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The Eliška Mine waste coal heap burned intensely in the 1960s and 1980s, and even now, on the surface of the
heap, active vents still occur from which warm air (temperature 25–35 °C) and water vapor escape. In the
neighborhood of active vents, the surﬁcial part of the heap is enriched in hydrocarbon condensates (HCC). Based
on diﬀerences in optical reﬂectance and ﬂuorescence color, two types of HCC were identiﬁed: The A-type HCC
with yellow ﬂuorescence and very low reﬂectance (~ 0.30%), which occurs as a binding material or ﬁller of
cracks in inorganic and organic particles, and the B-type HCC without ﬂuorescence and with higher reﬂectance
(1.04 to 1.08%). These HCC are probably formed through condensation of organic pyrolysates on the heap
surface in various stages of burning, and the two types of HCC most probably reﬂect a gradual decrease in
burning temperature and progressive cooling of the heap surface. This assumption is supported by the chemical
composition of HCC extracts, revealing volatile compounds that have formed at various temperatures. Changes
in the distribution of n-alkanes, O-, N-, and S-containing compounds also occurred in the chemical ﬁngerprint.
The zone enriched in condensates of semivolatile hydrocarbons was also enriched in Hg and S relative to the
burnt heap substrate. The underlying argilite zone consisted of a mixture of clay minerals (illite, kaolinite and
smectite), jarosite, alunite, and amorphous SiO2, together with mullite, cristobalite, trydimite, and sanidine. This
mineral association indicates that argillitization aﬀected the burnt heap substrate (the clinker), which forms a
footwall of HCC-enriched and argilite zones. The origin of argilites is thought to be due to the exposure of clinker
to water vapor containing high concentrations of H2SO4 and H2S at a late stage of burning.
The leaching yields of potentially harmful elements (PHEs) present in the waste samples was determined
using batch and percolation tests. The concentrations of Hg, Pb, and Cd in some leachates exceeded the limit
values for inert wastes according to EU legislation. However, the concentration of other PHEs was low, probably
due to prolonged washout of burnt materials by rainwater at a very low pH (1.5 to 4.6).

1. Introduction
Generally, three key factors should co-exist to accelerate coal oxidation, self-heating and self-combustion: 1), the presence of abundant
organic matter, 2), easy access of oxygen and moisture, and 3), the
ability to accumulate heat (Van Krevelen, 1993; Sracek et al., 2004;
Misz et al., 2007; Pone et al., 2007; Misz-Kennan and Fabiańska, 2011;
Kus and Misz-Kennan, 2017). A diverse spectrum of solid, liquid and
gaseous products is formed as a result of burning conditions.

⁎

Gaseous products of burning have caused atmospheric pollution and
environmental degradation in a number of coalﬁelds. During combustion processes, greenhouse and others gases are formed (H2O, CO2, CO,
CH4, H2S, H2, SO2, SO3, HCl, NH3; Carras et al., 2009; Stracher and
Taylor, 2004), including a number of lighter volatile organic compounds such as n-alkanes, isoalkanes, n-alkenes, halohydrocarbons and
benzene derivatives (Fabiańska et al., 2013). The organic substances
are emitted into the atmosphere, but partial condensates from ﬂue gas
are deposited onto vent surfaces or pebbles (Pone et al., 2007; Querol
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Fig. 1. Location of the Eliška Mine burnt coal waste heap
near Žacléř (Czech Republic; A) and a 3D model of the heap
with location of active vents, test pits and lysimeters on its
surface (B).

greatest mass of organic pyrolysates, however, is represented by organic solvent-insoluble compounds that originate through condensation
and oxidation of simple organic molecules (Misz-Kennan and
Fabiańska, 2010). The chemical composition and physical properties of
the insoluble part of HCC have not been studied in detail.
Together with volatile organic components, highly volatile elements
(e.g., B, N, F, S, Cl, Se, As, Br, I and Hg) can be released into the atmosphere (Carras et al., 2009; Hower et al., 2009; Ribeiro et al., 2013,
2016a, 2016b; Zhao et al., 2008), and less volatile elements (Se, Ge, Zn,
Mo, Cd, Sb, Tl and Pb) can accumulate in surface eﬂorescents of
burning-mine heaps (Stracher et al., 2015), together with soluble and
insoluble sulfates, aluminosulfates, sulﬁdes or selenides (Pone et al.,
2007; Witzke et al., 2015; Žáček and Skála, 2015). On the other hand,
Mg, Al, Si, K, Ca, Sc, Ti, Fe, Sr, Ce, La, Sm, Eu, Hf and Th are essentially
immobile during coal combustion, and Be, Na, P, V, Cr, Mn, Co, Ni, Cu,
Rb, Ba, W and U display only limited mobility (Meij and te Winkel,
2009). They occur as oxides or form an admixture in pyrometamorphic
(alumino) silicates, in amorphous meta-clay compounds, or in glass
(Dai et al., 2014; Kříbek et al., 2017). The leaching of elements may be
a signiﬁcant environmental consequence of burnt coal wastes because

et al., 2008, 2011; Ribeiro et al., 2013). Once condensation on surfaces
occurs, these compounds can be also washed out from the burning
heaps into local streams or ground waters (Skręt et al., 2010). In relation to burning conditions, bulk carbonaceous matter in burnt heaps
includes a mixture of unburnt and thermally altered coal particles with
high reﬂectance, reaction rims, ﬁssures and devolatilization pores,
cokes with porous or massive textures, and HCC that may be enriched
in many trace elements (Ciesielczuk et al., 2014; Misz et al., 2007; Pone
et al., 2007; Ribeiro et al., 2010; Suárez-Ruiz et al., 2012; Sýkorová
et al., 2016). During combustion, some volatile coal-derived organic
compounds (pyrolysates) may be formed. They can condense on colder
places of burning heaps, especially on surfaces or just below the surface
of the heap. A variety of organic solvent-soluble organic compounds
were identiﬁed in pyrolysates, the most important being alkanes, alkenes, acyclic isoprenoids, alkylcyclohexanes, polycyclic aromatic hydrocarbons (PAHs) and their derivatives, oxygen-bearing compounds
(furane derivatives, carboxylic acids, and aromatic ketones) and functional nitrogen compounds (organic amines, amides and imides
(Jehlička et al., 2007; Misz-Kennan and Fabiańska, 2011; Nasdala and
Pekov, 1993; Witzke et al., 2015; Žáček and Ondruš, 1997)). The
147
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some of them can be retained in ﬁre-aﬀected material, and others can
become leachable to the environment (Querol et al., 2008, 2011; Ward
et al., 2009; Ribeiro et al., 2010, 2016b; Zhang et al., 2016; Kříbek
et al., 2017).
During low-temperature alterations of coal wastes, or in the ﬁnal
stages of burning, the pyrometamorphic minerals or amorphous metaclay compounds can be transformed into hydrous silicates or clay minerals. An envelope of argilites is usually associated with low-temperature gas vents at the surface of burnt coal waste heaps This lowtemperature “metasomatism” is attributed to hydrothermal alterations
of original rocks or pyrometamorphic products due to the action of
steam and gases produced during coal heating or burning (Stracher
et al., 2005, 2011, 2013; Witzke et al., 2015).
Therefore, the aims of this study were: (1), to compare the organic
petrography and geochemistry of unburnt coal with products of coal
burning and (2), to evaluate the time relationship between burning
processes and the formation of coal-derived HCC, cokes and associated
argilites at the surface of the heap.
The Eliška Mine waste coal heap was burning mostly in 1960s to
1980s and therefore, an important aim was also to evaluate the possible
impact of combustion products on local water streams after almost
50 years of weathering and leaching.

unaltered or thermally altered coal particles or coke, occured within
this horizon. The heap had been gradually overgrown with vegetation,
especially by birch trees, and was covered with an up to 1 cm thick
layer of humus, consisting mainly of birch leaf fall.
3. Material and methods
3.1. Sample collection
Burnt coal heap substrates for mineralogical and inorganic geochemical studies were collected from trenches Z1E, Z1W, Z2S, Z2N and
Z3S (Fig. 1B and 2) located in various parts of the heap. Samples were
taken at intervals of 10–20 cm from Zone 1 (HCC-enriched material),
Zone 2 (argilitized zone), Zone 3 (clinker zone), and Zone 4 (coke-enriched zone). A total of 64 samples (approx. 0.3 kg each) were collected. The samples were sieved, and the < 2 mm fraction was homogenized in an agate mill to a particle size of < 0.063 mm and analyzed.
An additional 7 samples (approx. 6 kg each) were collected from the
burnt part of the heap to prepare heavy mineral concentrates.
For organic petrography and organic geochemical studies, 5 × 1 kg
samples from burnt parts of the Eliška Mine waste heap were collected
(Fig. 2). The ﬁrst three samples (EL-1 to EL-3), were taken from the
black, HCC-enriched surface layer of trench Z1E (Zone 1), and samples
EL-4 and L-5 from Zone 4 (from a depth of 60–70 cm; black, thermally
slightly altered coal-rich layer) of trench Z3S. Sample EL-0 (reference
sample) represents unburnt coal of the former Eliška Mine.
Samples of water leachate from the heap were collected from four
gravity drainage lysimeters whose bases were placed in a variety of
substrates. The ﬁrst three lysimeters were installed in the apical part of
the burnt heap, near the active vents and at various depths (Fig. 1B).
The bottom of the ﬁrst one was located at a depth of 20 cm, in a layer
consisting of a black substrate rich in residues of thermally altered coal
mixed with coal-derived HCC. The bottom of the second lysimeter was
at a depth of 40 cm, in a layer that consisted of strongly argilitized
material, and the third was at a depth of 60 cm, in the layer formed by
clinker. The fourth lysimeter was located at the foot of the heap, at a
depth of 20 cm, intended to determine the chemical composition of
water leachate that ﬂowed down from the heap to the surrounding
drainage pattern built around the heap. Altogether 15 water leachate
samples were collected repeatedly from individual lysimeters in the
interval from June 4 to October 4, 2016.

2. Geology and self-ignition of the Eliška coal waste heap
The Eliška Mine waste coal heap is located in the Czech part of the
Intra-Sudetic Basin (CPISB) in the Žacléř coal district near the border
with Poland (Fig. 1A, B). Coal seams in this area are conﬁned to the
Žacléř Fm. (Upper Bashkirian–Lower Moscovian) and to the overlying
Odolov Fm. (Upper Moscovian–Lower Kasimovian; ICS, 2017). Sediments of the Žacléř Fm. consist mainly of siltstones, sandstones and
conglomerates, and intermediate and acid eﬀusives. The great majority
of coal seams (> 60) are conﬁned to the basal unit - the Žacléř Fm.
(Pešek et al., 2010).
Banded coals prevailed in coal seams of the Czech part of the
Intrasudetic Basin but dull banded coals with clayey admixtures were
also abundant. Coals are characterized by variable mineralization
(4.3–47.5 wt.% on a dry weight basis) and variable total S contents
ranging from 0.3–7.9 dry wt%. Reﬂectance (Ro = 0.68–1.2%), volatile
matter (29.4–44.6 wt.% on dry ash-free basis - daf), and carbon content
values (78.8–85.3 wt% on daf) are typical for ortho bituminous coal
(ECE-UN, 1998) with prevailing vitrinite. The content of vitrinite
ranged from 46.3 to 81.8 vol.% on a mineral free basis (mmfb), the
inertinite content from 7.9 to 42.0 vol.% (mmfb) and liptinite content
from 10.4 to 27.4 vol.% (mmfb). Inorganic components were represented chieﬂy by clay minerals (mostly kaolinite), pyrite, quartz,
carbonates, minor feldspars and muscovite (Opluštil et al., 2013; Pešek
et al., 2010; Sýkorová et al., 2016).
Mining in the Eliška Mine (Fig. 1A, B) was terminated in
1920–1930. Coal treatment there consisted only of hand sorting on
belts, and therefore a large amount of coal dust and dirt bands were left
in coal waste heaps, which subsequently caught ﬁre in the 1960s to
1970s. The total volume of material currently in the heap is estimated
to be 307,000 m3. At present, the heap is still hot or smoldering in its
deeper parts, as demonstrated by the occurrence of active vents. The
temperature of hot air and steam emanating from these vents was between 25 and 35 °C.
A black layer, consisting of fragments of half-burnt coal, coke and
HCC (Fig. 2), originated locally on the surface or just below the surface
of active vents. Fragments of coal substances and coke were covered by
a thin ﬁlm of peacock-colored liquid hydrocarbons. This material had a
strong rubbery smell. A 20–40 cm thick layer of whitish to light gray
material, with a high proportion of clay particles (argilite layer), lay
below this zone (Fig. 2). It was relatively sharply separated from the
underlying rusty-brown substrate of the burnt heap, consisting of burnt
rock fragments. Up to 30 cm thick layers, comprising a high content of

3.2. Analyses
3.2.1. Mineralogy of the wastes
Powder X-ray diﬀraction (PXRD) was used for phase analysis of
samples. Whole-rock samples and separated clay fractions (< 2 μm)
were analyzed. Diﬀraction data were collected in Bragg-Brentano geometry on a Bruker D8 Advance diﬀractometer equipped with Lynx Eye
XE detector and Soller slits (2.5°) in the primary and secondary beams.
CuKα radiation was used. Qualitative phase analysis was performed
using the DIFFRAC.Eva (Bruker, 2015) program and the PDF-2 2002
database (ICDD, 2002). The subsequent quantitative phase analysis was
carried out by the Rietveld method using the Topas 5 program (Bruker,
2014). Samples from the clay fraction were obtained by conventional
sedimentation (Tanner and Jackson, 1948). Clay mineral identiﬁcation
was performed using the NEWMOD code (Reynolds, 1985). The chemical compositions of the inorganic components in the unburnt, as well
as burnt materials, were determined using an electron microscope
(TESCAN VEGA3XMU) equipped with an energy dispersive X-ray microanalyzer (Bruker QUANTAX200) at the Institute of Geology, Czech
Academy of Sciences, Prague. The Bruker Esprit 1.9 program was used
to identify the spectra.
3.2.2. Density separation of the heavy mineral fractions
To prepare heavy mineral concentrates, samples of burnt material
148
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Fig. 2. Sections of the Z1E trench located in the vicinity of
active vents (A), and of Z3S trench situated outside of the
active vents area (B). The sections for the study of mineralogy and geochemistry were sampled at intervals of
10–15 cm, and the position of samples taken for organic
petrography and organic geochemical studies are identiﬁed
by numbers EL-1 to EL-5.

using a micro-ATR objective equipped with a germanium crystal (diameter of 150 μm). Resulting spectra were processed with ATR correction.
Raman spectra of organic particles were collected from polished
samples using a Thermo Scientiﬁc DXR Raman microscope equipped
with a 532 nm line laser as reported in Sýkorová et al. (2016).

were processed by panning and a heavy liquid (1,1,2,2-tetrabromethane, D = 2.95).
3.2.3. Proximate and ultimate analysis
Proximate and ultimate analyses of samples were carried out using
standard procedures of the International Organization for
Standardization (ISO): moisture by ISO 5069-2, 1983, ash by ISO 1171,
2010, and total carbon by ISO 609, 1996. The elemental organic
composition was determined using a CHNS/O micro-analyzer (Thermo
Finnigan Flash FA 1112).

3.2.6. Organic geochemistry
Powdered samples (ca. 10–20 g) were Soxhlet extracted with dichloromethane, and analyses were conducted by gas chromatography
using a Thermo DSQ II–Trace Ultra GC equipped with a TR-35MS capillary column (60 m × 0.25 mm × 25 μm) as described in detail by
Havelcová et al. (2014) and using the following oven temperature
program: 80 °C to 220 °C at a rate of 40 °C/min, and continuing at a rate
of 10 °C/min to 300 °C (5 min).

3.2.4. Organic petrology
Maceral analysis and the measurement of random reﬂectance of
vitrinite as a rank parameter (ISO 7404-3, 2009; ISO 7404-5, 2009;
ICCP 1998 and 2001; Pickel et al., 2017) were carried out on reference
coal samples from the unburnt part of the Eliška Mine waste heap, and
altered coal particles in the samples studied. Reﬂectance values of organic matter from the burnt zone were measured as a parameter of
alteration intensity (ISO 7404-5, 2009; Taylor et al., 1998). Solid HCC,
coke and altered organic particles from burnt parts of the waste heap
were evaluated according to the international classiﬁcation system of
thermally altered carbonaceous particles (Lester et al., 2010; MiszKennan and Fabiańska, 2011; Singh et al., 2007). For petrographic
analyses, polished sections were prepared and studied, both in reﬂected
and ultraviolet light, using an Olympus BX51 microscope with Zeiss
Photomultiplier MK3 system and ﬂuorescence mode using an immersion lens with 40× magniﬁcation. The Pelcon point counter was used
for maceral analysis. Details are given in Sýkorová et al. (2016).

3.2.7. Chemical analysis of solid samples
Elemental concentrations in the waste samples were determined
using ICP-MS at the Bureau Veritas Mineral Laboratories Ltd.
(Vancouver, Canada; former Acme Analytical Laboratories), accredited
under ISO 9002. Material (0.25 g) was heated in a HNO3-HClO4-HF
solution until it started to produce fumes, and then dried. The residues
were dissolved in a 3% HNO3 solution and analyzed using ICP-MS. 5%
of the samples were re-analyzed (control samples). The relative percent
diﬀerences (RPD), using CRM OREAS 25a and OREAS 45e standards,
were less than ± 10% of the certiﬁed values for the elements analyzed.
The amount of carbonate carbon (Ccarb), organic carbon (Corg) and
total sulfur (Stot) were established using an ELTRA CS instrument in the
accredited Central Laboratories of the Czech Geological Survey in
Prague. Detection limits were 0.02 wt.% for Ccarb and Corg and 0.01 wt.
% for Stot. Relative errors using the reference material (CRM 7001)
were ± 2.5% for Ccarb and Corg and ± 2% for Stot. Mercury was determined using an AMA 254 Analyzer. Detailed analytical procedures
are given in Dempírová and Vitková (2002).

3.2.5. Attenuated total reﬂectance – Fourier transform infrared and Raman
spectroscopy
Fourier transform infrared (FTIR) spectra of the macerals of unburnt
powdered bulk coal samples were collected on a Nicolet 6700 FTIR
spectrometer (Thermo Nicolet Instruments Co.) with a N2 purging
system. Spectra were acquired using a single reﬂection ATR GladiATR
accessory equipped with a single bounce diamond crystal (angle of
incidence 45°). The spectra were plotted against a single-beam spectrum of the clean ATR crystal and converted into absorbance units by
ATR correction. Data were collected over a wavenumber range
4000–400 cm− 1.
Attenuated total reﬂectance – Fourier transform infrared (ATRFTIR) microspectroscopy of the samples were measured with a Bruker
IFS 66 FTIR spectrometer combined with a Hyperion IR microscope

3.2.8. Chemical analysis of liquid samples
The concentrations of anions and cations in water leachates collected from lysimeters were determined using standard methods for
waste water (APHA-AWWA-WEF, 1995) in the accredited Central
Chemical Laboratories of the Czech Geological Survey, Prague. A
Knauer 1000 high-performance liquid chromatograph was used for the
major anions, with a speciﬁc electrode for F− determination. A PerkinElmer Lambda 25 Photometer was used for NH4+ and total phosphorus
149
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and inorganic components. These materials were either loose or
compact. Loose materials prevailing on the surface were comprised
of breccias, i.e., fragments of thermally altered coal macerals, coke
particles, HCC and clay minerals (illite and kaolinite; Fig. 3).
Fragments of quartz and glass were frequently found encapsulated
in irregular aggregates of hematite. The compact samples, in which
the inorganic components prevailed over the organic substances,
contained numerous accumulations of dark glass pigmented by
carbonaceous matter with needle-shaped crystals of mullite, small
globular aggregates of Fe-metal, Fe-Cr-Ni and Fe-Si alloys (Fig. 3,
Table S1). According to the PXRD results, quartz, muscovite/illite
and kaolinite prevailed in this layer; sanidine, mullitte, hematite
and jarosite were less abundant, and the occurrence of orthoclase,
plagioclase, rutile and litharg PbO was possible (Table 1). The
amounts of amorphous components were estimated by PXRD to be
50 wt.%. A high content of Corg (up to 40.4 wt.%; median: 27.2 wt.
%; Table S1), and a black color of samples indicated that the
amorphous material was composed predominantly of organic
matter. Using SEM-EDS, minute grains of cinnabar (< 2 μm) in
coal-derived HCC were found. The heavy mineral fraction separated
from this layer was composed predominantly of hematite and Fe(hydro)oxides with a few needle-shapes crystals of selenium, unidentiﬁed Zn-silicates and glass particles rich in Fe.

determinations and an Apollo 9000 Spectrometer (Telemer-Dohrmann,
Germany) equipped with chemiluminescence- and non-dispersive IR
detectors was employed to determine dissolved organic carbon (DOC)
and total N (NT). Concentrations of cations (K+, Na+, Ca2 +, Mg2 +, Fe,
Mn and Al) were determined using Flame Atomic Absorption Spectroscopy (FAAS, 163 Perkin Elmer 4000 Spectrometer). Concentrations of
trace elements in liquid samples were analyzed using inductively coupled plasma mass spectrometry (ICP-MS; Thermo Scientiﬁc X-series II,
USA) in the Central Chemical Laboratories of the Czech Geological
Survey. For calibration of trace element concentrations, the CRM
OREAS 25a, OREAS 45e, and AN CUS 0015 standards in concentrations
of 1, 10, 100 and 1000 μg·L− 1 and certiﬁed environmental matrix reference material TM-23.4 lot. 0815 were used. Linearity of the results
was good, and the relative percent diﬀerence (RPD) was < 10%.
The speciﬁc conductivity of the leachate was measured using a
Cond315i conductometer equipped with a TetraCon 325 probe (WTW,
Weilheim, BRD).
3.2.9. Leaching potential of wastes
Leaching potential of elements present in the raw solid samples was
determined in ALS Czech Republic, L.t.d, accredited according to the
norm ISO/IEC 17025, 2005, in 4 samples using the batch leaching test
EN12457-2 (CEN, 2002), and 1 sample in the up-ﬂow percolation test
(CEN, 2004).
EN 12457-2 is a single batch leaching test performed at a liquid to
solid ratio of 10 L·kg− 1, with an agitation time of 24 h and deionized
water as a leachant (no pH buﬀering).
The CEN/TS 14405 test is a method to determine the release of
constituents from waste packed in a column with deionized water
percolating through it. For leaching, the up-ﬂow DIPER 4K® percolator
was used. The leachant was percolated in the column at a speciﬁed ﬂow
rate up to a ﬁxed L/S ratio of 10 L·kg− 1. The eluate was collected in
seven separate fractions that were characterized physically and chemically according to standard accredited methods (APHA-AWWA-WEF,
1995).
The concentrations of the constituents in the leachates from single
and column tests were expressed in mg·kg− 1 and compared with the
leaching limit values set in Decision 2003/33/EC (European Council,
2002) for the L/S ration 10 L·kg− 1.

(2)
The argilite layer (Zone 2) consisted of loose beige or yellowish
colored materials, in which, based on PXRD, quartz, illite, kaolinite,
smectite, alunite, and jarosite prevailed. Commonly found were
small amounts of mullite, sanidine, hematite, cristobalite/trydimite, paragonite and, titanite. In a section of the argillite layer, the
amount of kaolinite and jarosite decreased with depth, and conversely the contents of smectite, alunite, cristobalite, and hematite
increased with depth (Table 1). The amounts of amorphous components were estimated by PXRD to be 10–20 vol.%. A very low
content of Corg (max. 1.1 wt.%, median: 0.2 wt.%; Table S1) indicates that the amorphous fraction was composed predominantly
of inorganic matter (glass and amorphous forms of SiO2 (chalcedony?).
(3)
The underlying layer of the burnt substrate (clinker, Zone 3) was
composed of fragments of ﬁred clays and siltstones. These fragments comprised a mixture of quartz, mullite, hematite, alunite,
cristobalite and trydimite (Fig. S1C, D; Table 1), while less abundant were illite and sanidine; small amounts of kaolinite, cordierite/indialite, rutile, and corundum were also present. The
contents of amorphous components varied from 10 to 30 vol.%. A
red color of samples and low contents of Corg (up to 1.4 wt.%,
median: 0.07 wt.%; Table S1) indicated that the amorphous matter
consisted of glass and amorphous meta-clay compounds. In the
heavy mineral fraction, Fe-oxides, garnet, Cr-diopside, titanite,
leucoxene, rutile, zircon, corundum, topaz, ﬂuorite, barite and
aluminosilicate glass with a low content of Co and Fe were identiﬁed using SEM-EDS.

3.3. Data processing
The summary statistics of the analytical data sets were ﬁrst calculated to evaluate distributions. The frequency distribution was examined for each set of elements using histograms, Q–Q and P–P diagrams. The kurtosis and skewness were calculated using the S-Plus
program version 4.5 (MathSoft Inc., Seattle, Washington, USA). Since
the statistical distribution of most variables determined by chemical
analyses was not normal, non-parametric methods were used to evaluate the main statistical characteristics of the individual data populations. For statistical treatment, chemical analysis data lower than the
detection limit were replaced by values equal to 1/2 of the detection
limit. Nonparametric statistics (Spearman's rank coeﬃcients) were used
to study correlations among variables.
4. Results

4.2. Proximate and ultimate analysis

4.1. Mineralogy of substrates of the burnt coal waste heap

The ash yields of samples from the burnt part of the waste heap
were high (68.04–93.92 wt.%) in comparison with coal from the unburnt part of the same heap (sample EL-0). As expected, the carbon
content of burning-aﬀected samples was very low (5.37–23.03 wt.%)
compared with unaﬀected coal (Table 2). The burning-aﬀected samples
EL-4 and EL-5, rich in coke (Zone 4, Fig. 2), displayed low extractability
relative to unburnt coal, while the extractability of samples EL-1 to EL3
was higher. Total S contents were high in samples EL-2 and EL-3
(Table 2).

The heap comprised: (1), a surﬁcial black layer rich in coal-derived
hydrocarbon condensates (HCC) 2–20 cm thick; (2), a layer of argillite
(20–40 cm); and (3), the underlying substrate of the burnt heap
(clinker).
(1)
The surface layer (Zone 1, Fig. 2) consisted of a mixture of organic
150
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Fig. 3. A: Loose black breccia on the heap surface, consisting of sharp, angular particles of coal-derived hydrocarbon condensates (HCC, dark gray), lamellae of clay minerals (illite, kaolinite - light gray), fragments of thermally
altered coal macerals impregnated with hematite (CM),
hematite (Hem), a fragment of clinker (CL) and droplet of
glass (Glass). B: Detail of picture A. C: Fragment of clinker
composed of amorphous meta-clay substances and glass,
quartz grains (Qtz) and accumulations of hematite and ilmenite (Ti-Fe-Ox) in black breccia. D: Droplets of Fe-metal
(Fe) in a glass fragment in a compact type of material rich
in HCC. Glass enclosed needle-like crystals of mullite
(Mull). E: Accumulation of Fe-Si alloy in glass. F: Detail of
Fig. E. The alloy is composed of an iron-rich phase (light
gray) and a phase richer in Si (darker gray). SEM-EDS microphotograph.

abundant components in samples EL-1 and EL-2. Coke walls in those
samples were both optically isotropic (Fig. 4C) and partly anisotropic
with mosaic textures (Fig. 4D). Their reﬂectance values ranged between
5.08% and 8.15%, and average reﬂectance was between 5.35% and
7.18%. Particles of partly altered coal matter, particullarly of vitrinite
with reﬂectance over 1.10% prevailed in the lower part of Zone 1
(Fig.2; Fig. 4 H; Fig. S2 A–C; Table 3).
Two samples from Zone 4 (Fig.2 and Table 3) were formed by
massive isotropic coke layers often intercalated with meta-clay minerals
(Fig. 4 E, F). Average reﬂectance values of the majority of coke particles
(Fig. 4 E) were high, being > 5.20% (Table 3). Lower reﬂectance values
of about 4% were found on altered vitrinite particles (Fig. S2 D). Coke
with relatively preserved vitrinite and inertinite textures formed layers
with many irregular cracks oriented perpendicularly or in parallel to
individual layers (Fig. 4E).
Coal-derived HCC were abundant in the surface layer of burnt material (Zone 1, samples EL-1, EL-2 and EL-3) but were not detected in
deeper layers (Zone 4, samples EL-4 and EL-5). Two types of HCC were
identiﬁed in thermally aﬀected samples (Table 3).

4.3. Organic petrology of solid products from unburnt coal and burnt coal
waste heap
Three samples from Zone 1, two samples from Zone 4 (Fig. 2) and
one reference of unburnt coal were analyzed petrographically.
The reference sample of unburnt coal (EL-0) represented banded
bituminous coal with a collotelinite random reﬂectance of 0.70% Rr and
vitrinite macerals prevailing over liptinite and inertinite macerals
(Table 3) From the vitrinite group, collotelinite, and collodetrinite
dominated while sporinite, cutinite, liptodetrinite, and alginite were
the most abundant components of the liptinite group. The inertinite
group was represented by semifusinite, fusinite, macrinite and inertodetrinite (Fig. 4A). The rare grains of unaltered coal found in Zone 1
contained vitrinite with reﬂectance of 0.72% (Fig. 4B), sporinite, liptodetrinite, fusinite, semifusinite, and macrinite.
In all thermally altered samples from Zone 1 (Fig. 2), organic matter
was disseminated within the heterogenous mineral matter, forming
isolated particles of isotropic and anisotropic coke (Table 3; Fig. 4C, D
and K), variable altered vitrinite particles and macerals of the inertinite
group (Table 3; Fig. 4 H, Fig. S2 A, B, C). Coke particles with porous,
massive and rare spherical textures and ﬁne fragments were the most
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Zone 3
Clinker/
80–90
Cliinker/
90–100
Clinker/
100–110
Clinker/
110–120

Zone 2
Argilite/
20–30
Argilite/
30–40
Argilite/
40–50
Argilite/
50–60
Argilite/
60–70
Argilite/
70–80

Zone 1
HCC–rich
zone/
0–10
HCC—rich
zone
10–20

Substrate/
depth (cm)

Table 1
Mineralogical variations within the burnt heap substrate. Trench Z1E, PXRD data. For trench location see Fig. 2.
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3700–3100 cm− 1. The aliphatic CeH stretching vibrational bands were
between approximately 3000 and 2800 cm− 1. Deformation vibrations
of the aliphatic CeH were found at 1442 and 1370 cm− 1. A prominent
band at 1590 cm− 1 was assigned to aromatic C]C stretching vibrations. The other distinct bands in the spectrum (3692, 3618, 1034, 912,
534 and 470 cm− 1) were predominantly due to kaolinite.
The burnt samples EL-1 to EL-3 from Zone 1 revealed similar patterns. The representativespectrum of sample EL-3 (Fig. S3) showed less
intense bands of aliphatic and aromatic features and exhibited the
presence of a carboxyl group band at 1695 cm− 1, in comparison with
the spectrum of the unburnt coal (sample EL-0). There was a signiﬁcant
reduction in spectral bands of Al-OH kaolinite structures (3692, 3618,
912 cm− 1), indicating a partial calcination to metakaolinite.
In the spectrum of the EL-4 sample (Fig. S3) and sample EL-5 (not
shown) aliphatic and aromatic CeH vibrational bands were completely
absent, and only low intensity vibrational bands of aromatic C]C
bonds were detected.

Table 2
Ash yield (Ad wt.%), volatile matter (Vd), Cd, Hd, Nd and Sd values (wt.%), the amount of
organic solvent-soluble matter (SOM, wt.%) and Carbon Preference Index (CPI).
Sample

%Wa

%Ad

%Vd

%Cd

%Hd

%Nd

%Sd

% SOM

CPI

EL-0
EL-1
EL-2
EL-3
EL-4
EL-5

1.95
0.64
2.17
1.05
6.94
4.42

14.00
93.92
83.41
68.74
68.04
76.84

31.70
3.09
7.78
15.72
10.38
8.47

67.33
5.37
10.80
21.16
23.03
15.00

4.82
0.28
0.60
1.36
0.73
0.70

1.05
0.30
0.51
0.71
0.45
0.24

1.36
1.34
4.38
7.05
1.31
1.16

1.57
2.15
6.62
6.50
0.03
0.03

1.61
–
–
–
3.40
4.12

Explanation: a—as received; d—dry basis; W, A,—moisture and ash content; C, H, N, S
—element content;
SOM—soluble organic matter; CPI—carbon preference index (Bray and Evans, 1961).
Table 3
Reﬂectance values and petrographic composition of unburnt coal and coal wastes from
organic matter of the Eliška heap. For EL-1–EL-5 sample location see Fig. 2. Sample EL-0
represents unburnt coal.
Sample parameters

EL-0

EL-1

EL-2

EL-3

EL-4

EL-5

Rr (%)
Ralt (%)
Rcoke (%)
RbitB (%)
RbitA (%)
Unaltered coal (vol.%)
Vitrinite
Liptinite
Inertinite
Altered coal matter (vol.%)
Altered vitrinite
Altered liptinite
Altered inertinite
Coke (vol.%)
Spheres texture
Porous texture
Massive texture
Detritus
B-type hydrocarbon condensates (vol.%)
A-type hydrocarbon condensates (vol.%)

0.70
–
–
–
–
100
57.6
16.4
26.3
–
–
–
–
–
–
–
–
–
–
–

–
1.15
7.03
1.04
0.28
–
–
–
–
5.4
0.5
–
4.9
60.9
4.5
35.6
10.7
10.1
24.8
8.9

–
1.12
7.18
1.05
0.32
–
–
–
–
4.3
1.5
–
2.8
66.8
–
39.8
11.3
15.7
24.5
4.4

0.72
1.17
5.35
1.08
0.35
2.1
0.7
0.2
1.2
28.6
16.0
1.4
11.2
6.6
–
2.5
2.0
2.1
58.9
3.8

–
4.15
5.25
–
–
–
–
–
–
17.8
1.5
–
16.3
82.2
–
15.5
62.8
3.9
–
–

–
4.03
5.29
–
–
–
–
–
–
19.1
1.3
–
17.8
80.9
–
12.9
62.6
5.4
–
–

4.4.2. Micro-ATR-FTIR spectroscopy
Before measurement, the analyzed area for analysis, of diameter
about 150 μm, was selected using an optical microscope. In the microspectrum of an unburnt vitrinite particle without mineral components
(Fig. 5), three bands of out-of-plane aromatic vibrations of CeH bonds
at 857, 824 and 748 cm− 1 were recorded. In the micro-spectrum of the
HCC in sample EL-3, stretching (2923 and 2856 cm− 1) and deformation (1447 and 1370 cm− 1) aliphatic bands dominated. Out-of-plane
aromatic CeH vibrational bands were found at 869, 739 and 739 cm− 1.
The highest intensity band at 739 cm− 1 belonged to the four adjacent
hydrogens in the aromatic system. The ratio of band intensities between
aliphatic and aromatic bonds was higher in the HCC particle (sample
EL-3) in comparison with the spectrum of the original vitrinite (sample
EL-0; Fig. 5) The spectrum of coke in sample EL-1 (Fig. 5) displayed a
similar ratio of aliphatic and aromatic band intensities as HCC analyzed
from sample EL-3, which was probably due to the presence of HCC in
pores of coke of this sample. The spectrum of coke particle from sample
EL-5 had relatively high noise and poorly distinguishable spectral features. It was highly pyrolysed with a low extractable condensate yield.
Representative ATR spectra of the extractable parts of samples EL-0,
EL-3 and EL-4 (Fig. S4) showed similar ratios of band intensities and
spectral characteristics as the corresponding micro-spectra of vitrinite,
HCC and coke. Aromaticity of the organic extract of sample EL-3, rich in
HCC, was lower than that of the original vitrinite extract, while the
aromaticity of sample EL-4 (coke without HCC) was higher.

Rr = Random reﬂectance of vitrinite, rank parameter (%); Ralt = Average reﬂectance of
thermally altered vitrinite; RCoke = Average reﬂectance of coke walls; RBitA = Average
reﬂectance of dark A-type HCC with yellow ﬂuorescence color; RBitB = Average reﬂectance of higher reﬂecting B-type HCC without ﬂuorescence; mmfb – Mineral matter
free basis.

4.3.1. A-type HCC
This HCC type, together with meta-clay minerals and coke detritus,
formed a matrix of breccias (Fig. 4G), composed of clastic particles of
clinker, or inﬁll voids in coke, glass or clinker fragments (Fig. 4I, J). The
reﬂectance of these HCC particles was around 0.30% (Table 3) and they
displayed yellow to brown ﬂuorescence (Fig. 4J).

4.4.3. Raman spectroscopy
In the spectral region between 1800 and 800 cm− 1 (Fig. S5), the D
and G bands of carbonaceous matter were curve-ﬁtted using a
Lorentzian function, and their FWHM (full width at half maximum)
were calculated. The G band in the Raman spectrum of carbonaceous
materials corresponded to E2g stretching vibrations in graphitic aromatic layers. The D band was assigned to the graphite lattice mode A1g
and was caused by planar defects between the basic structural units or
the presence of heteroatoms (Tuinstra and Koenig, 1970). Positions of
FWHM and the ratio of both band intensities are parameters that could
describe the structure of carbonaceous materials. FWHM D was established as the most suitable parameter for the degree of graphitization.
For coke particles it varied in the range of 85–215 cm− 1, for unaltered
coal between 230 and 330 cm− 1 and for HCC samples between 360 and
380 cm− 1 (Fig. 6).
It was evident (Fig. 6) that the D/G FWHM parameters diﬀered for
HCC, parent coal and for cokes. Two separate groups of data in parent
coal samples belonged to vitrinite (low FWHM G values) and to inertinite (higher FWHM G values).

4.3.2. B-type HCC
This type formed a ﬁne-grained matrix of clinker breccia together
with tiny coke particles, or occurred as massive particles up to 500 μm
in size, with numerous contraction cracks (Fig. 4H). In some places, this
HCC type ﬁlled voids in minerals and coke particles, was rarely thermally altered (Fig. 4K), and was present in the form of small droplets
(Fig. 4L). The average reﬂectance of the Type B particles ranged from
1.04 to 1.08% and ﬂuorescence was not observed (Fig. 4H, K, L). The Btype HCC particles were found in all samples from the surface zone
(Zone 1) and were much more abundant than the A-type (Table 3).
4.4. ATR-FTIR spectroscopy and Raman spectrometry
4.4.1. FTIR spectroscopy
The FTIR spectrum of bulk unburnt coal EL-0 (Fig. S3) was characterized by a broad OeH stretching band between wavenumbers
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Fig. 4. Microphotographs of unburnt and burnt organic matter in coal
wastes (white light, oil immersion). A: unaltered vitrinite with liptinite
and inertinite macerals in sample EL-0 (original coal); B: large, unaltered vitrinite grain with liptinite and inertinite inclusions in a
breccia composed of angular particles of meta-clay substance. The
pores in meta-clay substance are ﬁlled with the B-type HCC. Sample
EL-1; C: large, highly reﬂecting porous coke particles and coke detritus
dispersed mineral matrix. Sample EL-2; D: porous coke particle with
mosaic anisotropic texture. Sample EL-2; E: burnt organic particle with
irregular cracks and slightly porous texture Sample EL-4; F: Layered
coke particles with preserved fusinite texture intercalated with a metaclay matrix containing numerous small coke grains (coke detritus).
Sample EL-5.
Microphotographs of HCC on the surface of the burnt coal heap (white
light, oil immersion). G: Expelled A-type granular HCC in a mineral
matrix with disseminated coke detritus. Sample EL-1; H: clasts of
slightly altered vitrinite, coke detritus and minerals cemented by Btype solid HCC with irregular cracks. Sample EL-3; I: A-type HCC in a
void in glass with dispersed needle-like crystals of mullite. Sample EL3; J: The same photomicrograph as in C but in ﬂuorescence mode; K:
An accumulation of B-type HCC associated with thermal altered HCC
in ahighly reﬂecting coke particle. Sample EL-2; L: Droplet of B-type
HCC with inclusions of detrical ore minerals enclosed in an aluminosilicate matrix. Sample EL-3.
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Fig. 5. Infrared micro-ATR spectra of the coal vitrinite particle (sample EL-0, reference unburnt coal), hydrocarbon condensate, Type B (sample EL-3), and coke particles (samples EL-1
and EL-5).

from the bottom part of proﬁle Z3S (samples EL-4 and EL-5; Fig. 2),
where aromatic compounds were present in reduced amounts. Next to
these main compound groups, oxygen-containing molecules (heterocyclic compounds and phenols) were an important part of extracts. The
higher content of sulfur-containing compounds (dibenzothiophenes) in
samples EL-2 and EL-3 correlated with the higher content of S in these
samples.
Despite combustion and pyrolysis within the heap, some extracts
contained pristane (Pr) or phytane (Ph) but their presence and concentrations were variable. The Pr/Ph ratio could not be calculated.

4.6. Inorganic geochemistry
The principal statistical data, i.e., the minimum, maximum and
median analytical values, values of the 25% and 75% percentiles,
kurtosis and skewness for the pH of the waste leachate, total S (Stot),
carbonate carbon (Ccarb), organic carbon (Corg), major- and trace element contents, for all types of substrates studied are shown in Table S2.
The table shows that the pH of sample water leachate gradually increased from the surface layer (median 2.35) to deeper parts of the
burnt heap (median 3.88). Concentrations of Corg were very high in the
surface layer rich in HCC (median: 27.2 wt.%), while in the argilite
horizon and the underlying layer of the burnt substrate of the heap, Corg
contents were negligible (< 0.2 wt.%).
Concentrations of most trace elements generally increased from the
surface layer to depths in the sections studied and correlated with
concentrations of Fe (Fe-oxides/hydrooxides), Mn (Mn-oxides and hydrooxides), and Al (clinker and glass, aluminoslilicate minerals;
Table 4). Concentrations of Hg and Stot were an exception as they were
concentrated in the HCC-enriched surface layer. Enrichment of the
surface layer of the heap is demonstrated by signiﬁcant correlations
between Corg and Hg (r = 0.70, p < 0.001), and Corg and Stot
(r = 0.52, p < 0.05; Table 4). An example of the distribution of pH,
Corg, Stot and selected elements in the proﬁle Z1E is shown in Fig. 9.

Fig. 6. Relationship between the Raman spectral parameters FWHM D and FWHM G for
particles of vitrinite (sample EL-0 parent, unburnt coal, cokes and hydrocarbon condensates. Type B, D and G FWHM are parameters employed to determine the degree of
graphitization of coal particles. With progressing graphitization, the D FWHM values
gradually decreased and G FWHM values slightly increased.

4.5. Organic geochemistry
It was possible to divide the identiﬁed chemical compounds (Fig. 7)
into ﬁve groups: aromatic, aliphatic, oxygen-, nitrogen-, and sulfurcontaining compounds (Fig. 8).
The aromatic compounds, mainly C1–C4 alkylnaphthalenes and
C1–C3 alkylphenanthrenes, were an important part of the extracts from
the upper part of the waste heap (EL-1, EL-2, EL-3) as well as of the coal
extract from the Eliška Mine (EL-0). In contrast to the surface layer,
aliphatic compounds dominated in extracts of thermally altered coal
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Fig. 7. Total ion chromatograms showing the variability of chemical compositions in extracts for samples EL-0 to EL-5. The black peaks are aromatic hydrocarbons: N - naphthalene, MN methylnaphthalenes, DMN - dimethylnaphthalenes, TMN - trimethylnaphthalenes, TeMN - tetramethylnaphthalenes, P + A -phenathrene and anthracene, MP - methylphenanthrenes,
DMP - dimethylphenanthrenes. In gray are n-alkanes. All identiﬁed compounds are listed in Table S2.

part of the heap (lysimeters S1–3) gradually decreased with time,
suggesting a rapid elution of cations and anions from individual layers
of the heap. The pH values of leachates collected in the lysimeter located at the foot of the heap (lysimeter S-4) were lower, compared to
leachates taken from lysimeters S1–S3; water conductivity and concentrations of sulfate were also lower, indicating a substantial dilution
of leachates by rain water running down the heap surface. The concentrations of trace elements changed only slightly with time in water

4.7. Water leachate samples
The results of chemical analyses of water leachate samples taken
from lysimeters installed on the heap are shown in Table S4. The table
shows that these leachates were acidic (pH < 6) with increased concentrations of sulfate (up to 218 mg·L− 1), Al (up to 38 mg·L− 1), Zn (up
to 236 μg·L− 1) and Mn (up to 337 μg·L− 1). The concentrations of the
majority of elements in leachates from lysimeters located in the apical
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district (banded dull to bright coal), where vitrinite dominated
(Rr = 0.68–1.20%), together with collotelinite as the prevailing maceral group encompassing 46.3–81.8 vol.% of organic matter (Opluštil
et al., 2013; Sýkorová et al., 2016).
The coal extract revealed typical features for this type of coal in
which a complex mixture of aromatic hydrocarbons dominated without
the presence of corresponding saturated terpenoid biomarkers, and
with only minor amounts of hopanes derived from bacterial sources
(Radke et al., 1982). In the aliphatic part of the extract, n-alkanes in the
range n-C11 to n-C31 (Fig. S6) displayed a slight odd-to-even carbonnumber predominance as indicated by a Carbon Preference Index (CPI)
value > 1 (Table 2), thus reﬂecting a higher plant source (Peters et al.,
2005).
5.1.2. Organic petrology and geochemistry of burnt coal
Experience gained investigating burnt coal waste heaps all over the
world has suggested that products of coal burning are very variable.
This is caused by diﬀerent petrographic and chemical compositions of
the deposited coals and large variations in oxidative and thermal conditions in burnt heaps (Pone et al., 2007; Ribeiro et al., 2010, 2016b;
Stracher et al., 2011; Engle et al., 2012; Fabiańska et al., 2013;
Sýkorová et al., 2016; Kříbek et al., 2017). When oxygen is accessed,
self-ignition of heaps results in the degradation of the original coal to
gaseous products and solid carbonaceous residues (Singh et al., 2007;
Lester et al., 2010). The heat is released either to adjacent parts of the
burning zones or to the atmosphere. Waste burning temperatures could
reach up to 1200–1300 °C (Misz et al., 2007; Ribeiro et al., 2016b). The
oxidation of organic matter at high temperatures results in the development of cracks and pores, in an increase in vitrinite reﬂectance, and
in the formation of fractures and oxidation rims in the ﬁrst stage and to
total destruction of organic matter in the ﬁnal stage (Chandra, 1962;
Bailey et al., 1990; Taylor et al., 1998). Such features have been described in many burnt heaps (Pone et al., 2007; Misz-Kennan and
Fabiańska, 2011; Ribeiro et al., 2011). A varied mixture of organic
particles of diﬀerent origin, composition, morphologies and optical
properties suggests that very complicated processes took place in Zone
1 of the Eliška Mine burnt coal waste heap.
Small porous and massive particles of isotropic and occasionally
optically anisotropic coke that prevailed in Zone 1 at the heap surface
(Fig. 4C and D), can be considered solid residues of local high temperature burning with limited air access, where rapid heating to high
temperatures of > 1000 °C and high heating rates were recorded
(Goodarzi and Murchinson, 1978; Murchison, 2006; Singh et al., 2007;
Van Krevelen, 1993). Gentzis and Goodarzi (1989) found the heat-affected fragments of semicoke and coke briquetted in coal tar-pitch that
often impregnated the vents developed on the side of the combustion
coal waste pile. The diﬀerences found in Zone 1 (Table 3) showed a
drop in temperature and a reduced oxygen supply from the upper to a
lower part of this zone. In the lower part of the Zone 1, coke particles
were relatively rare and less reﬂective compared to its upper part.
Numerous samples comprised vitrinite particles of lighter color and
with higher reﬂectance values (Fig. S2A, B, C) compared with vitrinite
in the reference unburnt coal EL-0 (Table 3).

Fig. 8. Distributions of organic compound groups within the sample extracts.
Explanation: EL-0 unburnt coal; EL-1 to EL-3: Zone 1, burnt coal waste pile, surface layer
enriched in hydrocarbon condensates; EL-4 and EL-5: Zone 4, deeper part of burnt waste
pile rich in coke. For samples EL-1 to El-5 location see Fig. 2.

from lysimeter S-4 (Table S3).
4.8. Leaching potential of burnt spoil heap
As revealed by the batch leaching (samples S-KR-6-9) and percolation leaching tests (sample PER-Kr-10), pH values of sample water
leachates were lower than the permissible limit of 2003/33/EC
(European Council, 2002; pH = 6, Table 5). Very low leachate pH's
corresponded to low pHs of water leachate collected from lysimeters
(Table S3). Sample S-KR-6 (HCC-rich sample) exceeded the EC limit for
Cu and Hg, and sample S-KR-9 (burnt bulk material of waste heap)
exceeded the limit for Cd. High concentrations of Hg in the leachate
from the HCC-rich sample (PER-Kr-10) exceeded the EU limit for inert
waste and this was also conﬁrmed by the percolation test (Table 6).
5. Discussion
5.1. Organic matter
Coal samples of the Eliška Mine waste heap can be classiﬁed as
unburnt (reference sample EL-0), and, to varying degrees, aﬀected by
burning/smoldering processes in Zone 1 and Zone 4 (Fig. 2; samples EL1 to EL-5).
5.1.1. Organic petrology and geochemistry of unburnt coal
The reference unburnt coal sample EL-0 comprised macerals of vitrinite and liptinite groups described by a number of authors, such as
Krishnaswamy et al. (1996), Kus and Misz-Kennan (2017), and Taylor
et al. (1998). No signs of weathering or thermal alterations were recorded. The petrographic composition of this sample corresponded to
the relatively uniform composition of other coals of the Žacléř coal

Table 4
Spearman's rank correlation coeﬃcients between selected pairs of elements in burnt materials of the Eliška Mine coal waste heap.
p < 0.001 (probability level: 99.9%)

p < 0.05 (probability level: 95%)
Stot (0.52)
Corg (0.52), Hg (0.50)
Cd (0.57), Sn (0.52), Ni (0.52), Mn (0.51), K (0.49), Ba (0.46), Co (0.45)

Fe-

Hg (0.70)
None
Cr (0.95), Bi (0.87), V (0.86), Fe (0.82), Te (0.81), As (0.80), Pb (0.78), P (0.76), Ti
(0.75), Mo (0.73), Zn (0.63), Sb (0.61)
Cr (0.83), Al (0.82), V (0.67), Zn (0.65), Ni (0.62), P (0.61), As (0.60)

Mn-

Co (0.82), Ni (0.75), Zn (0.74), Ba 0.73)

Corg Stot
Al-

157

Mo (0.59), Mn (0.54), Cu (0.52), Co (0.53), Pb (0.51), Ti (0.47), Ba (0.46), Te
(0.43)Sb (0.40)
Ti (0.59), Cu (0.56), Fe (0.54), Cr (0.52), P (0.52), Ta (0.51), Nb (0.48), Ca
(0.47), Cd (0.46), Sb (0.40)
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Fig. 9. The distribution of pH, organic carbon (Corg), total sulfur (Stot), major- and trace element data in proﬁles located in the apical part of the Eliška Mine burnt coal waste heap
(Trenches Z1E and Z1W; for locations of trenches, see Fig. 1B and 2). Concentrations of Corg, Stot, Al and Fe in wt.%, concentrations of trace elements in mg·kg− 1.

Optical properties and yellow to orange color of ﬂuorescence suggest that the A-type HCC (Fig. 4G, I, J) represents a younger generation
of hydrocarbons compared to the B-type HCC. However, it can not be
excluded that even A-type HCC were slightly aﬀected by low temperature thermal processes or by weathering (Fig. 4H, K, L).
The high extractability of bulk samples collected in Zone 1 corresponds with a high content of HCC particles. Aromatic hydrocarbons
with two to four condensed rings were richly represented in the extracts, but the most abundant molecular species were dibenzofuran,
methyldibenzofuran, and unsubstituted phenanthrene. These compounds usually make up a major proportion of the macromolecular
structure of bituminous coals (Radke et al., 2000). They condense from
the organic pyrolysate on the heap surface in the late stages of burning
when temperature at the heap surface cooled below their boiling points
of 285, 306, and 332 °C respectively. Other identiﬁed products of coal
pyrolysis were nitrogen (quinoline, methylquinolines), and sulfur heterocyclic compounds (dibenzothiophenes), whose possible source is the
reaction of biphenyls with S (Klemm and Karchesy, 1978). The range of
n-alkanes in extracts of samples from Zone 1 was narrow in comparison
to the unburnt sample EL-0 (Fig. S6). The predominat short-chain alkanes also represent residues or products of thermal decomposition as
long-chained n-alkanes are more prone to chain-breakage (Misz-Kennan
and Fabiańska, 2010).
Samples EL-4 and EL-5 collected from Zone 4 (Proﬁle Z3S, Fig. 2;

The macerals of the liptinite group of lighter color and with dark
orange ﬂuorescence were also recorded in the lower part of Zone 1.
According to Mastalerz and Mastalerz (2000), liptinite macerals become paler and have increased reﬂectance at temperatures above
300 °C. Therefore, it is assumed that the lower part of Zone 1 was less
aﬀected by thermal processes, compared with its upper part.
All samples collected in Zone 1 (Fig. 2) contained signiﬁcant
amounts of HCC (Table 3, Fig. 4G–L). Generally, HCC, tar (Gentzis and
Goodarzi, 1989; Engle et al., 2012) or bitumen (Misz et al., 2007; MiszKennan and Fabiańska, 2010, 2011; Nádudvari and Fabiańska, 2016a,
2016b) in coal waste heaps are products of self-heating under oxygen
deﬁciency, i.e., they represent products of low temperature pyrolysis
causing degradation of organic matter (Van Krevelen, 1993). It is suggested that HCC, which originated in the early stage of burning of the
Eliška Mine burnt coal waste heap were either mineralized or thermally
altered in later stages of burning to form solid B-Type HCC. The reﬂectance of the B-type HCC (1.04 to 1.08%), circular, oval or irregular
pores in B-type HCC matrix, and relatively preserved altered vitrinite
and liptinite in coal grains cemented in B-type HCC mass (Fig. 4H and
Fig.S2 B) indicate a relatively low temperature of thermal alteration.
Moreover, it is suggested that at local “hot spots” (at temperatures >
1000 °C), the early HCC might have been thermally altered to highly
reﬂective particles (Fig. 4K) that can resemble pitch coke as described
by Menéndez et al. (1996) and Panaitescu and Predanu (2007).
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1000
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500
800
25,000
1000
50,000

1.7

29.6

4.2

0.03

6.4

2.4

0.66

4.1

5.6

< 0.5

236

14.8

5.1

2.26

105

0.22

0.07

Table 3) represent a remnant of half-burnt original coal waste material
embedded in clinker. This corresponds to high contents of Corg in Zone
4 (19–20 wt.%) compared with low contents of Corg (< 0.2 wt.%) in
clinker.
Organic particles from Zone 4 form massive coke layers from a few
to several hundreds μm thick associated with meta-clay particles
(Fig. 4E), altered massive vitrinite (Fig. S2 D), semifusinite particles,
fusinite and macrinite particles (Fig. 4F).
As revealed by Raman spectra, the graphitization of coke from Zone
4 was lower compared with coke from Zone 4 (Fig. 6), corresponding to
lower reﬂectance of altered vitrinite and semifusinite particles in Zone
4 compared with Zone 1 (Fig. 2; Table 3). The majority of these altered
vitrinite particles in Zone 4 (Fig. 6E and Fig. S2 D) showed no evidence
of softening. The degassing of organic particles in this zone was documented by numerous cracks, segmentation of larger bodies and, by their
undulate extinction. The absence of oxidation rims and ﬁssures in
samples indicated slow heating or smoldering in Zone 4, and incomplete thermal alteration of organic matter, mostly of the vitrinite
and liptinite groups, under conditions of very limited oxygen supply
(Taylor et al., 1998; Murchison, 2006; Misz-Kennan and Fabiańska,
2010; Ciesielczuk et al., 2014). Hydrocarbon condensates were not
found in samples from this zone. Reduced intensities of organic bands
in the FTIR spectra corresponded to low levels of volatile matter and to
low yields of extractable chemical compounds.
The extracts from Zone 4 revealed a signiﬁcant unresolved complex
mixture (UCM) in chromatograms eluting between n-C16 and n-C25,
which is a positive indicator of degraded liquid residues that remain in
the thermally altered coal matter (Tolosa et al., 2009). This supports the
idea that the thermal stress in this zone was lower than that in Zone 1.
Only C3 alkylnaphthalene together with alkylphenanthrenes were
identiﬁed in extracts of EL-4 and EL-5 samples. Light PAHs were not
recorded, indicating a temperature that allows their evaporation and
the high boiling point compounds (above 270 °C) to condense (Querol
et al., 2011). The distribution of n-alkanes in the extracts showed the
presence of long-chain n-alkanes with n-C21 and n-C17 as the most
abundant compounds (Fig. S6) indicating that the burning temperature
in Zone 4 was lower compared with Zone 1, where only short-chain
alkanes were preserved. The calculated CPI were unusually high
(Table 2), obviously aﬀected by temperature. The extracts also contained minor amounts of alkenes, which are typical products of coal
pyrolysis (Chen et al., 2010). The Pr/Ph ratio (0.5), calculated only for
sample EL-4, corresponded with values reported by Misz-Kennan and
Fabiańska (2010) in pyrolysates of highly altered bituminous coals.
The FTIR analysis demonstrated that the content of COOH and OH
groups in samples from Zone 4 was higher compared to unaltered coal.
This corresponds with fatty acids identiﬁed in extracts EL-4 and EL-5.
Although fatty acids may survive over geological time as organic
remnants of biological origin, the presence of hexadecanoic acid, its
ester, as well as the ester of tetradecanoic acid, is interesting. Fatty
acids are abundant constituents of terrestrial higher plant epicuticular
waxes and can be washed oﬀ the leaf surface by wind and rain, and
transported into the burnt heap interior (Glombitza et al., 2016.). It is
therefore possible that the source of fatty acids was the abundant birch
trees growing at the surface of the heap and their leaf fall.
5.2. Hydrothermal alterations and the formation of alunite, jarosite, and
clay minerals
Clay minerals, in association with alunite and jarosite, and together
with other sulfate minerals, Fe-hydro(oxides) and with amorphous SiO2
(chalcedony, opal) occur in a wide range of geological environments.
They can originate from the weathering of sulﬁde deposits (Scott et al.,
2001), and commonly occur in their Fe- and Al-rich gossans that
dominate the space between the groundwater table and the surface
(Emmons, 1917; Kříbek et al., 2016; Taylor and Thornber, 1992;
Velasco et al., 2013). This association is also typical of hydrothermal
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Dissolved organic carbon.
Total phosphorus.
Free phenols.
European Union limit values for inert waste
European Union limit values for hazardous waste.

6–8
6–8

69
4.56

Percolation leaching test
PER- Kr-10 Hydrocarbon condensates-rich surface
sample/0–25
LIWd
LHWe

< 0.02
< 0.02
< 0.02
0.02
0.19
0.23
12.3
6.2
4.1
2.5
5.4
1.1
2.3
1.1
1.5
9.7
8.2
10.2
198
290
282
< 0.5
47.58
18.72
0.6
0.5
< 0.05
8.7
24.3
2.4
0.27
0.0005
5.94
2.2
2.2
11.1
10.6
45.6
60.4
0.02
0.08
0.39
5.2
4.9
11.4
44.2
30.9
40.7
141
119
104
3.82
4.04
4.26

2.1
1.4
1.2

0.06
0.41
95.9
< 0.020
3.4
13.6
135
< 0.5
4.4
3.1
0.26
1.7
15.7
0.04
5.3
18.6
1.8
170
3.92

Batch leaching tests
S-Kr-6
Hydrocarbon condensates -rich surface
sample/0–10
S-Kr-7
Argilite/20–40
S- Kr-8
Clinker/70–80
S- Kr-9
Clinker with coke particles/90–100

Al
Mn2 +
Mg2 +
Ca2 +
Li+
Na+
K+
NH4+
Conductivity
(μS·cm− 1)
pH
Description/Sampling depth (cm)
Sample

Table 5
pH, conductivity and concentrations of major elements in water leachates (mg·kg− 1). Values exceeding the EU limits for inert waste are printed in bold.
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Table 6
Concentrations of potentially harmful elements in water leachates (in mg·kg− 1). Values exceeding the EU limit for inert waste are printed in bold.
Sample

Cr

Ni

Cu

Zn

As

Se

Mo

Cd

Ba

Hg

Pb

Batch leaching tests
S-Kr-6
Hydrocarbon condensates-rich surface sample/0–10
S-Kr-7
Argilite/20–40
S-Kr-8
Clinker/70–80
S-Kr-9
Clinker with coke particles/90–100

0.06
0.1
0.008
0.0002

0.02
0.02
0.03
0.08

2.6
0.08
0.08
0.02

0.7
2.2
0.7
0.9

0.1
0.02
0.007
0.0002

0.07
0.046
0.027
0.044

0.004
0.0008
0.002
0.001

0.003
0.07
0.005
4.5

0.6
0.5
0.8
0.4

0.02
0.0004
0.0004
0.0004

0.7
0.2
0.1
0.03

Percolation leaching test
PER-Kr-10
Hydrocarbon condensates-rich surface sample/0–25
LIWa
LHWb

0.01
0.5
70

0.02
0.4
40

0.03
2
100

0.3
4
200

0.1
0.5
25

0.07
0.1
7

0.01
0.5
30

0.003
0.04
5

0.3
20
300

1.3
0.01
2

0.03
0.5
50

a
b

Description/sampling depth (cm)

European Union limit values for inert waste.
European Union limit values for hazardous waste.

2000; Cunningham et al., 1996; Rye et al., 1992; Rye and Alpers, 1997;
Stoiber and Rose, 1974; Zimbelman, 1996; Zimbelman et al., 2000,
2005). Rodgers et al. (2000) concluded that the argilites-jarosite-alunite
association in the Taupo Volcanic Zone, New Zealand, had many features characteristic of their heated steam origin.
In burnt coal wastes, alunite and jarosite, together with alumogen
have been described, for example by Civeira et al. (2016), Witzke et al.
(2015) and Žáček and Skála (2015).
Jarosite and alunite form under diﬀerent conditions, with jarosite
requiring considerably higher Fe3 + activity and a lower pH for its
formation compared with alunite (Stoﬀregen, 1993). The extreme
conditions required for jarosite stability generally limit the formation of
the mineral to the vadose zone, where high fO2 and low pH values of
the solutions can result from the presence of abundant atmospheric
oxygen and sulﬁde oxidation. Brown (1971) showed that jarosite is only
stable in the presence of goethite at a pH below 3. Alunite, in contrast,
forms at or below the groundwater table, where pH and fO2 are
somewhat more buﬀered by reactions with wallrocks. This diﬀerence
applies whether the minerals form in a steam-heated hydrothermal
environment from aqueous sulfate produced by the oxidation of H2S, or
in a supergene environment from the oxidation of pyrite (Rye et al.,
1992; Rye and Alpers, 1997).
Jarosite can form by a reaction of kaolinite or other aluminosilicates
or volcanic glass with an acid-sulfate ﬂuid having elevated Fe3 + and
K+ activities (Rodgers et al., 2000).
Alunite can form directly by a reaction of acid- sulfate ﬂuids on
feldspar, potash-rich glass or kaolinite, where K+ activity is suﬃciently
high (Rodgers et al., 2000).
By reducing the amount of H+ (i.e. with increasing pH) or with a
decrease in the concentration of SO42 −, K+ or Fe3 +, the jarosite may
be transformed to Fe3 + oxide or (hydro)oxide phases (Stoﬀregen et al.,
2000; Stoﬀregen and Rye, 1992).
Traditionally, K/Al-phyllosilicates (kaolinite, haloysite, illite) are
characterized as forming and remaining stable under conditions of low
to moderate pH, while Ca/Fe/Mg-phyllosilicates (smectite group, palygoskite-sepiolite group) are considered representatives of conditions
of moderate to high pH (Borchardt, 1989; Reid-Soukup and Ulrey,
2002; Velde, 1995; White and Dixon, 2002). However, with high concentrations of Ca2 +, Mg2 +, and Si4 + in solution, smectite or other Ca/
Fe/Mg phyllosilicates can be formed, even in the very acid environment
characteristic of alunite and jarosite accumulations (Kittrick, 1971a,
1971b). These conditions may be attained in sediments under conditions of strong and continuous evaporation (Story et al., 2010), or in an
acidic, poorly drained environment (Borchardt, 1989; Harder, 1972;
Huertas et al., 2001). This suggests that water chemistry, i.e., ﬂuid
composition, can be more important than pH for the stability of clay
minerals in various environments, including burnt coal heaps where hot
water or steam with high concentrations of H2SO4 react with pyrometamorphic minerals or glass, and the rate of evaporation on the
heap surface is higher than water percolation rate and leaching of burnt

Fig. 10. Stability diagrams of the Al-Fe-Si-S-K-Na-Mg system as a function of the ratio of
pH vs. Fe3 +/Al3 + at 25 °C. A: diagram calculated with log a SO42− = − 3.1, log a
K = − 3.5, log a Na = −4.3 and log a Mg = − 4.2. Silica activity was ﬁxed by cristobalite. Explanation: K-feld: K-Feldspar. Activities were estimated from the composition of
the current water leachate in the Kateřina Mine burnt coal heap. Under the present
conditions, alunite was not stable in the system. B: The same diagram calculated for
higher log a SO42 − (− 2.1). At higher SO42 − activities, jarosite was stable even at low
temperatures.

alteration of epizonal ore deposits (Bethke et al., 2005; Einaudi et al.,
2003; Hayba et al., 1986; Knight, 1977; Meyer and Hemley, 1967; Pons
et al., 2017; Scott, 1990; Simeone et al., 2005). Moreover, since ancient
times, the association of clay minerals and sulfates have been noted
around active fumaroles on stratovolcanes (Africano and Bernard,
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waste.
To model the stability of jarosite, alunite and clay minerals in argilites from the Eliška burnt spoil heap in relation to pH, the
Geochemist's Workbench (Bethke and Yeakel, 2009) with the LLNL
thermodynamic database (thermo.dat, edition 2014) was used. The
activities of Mg2 +, K+, Mg2 + and sulfates were estimated from the
average composition of water leachates sampled by lysimeters located
on the Eliška heap surface in 2016 (Table S3). Cristobalite was used to
approximate silica activity because of the abundance of this mineral in
thermally altered rocks, and hematite was suppressed in our modeling
in favor of goethite. The Mg-nontronite was selected for modeling the
stability of minerals of the smectite group. The modeling reveals that
jarosite is thermodynamically unstable in the present environment, in
contrast to nontronite and alunite (Fig. 10A). Jarosite, at a temperature
of 25 °C, is stable only at higher concentrations of SO42 − (Fig. 10B) or
at higher temperatures (not shown), which correspond to its formation
from hot ﬂuids rich in H2SO4 during late stages of the heap burning.
The persistence of jarosite in the argillite can be attributed to the slow
kinetics of its gradual conversion to goethite (Brown, 1971).
5.3. A conceptual model for the deposition of hydrocarbon condensates and
argillitization at the Eliška burnt coal heap
Self-ignition of coal waste heaps is described as a result of multistage combustion or smoldering processes (Sokol, 2005; Fabiańska
et al., 2013). At the initial stage, self-combustion usually takes place at
0.5–2.5 m below the heap surface (Day et al., 2015; Walker, 1999). The
process occurs randomly in discrete spots within the coal waste heaps,
and the temperatures in these spots ﬂuctuate with time (Misz-Kennan
and Fabiańska, 2010; Misz-Kennan and Tabor, 2015). The self-heating
involves many factors inﬂuencing the process such as the maceral
composition of organic matter, its rank and mineral composition, the
shape of a particular heap, its height, rate of oxygen transport, and
water inﬁltration rate (Krishnaswamy et al., 1996; Pone et al., 2007;
Pan et al., 2009, 2010; Misz-Kennan and Tabor, 2015). The decomposition of organic-matter with rising temperature is associated with
the release of gaseous compounds. The presence of hot gases such as
CO2 and NOx can produce an almost inert atmosphere that facilitates
the extent of carbonization at the expense of combustion (Gentzis and
Goodarzi, 1989). This takes place during combustion (free access of
oxygen) or in oxygen depleted conditions such as in pyrolysis or coking.
The gas–liquid products (HCC) and solid products (coke) formed can be
compared to those originating during industrial or laboratory coal
pyrolysis (Sokol et al., 2002; Fabiańska et al., 2013). The composition
of the inorganic part of coal wastes depends on its original composition
and temperature of self-combustion. In non-carbonate mixtures, mullite, cristobalite, spinel-type phases, and sanidine are formed together
with melt within the temperature range 1000–1100 °C. In carbonatebearing materials, the pyrometamorphic minerals include gehlenite,
diopside, wollastonite, anorthite and sodic sanidine that originate
within the same temperature range. At lower temperatures
(800–1000 °C), the pyrometamorphic minerals (cristobalite or mullite),
amorphous meta-clay substances and glass may occur in association
with clastic grains of mica and plagioclase (Grapes, 2011).
A conceptual model of heap burning, accumulation of coal-derived
HCCs, and argilitization of burnt substrates in the Eliška coal heap is
presented in Fig.11. It is proposed that during the initial burning stage
(Fig. 11A), the ﬁre commenced on the steeply inclined slopes, at the
heap subsurface exposed to the prevailing winds from the south and
south-east, and the early products of coal-derived HCC accumulated
closely to the gas vents along the burning slightly aﬀected or non-affected heap surface.
In the main stage of burning (Fig. 11B) the ﬁre progressed both to
the heap surface and heap interior. The mineral assemblage of the ﬁred
coal gangue (cristobalite, mullite, hematite, trydimite, cordierite)
shows that the combustion temperature could have reached 1200 °C

Fig. 11. Conceptual model of burning at the Eliška Mine coal heap at Žacléř: A: Early
stage: Burning commenced on slopes of the wind-exposed heap and progressed irregularly
to the heap interior. Early products of coal pyrolysis accumulated at the heap surface. B:
Main stage of burning. Burning progressed toward the heap surface and interior. Early
HCC were converted to coke or B-type HCC at the surface. Due to the irregular intensity of
burning, numerous remnants of half-burned coal or coke were preserved in the interior of
the heap. C: In the late stages of burning, A-type HCC accumulated on the heap surface
together with Hg and the reaction of H2SO4-rich steam with relict muscovite, feldspar,
pyrometamorphic sanidine and meta-clay substance resulted in the formation of clay
minerals, jarosite and alunite. A discussion of this model is presented in the text.
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body. The hydrothermal origin of argillites is supported by their occurrence in the part of the heap where active vents still produce a water
vapor.

locally at the heap surface as well as in the heap interior (Querol et al.,
2008; Grapes, 2011).
However, in some places, the burning temperature was lower, even
at this stage, as documentedby the occurrence of unburnt or only
slightly thermally aﬀected coal remnants in the heap interior. Early
formed HCC accumulations at the heap surface were transformed to Btype HCC with reﬂectances from 1.04 to 1.08 and without ﬂuorescence
at this stage to highly reﬂecting particles of optically isotropic or anisotropic porous or massive particles. Gentzis and Goodarzi (1989)
found four types of tar in a combustion section of a self-burning coal
wastepile from Coleman in Canada that diﬀered in morphologies and
optical properties. Optical properties of these tars approached the reﬂectance values and optical anisotropy of B-HCC (Fig. 4H, L) and highly
reﬂective thermally altered HCC or pitch coke-like particles (Fig. 4K).
Possible diﬀerences could be caused by speciﬁc conditions and higher
temperatures on the Eliška burnt heap. Moreover, Stout and EmsboMattingly (2008) concluded that HCC may be thermally altered as the
coal ﬁre evolves in burning heaps.
Droplets of metal-Fe and Fe-Si alloys (ferrosilite) identiﬁed at the
heap surface layer of the Eliška Mine burnt coal waste heap might
originate under local reducing conditions, possibly due to the abundance of HCC accumulations. The occurrence of native Fe indicate that
fO2 conditions probably did not exceed that of the QFM buﬀer, possibly
due to CO formation during HCC thermal alteration. The same droplets
of metal-Fe together with mullite, trydimite and minor cordierite, as in
the Eliška Mine burnt heap surface, were also found in “black blocks”
(porcelaneous clinker rich in glass) impregnated with black carbon and
graphite in the burning spoil heap surface of the Cheljabinsk brown coal
basin, Russia (Seryotin et al., 2008).
The gases, volatile products of coal combustion, and Hg were mostly
released into the atmosphere at the initial and main stage of self-combustion.
In the late stage of heap burning (Fig. 11C), when the temperature
gradually decreased on the heap surface, and due to incomplete combustion of organic matter in the heap interior under conditions of
limited access to oxygen, volatilization of the coal pyrolysis products
and their condensation and oxidation in the surﬁcial part of the heap
resulted in the formation of the A-type HCC with brown ﬂuorescence
and very low reﬂectance (~ 0.50%). The occurrence of HCC at low
temperature gas vents (40–60 °C) at the burnt heap surface or subsurface was described by Witzke et al. (2015) and Žáček and Skála (2015).
Based on the chemical composition of HCC, Querol et al. (2011) concluded that they may occur at a wide range of temperatures, from
ambient to 240 °C. Within this scenario, it is possible to explain the
occurrence of high-temperature minerals (mullite, cristobalite, trydimite), glass, and coke, and low temperature combustion products (Atype HCC and slightly thermally altered coal macerals) in the surface
layer of the Eliška burnt heap.
Together with A-type HCC, the surface layer was enriched with S
and Hg in the late stage of burning. The source of S was either the
decomposition of pyrite or S organically bound in the coal matrix.
Pyrite is oxidized at high temperatures to form SO2 (Holland, 1965). At
lower temperatures (< 400 °C), and in the presence of water, the SO2
reacts to form aqueous sulfate and H2S (Holland and Malinin, 1979)
according to the reaction:

4 SO2 + 4H2 O = H2 S + 3 H2 SO4

5.4. Environmental aspects of leaching and weathering of burned coal
wastes
Leaching of burning coal wastes could give rise to environmental
problems as these materials may produce acidic leachates and yield
relatively high leachable levels of a number of PHEs (Ribeiro et al.,
2016a; Zhang et al., 2016; Kříbek et al., 2017). The most serious environmental risks are associated with leaching of coal ﬁre gas mineral
condensates (CFGM), as these materials produce very acidic leachates
and yield relatively high leachable levels of a number of elements
(Karuppiah and Gupta, 1997; Querol et al., 2008, 2011; Ribeiro et al.,
2010, 2011, 2013; Tsiridis et al., 2012; Fabiańska et al., 2013;
Nádudvari and Fabiańska, 2016b; Zhang et al., 2016). The Eliška Mine
waste heap caught ﬁre in the 1960s to 1970s and since then, burnt
wastes have been exposed to leaching and weathering over almost
50 years. Long-term weathering and leaching of the heap can be demonstrated by the absence of elemental S, sal ammoniac and other
unstable phases found in many active gas vents of burning heaps (Žáček
and Skála, 2015; Witzke et al., 2015). The low pH of water leachate was
the reason a large proportion of PHEs were mobilized over a very short
time interval, immediately after cessation of the main phase of burning.
This is likely to be the reason their contents are low in currently sampled leachates from lysimeters and with a few exceptions (Cu, Cd, Hg)
do not exceed the EU limits for inert wastes.
At present, relatively low concentrations of PHEs are due to enclosure of most of the elements within the amorphous meta-clay substance, glass Fe-and Mn-oxides and phosphates and to its weathering
products (Querol et al., 2011; Ribeiro et al., 2016a; Kříbek et al., 2017).
The low leaching rate of PHEs from clinker materials corresponds to
their low concentrations in leachates from the ﬂy ash, which is composed mostly of glass and residual carbon particles (Zevenbergen et al.,
1999; Querol et al., 2008). Mercury can be released during the dissolution of cinnabar, found in the HCC-enriched surface layer of the
Eliška heap. This layer is also the source of a small amount of phenols
detected in water leachates (Table 5). Moreover, small amounts of
PHEs, especially Pb and As, may be released during the dissolution of
alunite-jarosite group minerals (Kříbek et al., 2016). As shown in Section 5.2., jarosite is unstable under present conditions and therefore,
the source of acid leachates at the Eliška Mine burnt waste pile is likely
to be the slow dissolution of abundant jarosite and its gradual conversion to Fe-(hydro) oxides in the surﬁcial layer of the heap according
to the reaction (Stoﬀregen and Rye, 1992; Stoﬀregen et al., 2000):

KFe3 (SO4 )2 (OH)6 → 3 FeO(OH) + K+ + 2 SO4 2 − + 3 H+

(2)

In addition, under conditions of low pH, the AD may be sourced due
to the hydrolysis of water by Fe (III) and Al (III) species (Nordstrom
et al., 1990).
Therefore, the greatest concern from an environmental point of
view is the low pH of heap leachates, which is reﬂected in the fact that
the Eliška heap has gradually become overgrown exclusively with acidtolerant birch trees. Grass cover is virtually absent, and this fact should
be taken into account when considering restoring vegetation to the
heap.
The low pH of the AD can also cause acidiﬁcation of streams near
the heap. Therefore, it is advisable to build a mixing reservoir near the
heap in which the acid water drainage will be neutralized by addition of
sodium or calcium hydroxide. Neutralization of water leachate ﬂowing
from the heap can also contribute signiﬁcantly to the precipitation of
dissolved aluminum and especially Fe and Mn in eﬄuent waters.
Covering of burnt coal waste dumps with a layer of compacted soils
appears to be an excellent cost-eﬀective method to minimize risks associated with the leaching of burnt waste pile constituents (Querol

(1)

This leads to a lowering of the pH of ﬂuids, the decomposition of
pyrometamorphic minerals or amorphous aluminosilicates and glass,
the argilitization of burnt substrates, and the formation of alunite and
jarosite. Clastic feldspars or micas, pyrometamorphic sanidine, metaclay substance (clinker) or glass were probably parent materials of clay
minerals formed at this stage. The source of water that caused argilitization of burnt substrates in the underlying layer enriched with coalderived HCC could have been dehydration of as yet unburnt parts of the
heap in its deeper section, or inﬁltration of rainwater into the heap
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et al., 2011).
6. Conclusions
This study showed that the association of inorganic phases and
products of thermal alteration of coal on the surface of the Eliška Mine
burnt coal waste heap is a result of successive high and low temperature
processes. This is evidenced by variability in the self-combustion of
organic products in the waste, as indicated by optical microscopy,
Raman- and FTIR data: highly reﬂective coke particles, altered coal
matter and two types of HCC that form a mixture in many places.
The chemical composition, FTIR spectra and extractable organic
compounds in samples from the Eliška Mine waste heap showed evidence of thermal alteration: distribution of various n-alkanes and atypical isoprenoid hydrocarbons, dominance of substituted aromatic
compounds, and the presence of heterocyclic compounds. The compound distributions diﬀered according to the sampling depth and position, thus reﬂecting the diﬀerent burning/smoldering conditions in
the heap.
The conceptual model of the early and late stages of heap burning,
created and based on the study of organic and inorganic components of
the heap, along with an investigation of the distribution of major and
trace elements in individual horizons, suggests that at the early stage,
self-combustion commenced on slopes of the heap, and early HCC accumulated on the relatively cold heap surface. In the main stage of
burning, self-combustion progressed to the surface as well as to deeper
parts of the waste heap. Early HCC accumulations were converted to Btype HCC, to coke particles or vaporized. At the late stage of heap
burning, when the combustion processes in deeper horizons were dying
out due to a lack of oxygen, late-stage A-type HCC accumulated on the
heap surface. Dehydration of clay minerals in unburnt parts of the heap,
or inﬁltration of rainwater into the body of the heap, is thought to have
been the source of water during this period.
Currently, the Eliška heap is being leached with circulating rainwater. A very low pH of water ﬂowing through the heap, in the absence
of sulﬁdes, is apparently caused by the dissolution of alunite and jarosite, particularly in its surﬁcial part. This is illustrated by the pH of
water extracts of heap materials, which are the lowest in the surﬁcial, Sand Hg-rich layers. The low pH of heap substrates apparently caused a
very rapid leaching of PHEs within a short time after the termination of
burning. PHEs are therefore low at the present time, and only in a few
cases exceed the limits issued by the EU for inert wastes. Relatively high
Hg concentrations in waters draining the surﬁcial coal-derived HCCenriched layer are an exception. However, the volume of these HCCand Hg-enriched materials is very small (~ 2–3 vol.%), relative to the
total volume of the burnt heap.
Nevertheless, due to very low pH values of waters ﬂowing from the
heap, and despite the low PHEs, it is suggested that a mixing reservoir is
built near the heap in which the acidic waters can be neutralized by
addition of sodium or calcium hydroxide to avoid acidiﬁcation of the
adjacent drainage pattern.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.coal.2017.11.003.
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