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The effects of uranium mineralization and self-burning processes on inorganic and organic components of coal
have been studied at a waste pile of the former Novátor coal and uranium mine at Bečkov (Intrasudetic Basin,
Czech Republic) in order to characterize physical and chemical properties of wastes as a basis for further environ-
mental studies. Unaltered bituminous coal was composed predominantly of vitrinite with random reflectance
values between 0.72% and 0.86%, and inertinite, less common liptinite macerals, and a low level of organic
solvent-extractable material (0.01–1.33 wt.%). Uranium minerals caused local radioactive alterations in the
uranium-enriched coal matrix. The diameter of rounded radiation-induced haloes ranged from 0.35 to 100 μm
with higher reflectance (0.84–3.44%) compared with bulk coal. Structural changes in radiation induced altered
organic coal matter were characterized by low values of Raman band disorder, fewer aliphatic C\\H bonds and
higher levels of oxygenated functional groups in micro-infrared spectra. Zones of higher reflectance were also
confined to veinlets of epigenetic chalcopyrite, galena, and sphalerite mineralization, oriented perpendicularly
to the coal bedding. The methylnaphthalene ratios (MNR) of extracted organic matter correlated with uranium
concentrations in individual samples.
In self-ignition-affected samples, the higher reflectance (1.31–1.71%), and values of Raman band disorder mir-
rored the intensity of burning processes. Organic matter samples located at unburnt- and burnt coal interfaces
were composed of a mixture of coal macerals, char and solid bitumens. In the waste heap burning zone, coal
and claystone were transformed to “clinkers” composed of plagioclase, pyroxenes, tremolite, hematite, magne-
tite, anatase, and aluminosilicate glass or to “paralava”, formed by porous cordierite and hematite. Organic com-
ponents in the burnt-out zone were represented by small dense and massive coke particles with reflectance of
4.48%, fusinitewith reflectance of 3.05% and rare coke droplets of solid bitumen (R=1.90%). Only traces of phen-
anthrene and alkanes were identified in organic extracts of burnt-out rock.
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1. Introduction

The coal waste dump of the abandoned Novátor mine (at the
Rybníček coal and uranium deposit, Czech Republic)was partly affected
by self-burning processes. This enabled us to study and compare unaf-
fected-(unburnt) coal and coal altered by burning processes to various
degrees. Moreover, the original coal contained variable amounts of ura-
nium, lead, copper and zinc. Therefore, aside from self-ignition process-
es, it was possible to study alterations in coal related to uranium and
base metal mineralization.

As uranium is a common chemical element associated with coal
seams, the effect of α-radiation-induced coal alteration was studied by
Radiation- and self-ignition
J. Coal Geol. (2016), http://dx
Dill (1983), Halbach et al. (1984) and Dill et al. (1991). They concluded
that radiation-induced alterations are observable by thedevelopment of
anisotropic haloes surrounding accumulations of uranium minerals
(coffinite, uraninite, brannerite or “uranium blacks”). Reflectance with-
in the radiation haloes usually increases from the outer part of the halo
towards the inner part, adjacent to the accumulation of uranium min-
erals. Smieja-Król et al. (2009) found a direct correlation between an in-
crease in the maximum reflectance of carbonaceous materials and the
concentration of uranium in the Proterozoic basin in SouthAfrica. An in-
crease in uranium content, from 2.5 wt.% to 15 wt.%, was accompanied
by an increase in maximum reflectance from 2% to 7%, corresponding
to an increase in the degree of coalification from anthracite to graphite.

The effect of radiation on organic matter (kerogen) and
migrabitumens was also studied on uranium deposits in black shales,
gold-uranium deposits in conglomerates, non-conforming-type
induced alterations of Permian uraniferous coal from the abandoned
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Fig. 1. Location of the abandoned Novátor coal and uranium mine.

2 I. Sýkorová et al. / International Journal of Coal Geology xxx (2016) xxx–xxx
uranium or vein-type uranium deposits (Zumberge et al., 1978; Sassen,
1984; Leventhal et al., 1986; Lewan and Buchardt, 1989; Landais, 1993,
1996; Kříbek et al., 1999). In summary, it was concluded that radiation
damage can be responsible for an increase in the Rock Eval Tmax and
O/C values, reflectance and aromaticity values, and a decrease in H/C,
and Rock Eval Hydrogen Index (HI) values of organic matter. Yields of
chloroform extracts also decreasedwith increased radiation-induced al-
teration of carbonaceous matter. Micro-infrared analysis clearly shows
that radiolysis effects (aliphatic C\\H decrease, aromatic C\\C increase)
are limited to within 100 μm of the boundary of the uraninite grains
(Landais, 1996).

Very similar alterations in organicmatter as in uraniumdeposits (i.e.
increased thermal maturity, aromatization and decreased H/C ratio)
were described in many types of hydrothermal Au-, Pb-, Zn-, Cu- or
Hg deposits (for review, see for example Parnell et al., 1993; Glikson
and Mastalerz, 2000; Greenwood et al., 2013).

It is understood that due to the negative effects of burning coal heaps
on the environment (toxic fumes, subsidence, wood fires, surface and
ground water contamination), much attention has been paid to solid,
liquid, as well as gaseous products of coal self-burning (Finkelman,
2004; Pone et al., 2007; Stracher et al., 2011). Organic material resulting
from the burning processes of coal heaps and coal seams includes al-
tered coal matter with different reflectance, cracks, reaction rims,
devolatilization pores, chars, cokes and expulsed bitumens (tars),
which contain many trace elements and organic compounds
(Ciesielczuk et al., 2014; Emsbo-Mattingly and Stout, 2011; Misz et al.,
2007; Suárez-Ruiz et al., 2012). Organics generated from carbonization
cover a broad spectrum of compounds including n-alkanes, terpenes,
simple aromatic compounds, polycyclic aromatic hydrocarbons, and
phenols whose presence is dependent on the original coal material, as
well as conditions during the burning processes (Emsbo-Mattingly
and Stout, 2011; Misz-Kennan and Fabiańska, 2011; Misz et al., 2007;
Querol et al., 2011; Ribeiro et al., 2010; Simoneit et al., 2007; Sýkorová
et al., 2010). Less thermally stable compounds, such as lighter alkanes
or alkylated naphthalenes and phenanthrenes are destroyed or evapo-
rated inmost self-ignition-affectedmaterials. The emissions of aliphatic
and aromatic hydrocarbons from coal fires are highly dependent on the
rank of coal as well as on the conditions of thermal alteration. Low-rank
and partly medium-rank coal would be expected to evolve char and
tars, along with CO, CO2, hydrocarbons and gases, while higher ranked
coals would have coke and less tar in the product mix (Beamish and
Arisoy, 2007; Emsbo-Mattingly and Stout, 2011; Querol et al., 2011).

The present study examines the composition of mineralized coal
matter in a coal waste dump, the distribution and binding of trace ele-
ments, particularly of uranium, and characterization of alterations
caused by radioactive and self-burning thermal degradation. For this
we have used amulti-instrumental geochemical approach, including el-
emental inductively coupled plasma mass spectrometry (ICP-MS),
micro-petrographic (opticalmicroscopy), scanning electronmicroscopy
with X-ray microanalysis (ESEM/EiDX) of mineral matter, infrared and
Raman spectroscopies and solvent extraction followed by gas chroma-
tography–mass spectroscopy.

The aim of present study is to contribute to our knowledge of chang-
es that occur in the composition of mineralized coal matter during ra-
diogenic and self-burning thermal degradation of coal waste heap
materials using multi-instrumental geochemical and micro-
petrographic studies. The results can be used to decipher the history
of coal wastes affected by the interplay of several successive processes
and to evaluate their possible environmental impacts.

2. Geological setting – study area

Coal and uranium were mined in the Upper Paleozoic Intra-Sudetic
Basin (ISB) located at the boundary between the Czech Republic and
Poland (Fig. 1). The Czech part of the ISB is filled exclusively with conti-
nental clastic and volcaniclastic deposits, mostly sub-horizontally
Please cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
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bedded. Sedimentation in the basin began in the Upper Viséan and con-
tinued with some hiatuses until the Triassic (Fig. 2). The great majority
of coal seams (N60) are confined to the Žacléř Formation (Westphalian
A-C) or the Odolov Formation (Westphalian D to Stephanian C). Dull
banded coals and banded coals sometimes with clay admixture prevail
in coal seams of the ISB. Pure lithotypes as bright coals and dull coals
are less abundant. In general, they belong to the category of high volatile
bituminous coals with Vdaf 27–44% and vitrinite reflectance (Rr)
0.68–1.2% (Pešek et al., 2010; Opluštil et al., 2013). The major maceral
constituent was vitrinite (43–82 vol.%), while liptinite (5–27 vol.%)
and inertinite (8–35 vol.%) were less abundant (Pešek et al., 2010).
Less important coal seams form a part of the uppermost Stephanian
and lowermost Permian formations.

Uranium mineralization in coal seams was confined to several
lithostratigraphical units (Fig. 2). The Pětiletka and Lampertice ore
showings occurred in the Žacléř Formation, uranium deposits of the
Kolektiv ore field in the Svatoňovice Formation, the Stachanov uranium
ore field in the Radvanice Formation, and the Rybníček deposit and
Chvaleč showing in the uppermost Stephanian and Autunian (Chvaleč
Formation; Fig. 2).

At the former Novátormine (the Rybníček coal and uraniumdeposit
uranium) mineralization was composed of “uranium blacks”, coffinite
and uraninite and formed small stratiform lenses from 0.1 to 0.3 m
thick (Arapov et al., 1984; Bernard, 1991). Higher uranium contents
were found in pyrite-rich, dull or fusinitized coal positions. Uranium
was associatedwith elevated contents of copper (up to 1.8wt.%)molyb-
denum (0.6 wt.%), lead (0.5 wt.%) and zinc (up to 0.9 wt.%). Uranium
mining took place in the Rybníček deposit (the former Novátor coal
and uranium mine at Bečkov) from 1952 to 1957. Roughly
300,000 tons of coal and 40,000 tons of radioactive material were ex-
tracted. Uranium contents ranged from 0.008 to 2 wt.%. Spontaneous
combustion of coal heaps at the Novátor mine occurred from 1959 to
1962 (Adamec, 2015; Žáček and Skála, 2015). Since 1963 until the pres-
ent time coal heaps have gradually been overgrown with vegetation,
mostly birch trees.

3. Samples and methods

3.1. Samples

Samples of coal and coal claystone were taken from shallow pits,
from a depth of 20–40 cm, both in unburnt and burnt parts of the
heap. Additional sampleswere collected from a trench located at the in-
terface between the burnt and unburnt part of the spoil heap. A total of
14 samples (approx. 0.3 kg each) were collected from all types of
induced alterations of Permian uraniferous coal from the abandoned
.doi.org/10.1016/j.coal.2016.08.002
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Fig. 2. Basic lithographic units in the Czech part of the Intra-Sudetic Basin with uranium
ore fields or showings confined to the coal seams indicated. According to Pešek et al.
(2010).
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materials. In the laboratory, the samples were ground, homogenized in
an agate mill to particle size b0.063 mm and analyzed. Polished thin
sections and polished sections were prepared for further microscopic
and microprobe studies.
3.2. Mineralogy of coal and claystone with dispersed organic matter

Determination of the mineralogical identity of inorganic compo-
nents in coal and claystone with organic admixture was attempted
using a CAMECA SX 100 electron microprobe in the wavelength-
dispersion mode in the Joint laboratory of Electron Microscopy andMi-
croanalysis of the Masaryk University and Czech Geological Survey in
Brno, Czech Republic. Operating conditions included an accelerating
voltage of 15 kV, a beam current of 20 nA, and a beam diameter of
2 μm, or using an electron microscope (TESCAN VEGA3XMU) equipped
with an energy dispersive X-ray microanalyzer (Bruker QUANTAX200)
at the Geological Institute, Czech Academy of Sciences, Prague, using
Please cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
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an accelerating voltage of 15 keV. The Bruker Esprit 1.9 program was
used to identify the spectra.

Inorganic phase identification was carried out using a Philips X'Pert
System CuKα diffractometer, 40 kV/40 mA, which is equipped with a
secondary graphite monochromator. Records were obtained from un-
oriented samples (range 3–70° 2θ, step 0.05 2θ/3 s).
3.3. Inorganic geochemistry

Concentrations of chemical elements in coal samples were
established at the Bureau Veritas Mineral Laboratories Ltd. (Vancouver,
Canada; former Acme Analytical Laboratories), accredited under ISO
9002 by ICP-MS. The relative percent difference (RPD) using CRM
OREAS 25a and OREAS 45e standards were excellent for most chemical
elements (±10% of the certified values) or good (±10–25%). For Ag, Bi,
Se and Sn, the RPD were higher (N25%) due to very low concentrations
of these elements in the samples analyzed.

The amounts of carbonate carbon (Ccarb) organic carbon (Corg) and
total sulphur (Stot) were established using an ELTRA CS instrument in
the accredited Central Laboratories of the Czech Geological Survey in
Prague. Relative errors using reference material (CRM 7001) were
±2.5% for CO2 and Corg and ±2% for Stot.
3.4. 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, 2001) were carried out on samples from the unburnt
waste zone. Reflectance values of organic matter from the burnt zone
were measured as a parameter of alteration intensity (ISO
7404-3:2009, Taylor et al., 1998). Altered organic particles from burnt
parts of thewaste dump including: sphere, network, dense andmassive
textures; were evaluated according to the international classification
system of thermally altered carbonaceous particles (Misz-Kennan
et al., 2009 and Lester et al., 2010), which is based on principles de-
scribed by (Taylor et al., 1998; Bailey et al., 1990; Vleeskens et al.,
1994; Kwiecińska and Petersen, 2004; 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. Random and actual reflec-
tance values were determined from particulate polished sections by
SpectraVision software calibrated with sapphire (R = 0.596%), yttrium
aluminium garnet (R = 0.894%), gadolinium-gallium-garnet (R =
1.717%), and cubic zircon (R = 3.12%) standards.
3.5. Proximate and ultimate analyses

Proximate and ultimate analyses of coal and claystones with organic
admixtures were carried out using standard procedures of the Interna-
tional Organization for Standardisation (ISO):moisture by ISO 5069, ash
by ISO 1171, and total carbon by ISO 609. The elemental organic compo-
sition was determined using a carbon, hydrogen, nitrogen, sulphur/ox-
ygen micro-analyzer CHNS/O (Thermo Finnigan Flash FA 1112).
3.6. Gas chromatography/mass spectroscopy (GC/MS)

Sample extraction (cca. 20–40 g sample) and GC/MS analysis were
conducted as described in detail byHavelcová et al. (2014) using the fol-
lowing oven temperature program: 40 °C (2 min) to 140 °C at a rate
20 °C/min, and continued at a rate 5 °C/min to 300 °C (5 min).
induced alterations of Permian uraniferous coal from the abandoned
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3.7. Raman spectrometry

Raman spectra of organic matter were collected from polished sam-
ples using a Thermo Scientific DXR Ramanmicroscope equipped with a
532 nm line laser. Locations of interest were positioned using a motor-
ized XY stage and an optical camera. The spot size of the laser focused by
the 50× objective was ~1 μm in diameter. The laser power and time of
sample excitation were adjusted to obtain high quality Raman spectra
allowing the production of spectral maps. A laser power of 0.3 mW at
the sample was used in this study. Scattered light was analyzed by a
spectrograph with holographic grating (900 lines per mm) and a pin-
hole width of 25 μm. The acquisition time was 10 s. Ten accumulations
were added together to obtain a spectrum. A 3 μm step was selected for
microspectroscopic surface mapping using the OMNIC Atlμs imaging
software program (Thermo Fisher Scientific). The first-order Raman
spectra of coal are dominated by two prominent features similar to
those of disordered carbonaceous matter. The G band corresponds to
stretching vibrations of E2g in graphitic aromatic layers. The D band
was assigned to the graphite lattice mode A1g and is connected with
planar defects between the basic structural units or the presence of het-
eroatoms (Tuinstra and Koenig, 1970). Positions, FWHM (full width at
half maximum) and the intensity ratio of both bands are parameters
that can describe the structure of a carbonaceous material.

3.8. Attenuated total reflectance - Fourier transform infrared (ATR-FTIR)
spectroscopy

Infraredmicrospectra of the individual coalmaceralsweremeasured
with a Bruker IFS 66 FTIR spectrometer combined with Hyperion IR mi-
croscope using a microATR objective equipped with a germanium crys-
tal (diameter of 150 μm). Resulting spectra were processed with ATR
correction. All spectra were recorded at a resolution of 2 cm−1 with a
zero-filling factor of 2. Spectra were collected from polished sections
in the range of 4000–650 cm−1.

4. Results

4.1. Mineralogy of unburned and burned coal and claystone with dispersed
organic matter

The mineralization of studied coal samples not affected by self-
ignition consisted of: (1), grains of framboidal or euhedral pyrite, min-
ute inclusions of galena, coffinite and uraninite scattered in coal matter
(Fig. 3A,B) and, (2) base metal mineralization bound to fissures in coal
matter (Fig. 3C,D,E,F). The fissureswere filled with carbonates (ankerite
and dolomite), quartz, kaolinite, chalcopyrite, sphalerite and galena,
and probably remobilized uranium mineralization (uraninite and
coffinite). In several fissures, uranium occurred in association with
phosphorus, however, phosphate minerals with elevated levels of ura-
nium were not identified.

Disseminated uraninite grains in the coalmatrix or carbonate-quartz
veinlets were to various degrees coffinitized (from 1.3 to 6.3 wt.% SiO2),
where the coffinite contained relatively high contents of Y2O3

(0.8–0.9 wt.%) and P2O5 (0.8–0.9 wt.%). The anisotropic radiation-
induced haloes surrounding the uraninite and coffinite grains were
found in many positions in the uranium-enriched coal. Halo diameters
ranged from 35 to 100 μm (Fig. 3A,B). Zones with increased reflectance
also appeared along some cracks filled with kaolinite and carbonates
(Fig. 3C). However, the association of these zones alongmineralized fis-
sures with uraniumwas not evident. Weathering of coal was manifest-
ed by the transformation of galena to cerussite, decomposition of
chalcopyrite to ferric hydroxides (Fig. 3F) and malachite and by the
limonitization of pyrite.

In coal and claystone samples affected by self-ignition, the composi-
tion of inorganic phases depends on the degree of thermal alteration. In
less altered samples, at the interface between unburnt and burnt zones,
Please cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
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the original coal structures were still recognizable. However, the car-
bonate matrix was recrystallized, forming positions of porphyroblasts
with numerous inclusions of fusinite and altered vitrinite fragments
(Figs. 4A,B and 6A,B), and original aluminosilicates (clay minerals and
detrital biotite andmuscovite) were transformed to hydrothermalmin-
erals such as Fe-rich chlorite or white mica (Fig. 4C). Gypsum formed
scattered grains in the coal matrix. With increasing thermal alteration
and dehydration, carbonates were decomposed and hydrous minerals
were melted, forming “clinkers” composed of aluminosilicate glass
(Fig. 4D), anhydrous aluminosilicates and silicates (pyroxenes, feld-
spars, Fig. 4E), titanium and ferric oxides (Fig. 4F). Wollastonite was
identified by X-ray diffraction in Ca-rich coal claystone. Clinkers were
accompanied by black “paralava” accumulations composed of porous
cordierite and hematite.

4.2. Inorganic geochemistry

Unburnt samples of coal contained from 61.3 to 70.4 wt.% Corg,
whereas contents of Corg in coal affected by self-ignition were lower
(0.5 to 21.5 wt.%; Table 1). Total sulphur contents were higher in
burnt samples (1.5 to 4.6 wt.% St) than in samples not affected by self-
ignition (1.3 to 2.2 wt.%). Contents of Ccarb in self-ignition-affected sam-
pleswas generally very low (b0.05wt.%), with the exception of samples
Ry-14/1 andRy-14/2 (2.66 and3.08wt.%, respectively) compared to un-
burnt coal samples (0.1 to 0.5 wt.%, respectively). The concentrations of
trace elements were very variable in both unburnt and burnt coal sam-
ples. The highest uranium concentrations (N1000 ppm) were detected
in samples Ry-4, Ry-7 and Ry-8 (Table 1). Uranium in mineralized sam-
pleswas accompanied byhigh levels of Pb, Cu andZn (Table 1). The con-
centrations of other trace elements were variable in both, unburnt and
self-ignition-affected coal samples.

4.3. Organic petrology and extractable hydrocarbon composition of samples
not affected by self-burning processes

Random reflectance values of vitrinite, from 0.72 to 0.86%, and
maceral composition (Table 2) showed that samples not affected by
self-burning (samples Ry-1 to Ry-8) are humic, high volatile bituminous
coal with ash yields of between 12.46 and 20.42%.

The coal matter of all unburnt samples (Ry-1–Ry-8) was relatively
densely interwoven with shrinkage cracks perpendicular to the stratifi-
cation with a variable mineral composition (Fig. 5A) of clay minerals,
sulphides, carbonates, quartz and other minerals that were described
in Section 4.1.

The composition of maceral groups of vitrinite, liptinite and
inertinite summarized in Table 2 showed that vitrinite macerals
(48.4–71.8 vol.%), representedmainly by collotelinite and collodetrinite
(Fig. 5B–F), dominated in unburnt coal samples. Other macerals of the
vitrinite group, such as telinite, corpogelinite, gelinite and vitrodetrinite
were less common. Their contents were below 3 vol.%. The content of
pseudovitrinite in samples Ry-1 and Ry-5 was also low (below
3 vol.%), and its reflectance was up to 0.15% higher than collotelinite.
The content of liptinite with weak fluorescence intensity, varied be-
tween 5.5 and 13.4 vol.%. The liptinite group macerals occurred in asso-
ciation with vitrinite and locally with inertinite macerals (Fig. 5C).
Sporinite is the principal maceral of the liptinite group, while
liptodetrinite, resinite and cutinite are less common. The inertinite
macerals were the second largest component in coal samples, where
contents varied between 21.4 vol.% and41.4 vol.%. Semifusinite, fusinite,
macrinite and inertodetrinite (Fig. 5A–F) were the prevailing inertinite
macerals in all unburnt samples. Contents of funginite, secretinite and
micrinite were below 5 vol.%.

The amounts of organic-solvent-extractable compounds in unburnt
samples were generally low (0.02–1.33 wt.%), and, according to results
of GC/MS analyses, the samples can be classified into two types:
induced alterations of Permian uraniferous coal from the abandoned
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Fig. 3. Photomicrographs (A, B, C, D) and BSE images (E, F) of mineralized coal from the Rybníček deposit (Novátor mine). A: Stratiform uranium and sulphide mineralization in the coal
seam.Mineralization consists of disseminated grains of euhedral or framboidal pyrite, uraninite and coffinite. Sample Ry-4. B: Close-up of the radiation-induced halo surrounding the grain
of coffinite. Stratiform types ofmineralization. Sample Ry-4. C: Zones of high reflectance form a rim of the epigenetic sulphide and remobilized uraniummineralization. Cracks and fissures
are partly filled in with carbonates (dark grey). An association of these high reflectance zones with uraniummineralization was not found. Sample Ry-7. D: Galena-sphalerite-carbonate
mineralizationwithminute grain of uraninite confined infissures of coal. Sample Ry-8. E: Fissure in coal healed bykaolinite (dickite?) and chalcopyrite. SampleRy-2. F: A part of a dolomite
veinletwith chalcopyrite affected byweathering processes. Chalcopyrite is partly decomposed to amixture of chalcopyrite and limonite or replaced bymalachite. Sample Ry-2. Explanation
of symbols: Py = pyrite, U = uraninite, Cfn = coffinite, Dol = dolomite, Kaol = kaolinite, Ga = galena, Sph = sphalerite, Chcp = chalcopyrite, Lim = limonite, Mlch = malachite.
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Type 1 (samples Ry-1–Ry-5): The sample extracts had n-alkane dis-
tributions in the range from n-C11 to n-C27, and the distribution was
either uniform (Fig. 6A) or of mixed typewith lower n-alkanes dom-
inating (Fig. 6B) or middle n-alkanes dominating (Fig. 6C) and with
different maxima (Table 3). Carbon preference indices (CPI24–34;
Table 3), reflecting the odd-over-even carbon atomnumber predom-
inance for n-C24–n-C34 alkanes, were low. The acyclic isoprenoids
pristane (Pr) and phytane (Ph)were identified, aswell as the sesqui-
terpenes: eudalene and cadalene. The extracts contained high con-
centrations of aromatic compounds, comprising unsubstituted
PAHs with 2–4 aromatic rings in a molecule: naphthalene, phenan-
threne, and fluoranthene, together with substituted naphthalenes,
phenanthrenes, and dibenzofurans. C1–C4 alkylnaphthalenes (up to
about 40%) were dominant in the PAH group (Fig. 7A) together
with C1–C3 alkylphenanthrenes (Fig. 7B) (up to about 15%) whereas
methylpyrenes were only detected at low concentrations (up to
about 2%). To assess the variance of alkyl aromatic hydrocarbon
lease cite this article as: Sýkorová, I., et al., Radiation- and self-ignition ind
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distributions between the samples, the methylnapthalene ratio was
calculated. Limited concentrations of the other compounds make
them unreliable as parameters for other ratios and indices used in
geochemistry. Other PAHs were not present, except pyrene at a
low concentration. The aromaticity of the sample extracts, i.e. the
proportion of aromatic compounds to all identified compounds,
was very high (63–88%), and unsubstituted PAHs comprised 13–28%.
Type 2 (samples Ry-7 and Ry-8): n-Alkanes ranged from n-C14 to n-
C28. Middle-chain n-alkanes predominated in the spectra (Fig. 6C;
Table 3). The extracts showed a slight predominance of odd-over-
even carbon atom number n-alkanes and CPI values were lower
than the Type 1 samples. Pristane, phytane and terpenes were not
identified. Extracts of this type of sample also contained high con-
centrations of lighter aromatic compounds (naphthalene, phenan-
threne, and fluoranthene), together with substituted naphthalenes,
and phenanthrenes (including phenanthrol), but the distribution
was different compared with the Type 1 samples (Fig. 7). The
uced alterations of Permian uraniferous coal from the abandoned
.org/10.1016/j.coal.2016.08.002
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Fig. 4. BSE images of coal samples and claystones affected by self-ignition. A, B: Low-grade (hydrous) alteration of coal. Veinlets of older hydrothermal dolomite in the coal matrix are
overprinted by porphyroblasts of Fe-ankerite with numerous black fragments of fusinite. Sample Ry-14/2. B: Close-up of previous image. C: Low-temperature (hydrous) alteration of
coal claystone is indicated by the development of Fe-chlorite and white mica flakes in plagioclase and quartz-rich matter. Sample Ry-14/1. D: High-temperature (anhydrous) alteration
of coal claystone. The matrix is composed of aluminosilicate glass with plagioclase and remnants of quartz grains. Sample voids, are in some places, filled with bitumen. Sample Ry-9.
E: High-temperature alteration of claystone. Sample is composed of diopside, anorthite and aluminosilicate glass with disseminated particles of anatase. Sample Ry-9. F: High-
temperature alteration. Anatase grain embedded in aluminosilicate glass. Sample Ry-9. Explanation to abbreviations: Ant = anatase, Di = pyroxene (diopside), Dol = dolomite, Fe-
Ank = ankerite, Fe-Chl = chlorite, Glass = aluminosilicate glass, Mgt = magnetite, Mica = Na\\K-white mica, Pg = plagioclase, Pr = pyrrhotite, Qtz = quartz.
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aromaticity of Ry-7 and Ry-8 sample extractswas high (84 and 69%),
unsubstituted PAHs comprised 6–8%, and extractable compound
yields of this sample type were lower (Table 3).
4.4. Radiation induced alteration of unburned samples

Radiation-induced alterations to organic matter were studied in
samples with high uranium content (N100 ppm U; samples Ry-4, Ry-7
lease cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
ovátor mine waste dump (Czech Re..., Int. J. Coal Geol. (2016), http://dx
and Ry-8; Table 1). The average reflectance of haloes (ø RRA), the num-
ber of measured objects (n), and the radiation-induced total organic
matter (RA-OM) content, including altered vitrinite and liptinite, are
listed in Table 2. The occurrence of bright zones with “haloes”was asso-
ciated with vitrinite-rich detrital layers (Fig. 5C), where collodetrinite
with disseminated fragments of inertinite and liptinite macerals
prevailed over collotelinite and semifusinite (Fig. 5C–F). The radiation-
induced haloes particularly surrounding grains of coffinite, were rare
in sample Ry-2, but were found in many positions in samples Ry-4–
induced alterations of Permian uraniferous coal from the abandoned
.doi.org/10.1016/j.coal.2016.08.002
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Table 1
Geochemical composition of unburnt and burnt coal and claystone.

Sample/component Ry-1 Ry-2 Ry-3 Ry-4 Ry-5 Ry-7 Ry-8 Ry-9 Ry-13/1 Ry-13/2 Ry-14/1 RY-14/2

Unburnt coal Burnt coal and claystone

(wt.%)
Al 0.73 1.38 1.56 0.85 1.14 0.94 0.77 0.69 5.71 4.56 5.42 5.93
Fe 0.86 1.96 1.81 0.58 0.58 0.57 0.50 6.82 5.34 2 3.88 3.30
Ti 0.032 0.060 0.080 0.043 0.060 0.049 0.041 0.02 0.26 0.22 0.26 0.28
Ca 0.64 0.29 1.18 0.89 1.41 0.75 0.78 6.90 0.32 0.56 1.34 1.62
Mg 0.21 0.16 0.67 0.18 0.43 0.15 0.13 2.17 0.48 0.32 0.65 0.68
K 0.14 0.19 0.44 0.14 0.22 0.18 0.15 0.09 2.37 1.68 1.96 2.02
P 0.148 0.133 0.144 0.287 0.238 0.257 0.290 0.20 0.18 0.09 0.17 0.21
Stot 1.27 2.24 1.78 2.12 1.04 2.01 1.78 4.58 1.85 1.47 1.49 1.68
Corg 69.63 66.68 61.27 69.24 66.61 67.62 70.41 0.51 1.24 1.47 21.53 20.88
H 4.02 3.77 3.39 3.99 3.88 3.99 4.18 0.07 0.13 0.12 1.32 0.50
N 3.54 2.90 3.13 2.34 2.64 1.18 1.06 0.01 0.02 0.02 1.54 0.47
CO2 0.68 0.19 1.62 0.46 1.65 0.39 0.35 b0.05 b0.05 b0.05 8.76 10.13
Ccarb 0.21 0.06 0.49 0.14 0.50 0.12 0.11 b0.05 b0.05 b0.05 2.66 3.08

(ppm)
Ag 4.0 11.0 8.4 12.6 0.9 7.6 6.8 5.5 4.4 2.9 5.3 4.4
As 66 99 72 73 7 61 54 186 281 39 181 168
Bi 0.4 0.9 1.1 0.4 0.4 0.5 0.4 0.1 4.5 2.3 2.1 2.8
Cd 3.8 2.6 2.9 113.4 8.7 82.9 61.4 50.5 10 24.4 31.7 28.4
Co 4.8 14.2 18.2 8.1 1.8 4.1 5.4 28.1 5.1 2.8 23.1 24.3
Cr 5 11 15 8 8 8 8 36 82 105 92 95
Cu 1332 9410 8609 406 2952 758 336 337 631 1249 4405 3262
Hg 0.20 0.28 0.37 0.58 0.48 0.57 0.52 0.47 6.57 43.44 0.27 0.58
Mn 199 61 615 93 339 75 68 1956 75 39 117 143
Mo 16 75 39 444 10 260 254 91 30 20 52 62
Pb 2043.6 2211.2 321.7 19,574.0 305.5 4244.0 15,740.0 9581.1 6450.1 3708 7582.2 3525.7
Sb 12 21 15 30 8 17 15 38 15 11 10 9
Se 2 3 2 b1 1 b1 2 7 103 65 44 47
Sn 0.4 2.6 1.3 0.6 0.9 0.8 0.6 0.5 8 5.4 6.1 6.3
Th 3 5 6 3 5 4 3 1 24 14 14 15
U 42 153 36 1176 569 1115 1287 100 60 69 551 273
Y 27 54 37 64 52 41 83 47 18 34 57 45
Zn 375 318 270 9621 521 6495 5405 4355 668 1410 1054 1497
Zr 12 305 12 3 4 7 2 34 99 96 112 123

Stot – total sulphur content (dry basis); Corg – organic carbon content (dry basis); Ccarb – carbonate carbon content (dry basis); H – hydrogen content (dry basis); N – nitrogen content (dry
basis).
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Ry-8. The halo volumes ranged from 4 vol.% in sample Ry-5 up to
14.6 vol.% in sample Ry-8. Due to the radiation-induced alteration, the
average reflectance of vitrinite increased from 1.52% (Ry-4) to 1.75%
in sample Ry-8, in the bright zones (Table 2). Detailed reflectance mea-
surements in different parts of haloes found two types of light zones
around the grains of uranium minerals. The first type is dominant and
represents a halo with minimal relief and reflectance increasing from
0.70% on the edge of the halo to a maximal reflectance value of 1.62%
in contact with the grain of uranium mineral (Fig. 5D). The second
type is represented by the halo in Fig. 5E. These haloes are characterized
by a strong relief and a rapid increase in reflectance from 0.74% in a dark
rim to amaximal reflectance value higher than 3% (3.44%) in the lightest
part in contact with the grain of uraniummineral.

Compared to vitrinite the reflectance of liptinite macerals increased
from 0.30% to 0.90% (Fig. 5D) and the fluorescent colour of liptinite
changed from yellow through orange to reddish brown. Bright zones
with maximal values of reflectance up to 1.65% also appeared along fis-
sures (Fig. 5F).

Representative Raman spectra of radiation unaffected vitrinite and
inertinite macerals and radiation-affected coal are shown in Fig. 8. In
the spectral region of 900 and 1800 cm−1, the D and G bands of carbo-
naceousmatterwere curve-fitted using Lorentzian function, and FWHM
of the D band was used as a parameter proportional to the degree of
radiation-induced alteration of coal. The average parameters of G and
D bands and their intervals for radiation unaffected and affected coal
are shown in Table 4. Fig. 9 shows a good correlation between the aver-
ageD bandwidth (FWHM) and the average reflectance of vitrinite of un-
burnt coal, haloes in samples Ry-4 to Ry-8 and carbonaceous matter of
self-ignition-affected samples Ry-9, Ry-13 and Ry-14 measured at the
Please cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
Novátor mine waste dump (Czech Re..., Int. J. Coal Geol. (2016), http://dx
polished section. In order to asses changes in D bandwidth data across
the radiation-induced halo, a suitable rectangle halo area with dimen-
sions 126 × 93 μm (mapping step 3 μm) was chosen for Raman micro-
spectroscopy mapping (see Fig. 10A). The map of this area based on
Raman spectral features in the range 1800–900 cm−1

, is shown in
Fig. 10B. The map shows that the halo surface is not homogenous. The
blue spot (crack) in the middle of the halo is a grain of coffinite. In
Fig. 10C, the D bandwidth value profile across the halo is illustrated.
The results indicate that the average value of the FWHMDgradually de-
creased from ~310 to ~220 cm−1, from the halo periphery to the halo
central part.

Using ATR-FTIR micro-spectroscopy, structural differences between
the halo and its surroundings were studied. The infrared spectra of the
radiation-induced halo, and its surroundings, are shown in Fig. 11, to-
gether with a difference spectrum obtained by subtracting the sur-
rounding spectrum from the spectrum of the halo. From the different
spectral features it is obvious that the organic structure of the halo con-
tains a smaller content of aliphatic C\\H bonds (negative bands at 2927,
2855, 1447 cm−1) and higher content of oxygenated functional groups
(positive features at 3432, 1747, 1686, 1400, 1332, 1238, 1043 cm−1).

From these spectral features, it can be deduced that strong alter-
ations in the halo take place due to radiolytic cleavage of aliphatic struc-
tures to form esters (1747 cm−1), carboxylic acids (1689 cm−1) and
alkanols (3434 cm−1). In addition, one positive band at 876 cm−1 and
two negative bands at 817 and 754 cm−1 were found in the difference
IR spectrum. These bands can be assigned to the out-of-plane vibrations
of C\\H bonds of isolated, two and four adjacent hydrogens in an
aromatic-substituted system (Ibarra et al., 1996). The number of adja-
cent hydrogens per ring provides an estimation of the degree of
induced alterations of Permian uraniferous coal from the abandoned
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Table 2
Ash yield, random and average reflectance values (%) and petrographic composition (vol.% mmf) of unburnt and burnt coal and claystone.

Sample/parameter Ry-1 Ry-2 Ry-3 Ry-4 Ry-5 Ry-7 Ry-8 Ry-9 Ry-13/1 Ry-13/2 Ry-14/1 Ry-14/2

Ad (%) 14.48 16.74 20.42 13.19 17.81 15.79 12.46 98.71 97.80 97.69 42.46 56.45
Rr (%) 0.72 0.77 0.86 0.74 0.73 0.79 0.80 – – – – –
σ 0.04 0.08 0.10 0.09 0.07 0.08 0.09 – – – – –
Ø RRAV (%) – 0.94 0.0 1.52 1.60 1.63 1.75 – – – – –
n – 5 – 41 17 50 75 – – – – –
Ø RTAV (%) – – 0.96 – – – – – – – 1.77 1.31
n – – 10 – – – – – – – 60 75
Ø RBOM (%) 3.42 2.84 3.65 2.13 2.05
n 40 45 50 200 200
RFus (%) – – – – – – – – – – 2.04 2.65
RCoke (%) 4.48 3.59 4.52 2.13 2.26
RBit (%) – – – – – – – 2.74 0 2.77 1.80 2.13
Forms of organic matter (vol.% mmfb)
Unburnt OM 100.0 99.0 95.7 90.9 94.1 90.0 85.4 – – – – –
Rad. Alter. OM – 1.0 – 9.1 3.4 10.0 14.6 – – – – –
Therm. Alter. OM – – 4.3 – – – – – – – 89.1 90.9
Burnt OM – – – – – – – 100.0 100.0 100.0 10.9 9.1

Composition of maceral groups and altered organic matter (vol.% mmfb)
∑VITRINITE 56.6 71.8 55.0 53.1 68.4 53.2 48.4 7.1 – – 35.1 56.1
Vitrinite UBV 53.8 68.4 47.8 42.5 62.1 40.9 31.5 – – – – –
Pseudovitrinite 2.8 2.3 2.9 2.4 2.9 2.5 2.6 – – – – –
Vitrinite RA 0.0 1.1 0.0 8.2 3.4 9.8 14.3 – – – – –
Vitrinite TA 0.0 0.0 4.3 – – – – 7.1 – – 35.1 56.1
∑LIPTINITE 9.9 6.8 13.4 5.5 9.3 12.4 9.8 – – – 2.2 1.2
Liptinite UBV 9.9 6.8 12.6 4.6 8.7 9.2 9.5 – – – – –
Liptinite RA – – – 0.9 0.6 0.2 0.3 – – – – –
Liptinite TA – – 0.8 – – – – – – – 2.2 1.2
∑ INERTINITE 35.3 21.4 31.6 41.4 22.3 33.4 31.8 9.3 0.0 0.0 51.8 33.6
FUSINITE – – – – – – – – – – 29.1 15.2
COKE – – – – – – – 77.2 100.0 100.0 9.1 5.2
Network – – – – – – – 17.3 15.6 12.4 1.0 1.7
Dense – – – – – – – 10.3 9.6 7.5 4.6 2.3
Massive – – – – – – – 22.8 24.9 29.3 0.9 1.2
Fragments – – – – – – – 20.4 49.9 43.8 2.6 –
BITUMEN – – – – – – – 6.4 0.0 7.0 1.8 3.9

Ad – ash yield (d – dry basis), Rr = random reflectance, rank parameter (%), σ = standard deviation, Ø RRAV = average reflectance of haloes and bright zones around fissures; Ø RBOM =
average reflectance of burnt organicmatter, coke and bitumen; RFus= average reflectance of fusinite in carbonates; RCoke= average reflectance of cokewalls; RBit= average reflectance of
bitumens; mmfb – mineral matter free basis. The number of measured points is in italic.
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aromatic substitution and condensation with increasing alteration
within radiation-induced haloes.

4.5. Self-ignition affected samples

Self-ignition-affected samples were of two types: Samples Ry-14/1-
2 were collected at the interface of unburnt and burnt zones of a waste
pile and represent coaly claystone with organic carbon contents of
21.53% and 20.88% respectively, and a total sulphur content of about
1.50%. Samples (Ry-9 and Ry-13/1-2) represented burnt-out rocks
(“clinkers”) with dispersed organic matter (0.51–1.47%), with a total
sulphur content of 1.47% to 4.58% (Table 1).

Samples Ry-14/1 and Ry-14/2 were composed of a mixture of clasts
of altered coal matter, coke and solid bitumen (Table 2) cemented by
carbonates, quartz and hydrous aluminosilicates (white mica and chlo-
rite). Results in Table 2 show that clasts of altered coal matter dominat-
ed with distinguishable macerals of vitrinite and inertinite, particularly
fusinite (Fig. 12A and B). Clasts of altered coal were formed by
collotelinite and collodetrinite with numerous cracks, fine pores and
higher reflectance values of 1.31% and 1.77%, a smaller portion of
inertinite containing anisotropic semifusinite, and rare liptinite with re-
flectances up to 0.90% (Fig. 12B). The significance for these samples was
the occurrence of clasts of fusinite, impregnated with carbonates and
quartz, with reflectance about 3.05% (Table 2; Fig. 4B and 12A,B). Coke
particles, with a dense and crassi-network texture (Fig. 12C,D), and av-
erage reflectance values of about 2.25%, sometimes with weak mosaic
and inertinite optical anisotropy, were also cemented by carbonates
and clay minerals. Particles of solid bitumen with irregular shapes,
strong relief and reflectance values up to 2.13% (Fig. 12E) were rare.
Please cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
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The fine-grained burnt claystone (clinker) Ry-9 only contained
small amounts of minute carbonaceous particles with average reflec-
tance values of 3.42%, which were disseminated in the walls of a po-
rous mineral matrix (Fig. 11F). Fusinite, dense and massive coke
particles (Fig. 11G) and droplets of solid bitumen (R = 1.90%) pre-
dominated in this sample while particles of altered and brecciated
coal matter, including vitrinite, macrinite and liptinite were rare
(Fig. 11H). A similar, thermally altered claystone forms the basis of
samples Ry-13/1 and Ry-13/2 with reflectance values ranging from
1.48% to 4.74%.

Because of the small size and high thermal degradation of carbona-
ceous particles, it was not possible to record their infrared spectra.
Therefore, structural changes of organic matter of burnt materials
were studied by Raman spectrometry only. Fig. 9 shows the smallest
values of the average D bandwidth (FWHM at 179 and 156 cm−1)
which corresponded with the highest average reflectance values, and
therefore a higher degree of thermal degradation. On the other hand
both parameters of samples Ry-14/1 and Ry-14/2 corresponded with
lower degrees of thermal alteration.

Compared to unburnt samples, the yields of extractable com-
pound from samples affected by self-burning were very low
(0.01–0.04 wt.%) and extracts were very poor in identifiable organic
compounds. Compounds detected in burnt samples were phenan-
threne, and benzotriazole, with phthalates as a contaminant. Only
in an extract of sample Ry-9 were traces of n-alkanes identified,
having chain carbon numbers from n-C18 to n-C27. In spite of the ap-
plication of activated copper, chromatographic results were affect-
ed by the presence of elemental sulphur (mainly Ry-13/1 and Ry-
13/2).
induced alterations of Permian uraniferous coal from the abandoned
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Fig. 5. Photomicrographs of organicmatter from unburnt coalwaste zone of the Rybníček deposit. A: Vitrinite of sample Ry-1with disseminated fine grains of liptinite, inertinitemacerals,
grains of quartz. Light semifusinite band in the central part of photomicrograph is broken by mineralized fissures perpendicular to the stratification. B: Collotelinite band between
collodetrinite layers with dispersed sporinite, liptodetrinite, inertodetrinite, semifusinite and macrinite, and semifusinite at the top of the image. Sample Ry-2. C: Stratiform uranium
mineralization in coal matter. Bright zones of high reflectance around the grains in haloes dispersed in collodetrinite and around some cracks. The central collotelinite band shows
broken shrinkage cracks. Sample Ry-4. D: Coal matter formed by a collotelinite band and collodetrinite layers with dispersed small fragments of liptinite and inertinite macerals with
dark grey fragments of sporinite and a light band of semifusinite. Close-up of the moderate radiation-induced halo with reflectance of vitrinite increases from 0.73% to 1.62% in contact
with the grain of coffinite in collodetrinite. The zone with higher reflectance occurred in sporinite. Sample Ry-7. E: High reflectance halo with marked vitrinite reflectance values,
which increase from the dark edge to the contact with a uraniferous phase. Sample Ry-8. F: Zones of high reflectance form a rim of epigenetic sulphide and probable remobilized
uranium mineralization in collotelinite and partly in collodetrinite. Sample Ry-7. Photomicrographs B, D, E, F were taken in reflected white light using an immersion lens with 40×
magnification and photomicrographs A and C using a dry lens with 20× magnification.
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5. Discussion

5.1. Coal mineralization

Coal from the Novátor mine was, to a variable degree, mineralized.
Results of principal component analyses revealed that 73.4% of the dis-
persed variables could be assigned to two factors (eigenvalue N1;
Fig. 13). High values of Factor 1 characterize Al, Ti, Zr, Th, Rb and K,
i.e., elements confined to aluminosilicates, titaniumoxides andminerals
of zirconium.

In contrast, negative Factor 1 values are characteristic of Corg, P, U
and Hg. Therefore, Factor 1 can be interpreted in terms of the inorganic
to organic matter ratio in the samples studied. High positive Factor 2
loadings for Ca, Ccarb, Mg and Mn values and low (close to – 1) Factor
2 loadings for Stot, Ag, As and Sb indicate that Factor 2 can be interpreted
as the carbonate-to-sulphur ratio in coal samples.

Many other chalkophilic elements display negative Factor 2 values,
indicating an association with sulphur. However, they may be
Please cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
Novátor mine waste dump (Czech Re..., Int. J. Coal Geol. (2016), http://dx
subdivided into two groups: (1) Cd, Zn, Pb, Mo and Y project close to
Corg, whereas (2) Bi, Co, Cu, Cr, Se and Sn group with Fe. Therefore, the
results of principal component analysis revealed that two types of min-
eralization were present in the samples:

(1) Stratabound, syngenetic uranium mineralization (association of
P, U, Hg, Y, Cd, Zn, Pb and Mo) with organic matter (Corg) and,

(2) Epigenetic, base metal mineralization (Stot, Ag, As, Bi, Co, Cu, Cr,
Fe, Se, Sb, Sn) confined to small veinlets perpendicular to or
oblique to the coal bedding. A close association of Cu and other
elements with Fe reflects the occurrence of chalcopyrite.

(1) The association of uranium with organic matter has been de-
scribed many times in the literature. Uranium in the +6 (oxi-
dized) state can be readily fixed by organic material in a
process that does not require an immediate reduction of urani-
um (Szalay, 1964; Schmidt-Collerus, 1969; Jennings and
Leventhal, 1977; Kříbek and Podlaha, 1980). Reduction from
the+6 to+4 state and the formation of uraniummineralization
induced alterations of Permian uraniferous coal from the abandoned
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Fig. 6. The distribution of n-alkanes in A) Type 1 samples (Ry-1 and Ry-2), B) Type I sam-
ples (Ry-3–Ry-5) and C) Type 2 samples (Ry-7 and Ry-8). (SIM 85 m/z).

Table 3
Values of geochemical ratios based on geochemical markers in unburnt and burnt sample extr

% extract yields n-Alkane maximum CPItotal CPI24–34 CPI17–23 OEP

Unburnt coal
Ry-1 0.11 n-C18 1.09 2.29 1.42 0.99
Ry-2 0.28 n-C23 1.02 3.84 1.25 1.14
Ry-3 1.14 n-C16 0.90 1.89 1.08 0.66
Ry-4 1.33 n-C13 0.99 3.45 1.55 0.96
Ry-5 0.68 n-C13 1.05 – 1.42 1.06
Ry-7 0.04 n-C21 0.94 1.27 1.47 0.91
Ry-8 0.02 n-C19 0.82 1.3 1.4 0.98

Burnt coal and claystone
Ry-9 0.01 – 1.01 1.57 1.41 0.95
Ry-13/1 0.04 – – –
Ry-13/2 0.01 – – –
Ry-14/1 0.01 – – –
Ry-14/2 0.02 – – –

Carbon preference index CPItotal = ∑odd number/∑even number, m/z = 85 (Simoneit, 198
Carbon preference index CPI24–34= 0.5{[(n-C25+ n-C27 + n-C29 + n-C31+ n-C33) / (n-C24+ n
C28 + n-C30 + n-C32 + n-C34)]}, m/z = 85 (Bray and Evans, 1961).
Carbon preference index CPI17–23 = 0.5{[(n-C17 + n-C19 + n-C21) / (n-C18 + n-C20 + n-C22)] +
2003).
Odd-over-even predominance OEP = (n-C21 + 6 ∗ n-C23 + n-C25) / (4 ∗ n-C22 + 4 ∗ n-C24), m
Methylnaphthalene ratio MNR= 2-methylnaphthalene / 1-methylnaphthalene, m/z = 156 (R
Pr/Ph = pristane/phytane; N - naphthalene; P - phenanthrene; F- fluoranthene; Py - pyrene; P

Fig. 7. The distribution of A) naphthalenes and B) phenanthrenes in samples. (SIM
142 + 156 + 170 + 184 m/z, and 192 + 206 + 220 m/z).
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can occur at some later time due to the decrease in carboxyl and
carbonyl functions during coalification (Kochenov et al., 1977).
The ubiquitous association of coffinite or uraninite with organic
matter and the occurrence of inclusions of organic matter in
many sedimentary coffinites imply that the presence of amor-
phous organic matter as a strong sorbent and reductant (or as a
substrate for biogenic H2S) may be critical to coffinite and urani-
nite formation at temperatures b200 °C (Fuchs and Hoekstra,
1959; Smith, 1984). The black colour, characteristic of coffinite
in coal, may be due to an admixture of organic carbon. X-ray el-
emental mapping (U, Si, and C) of ore samples performed on
acts.

Pr/Ph Aromaticity MNR N P F MF Py PheOH

3.86 84.04 1.76 2.07 7.54 4.27 2.52 – –
2.42 88.00 1.44 – 17.96 10.38 9.59 – –
4.08 88.19 1.65 6.84 11.75 4.45 4.20 – –
1.65 62.68 1.06 6.48 10.06 2.01 1.07 – –
3.43 79.25 1.20 10.20 9.64 2.40 1.19 – –
– 83.56 0.89 – 4.25 0.76 – 1.90 0.91
– 69.07 1.05 – 2.87 0.47 – 1.74 1.16

– 0.00 – – – – – – –
– – – – – – – – –
– – – – – – – – –
– – – – – – – – –
– – – – – – – – –

9).
-C26+ n-C28 + n-C30+ n-C32)]+ [(n-C25 + n-C27+ n-C29+ n-C31 + n-C33) / (n-C26 + n-

[(n-C19 + n-C20 + n-C23) / (n-C18 + n-C20 + n-C22)]}, m/z = 85 (Kotarba and Clayton,

/z = 85 (Scalan and Smith, 1970).
adke et al., 1982).
heOH – phenanthrol.
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Fig. 8. Representative Raman spectra of coal sample Ry-5: A – halo with reflectance R =
2.42%, B – fusinite with reflectance R=1.87%, C – collotelinite with reflectance R=0.80%.

Fig. 9. Correlation between average reflectance and FWHM D of unburnt coal, radiation
affected haloes (symbol H) and burnt coals.
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the electron microprobe indicated that not all U is in coffinite or
uraninite (Smith, 1984). Some uranium may be adsorbed onto
organic matter (Jennings and Leventhal, 1977; Borovec et al.,
1979) at an early stage of coalification. However, using areal
BSE mapping of our samples, finely dispersed uranium was not
detected in individual macerals.

(2) The origin of veinlet-type base metal mineralization in a small
part of uranium in coal samples from the Novátor mine is more
difficult to explain because the timing of this type of mineraliza-
tion is difficult to assess. In the study area, up to 800mof volcanic
rockswith a small intercalation of sandstones and conglomerates
form a hanging wall in the Rybníček coal seam (Fig. 2). The
Autunian volcanic complex is composed of intermediate volcanic
rocks from effusions, sills and intrusion bodies,whereas rhyolites
consist mainly of ignimbrites (Suk, 1984). Small manifestations
of base-metal, predominantly chalcopyrite mineralization are
known at the basal part of the volcanic rocks pile (Bernard,
1991). It is, therefore, suggested that base metal hydrothermal
mineralization in the coal samples may be related to Autunian
volcanic and related hydrothermal processes.Within this scenar-
io, not only geochemistry of coal but also coal physical properties
(reflectance, Raman characteristics) and the composition of or-
ganic extracts may have been affected by both syngenetic
uranium-, as well as epigenetic base metal mineralization.

5.2. Organic petrology and geochemistry of unburnt coal and its relation-
ship to mineralization

Random reflectance values of vitrinite in coal from the unburnt zone
of the Novátor mine waste dump varied between 0.72% and 0.86%.
These reflectance values are high for Lower Permian bituminous coal
Table 4
Raman parameters of unburnt and burnt coal and claystone.

Coal
Number of
measure

D position
average (cm−1)

D positions
interval (cm−1)

FWHM D
average (cm−1)

FWHM D
interval (

1 5 1348 1337–1353 302 229–341
2 7 1347 1338–1354 301 240–339
3 5 1352 1348–1356 314 263–354
4 13 1347 1334–1353 286 228–340
5 10 1347 1337–1354 299 259–341
7 10 1352 1341–1356 257 223–282
8 12 1353 1340–1357 256 206–275
9 4 1347 1340–1351 156 123–177
13 6 1349 1345–1353 179 161–203
14 9 1354 1351–1356 256 226–265
4H 5 1348 1342–1353 269 250–294
5H 4 1336 1333–1339 228 228–228
7H 4 1341 1339–1343 227 221–234
8H 4 1338 1335–1340 220 215–224
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and correspond to the rank of the underlying Upper Carboniferous
coals mined in the Intra-Sudetic Basin (Rr = 0.68–1.20%; Opluštil
et al., 2013). An unusually high rank of unburnt coal, loss of liptinite
fluorescence, and the formation offissures are typical changes in coal af-
fected by intrusions or dykes in the neighbourhood of coal seams, as de-
scribed by many authors, for example Kisch and Taylor (1966),
Goodarzi and Cameron (1990), Murchison (2006), Amijaya and Littke
(2006), Mastalerz et al. (2009). In addition to the increased reflectance
of vitrinite and liptinite, numerous different-sized cracks perpendicular
to the stratification, often filled with mineral phases, were found in
many samples (see Section 4.1). Another anomaly is the occurrence of
pseudovitrinite (Table 2)with typical short parallel slits and an increase
in collotelinite reflectance that was also detected in small amounts (up
to 3 vol.%) in the samples. Generally, the occurrence of pseudovitrinite
can be the result of primary oxidation, drying or dessication during
peat formation, post coalification oxidation processes, and/or stress
caused by burial depth pressure or thermal stress (Benedict et al.,
1968; Gurba and Ward, 1998; Kruszewska, 1998; Mastalerz and
Drobniak, 2005). The described changes in optical properties of coal
samples may be related to thermal stress induced by the thick volcanic
pile forming the hangingwall of the Rybníček coal seam (Fig. 2). It could
be accompanied by chemical changes in coal such as decreases in hydro-
gen, volatile matter, and aliphatic hydrocarbon compounds, an increase
in organic matter aromaticity, and changes in inorganic geochemistry
(Ward et al., 1989; Finkelman and Stracher, 2011).
cm−1)
G position
average (cm−1)

G positions
interval (cm−1)

FWHM G
average (cm−1)

FWHM G
interval (cm−1)

1593 1590–1598 76 67–85
1593 1591–1598 77 67–83
1592 1588–1596 78 69–92
1593 1591–1596 78 68–80
1593 1591–1595 76 70–84
1596 1596–1599 73 59–80
1596 1595–1600 74 61–80
1598 1597–1599 90 80–96
1593 1589–1596 91 89–94
1599 1598–1600 74 70–78
1594 1592–1595 78 77–79
1592 1591–1593 82 77–86
1592 1592–1593 83 81–85
1593 1591–1593 86 83–87
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Fig. 10. Micrograph of an area in a polished section from the coal sample Ry-5 chosen for Raman microspectroscopy mapping (A), correlation map of halo (B) and development of the
FWHM D values across the halo (C).
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The character of the n-alkane distribution was unusual for typical
coal samples that have mainly long-chain n-alkanes from plant waxes
with odd-over-even predominance. Various parameters are used to
study geochemical samples to differentiate n-alkane sources as being
of biogenic, petrogenic or anthropogenic origins. The values of the OEP
and CPI indices used (Table 4) exhibited non-typical values for bitumi-
nous coal, which means that the samples were, in some way, thermally
affected. There were actually several types of n-alkane distributions: a
distribution with abundances over the whole range, a narrower distri-
bution of short-chain n-alkanes with n-C13–n-C16 predominance, and a
distribution of middle chain n-alkanes with n-C19–n-C25 predominance.
Although then-alkanes occurredwithin variable ranges and abundance,
generally these types of distributions reflected processes connected
with various degrees of heating, pressure, radiolysis, or leaching. Fur-
thermore, the possible input of pyrolysate migration within the dump,
and mixing of migrating pyrolysates with coaly bitumen present in
situ cannot be ignored.

Similarly, these processes affected the presence of pristane and phy-
tane within the samples: the absence of pristane and phytane in the
sample extracts of Type II are evidence of higher heating, leaching or ra-
diolytic effects. The Pr/Ph ratio is a widely used biomarker for assess-
ment of redox conditions during sediment accumulation (Didyk et al.,
1978; ten Haven et al., 1987). However, this ratio cannot imply the de-
gree of oxidation, in the case of redeposited or affected coal samples, be-
cause it is sensitive to thermal and radiolytic alteration (Havelcová et al.,
Fig. 11. ATR-FTIR microspectra of halo, halo surround and the difference spectrum (coal
sample Ry-5).
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2014). Coal wastes showed higher values of Pr/Ph upon heating (Misz-
Kennan and Fabiańska, 2010). The Pr/Ph values for samples classified as
Type I were higher than the values typical for coals, and a low degree of
degradation of these materials is assumed.

Different distributions of alkylated PAHs with 2–4 aromatic rings
were also identified, in comparisonwith Type 1. Although the identified
PAHs corresponded to high rank coals, where the condensed network
created smaller and more stable molecules in the mobile and extract-
able phases (Stout and Emsbo-Mattingly, 2008), their distribution was
affected by processes within the dump.

Phenolic compounds are used as a signature of coal-waste self-
heating (Nádudvari and Fabiańska, 2016) as they are derived from the
thermal destruction of vitrinite macromolecules (Hatcher and Clifford,
1997). They are abundant in pyrolytic products of coal. In the samples
studied, only phenanthrol, the oxidized product from the reaction of
phenanthrene with OH radicals (Lee and Lane, 2010) was identified in
Type 2 sample extracts. Usually coal-waste extracts comprise phenol
and cresols, and other phenols occur in lower amounts (Misz-Kennan
and Fabiańska, 2011) so the presence of phenanthrol most probably in-
dicates that hydrothermal or thermal evaporation of lighter compounds
affected the samples.

Generally, chemical substances identified in the sample extracts can
be interpreted as: 1) products of chemical transformations of biological
precursors during diagenesis and catagenesis in the original coal,
2) products of thermally or radiolytically altered organic matter and,
3) products of bitumen migration from heated zones in the accumulat-
ed matter, adsorbed on coal or washed with water.

In samples Ry-4, Ry-7, Ry-8 with high uranium contents
(U N 1000 ppm) the effects of radiation on coal properties were exhibit-
ed in numerous high-reflectance haloes adjacent to grains of uranium
minerals. Values of the FWHM D were also higher in radiation-
induced haloes compared to bulk organic matter, and IR spectra con-
firmed that alterations in haloes resulted in radiolytic cleavage of ali-
phatic structures to form esters (1474 cm−1), carboxylic acids and
alkanols. This agreed with results of Havelcová et al. (2014) who
found thatα-ray flux from uraniumminerals involves dehydrogenation
and oxidation, mainly of aliphatic, aromatic and hydroxyl structures,
and an increase in aromaticity and ether bonds in sub-bituminous coal
from the Sokolov Basin, Czech Republic. Furthermore, an increase in
the spectral features at 880–900 cm−1 was observed in radiation-
induced haloes compared with radiation unaffected coal from the
Novátor mine (Fig. 11). Vibrations in this part of the spectra can be
assigned to antisymmetric U\\O stretching and probably exchange of
uranyl (UO2

2+) ions. The bands of anti-symmetric stretching vibrations
induced alterations of Permian uraniferous coal from the abandoned
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Fig. 12. Photomicrographs of organic matter in coal and claystone samples affected by self-ignition. A: High reflectance fusinite in carbonate. Sample Ry-14. B: Altered vitrinite bandwith
cracks and fine pores between fusinite fragments in carbonate. Sample Ry-14/1. C: Massive texture of coke formed by high reflectance collotelinite and collodetrinite with light inertinite
macerals. Sample Ry-14/2. D: Dense texture of coke formed by altered vitrinite mater with dispersed inertinite fragments and pores after degassing of liptinite. Sample Ry-14/1. E:
Fragment of weathered solid bitumen particle with high relief. Sample Ry-14/2. F: Burnt claystone with disseminated fine high reflectance particles. Sample Ry-13/1. G: Detail of dense
coke particles in sample Ry-9. H: Brecciated coal particle formed by altered vitrinite macrinite and inertodetrinite. Sample Ry-9. Photomicrographs A, B, C, D, F, G and H were taken in
reflected white light using an immersion lens and photomicrograph E using a dry lens with 20× magnification.
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of\\COO\\groups are situated in the region 1560–1560 cm−1 and
bands of the antisymmetric stretching vibration of\\COO-groups in
the region 1400–1330 cm−1 (Koglin et al., 1978). In the difference spec-
trum, one positive band at 876 cm−1, and two negative bands at 817
and 754 cm−1 can be seen, which can be assigned to the out-of-plane
vibrations of C\\H bonds of isolated, two and four adjacent hydrogens
in the aromatic substituted system (Ibarra et al., 1996). The number of
adjacent hydrogens per ring provides an estimation of the degree of ar-
omatic substitution and condensation with increasing coalification.
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Other than radiation-induced haloes, it is difficult to determine
whether differences in the composition of bulk organic matter are due
to radiation effects or differences in (hydro) thermal stress associated
with volcanic activity and associated epigenetic mineralization. In natu-
ral systems, the effect of radiolytic alteration, at a molecular level can be
attributed to reduced amounts of isoprenoids versus n-alkanes, de-
creased abundance of long chain alkanes and alkylated PAHs, increased
aromaticity or unusual distributions of aromatic hydrocarbons
(Havelcová et al., 2014; Court et al., 2006; Dahl et al., 1988). However,
induced alterations of Permian uraniferous coal from the abandoned
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Fig. 13. Results of principal component analysis of burning-unaffected coal samples.
Projection of the variables on the plane of factors 1 and 2. Number of samples: Ry-5.

Fig. 14. Relationship between the MNR and uranium concentration.
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it is possible to observe the same changeswith increasing thermal stress
related to various types of epigenetic, predominantly copper minerali-
zation (Greenwood et al., 2013). Due to the combination of processes
of heating, pressure, radiolysis or leaching together with pyrolysate mi-
gration and precipitation within a dump, it is difficult to estimate the
contribution of radiolytic effects on the organic matter of samples.

Usually, aromatic hydrocarbon distributions are potentially useful in
applied geochemistry, using various ratios and indices to evaluate ther-
mal maturity of organic matter, and degradation of aromatic hydrocar-
bons. There are many ratios applied (Radke, 1988), however in this
study, only the methylnapthalene ratio (MNR) was used because
other ratios and indices were not possible to calculate or they did not
show feedback. The MNR ratio is based on the distribution of methyl-
naphthalene isomers caused by either selective generation of 2-
methylnaphthalene and/or selective transformation of 1-
methylnaphthalene. The ratio increaseswithmaturity andusually dom-
inates up to a vitrinite reflectance of 0.9% (Radke et al., 1982). However,
to evaluate the maturity or degradation is problematic in the case of
waste samples, and the ratio was used only to assess the samples. The
calculated values showed a significant correlationwithuranium content
(Fig. 14). Misz et al. (2007) found a correlation between MNR and the
vitrinite content for samples from coal wastes exposed to fire; however
it is clear that this parameter also reflects radiolytic alterations.

No other significant differences between samples associated with
higher uranium content were found, and it seems that the presence of
uranium induces changes that are equivalent to those that occur during
thermal degradation of organic matter. Significant correlations were
also found between uranium content and average values of reflectance
in individual samples.

5.3. Changes in organic components induced by self-burning

At the Novátor mine, coal and claystones vitrinite reflectance, mor-
phology and compositions of various forms of self-burnt organic matter
and various chemical indices were recorded. Variabilities in optical
properties, and the composition and morphology of burnt organic mat-
ter are attributed to the resistance of organic particles to thermal treat-
ment. Self-heating, spontaneous combustion, pyrolysis, anhydrous and
hydrous pyrolysis are the most important transformation processes of
both organic and mineral matter in coal wastes deposited in dumps.
The scale of these processes depends on the properties of the maceral,
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mineral composition, rank of coal, and the heating history: heating
time, temperature, rate, air access, and the presence of water (Taylor
et al., 1998; Suárez-Ruiz and Crelling, 2008; Beamish et al., 2001,
Beamish and Arisoy, 2007; Misz et al., 2007; Kus et al., 2010;
Misz-Kennan and Fabiańska, 2010; Ribeiro et al., 2011, 2016). The re-
sults summarized in Table 2 and Fig. 12 documented a greater suscepti-
bility of vitrinite and liptinite to thermal processes in burnt samples.
Average reflectance values of vitrinite in samples Ry-14/1-2 increased
by up to 1.31% and 1.77% respectively in altered coal matter with fis-
sures, rare reaction rims and vitritized liptinite, and increased up to
2.13% and 2.26% in coke particles. Reflectance values of self-ignition al-
tered coal matter and the resulting coke corresponded to moderately
and strongly alteredwastes, as classified byMisz-Kennan and Fabiańska
(2011). These authors distinguished three types of alteration of wastes
in the Starzykowiec dump: 1) unaltered waste with highest contents
of unaltered macerals; 2) moderately thermally-altered wastes of re-
flectance 0.6–1.6% with considerable amounts of oxidized vitrinite;
3) strongly alteredwasteswith strongly altered organicmatter of reflec-
tance 1.86–5.42%. Unaltered wastes were not found in self-burnt zones
in the Novátor mine dump. Coal matter heated slowly at a low temper-
ature for a long time showed cracks, paler colour of vitrinite and liptinite
and reaction rims. Liptinite then disappeared and organic matter be-
came strongly thermally altered, displaying high reflectance (Fig. 12B,
C). Increasing rates of heating caused an increased tendency to soften,
release gas, form pores and generate optical anisotropy. Weak mosaic
optical anisotropy, and the occurrence of fissures and pores after
degassing of liptinite macerals, corresponded with a weakly developed
coke texture, and suggests that the temperature did not exceed 500 °C,
according to Singh et al. (2007), Mastalerz et al. (2009), and Misz et al.
(2007). The absence of liptinitemacerals indicates that the temperature
of thermal stress was higher than 300 °C (Mastalerz and Mastalerz,
2000). Themacerals of the inertinite group showed little change inmor-
phology and a significant increase in reflectance (Fig. 12C and D) under
similar thermal conditions. More reflecting inertinite did not fuse dur-
ing carbonization and combustion, and formed isotropic coke with an
average reflectance of up to 2.65%,whichwas observed in all burnt sam-
ples similar to bitumen drops and fillings.

The lowest carbon contentswere found in strongly thermally altered
claystones of samples Ry-9 and Ry-13/1-2 with pores and disseminated
amounts of small carbonaceous charred particles up to 100 μm. Average
reflectance values of isotropic coke particles of dense, massive and rare
networks texture, R=3.59–4.52%were higher than rare bitumen drops
and fillings of fine fissures and cracks.

The intensity ratios, position and the FWHMs of the D and G band
can be used as indicators of char and maceral structural order (Sheng,
2007; Guedes et al., 2010). The Raman spectroscopy results in Fig. 9
show that samples Ry-1, Ry-2 and Ry-3 from the study collection with
very low uranium contents (U= 42.2, 152.7, and 35.8 ppm, respective-
ly), had the lowest degree of coalification. On the other hand, claystone
induced alterations of Permian uraniferous coal from the abandoned
.doi.org/10.1016/j.coal.2016.08.002

http://dx.doi.org/10.1016/j.coal.2016.08.002


15I. Sýkorová et al. / International Journal of Coal Geology xxx (2016) xxx–xxx
samples Ry-13 and Ry-9 with a similar uranium content (U = 60.1,
99.5 ppm) had the smallest FWHM D (179 and 156 cm−1) values and
therefore higher coalification, predominantly due to thermal degrada-
tion of the coal samples.

The burnt samples were almost totally reduced in organic content.
Due to oxidation, in combination with an oxygen-free environment
where heatwas released, organicmatterwas combusted and pyrolysed,
and carbon and hydrogen contentwere decreased (Table 1). The results
obtained from GC/MS analyses of sample extracts reflect the maceral
compositions of the self-ignition affected samples: altered vitrinite,
higher content of inertinite and rare liptinite macerals. The structure
of the vitrinite maceral group is generally characterized by the presence
of short aliphatic chains and rising aromatization of themacromolecular
structure, reflecting the coal rank (Li et al., 2013). This structure un-
dergoes changes during combustion, resulting in the release of organic
fractions, followed by rearrangements, cyclizations or radical condensa-
tion reactions leading to more aromatic structures (Mastral and Callén,
2000). Vitrinite, modified during the thermal process yielded an altered
form with cracks, higher reflectance and a more ordered structure ap-
proaching the highly carbonised material of the inertinite maceral
group. Incomplete combustion and decomposition caused the produc-
tion of fragments with the aromatic structure of the coal, and phenan-
threne is the product of this reaction, with benzotriazole being the
pyrolytical product.
6. Conclusions

Uranium and base metal mineralized coal from the former Novátor
mine waste pile was partly affected by self-burning processes. Dissem-
inated uranium minerals caused local radioactive alterations of the
coal matrix. The diameter of the rounded radiation-induced haloes
ranged from 35 to 100 μm. Radiation alteration was nonhomogeneous
and was manifested by higher reflectance and lower values of Raman
band disorder (D) in contact with the uranium mineral grain relative
to radiation-unaffected organic components of coal. The infrared spec-
troscopy revealed lower amounts of aliphatic C\\H and hydroxyl
bonds relative to the radiation-unaffected coal matrix. However, the
geochemical compositions of extractable hydrocarbons from bulk coal
were very variable and did not correspond to the contents of uranium
and base metals in individual samples, with the exception of the MNR
ratio. Its values being in the range 0.89–1.76, correspondingwell to ura-
nium concentrations in the bulk samples, suggesting that the presence
of radionuclides may have an impact on the chemical composition and
structural ordering of organic matter similar to thermal alteration.

Variations in reflectance values and the composition of organic ex-
tracts in unburnt samples may be explained as being due to primary
heterogeneity of coal, radiation-induced changes and/or by various de-
grees of thermal stress related to the emplacement of Lower Permian
volcanic rocks that form a hanging wall in the Rybníček coal seam.
Base-metal mineralization was confined to fissures orientated perpen-
dicularly to coal stratification and is most probably related to volcanic
activity. The hydrothermal alteration is manifested by the higher
vitrinite reflectance values, the occurrence of pseudovitrinite and the
weak fluorescence intensity of liptinite at the vicinity of mineralized
veinlets.

In self-ignition-affected samples, reflectance and organic-
geochemical characteristics of coalmirrored the intensity of the burning
processes. Organic matter in steam-affected samples collected adjacent
to a burnt-out part of thewaste pile showhigh reflectance of porous and
cracked vitrinite and occurred in association with coke and rare bitu-
men. Clasts of altered coal comprised fine porous and cracked vitrinite,
inertinite, liptinite without fluorescence, fusinite impregnated by car-
bonate, rare coke and solid bitumens. The occurrence of authigenic hy-
drous aluminosilicates indicates a high partial pressure of water
(hydrolysis). In the burnt-out zone itself, only fine-sized high reflecting
Please cite this article as: Sýkorová, I., et al., Radiation- and self-ignition
Novátor mine waste dump (Czech Re..., Int. J. Coal Geol. (2016), http://dx
coke particles prevailed, and solid bitumen was rare. After cessation of
coal burning, samples were, to various degrees, affected by weathering.

The results revealed that during self-burning, a range of chemical el-
ements, notably U, Pb, Cu, Zn and Cd and phenols accumulated in the
burnt-out part of the dump. These components represent a potential
hazard to the environment, especially for local watershed, soil and veg-
etation. Therefore, data summarized in this study can be used to explain
mechanisms and degrees of leaching of potentially harmful elements in
subsequent environmental studies.
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