C36) compounds, similar to
distributions found in the bituminous coals of the region (Fig. 5A),

2) Monomodal wide distributions characteristic of organic matter in
coal muds and coal shales with almost the same concentrations in
the range of n-C18–n-C26 (Fig. 5B);

3) Monomodal Gaussian distribution with n-alkane peaks indicating
pyrolysis (Fig. 5C–F). Though n-alkanes can occur in variable
ranges and numbers of compounds, generally these types of
n-alkane distributions are similar to those of low-temperature tars
recovered from USCB coals (Fabiańska and Matuszewska, 1998).
The n-alkane distribution maximum moves in response to
increasing self heating temperatures.

4) Distributions of mixed type, with a partial input of pyrolytic-type
(3) and coal-type n-alkanes (3). These distributions result from
pyrolysate migration within a dump and mixing migrating
pyrolysates and coaly bitumen present in situ.

The widest distributions contain compounds in the range from
n-C13 to n-C35 n-alkanes, whereas the narrowest ranges comprise only
a few compounds. Many USCB coal-waste extracts of types (1) and (2)
show a slight predominance of odd-over-even carbon atom number
Fig. 5. Distributions of n-alkanes (m/z=71) in coal-wastes extracts from the Upper
Silesian Coal Basin. A — Terrestrial type of n-alkane distribution unchanged by self
heating, kerogen type III (Starzykowiec dump). Pr—pristane, Ph—phytane.GC separation
preformed on a DB-17 column. B — n-Alkanes in coaly-mud extract, kerogen type II/III
(Starzykowiec dump). GC separation preformed on a DB-17 column. C — n-Alkane- and
n-alkene distributions in coal wastes highly altered by self heating (Starzykowiec dump).
GC separation preformed on a DB-17 column. D—Wide n-alkane distribution reflecting a
wide range of heating temperatures affecting coal wastes (Marcel dump). GC separation
performed on a HP5 column. E — A narrow distribution of short-chain n-alkanes with
n-C15–n-C19 predominance reflecting processes of pyrolysatesmigration and precipitation
within a dump (Marcel dump). GC separation performed on a HP5 column. F — Narrow
distribution of longer-chain n-alkanes with n-C22–n-C25 predominance reflecting
processes of pyrolysate migration and precipitation within a dump (Marcel dump). GC
separation performed on a HP5 column.
n-alkanes — a feature characteristic of thermally unchanged coal
wastes which is numerically reflected by values of the Carbon
Preference Index (CPI)N1.0 (Tables 2 and 4).

image of Fig.�5


Table 4
Ranges of values for extract yields and common biomarker parameters in coal wastes
from the Upper Silesia Coal Basin (Misz et al., 2007; Misz-Kennan, 2010; Misz-Kennan
and Fabiańska, 2010; Misz-Kennan et al., 2011a); biomarker-parameter formulae are
shown in Table 2.

Parameter Range of values Biomarker parameter Range of
values

Extract yield (% wt.) Max. Pr/n-C17 Max. 11.29
Min. 0.0001 Min. 0.18
Aver. Aver. 2.40

CPI Max. 2.89 (7.30a) Ph/n-C18 Max. 1.58
Min. 0.71b Min. 0.06
Aver. 1.47 Aver. 0.51

Σ2/Σ1 Max. 30.26 Ts/(Ts+Tm) Max. 0.91
Min. 0.03 Min. 0.37
Aver. 4.55 Aver. 0.76

23/31 Max. 82.3 C30βα/(αβ+βα) Max. 0.48
Min. 0.02 Min. 0.07
Aver. 6.24 Aver. 0.36

Pr/Ph Max. 10.89 C30ββ/(ββ+αβ+βα) Max. 0.26
Min. 0.55 Min. 0.01
Aver. 4.21 Aver. 0.13

C31S/(S+R) Max. 0.62 TNR-4 Max. 0.79
Min. 0.32 Min. 0.13
Aver. 0.51 Aver. 0.57

MNR Max. 2.30 2-MP/2-MA Max. 10.28
Min. 0.38 Min. 0.61
Aver. 1.13 Aver. 48.50

DNR Max. 3.75 MPI-3 Max. 2.15
Min. 0.70 Min. 0.51
Aver. 1.49 Aver. 1.04

TNR-1 Max. 7.31 MB/DBF Max. 0.69
Min. 0.34 Min. 0.07
Aver. 1.06 Aver. 0.42

TNR-2 Max. 0.47
Min. 1.75
Aver. 0.81

a Coal wastes contaminated by recent soil material.
b Some pyrolysates show CPI values below 1.0

Fig. 6. Examples of pentacyclic triterpenoid distributions in USCB coalwastes (m/z=191).
A — Coal wastes from the upper part of the Starzykowiec dump unaffected by self
heating. B — Coal wastes from the Rymer Cones dump that underwent a recent episode
of self heating. C — Coal wastes from the Marcel dump coal strongly affected by self-
heating.
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The common feature of coal-wastes self heated to relatively low
temperatures is a predominance of short-to-long chain n-alkanes. In
some USCB (Rymer Cones) wastes, this predominance is extremely
high; contents of long-chain n-alkanes are very low. These differences
in distribution are reflected in values of S1/S2 ratio (Table 2). The ratio
of n-C23/n-C31, normally considered a source parameter (Pancost et
al., 2002), may also be used to estimate a range of thermal alterations;
lowest values are found in completely-altered wastes and the highest
(14.83) in moderately-altered material (Table 4).

n-Alkenes in waste extracts can have two sources — soils covering
many dumps (recent organic matter) and pyrolysates. However, it is
not difficult to distinguish between the two sources as their
distribution types differ markedly. Soil n-alkenes show high odd-
over-even predominance with CPI values in the range 5–7 (the range
similar to soil n-alkanes) whereas pyrolysate n-alkenes have a
smoothly-outlined chromatogram with a general outline of n-alkene
peaks following the n-alkane distribution. n-Alkenes in pyrolysates
mainly come from liptinite macerals with only some short chain n-
alkenes possibly related to vitrinite (Fig. 5F).

4.2.6.2. Acyclic isoprenoids. Pristane (Pr) and phytane (Ph) seen on the
m/z=71 and 183 ion chromatograms are common in the USCBwastes
but there are significant differences in their concentrations and ratios
depending on the self heating temperature and on increasing
pyrolytical changes in organic matter (Fig. 5). Generally, coaly wastes
influenced to a low degree by self heating show high values of Pr/Ph
and Pr/n-C17 (ca 5.0–10.0; Table 4) similar to those typical of
bituminous coals (Didyk et al., 1978; Goosens et al., 1984; Mastalerz
et al., 1997). With increase in heating, values of both ratios tend to
decrease significantly. The most severely altered samples from the
Rymer Cones have the lowest values of Pr/Ph (ca 0.70) (Misz-Kennan
and Fabiańska, 2010). These same samples are also characterized by
low Pr/n-C17 and the highest Ph/n-C18 values. Such changes are
commonly found in pyrolysates of bituminous coals of this region
(Fabiańska and Matuszewska, 1998; Razvigorova et al., 1995). It is
worthmention that values of Pr/Ph, Pr/n-C17 and Ph/n-C18 are affected
by many factors such as organic-matter rank and water-washing
(Leythaeuser and Schwarzkopf, 1986).

Pristenes, compounds commonly found in laboratory pyrolysates
of organic matter formed under various conditions (Goossens et al.,
1988a,b) are not present in the USCB coal wastes affected by self
heating.

4.2.6.3. Diterpanes. Diterpanes (m/z=123) are mainly present in the
USCB wastes unaltered or relatively weakly altered by heating within
a dump. Small amounts of 16α(H)-phyllocladane (m/z=259 and 274)
have been found in a few Rymer Cones samples. Since these
compounds derive from biochemical precursors present in conifer
resins, they are commonly found in coals, including bituminous coals
of the Upper Silesian Coal Basin and other European coal basins
(Fabiańska et al., 2003; Kotarba and Clayton, 2003; Schultze and
Michealis, 1990). The presence of tetracyclic diterpanes, including
16α(H)-phyllocladane, in the Pennsylvanian coals is explained by
assuming that their biochemical precursors were synthesized by
conifer ancestors since conifers had not evolved at that time
(Michaelis et al., 1990; Schultze and Michealis, 1990).

4.2.6.4. Pentacyclic triterpanes. Distributions of pentacyclic triterpane
(hopanes and moretanes) are very similar in all USCB coal-waste
extracts in which these compounds occur (Fig. 6A–C). This group of
biomarkers comprises compounds from C27 to C33 including a series of
22R and 22S diastereomers from 17α(H),21β(H)-29-homohopane

image of Fig.�6


Fig. 7. Examples of sterane distributions (m/z=217) in USCB coal wastes. A — Marcel
dump. B — Upper part of the Starzykowiec dump. C — Lower part of the Starzykowiec
dump.
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(C31) to 17α(H),21β(H)-29-trishomohopane (C33). In all samples,
17α(H),21β(H)-30-norhopane (abbrev: C29αβ hopane) or
17α(H),21β(H)-29-hopane (abbrev: C30αβ hopane) occurs in the
greatest amounts. Such a short distribution, typical for kerogen III
hopanes, is sometimes used to differentiate between marine- and
terrestrial organic matter, for example in smoke or atmospheric
precipitation (Oros and Simoneit, 2000; Peters et al., 2005). Despite
the temperature, moretanes are present in relatively high quantities
even in coal wastes affected by self heating, but the concentrations of
17α(H),21β(H) hopane diastereomers (abbrev: αβ) are much higher
than those of (17β(H),21α(H) moretane diastereomers (abbrev: βα).
Values of the moretanes/hopanes ratio are to be seen on Fig. 6B–C and
Table 4. That a comparable pattern of hopane distribution has been
noted in humic-coal pyrolysates after heating for 1000 h (Lu and
Kaplan, 1992) indicates their relatively high resistance to thermal
degradation.

Despite the relatively high rank of the primary organic matter, (Rr

0.65%–1.32%) 17β(H),21β(H) hopane diastereomers (abbrev: ββ)
occur in some self heated USCB coal wastes, but always in the lowest
concentrations (see Fig. 6A). This is reflected by ratios of
17β(H),21β(H)-29-hopane C30 to the sum of all C30 hopanes (abbrev:
C30 ββ/(ββ+αβ+βα) in the range 0.01–0.26 (Table 4). A lack of
pentacyclic triterpanes in some USCB coal wastes reflects the fact that
their extracts are low-temperature pyrolysates prone to migrate;
these compounds require high temperatures to evaporate.

Hopane parameters are of variable use in the assessment of
degrees of self heating. Vitrinite reflectance values in thermally
unaffected wastes are about 0.8%. At this point, the ratio of
17α(H),21β(H)-29-homohopane 22S/(17α(H),21β(H)-29-homohopane
22S+17α(H),21β(H)-29-homohopane 22R) (abbrev: C31 S/(S+R))
reaches its validity range also with its most common values being about
0.52–0.60 (Table 4). The ratio 18α(H)-22,29,30-trisnorneohopane/
(18α(H)-22,29,30-trisnorneohopane+17α(H)-22,29,30-trisnorhopane)
(abbrev: Ts/(Ts+Tm)) seems much more useful. The arrow in Fig. 6
shows a decrease in Tm relative concentration with heating. Values of
Ts/(Ts+Tm) range from 0.37 to 0.91, though themost common lie in the
range 0.75–0.90. Such high values are obviously caused by self heating
since they are, as noted above, not consistentwith the presence of hopane
ββ diastereomers indicating low thermal maturity. Values of the
moretane to αβ hopane ratio also seem to be quite sensitive to self
heating; this ratio ranges from 0.08 in high-temperature pyrolysates to
0.48 in coal wastes unaffected by heating.

4.2.6.5. Steranes. Steranes occur in some thermally-unchanged USCB
coal wastes. Their concentrations are, however, so low that biomarker
parameters based on them are unreliable. All distributions are
dominated by stigmastane diastereomers (C29 steranes) as shown in
Fig. 7. This feature is common in coals since their primary organic
matter predominantly comes from vascular plans in the tissues of
which sitosterol and other C29 steranes prevail (Huang andMeinschein,
1979; Peters et al., 2005).

4.2.6.6. Aromatic hydrocarbons
4.2.6.6.1. Polycyclic aromatic hydrocarbons (PAHs). Most coal-

waste extracts contain unsubstituted polyaromatic hydrocarbons
in variable contents and distributions, depending on types of coal
wastes stored and the self heating history of the hosting dump.
Naphthalene and biphenyl are common two-ring PAHs. Three-ring
PAHs include phenanthrene, anthracene, and, sometimes, phenyl-
naphthalenes. Four-ring PAHs are represented by fluoranthene,
pyrene, benzo[ghi]fluoranthene, benzo[a]anthracene and chrysene.
Five-ring PAHs, e.g., benzo[b+k]fluoranthene, benzo[a]fluoranthene,
benzo[e]pyrene, benzo[a]pyrene and perylene are common in very low
concentrations.

These compounds can come from coal-waste organic matter
unaffected by self heating or be formed by incomplete combustion/
self heating (Simoneit, 1998). In USCB wastes, PAHs are mainly
represented by two- to five-ring compounds (Fig. 8). PAHs with more
than five rings were generally absent despite their wide occurrence in
the products of incomplete combustion of fossil fuels and coal
pyrolysates (e.g., Radke, 1987; Simoneit, 1998). Only in a few coal
waste extracts do six-ring PAHs such as benzo[ghi]perylene occur
(Fig. 8A). This may reflect their origin in the primary organic matter of
the coal wastes rather than during self heating; the most common
PAHs in fossil fuels are compounds with up to five aromatic rings
(Peters et al., 2005).

Two important factors influence PAHs distribution. The first is the
self heating temperature range. In particular, this strongly affects the
composition of wastes also subjected to a chain of subsequent
processes, e.g., heating, coal-waste pyrolysis, pyrolysate evaporation
migration of pyrolysates and eventual precipitation in colder zones of
a damp (Fig. 1). As a result, pyrolysate fractionation occurs with a
heavier fraction being left closer to a heating zone and a lighter
fraction precipitated distally. Thus, in many coal waste dumps, PAHs'
distributions reflect ranges of self heating temperatures of heating
and precipitation. PAHs' distributions changed in this way are
commonly found in pyrolysed coal wastes also showing a Gaussian
n-alkane distribution (Fig. 8B, C; e.g., Casal et al., 2008; van Niekerk et
al., 2008).

The second factor affecting PAHs' distribution is coal wastes is
weathering and leaching by atmospheric precipitation (Fig. 1). Due to
longevity of PAHs' residence in a dump, they can be dissolved in water
or oxygenated. The first to be removed is naphthalene due to its
relatively high solubility in water. Phenanthrene and anthracene, less
soluble in water, are affected to the lesser degree, but can be removed
in older dumps (Misz-Kennan, 2010; Misz-Kennan et al., 2011a).

Generally, two- and three-ring PAHs predominate in thermally-
unaltered, unweathered- and moderately-altered wastes. Biological
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Fig. 8. Variability of polycyclic hydrocarbon (PAHs) distribution in USCB coal wastes shown on combined ion chromatogramsm/z=128+178+202+204+228+252+276.
A — Siemianowice Śląskie dump. B — Marcel dump. C — Upper part of the Starzykowiec dump.

16 M. Misz-Kennan, M.J. Fabiańska / International Journal of Coal Geology 88 (2011) 1–23
precursors of phenanthrene such as diterpanes, or abietic acid and its
derivatives, are so common in the biosphere (particularly in vascular
plants) that it is often the most abundant polyaromatic hydrocarbon
(Alexander et al., 1986; Killops and Killops, 2004; Simoneit, 1977).
Anthracene usually occurs in much lower concentrations though, in
inertinite-rich wastes, it can reach about 40% rel. (Misz-Kennan, 2010).
Such distributions, similar to those found in the coals of the Silesian
region and in other bituminous coals all over the world (Casal
et al., 2008; Fabiańska et al., 2003; Mastalerz et al., 1997; Stout and
Emsbo-Mattingly, 2008), indicate low influence by self heating. Very
high naphthalene quantities, found in freshly-heated coal wastes,
result from pyrolysate fractionation as described above. Such pyroly-
sates usually also contain high quantities of lighter n-alkanes in the
range n-C10–n-C22 and abundant phenol derivatives. Only in coal
wastes severely altered by self heating do four-ring PAHs dominate
over those with two- and three-rings. Five-ring PAHs occur always in
low amounts, usually less than 15% of all PAHs, with contents in coal-
shale extracts being particularly low (Misz-Kennan et al., 2011a).
4.2.6.6.2. Alkylnaphthalenes and alkylphenanthrenes. Various ther-
mal parameters based on aromatic hydrocarbons give additional insight
into the alteration of organic matter in wastes. Methylnaphthalenes,
dimethylnaphthalenes and various other aromatic compounds are
generated during the pyrolysis of vitrinite and sporinite (Horsfield,
1989). Contents of aromatic compounds relative to n-alkanes increase
with temperature and, at 400 °C, they are dominant in pyrolysates (Pan
et al., 2009, 2010). It has also been noted that amounts of aromatic
hydrocarbons markedly increase with reflectance (Radke et al., 1986).
As a result, alkylnaphthalenes and alkylphenanthrenes-based param-
eters are among the most important in interpretation of coal-waste
geochemistry.

In USCB coal wastes, the highest concentrations are usually shown
by lighter aromatic hydrocarbons, i.e., C0–C4 alkylnaphthalenes and
C0–C4 alkylphenanthrenes (Figs. 9 and 10). This is particularly evident
in those coal wastes that were not severely leached or weathered
(Misz-Kennan et al., 2010; Skręt et al., 2010). Except for cadalene and
isocadalene (m/z=198) which usually show high contents, amounts
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Fig. 9. Distributions of alkylnaphthalenes in USCB coal wastes shown on combined ion chromatogramsm/z=142+156+170. A— lower part of the Starzykowiec dump. B— upper
part of the Starzykowiec dump.

Fig. 10. Distributions of alkylphenanthrenes in USCB coal wastes shown on combined
ion chromatograms m/z=192+202+220. A — Rymer Cones dump. B — Lower part of
the Starzykowiec dump.
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of C4 and C5 alkylnaphthalenes are so low that it is difficult to identify
particular compounds or to calculate parameters (Fig. 9).

Alkylphenanthrenes inmost USCBwastes are essentially limited to
methy-, ethyl- and dimethylphenanthrenes (Fig. 10), though C3 and
C4 alkylphenanthrenes are occasionally found. Usually, only methyl-
phenanthrenes amounts are sufficiently high to calculate geochemical
parameters. Only a few extracts contain C3 to C5 alkylphenanthrenes.
Retene and isoretene (m/z=234) are an exception to this rule; they
are found in most extracts.

Alkylnaphthalene- and alkylphenanthrene parameters of thermal
maturity can be used to assess the influence of self heating on coal
wastes (Table 2; Radke, 1987; Radke et al., 1986, 1994). However, in
the case of the Methylnaphthalene Ratio (MNR), it is difficult to find
any significant trends as it is easily influenced by leaching due to the
relatively high solubility of these compounds in water. Values of the
dimethylnaphthalene- (DNR) and trimethylnaphthalene ratios (TNR-
1, TNR-2 and TNR-4; see Table 2) seem to show much better trends
related to self heating. Maximal-, minimal- and average values of
these ratios are given in Table 4. The methylphenanthrene ratio (MPI-
3, see Table 2) seems to be one of the best aromatic-hydrocarbon
parameters since its validity range falls in the range of coal wastes
both affected and unaffected by self heating, methylphenanthrenes
occur commonly in coal-waste extracts and, compared to alkyl-
naphthalenes, they are not so easily leached with water.

4.2.6.7. Phenol derivatives and other oxygen compounds. Alkyl de-
rivatives of phenol are one of the most important functional
compounds in USCB coal-waste extracts (Fig. 11). They comprise
phenol (m/z=94), o-, m- and p-cresols (m/z=108), ethylphenol and
dimethylphenol isomers with 2,4- and 3,5- dimethylphenol most
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Fig. 11. Distribution of phenol derivatives in the USCB coal wastes shown on combined chromatograms m/z=94+108+122+134+150 (Marcel dump).
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commonly identified (m/z=122) and more highly substituted
compounds up to C5 phenols (m/z=134, 150, 164). Usually, there
are a few C3 phenols present with various functional and aliphatic
groups substituted in an aromatic ring, for example p-propylphenol,
p-vinylguaiacol, 2-ethyl-6-methylphenol and 3-ethyl-5-methylphenol.
The group of C4 phenols comprises several compounds with 4-vinyl-2-
methoxyphenol and methylpropylphenols the most abundant. C5
phenols, if present, occur in the lowest amounts. Distributions are
very similar with phenol or cresols showing the highest contents and
decreasing concentrations for more highly substituted phenols. This
uniformity of phenol distributions results from the similar humic
characteristics of the organic matter (kerogen III) present in thewastes.
These compounds derive from vitrinite macerals from which thermal
destruction released units formerly components of the lignin macro-
molecule (Hatcher and Clifford, 1997; Hatcher et al., 1992). They are
commonly found in pyrolysates or thermochemolysis products of
terrestrial organic matter recovered under laboratory conditions
(Casal et al., 2008; Greenwood et al., 2000; Iglesias et al., 2000;
McKinnley and Hatcher, 1996; Standley and Kaplan, 1998; van
Niekerk et al., 2008).

High concentrations of phenols correlate with high concentrations
of heterocyclic oxygen compounds such as benzofurane, dibenzofur-
ane, alkylbenzofuranes and alkyldibenzofuranes. As it is assumed that
the source of furanes is cellulose in sedimentary organic matter which
contains pentacyclic furanose units, their abundance in the extracts is
related to thermal destruction of the organic matter macromolecule
(Iglesias et al., 2002; Radke et al., 1990, 2000).

The exact distribution of phenols can be influenced by many
factors, e.g., organic-matter origin and its rank (Hatcher et al., 1992).
Post-depositional processes such as the leaching of organic com-
pounds related to atmospheric precipitation are also influential (Skręt
et al., 2010).

5. Discussion

Petrographic- and geochemical data from coal-waste dumps are
mutually complementary. The experience gained investigating dumps
located in the USCB suggests that all dumps are different. This is not
surprising considering their history and the varied properties of the
material dumped in them.

In the literature, the term “coal waste fires” is found. The studies
carried out on four dumps in the USCB have shown that the term does
not always reflect the nature of the processes taking place within
dumps. Pyrolysis or smoldering would seem to be more appropriate
terms (Hadden and Rein, 2009) as the processes take place under
oxygen-depleted conditions and commonly without flames. Flames
were seen only in Siemianowice Śląskie dump. Oxygen present in the
dumps originates from atmospheric precipitation (rain fall and
melting snow) and/or decomposition of organic compounds
(Berkowitz, 1985; Clemens et al., 1991; Sokol, 2005; Wang et al.,
2002a). With regard to the presence of water, the term hydrous
pyrolysis can be applied (Misz-Kennan, 2010).Water present in dumps
also acts as a solvent and probably promotes the migration of organic
compounds through them. Chemical reaction leads to the incorporation
of water-derived hydrogen in organic matter (Leif and Simoneit, 2000;
Lewan, 1992).

The presence of air seems to be important for the initiation of self
heating. Later reactions take place under oxygen-depleted conditions.
Two types of chemical reactions, cracking and condensation, are
important in this context.

Chemical compounds generated from organic matter migrate
within dumps (Misz-Kennan, 2010; Misz-Kennan and Fabiańska,
2010; Misz-Kennan et al., 2011a). This migration is multidirectional
and driven by evaporation and leaching processes. Migration is
generally from spots of higher temperature to parts of the dumpswith
lower temperatures. That explains the presence of organic com-
pounds in the range of 50–400 Da in wastes totally altered thermally
in which no organic matter is visible under the microscope. Organic
compounds are typically absent in wastes containing strongly
thermally altered organic matter (Misz-Kennan, 2010; Misz-Kennan
et al., 2011a).

One of the best examples of a place where the processes described
above have occurred is the upper part of the Starzykowiec dump
(Misz-Kennan et al., 2011a). Self heating took place there over several
tens of years and the wastes show varying degrees of alteration. Coal
muds in the top part of the dump usually contain unaltered organic
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matter of reflectance 0.6–0.7% and the highest contents of unaltered
macerals. In other parts of the dump, moderately thermally-altered
wastes of reflectance 0.6–1.6% contain considerable amounts of
oxidized vitrinite and strongly-altered wastes with strongly thermally
altered organic matter of reflectance 1.86–5.42%. Though organic
compounds are typically absent in strongly thermally altered wastes,
they are to be found nearby in adjacent, completely altered wastes;
the organic compounds apparently migrated into and precipitated in
the completely burnt-out wastes. These wastes elsewhere generally
contain very low amounts of extractable organic matter.

5.1. Migration of pyrolysates within coal-waste dumps

Surprisingly, some burnt-out wastes, rich in mineral matter,
contain considerable amounts of extractable bitumen fraction
(Misz-Kennan et al., 2011a). This indicates that significant migration
of pyrolysates occurred from deeper, self heating zones. This process
occurs in the following stages (Fig. 1):

1) Pyrolysis of coal wastes under oxygen-deficient conditions with
the formation of pyrolysates;

2) Partial evaporation of pyrolysate causing fractionation; lighter
compounds concentrate in vapors whereas heavier compounds
stay in the pyrolysate residue close to the heating zone;

3) Migration of lighter fractions outwards from the heating zone;
4) Precipitation of organic compounds in colder dump environments.

If self heating occurred several times in the history of a dump,
migrating bitumen can be found even in totally burnt-out coal wastes
formed during earlier heating events. Moreover, such burnt-out
wastes are highly adsorptive for pyrolysates.

Additionally, in this way the migrating lighter fractions of coal-
waste pyrolysate can mix with bitumen present in situ, derived from
Fig. 12. Changes in the group composition of the bituminous fraction in self heated coal waste
bitumen composition after three degrees of leaching. Arrow shows main trend of composit
two sources, i.e., primary unaltered coaly wastes and thermally-
changed organic material (Misz-Kennan and Fabiańska, 2010; Misz-
Kennan et al., 2011a). This adds to the general compositional
complexity of the coal-waste bituminous fraction. While in-situ
bitumens occur within coal waste fragments or in their pores,
migrated bitumens are usually on grain surfaces and not bound to
the organic-matter macromolecule.

5.2. Effects of leaching (water-washing) on the composition of the
bituminous fraction in coal wastes

Apart from the leaching of heavy metals from burnt-out wastes
described by, e.g., Wang et al. (2001) and Querol et al. (2008), organic
compounds are susceptible to dissolution in water and removal from
the dump. It may be assumed that at an initial stage of water-washing,
phenol is leached as it is relatively highly soluble in water as
comparison of parts A and C in Fig. 12 shows. Phenol is followed by
other alkyl phenol derivatives which may lead to a partial or total
removal of this compound group. Since aromatic hydrocarbons are
less water soluble than phenol derivatives, their distributions are
affected to the lesser extent. Among aromatic hydrocarbons, naph-
thalene and distributions of its derivatives are affected to the greatest
extent; again the reason is their relatively high solubility in water,
starting from methylnaphthalenes, next dimethylnaphthalenes and,
finally, more highly-substituted compounds (Fig. 12 — compare parts
A and B). Although alkylphenanthrene distributions are affected
much less than those of alkylnaphthalenes, in some extracts they
also are removed. Removal of phenols and aromatic hydrocarbons
leads to pyrolysate enrichment in aliphatic hydrocarbons, particularly
n-alkanes. In some cases, i.e., coal wastes stored for tens of years as in
the Starzykowiec dump, even distributions of n-alkanes are affected
by this process; in the extracts, lighter n-alkanes are removed and the
s caused by leaching. Chromatograms present generalized typical features of coal-waste
ion change.

image of Fig.�12


20 M. Misz-Kennan, M.J. Fabiańska / International Journal of Coal Geology 88 (2011) 1–23
distributions show a characteristic “cut out” outline of peaks (Fig. 12—

part B).
Organic compound leaching must be considered a serious hazard

to the environment, as is heavy-metal leaching. However, to-date, this
has not been sufficiently recognized. Phenol and its derivatives can
become concentrated in the lower parts of a dump (Misz-Kennan,
2010). Skręt et al. (2010), in a laboratory simulation of leaching,
showed that phenols form 70–95% of the organic phases removed
from thermally-changed coal wastes. Minor components leached
were alkyl derivatives of aromatic hydrocarbons and oxygen
compounds such as dibenzofuranes, anthracenones, xanthone, and
phenylacetophenon. Methylnaphthalenes, biphenyls and dimethyl-
naphthalenes were usually the most abundant of the aromatic
hydrocarbons in the leachates — as they are in the dump wastes.
Several nitrogen compounds such as alkylquinolines (methylquino-
lines mainly), phenylpyridines and alkylanilines such as dimethyl-N,
N-benzamine were more concentrated in the experimental leachates
than in the coal-waste extracts. These compounds could be easily
transferred to groundwater or soils, particularly from older coal-waste
dumps not sealed from below.

5.3. Assessment of temperature ranges in a self heating zone

It is possible to assess roughly the temperature range in a self
heating zone within a dump by reference to the distribution of
compounds such as n-alkanes or PAHs and their boiling temperatures.
During the formation of pyrolysates found in completely burnt-out
wastes, these compounds are expelled from a macromolecule,
evaporated and precipitated in cooler parts of a dump. Thus, their
distribution ranges should be directly related to the temperature
range of self heating.

Distributions of alkylnaphthalenes and alkylphenanthrenes are
also affected by fire. As shown in Fig. 9, alkylnaphthalenes are all
removed relatively early in the heating process; alkylnaphthalenes
are absent in samples with RrN2.36%. As boiling points for
methylnaphthalenes and dimethylnaphthalenes are 245 °C and
262 °C, respectively, these particular samples must have been heated
to temperatures far exceeding 270 °C. In the case of sample
8 (Rr=0.90%), distributions of alkylnaphthalenes are, except for the
methylnaphthalenes, unsuitable for interpretation (Fig. 10). In this
case, the temperature range was b200 °C. In general, parameters
based on alkyl derivatives of aromatic hydrocarbons such as MNR,
MPI-3, (3 MB+4 MB)/DBF and Σ DMB/Σ MDBF seem to reflect the
thermal influence of fire better than those based on aliphatic
biomarkers.

5.4. Correlations of geochemical parameters with reflectance

Correlations of geochemical parameters of thermal alteration with
increasing transformation of organic matter are generally poor (Misz-
Kennan, 2010; Misz-Kennan and Fabiańska, 2010; Misz-Kennan et al.,
2011a). This is likely a reflection of the complex conditions within
dumps (temperature fluctuations, compound migration, adsorption
on organic and mineral matter), and, to a lesser extent, the complex
nature of the organic matter itself (Misz-Kennan, 2010). A typical
feature of the wastes is the reversal in values of individual
geochemical parameters with increasing organic-matter transforma-
tion as expressed by random reflectance (Rr). The reversal always
occurs at ca 1.0% Rr (Misz-Kennan, 2010; Misz-Kennan and Fabiańska,
2010; Misz-Kennan et al., 2011a). This is particularly well seen in the
wastes in the upper part of the Starzykowiec dump which show
different degrees of alteration and reflectance values in the range
0.57–5.42% (Table 2; Misz-Kennan et al., 2011a). It is the best seen for
parameters such as Ts/(Ts+Tm), C30βα/(αβ+βα), TNR-2, MPI-3,
relative contents of βα hopanes, phenanthrene, and five-ring PAHs. In
wastes that random reflectancewas b0.9%, the correlation coefficients
for these parameters were from 0.42 to 0.64 for positive correlations
and −0.80 for the negative one. The correlation coefficients for these
parameters in wastes having a random reflectance of N0.9%, were
from −0.45 to −0.57 for negative correlations and 0.62 for positive
ones. Relative contents of two- and three-ring PAHs increase and four-
ring PAHs decrease with increasing reflectance up to 0.9% Rr whereas,
above that value, there is no clear trend.
6. Conclusions

Oxidation, self heating, and self combustion are the most
important processes that transform both organic and mineral matter
in coal wastes deposited in dumps. The scale of these processes
depends on the properties of the wastes (maceral and mineral
composition, rank of organic matter) and the heating history (heating
time, final heating temperature, heating rate, air access). Commonly,
the thermal alterations of the wastes take place under oxygen-
depleted conditions. Air is necessary to start these processes and
intensify them.

Forms of organic matter present in the wastes reflect the heating
conditions. Microscopically unaltered organic matter is typical of
wastes that did not undergo heating. Wastes heated slowly show
cracks in vitrinite, oxidation rims around the external edges of
particles and along cracks, and their color is paler. In such wastes
exposed to slow heating for a long time, liptinite macerals disappear
and organic matter became strongly thermally altered, develops a
yellowish color and displays high reflectance. High heating rates cause
organic matter to plasticize, reflected in devolatilization pores, bands
and plasticized edges. Organic matter is lacking in coal wastes
exposed to high temperature for a long time.

A variety of organic compounds are generated during self heating
from organic matter in wastes. The most important groups of these
are n-alkanes, acyclic isoprenoids, hopanes and moretanes, polycyclic
aromatic hydrocarbons (PAHs) and their derivatives, and phenols.
Some of these, e.g., PAHs and phenols, are significant environmental
toxicants. These compounds may migrate within a dump and to the
outside. Organic compounds may be completely absent in wastes
containing strongly thermally altered organic matter. The presence of
phenols is typical for wastes that are currently undergoing self heating
and they are lacking inwastes inwhich heating ceased years ago. They
may have been destroyed by heating or leached elsewhere.

The investigations of self heating occurring in coal waste dumps
show that all dumps differ but that all have the potential to cause
serious environmental problems. Apart from heavy metals, the
environmental danger of coal waste dumps lies in the fact that they
are a source of VOCs, gas emissions and of mobile and easily-leached
organic compounds, many of which would be considered hazardous
in one way or another.

Up to now, few studies on the detailed organic geochemistry of self
heating coal wastes have been undertaken and those that havemostly
concern coal-waste dumps in the Upper Silesian Coal Basin in Poland.
They pose a challenge. The mechanisms and processes that lead to the
formation of liquid- and semi-liquid pyrolytic products and their
chemical composition are very complex and are easily influenced by
additional external and internal factors. The latter are dump
geometry, original organic-matter rank (Kaymakçi and Didari, 2002;
Walker, 1999), water (Lewan, 1992) and oxygen access, self heating
temperature and the presence/absence of minerals acting as catalysts
in pyrolysis (Pan et al., 2009, 2010; Razvigorova et al., 2008; Seewald,
2001) to mention just a few. After the heating and combustion,
weathering/oxidation and leaching can disturb the distributions of
biomarkers and make definitive conclusions difficult to draw. More
geochemical attention needs to be given to the active, complex
physical- and chemical entities that coal-waste dumps are, and to the
potential environmental- and health hazard they represent.
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