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Abstract: Twenty-seven gases and sixteen rock wastes from the thermal active Rymer coal waste
dump were collected. The composition and origin of gaseous, liquid, and solid pollutants emitted
during the self-heating process and the development of these processes with time were established.
Gases were subjected to determination of molecular and stable isotope (δ13C and δ2H) composition.
Rock-Eval pyrolysis and pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) were applied
for evaluation of the quantity and molecular composition of pyrolysates released during the heating
of rocks in temperatures from 100 to 650 ◦C. The main products of Py-GC-MS are released between
350 and 650 ◦C, namely alkanes, aromatic hydrocarbons, and aromatic alcohols. These components
were also recorded in Py-GC-MS products of samples collected from the dump surface. Besides
the high-molecular-weight organic compounds, in emitted gases CO2, CO, gaseous hydrocarbons,
and S-compounds were recorded. The stable isotope data indicated that methane was generated
mainly during the low-temperature thermogenic process, but a share of the microbial-originated gas
was visible. The source of the CO2 was the oxidation of organic matter. The gaseous S-compounds
were products of high-temperature decomposition of sulphides and organic S-compounds. The
hydrocarbon and CO contents of the emitted gases proved to be good indicators for tracking of the
self-heating processes.

Keywords: coal wastes; self-heating; Upper Silesia; stable isotopes; pyrolysis

1. Introduction

The by-product of coal mining, regardless of the method of exploitation (opencast
or deep mining), is coal waste, usually deposited in dumps [1–4]. In the Polish part of
the Upper Silesian Coal Basin (USCB), where coal mining has been carried out for over a
century, coal waste dumps are part of the industrial region’s landscape [5]. The wastes
consist mainly of siltstone/mudstone and sandstone with subordinate carbonates. Organic
material concentration, present in a dispersed form or laminas/layers/lenses, can reach up
to 30 wt.% expressed as total organic carbon (TOC) [1]. The Rymer Coal Mine, working
close to the town of Rybnik (southern part of the USCB), operated from the end of the 19th
century until the 1980s. The Rymer coal waste dump was formed in the early 1900s as
three cones some 60–65 m in height [2]. Due to improper deposition of wastes, self-heating
and spontaneous burning processes were developed, resulting in the burn out of collected
material. At the end of the 1980s, in 1995–1999, and in 2004 the reclaim of the dump was
made. This action was intended to inhibit self-heating processes by isolating combustible
material from oxygen sources and cooling the fire outbreaks. Two cones were lowered, and
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the old material was separated from the air (in assumptions) with new coal wastes and
inert incombustible material, mostly clays and fly ash from the power station [2]. During
this process, thermal processes were intensified and pollutants were significantly emitted
due to the disruption of the dump structure. Reclamation treatments proved ineffective,
resulting in continued emissions of gaseous, water-soluble, and solid (tars/bitumen) pollu-
tants [2,5–7]. Remote sensing techniques using available satellite images combined with
thermal maps and field temperature measurements help in recognising the developing
self-heating processes on coal waste dumps, also in the past [8,9]. Due to the ongoing
thermal processes, the dump has been under environmental monitoring (A. Tabor, personal
communication). In emitted gases, as a product of oxidation, carbon dioxide dominate. Ad-
ditionally, carbon monoxide, hydrocarbons (primarily methane), molecular hydrogen, and
sulphur compounds can be formed under oxygen-limited conditions (pyrolysis) [10–13].
In water-soluble organic compounds phenolic compounds, light ketones, organic acids,
and polycyclic aromatic hydrocarbons (PAHs) dominate [14]. Heavy hydrocarbons and
organic compounds with heteroatoms may condensate in the forms of bitumen or tars [15].

The purpose of the present study was the identification of gaseous pollutants emitted
during self-heating and self-ignition processes from the thermally active coal waste dump
and the determination of the relationship between their concentrations and the tempera-
ture of wastes, as well as stage of the self-heating processes development. The detailed
concentrations of the S-compounds and aromatic hydrocarbons in emitted gases were pub-
lished for the first time. Also, the first attempt of the stable carbon and hydrogen isotope
composition of selected gases was applied for the identification of these gases’ origin. For
the evaluation of properties of organic matter present in wastes, both in-situ dispersed
in rock as well as secondary products of transformation of wastes in oxygen-restricted
conditions (tars, bitumen), the pyrolytical methods, were used.

2. Materials and Methods
2.1. Materials
2.1.1. Gas Samples

Gas samples were collected with a soil gas probe from a depth between 0.3 m to 1 m
to 1-Liter Tedlar® sample bags from the non-heating and currently thermally active dump
parts in three series on 21 May 2019, 23 July 2019, and 26 November 2020 (Table 1, Figure 1).
The first sampling (May 2019) was limited to areas where visible changes in the dump
surface due to thermal processes (absence or dry vegetation, gas emanations, presence
of oily patches on the surface) were observed. During the second sampling run (July
2019), most of the same locations were sampled as we did in May, and thermally inactive
locations (samples RS-19-9 and RS-19-10) were sampled to determine the background of
microbial gases in the dump. The third cycle of sampling was conducted in November
2020. It was found that the front of thermal activity has moved. The sampling sites were
selected to repeat locations tested in 2019, and sample new fire outbreaks (Figure 2). In two
sites (RS-20-4 and RS-20-6) two samples at each point were collected (Table 1, Figure 2a).
These points were localised in chimneys with gas fumes. The first sample (S = surface) was
taken directly from the chimney outlet, while the other (D = deep) was taken at the same
point but at a given depth using a soil gas probe. The purpose of this sampling was the
determination the differences between gas collected using a soil probe and gas emitted to
the atmosphere directly from the hot spot.
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Table 1. General data on gas and rock sampling sites.

Sample Code Latitude (N) Longitude (E)
Temperature
Measurement

Depth (m)

Temperature
at Depth

(◦C)

Gas Sample
Depth (m)

Rock
Sample

Depth (m)
Sampling Date

RS-19-1 50.055379 18.493659 0.20 77 0.80 surface 21 May 2019
RS-19-2 50.055355 18.493713 0.20 71 0.45 surface 21 May 2019
RS-19-3 50.055433 18.493869 0.20 54 1.00 surface 21 May 2019
RS-19-4 50.055612 18.494045 0.20 41 0.90 surface 21 May 2019
RS-19-5 50.055829 18.494504 0.20 30 0.70 surface 21 May 2019
RS-19-6 50.056737 18.494960 0.20 61 0.70 surface 21 May 2019
RS-19-7 50.056790 18.495111 0.20 60 0.60 surface 21 May 2019
RS-19-8 50.056888 18.494973 0.17 39 0.90 n.s. 21 May 2019
RS-19-9 50.055243 18.493972 0.15 24 1.00 0.15 23 July 2019
RS-19-10 50.055054 18.493767 0.15 26 0.50 0.15 23 July 2019
RS-19-11 50.056055 18.492717 0.15 47 0.50 0.15 23 July 2019
RS-19-12 50.055379 18.493659 0.15 67 0.60 0.15 23 July 2019
RS-19-13 50.055433 18.493869 0.15 54 0.80 0.15 23 July 2019
RS-19-14 50.055612 18.494045 0.15 43 0.60 0.15 23 July 2019
RS-19-15 50.055829 18.494504 0.15 33 0.90 0.15 23 July 2019
RS-19-16 50.056737 18.494960 0.15 75 0.90 n.s. 23 July 2019
RS-20-1 50.055811 18.494454 0.50 18 0.50 n.s. 26 November 2020
RS-20-2 50.055772 18.494386 0.50 13 0.30 n.s. 26 November 2020
RS-20-3 50.055628 18.494122 0.70 51 0.70 n.s. 26 November 2020

RS-20-4D 50.055492 18.493858 0.50 75 0.50 n.s. 26 November 2020
RS-20-4S 50.055492 18.493858 surface 63 surface n.s. 26 November 2020
RS-20-5 50.055472 18.493861 1.00 77 1.00 n.s. 26 November 2020

RS-20-6D 50.055417 18.493750 0.70 82 1.10 n.s. 26 November 2020
RS-20-6S 50.055417 18.493750 surface 60 surface n.s. 26 November 2020
RS-20-7 50.055400 18.493412 0.50 70 0.45 n.s. 26 November 2020
RS-20-8 50.056062 18.492804 1.00 74 0.65 n.s. 26 November 2020
RS-20-9 50.055980 18.492469 1.00 39 0.80 n.s. 26 November 2020

n.s.—not sampled.

Figure 1. Location of gas and rock sampling sites on the background of the altimetry map of the
Rymer coal waste dump. Poland CS92: The National Geodetic Coordinate System 1992 for Poland
(EPSG:2180).
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Figure 2. Thermally active areas on Rymer coal waste dump on 26 November 2020: (a) RS-20-4, RS-20-5 and RS-20-6
sampling sites at SE slope; (b) gas collection followed by temperature measurement in RS-20-8 sampling site at SW slope of
the dump, which is located next to the housing estate of Rybnik town.

2.1.2. Rock Samples

During the first and second rounds of sampling (May and July 2019), rock waste
samples were collected (Figure 1). In May 2019, wastes from the surface layer were taken.
The rocks were weathered, and in the thermally active points, samples contained besides
coal waste material also crust of precipitated tars. Samples RS-19-6 and RS-19-7 were taken
from the spaces between the concrete panels and were a mixture of solid bitumen and the
bulk material used to seal the panels. In July 2019, rocks were collected at depths of ca.
15 cm. At this depth, weathering processes are restricted due to the permanent presence of
moisture (in hot points, i.e., vapour mixed with secondary products of self-heating). At
each point, ca. 500 g of solid material was taken to a glass jar and closed tightly to prevent
vapour and hydrocarbons evaporation.

2.2. Methods
2.2.1. Gas Samples

Molecular compositions of natural gases (CH4, C2H6, C2H4, C3H8, i-C4H10, n-C4H10,
trans-2-C4H8, 1-C4H8, cis-2-C4H8, neo-C5H12, i-C5H12, n-C5H12, n-C6H14 and sum of C6
isomers, n-C7H16 and sum of C7 isomers, n-C8H18, CO2, O2, H2, N2, He, and Ne) were
analysed in a set of two columns on Agilent 7890A gas chromatograph (GC) equipped
with a gas sampling valve plumbed with a dual sample loop. The first sample loop was
connected to a flame ionisation detector (FID) with a 50 m × 0.53 mm i.d. alumina column
for the determination of the concentration of the C1-C8 hydrocarbons, and the second loop
used a thermal conductivity detector (TCD) connected with a 1/8” packed column with
HayeSep Q 80/100 mesh and 1/8” packed column with molecular sieve 13× for the analysis
of H2, He, Ne, CO2, O2, N2, C2H6 and CH4 concentration. Argon was used as a carrier gas.
The GC oven was programmed: 60 ◦C held for 1 min, then increased to 90 ◦C at the rate of
10 ◦C/min, then increased to 190 ◦C at the rate of 20 ◦C/min and finally held for 11 min.
Concertation of hydrogen sulphide (H2S) and carbonyl sulphide (COS), methanethiol (MM),
ethanethiol (EM), 1-propanethiol (MP), dimethylsulphide (DMS) and methylethylsulphide
(MES) was analysed on the second Agilent 7890B GC equipped with a gas sampling valve
plumbed with sample loop equipped with Agilent DB-1 60 m × 0.530 mm × 5 µm column
and flame photometric detector (FPD) using helium as a carrier gas. The GC oven was
programmed: 35 ◦C held for 5 min, then increased to 200 ◦C at the rate of 15 ◦C/min, then
increased to 230 ◦C at a rate of 20 ◦C/min and held for 3 min. Concertation of carbon
monoxide (CO) was analysed on Thermo Scientific TRACE 1300/1310 GC. The sample loop
was connected to two series-connected columns Rt-Q-BOND (15 m × 0.53 mm × 20 µm)
held isothermal at l50 ◦C and RT-Msieve 5A (30 m × 0.53 mm × 50 µm) kept in a constant
temperature of 40 ◦C with methanizer, where CO was converted into CH4 and analysed
on FID. Helium was used as a carrier gas. Benzene, toluene, ethyl-benzene, xylenes,
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chlorobenzene, was analysed on Agilent Technologies 7890A gas chromatograph coupled
with Agilent Technologies 5975C inert mass selective detector (MSD) with Triple Axis
Detector (GC-MS system). Gas samples were introduced to the GC-MS through an inlet
equipped with liner in split mode (7:1) heated to 300 ◦C. Separation of compounds was
made using Agilent HP-PONA 50 m × 200 µm × 0.5 µm column with helium (carrier gas)
flow of 1.4 mL/min. The temperature program started from 24 ◦C, held for 6 min, then
increased with a rate of 8 ◦C/min to 180 ◦C and finally held for 2 min. Signal was collected
in two ranges. From start to 7 min, masses from 14 to 350 m/z were monitored, next from
25 to 450 m/z. Source temperature was 230 ◦C, and MS Quad temperature was 150 ◦C.
Mass spectra were recorded under electron impact ionisation energy at 70 eV.

Stable carbon isotope analyses of methane, ethane, propane, and carbon dioxide
were carried out using a Finnigan™ Delta Plus MS coupled through a GC combustion
III interface with an HP 6890 GC. The stable hydrogen isotope analyses of methane were
performed in a Thermo Scientific™ Delta VTM Plus MS connected through GC Isolink™
and Conflo IV interfaces with a Trace GC Ultra chromatograph. The stable carbon and
hydrogen isotope data are expressed in the δ-notations (δ13C and δ2H, ‰) relative to VPDB
and VSMOW, respectively. Analytical precision established as standard deviation from
10 measurements is estimated to be ±0.2 and ±3 ‰ for δ13C and δ2H, respectively. All
gas analyses were performed at the Faculty of Geology, Geophysics and Environmental
Protection, AGH University of Science and Technology (AGH UST) in Krakow.

2.2.2. Rock Samples

An aliquot of each rock sample prior to geochemical analyses was dried at room
temperature to constant mass and pulverised in a rotary mill to fraction below 0.2 mm.

Rock-Eval Pyrolysis

Pyrolysis in the anhydrous, open-system was conducted using the Rock-Eval 6 Turbo
apparatus at AGH UST. The general evaluation of the hydrocarbon potential of the
rocks was established by applying the Basic cycle of the ‘Bulk Rock’ method. The anal-
ysis consists of two steps: firstly, rock (ca. 50 mg) is heated in a pyrolytic oven un-
der nitrogen flow in temperatures from 300 to 650 ◦C. The pyrolysed sample is moved
to an oxidation oven, where, in the air atmosphere, the remaining organic material is
burned in temperatures from 300 to 850 ◦C. The details of the analysis was described
by Waliczek et al. [16] and Zielińska et al. [17]. The received parameters and indices are
presented by Lafargue et al. [18].

For identification of the fractions of the solid hydrocarbon pollutants present in
selected samples, the ‘Multi Heating Rates’ method was applied. This method allows
stepwise programming pyrolysis (up to six steps) and identification of the quantity of
flammable products (hydrocarbons) evaporated at each temperature range (analysed on
FID). For the current study, the temperature in the pyrolytic oven was programmed: start at
100 ◦C (5 min of isothermal heating), an increase of the temperature to 180 ◦C at 10 ◦C/min
(5 min of isothermal heating), increase to 250 ◦C at 15 ◦C/min (5 min of isothermal heating),
increase to 350 ◦C at 20 ◦C/min (5 min of isothermal heating), increase to 450 ◦C at
25 ◦C/min (5 min of isothermal heating) and final heating to 650 ◦C at 25 ◦C/min. The
quantities of hydrocarbons released in individual temperature intervals have been marked
as Q0, Q1, Q2, Q3, Q4, and Q5.

Stepwise Pyrolysis in Py-GC-MS

The Py-GC-MS experiments were carried out using CDS Analytical Inc. (Oxford,
PA, USA) Pyroprobe 5000 and CDS Analytical Inc. CDS 1500 valved interface linked to
Agilent Technologies 7890A gas chromatograph coupled with Agilent Technologies 5975C
inert mass selective detector (MSD) with Triple Axis Detector at AGH UST. Samples were
crushed in a mortar to a fraction below 0.2 mm, and aliquots c.a. 2 mg was pyrolyzed in
a capillary sample holder using the platinum coil attachment of 1/4 inch diameter using
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helium as carrier gas. The sample in a quartz capillary sample holder was introduced to
a valved interface heated to 30◦C and rinsed with He for c.a. 1 min for removing of air.
In the first stage, the interface and the probe were heated ballistically to 180 ◦C and held
for 3.5 min., next to 250 ◦C (both interface and probe) and held for 3.5 min, then to 350 ◦C
(the interface to 290 ◦C and the probe to 350 ◦C) and held for 3.5 min., then, the sample
was heated to 450 ◦C (the interface was still at 290 ◦C and the probe at 450 ◦C) and held
for 15 s, then to 650 ◦C and 750 ◦C with conditions as for 450 ◦C. During each stage of
heating, the released gases were directly directed for GC-MS analysis and the next stage of
heating was started after the GC program was finished. For identification of the products
of pyrolysis pyrolytic gases were introduced to the GC through an inlet system equipped
with liner heated to 320 ◦C in split mode (50:1). For separation of compounds, the column
Agilent HP-PONA 50 m × 200 µm × 0.5 µm was initially held at 30 ◦C for 7 min, then was
heated with a rate of 8 ◦C/min to 305 ◦C (held for 5 min). Helium was used as a carrier gas
with a flow of 1.4 mL/min. The MSD operated with an ion source temperature of 230 ◦C,
ionisation energy of 70 eV and a cycle time of 1 s in the mass range from 20 to 550 m/z.

3. Results
3.1. Gas Samples
3.1.1. Molecular Composition

Molecular composition analysis revealed that sampled coal waste dump gases are
composed of air mixed with both hydrocarbon and non-hydrocarbon gaseous compounds.
Results of the molecular analysis are presented in Supplementary Materials (Table S1).

Molecular nitrogen occurs in concentrations from 78.5 to 85.1 mol %, and oxygen
contents vary from 0.217 to 21.0 mol %. Other main components include carbon dioxide
and methane whose concentrations vary from 0.06 up to 19.7 mol % and from <0.001 up
to 1.5 mol %, respectively. Among sulphur compounds, hydrogen sulphide occurs in the
highest concentrations up to 102.8 ppm. Measured concentrations of methanethiol and
ethanethiol are within the range 0.00–1.45 ppm and 0.00–6.46 ppm, respectively. Carbonyl
sulphide occurs in amounts up to 0.92 ppm, and other sulphur compounds are minor
components of studied gases. Higher hydrocarbon gases, molecular hydrogen, helium,
neon and carbon monoxide occur, mostly in much lower amounts than methane. Unsat-
urated hydrocarbons are present in insignificant concentrations. The relative percentage
compositions of selected compounds of analysed gases calculated as molecular gas in-
dices are presented in Table 2. Due to the fact that studied gas samples were collected
in the subsurface area, where gas is the mixture of bacterial gas generated in-situ, air,
and gases diffused from deeper parts of the dump, molecular indices should be regarded
with caution.

Table 2. Geochemical indices of gases collected from Rymer waste dump.

Sample
Code CHC C1/C2+ CO × 100/CO2 CO/Σ(C1–C7) H2 × 100/CO2

ΣS-Comp.
(ppm)

ΣPAH
(ppm) CDMI CDHI

RS-19-1 17.2 14.4 n.a. n.a. 0.19 n.a. n.a. 94.8 94.5
RS-19-2 14.9 12.2 n.a. n.a. 0.21 n.a. n.a. 95.1 94.7
RS-19-3 16.1 13.6 n.a. n.a. 0.24 n.a. n.a. 91.8 91.3
RS-19-4 13.2 10.9 n.a. n.a. 0.03 n.a. n.a. 97.4 97.1
RS-19-5 17.7 15.7 n.a. n.a. 0.01 n.a. n.a. 92.0 91.6
RS-19-6 6.1 2.2 n.a. n.a. 0.27 n.a. n.a. 99.9 99.9
RS-19-7 15.1 6.8 n.a. n.a. 0.59 n.a. n.a. 98.7 98.5
RS-19-8 23.2 7.5 n.a. n.a. 0.02 n.a. n.a. 99.9 99.9
RS-19-9 6.0 1.5 n.a. n.a. 0.00 n.a. n.a. 99.5 99.3
RS-19-10 1.4 0.2 0.00 0.00 0.00 0.02 n.a. 100.0 99.7
RS-19-11 5.5 3.0 0.06 0.43 0.41 107.04 n.a. 99.9 99.8
RS-19-12 15.2 12.5 0.01 0.002 0.11 11.05 n.a. 94.7 94.2



Minerals 2021, 11, 1120 7 of 20

Table 2. Cont.

Sample
Code CHC C1/C2+ CO × 100/CO2 CO/Σ(C1–C7) H2 × 100/CO2

ΣS-Comp.
(ppm)

ΣPAH
(ppm) CDMI CDHI

RS-19-13 12.7 10.5 n.a. n.a. 0.06 27.10 n.a. 92.2 91.5
RS-19-14 1.3 0.6 n.a. n.a. 0.00 0.09 n.a. 99.5 98.8
RS-19-15 13.6 10.8 0.00 0.00 0.00 1.27 n.a. 95.9 95.6
RS-19-16 8.4 5.5 3.19 12.23 7.57 19.67 n.a. 99.8 99.7
RS-20-1 10.5 6.3 <0.01 <0.001 0.04 26.38 0.46 96.1 95.5
RS-20-2 15.4 7.0 <0.01 <0.001 0.00 0.67 0.26 97.3 96.9
RS-20-3 30.8 18.2 <0.01 <0.001 0.09 85.11 6.23 99.0 99.0

RS-20-4D 8.2 0.9 <0.01 <0.001 0.23 0.08 0.47 99.3 98.6
RS-20-4S 22.9 15.0 2.79 5.89 0.82 12.23 13.38 99.6 99.5
RS-20-5 1.7 0.6 <0.01 <0.001 0.44 0.09 0.27 97.0 92.4

RS-20-6D 15.1 10.6 0.07 0.02 4.09 82.77 124.00 96.8 96.5
RS-20-6S 12.3 9.1 0.58 0.16 5.77 8.34 104.95 96.8 96.4
RS-20-7 4.8 1.0 3.77 21.54 0.57 3.66 3.04 99.9 99.8
RS-20-8 13.1 1.8 2.90 2.21 1.15 0.17 0.55 99.2 98.7
RS-20-9 12.0 5.2 0.10 0.14 1.58 0.44 0.78 99.4 99.3

CHC = CH4/(C2H6+C3H8); C1/C2+ = CH4/Σ(C2–C7); CDMI = (CO2/[CO2+CH4]) 100 (%); CDHI = (CO2/[CO2 + Σ(C1–C7)]) 100 (%);
comp., compounds; n.a., not analyzed.

3.1.2. Isotopic Composition

Results of the stable isotope composition of selected gases and differences of stable
carbon isotope values between individual components are shown in Table 3. The analyses
were conducted only for gases where the concentration of a given compound (CH4, C2H6,
C3H8, CO2) was sufficient to reach a reliable result (intensity of peak at MS above 1 mV).
Additionally, the stable isotope compositions of methane, ethane and carbon dioxide of
coke-oven gas produced at ca. 1000 ◦C from neighbouring coke plant in Radlin (using
primarily coal from this part of the USCB) were measured for evaluation of isotope trends
with increasing pyrolysis temperature.

Table 3. Stable isotope composition and indices (‰) of gases collected from Rymer waste dump.

Sample
Code

δ13C δ2H δ13C δ13C δ13C ∆13C
(C2−C1)

∆13C
(C3−C2)

∆13C
(CH4−CO2)(CH4) (CH4) (C2H6) (C3H8) (CO2)

RS-19-9 n.a. n.a. n.a. n.a. −19.2 n.a. n.a. n.a.
RS-19-10 n.a. n.a. n.a. n.a. −20.7 n.a. n.a. n.a.
RS-19-11 n.a. n.a. n.a. n.a. −22.3 n.a. n.a. n.a.
RS-19-12 −47.4 n.a. −26.1 −23.5 −21.7 21.3 2.6 −25.7
RS-19-13 −44.0 −245 −24.1 −22.6 −21.0 19.9 1.5 −23.0
RS-19-14 −n.a. n.a. n.a. n.a. −28.4 n.a. n.a. n.a.
RS-19-15 −39.8 −242 −23.3 −22.6 −21.6 16.5 0.7 −18.2
RS-19-16 −40.0 n.a. n.a. n.a. −23.5 n.a. n.a. −16.5
RS-20-6D −41.4 −246 −25.8 −24.9 −23.0 15.6 0.9 −18.4
RS-20-6S −29.0 −223 −25.2 −21.6 −23.0 3.8 3.6 −6.0

coke-oven
gas −27.4 −159 −21.1 n.a. −15.2 6.3 n.a. −12.2

n.a., not analysed.

Stable carbon isotope composition of methane from Rymer waste dump varies from
−47.4 to −39.8‰, apart from one sample (RS-20-6S) showing the value of −29.0‰. Stable
hydrogen isotope composition of methane varies from −246 to −223‰. Stable carbon
isotope composition of ethane and propane are within the range of −26.1 to −23.3‰ and
−24.9 to −21.6‰, respectively. Carbon dioxide shows δ13C values ranging from −28.4
to −19.2‰.
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3.2. Rock Samples
3.2.1. Rock-Eval Data

Results of the ‘Bulk Rock’ method of the Rock-Eval analysis are presented in Table 4.
In all samples elevated concentrations of TOC, from 7.3 to 28.6 wt.% were recorded. The
average of the TOC of samples collected in July 2019 (from 0.15 m depth) is higher than
rocks collected in May 2019 from the surface (20.9 and 13.6 wt.%, respectively). The
same relation is visible in the mineral carbon content (MINC), which ranges from 0.55 to
0.96 wt.%. in surface-collected coal wastes and from 1.28 to 2.8 wt.% in rocks taken from
the subsurface layer. The RS-19-6 and RS-19-7 samples contain higher concentrations of
MINC than other surface samples, but they are composed of another material than the
remaining ones. The last mentioned two samples are characterised by significantly lower
Tmax values and elevated values of PI than other samples. The remaining samples collected
from the dump surface have statistically higher Tmax and PI values than rocks taken from
the subsurface (Table 4). Values of the HI and OI samples taken from the subsurface are
statistically higher than rocks collected from the surface.

Table 4. Results of the Rock-Eval analysis (‘Bulk Rock’ method).

Sample Sampling Depth TOC Tmax S1 S2 PI HI OI MINC
Serie (m) (wt.%) (oC) (wt.%)

RS-19-1 May 2019 surface 16.8 436 1.89 15.3 0.11 91 8 0.69
RS-19-2 May 2019 surface 9.8 432 6.6 8.2 0.45 84 25 0.57
RS-19-3 May 2019 surface 15.9 436 23.8 9.9 0.71 63 15 0.96
RS-19-4 May 2019 surface 10.1 436 13.1 5.7 0.70 56 4 0.55
RS-19-5 May 2019 surface 8.7 436 0.69 6.9 0.09 80 25 0.92
RS-19-6 May 2019 surface 22.2 326 99.1 11.0 0.90 49 73 2.76
RS-19-7 May 2019 surface 11.4 310 95.9 0.56 0.99 5 44 3.87
RS-19-9 July 2019 0.15 7.3 434 0.07 6.4 0.01 87 132 1.31
RS-19-10 July 2019 0.15 24.2 430 0.68 23.1 0.03 95 84 2.34
RS-19-11 July 2019 0.15 23.2 427 46.5 32.5 0.59 140 21 2.35
RS-19-12 July 2019 0.15 25.6 430 5.1 31.6 0.14 123 31 2.13
RS-19-13 July 2019 0.15 28.6 431 21.6 33.7 0.39 118 23 2.60
RS-19-14 July 2019 0.15 10.3 430 2.8 9.6 0.22 93 59 1.28
RS-19-15 July 2019 0.15 27.2 427 3.0 29.7 0.09 109 91 2.79

TOC, total organic carbon; Tmax, temperature of a maximum of the S2 peak; S1, free hydrocarbons (mg HC/g rock); S2, residual hydrocarbons
(mg HC/g rock); PI, production index; HI, hydrogen index (mg HC/g TOC); OI, oxygen index (mg CO2/g TOC); MINC, mineral carbon.

The two surface samples (RS-19-6 and RS-19-7) richest in free hydrocarbons evaporated
at 300 ◦C during ‘Bulk Rock’ method (Tables S1 and 4) and RS-19-10 sample (collected from
the thermally inactive zone), were subjected to the ‘Multi Heating Rates’ method and the
results of this analysis is presented in Table 5.

Table 5. Results of Rock-Eval pyrolysis (‘Multi Heating Rates’ method).

Fraction Q0 Q1 Q2 Q3 Q4 Q5 QT
Temperature Interval (◦C) <100 100–180 180–250 250–350 350–450 450–650

RS-19-6 1.0 79.0 40.6 10.7 7.1 2.0 140.4
RS-19-7 2.8 111.7 35.8 0.7 0.1 0.2 151.3

RS-19-10 0.01 0.03 0.05 0.24 5.6 6.1 12.0

Q0, Q1, Q2, Q3, Q4, Q5, quantity of hydrocarbons released during given temperature interval; QT, total quantity of hydrocarbons; all
values in mg/g rock.

There is a visible comparable total quantity of hydrocarbons (QT) and distribution of
recorded fractions in RS-19-6 and RS-19-7 samples. The fraction evaporated at 100–180 ◦C
(Q1) dominates and represents more than 50% of the total quantity of released hydrocarbons
from these samples. Also, fraction evaporated in the range 180–250 ◦C (Q2) has a high share,



Minerals 2021, 11, 1120 9 of 20

ca. 20–30% relative. Hydrocarbons produced from the RS-19-10 sample are dominated by
fractions received from 350 to 650 ◦C (Table 5).

3.2.2. Py-GC-MS

The Py-GC-MS studies were conducted for two samples: first, rich in secondary
products of coal waste self-heating: tars and solid bitumen, collected from currently
thermally active area (RS-19-7); and second, typical coal waste deposited in this heap,
subjected only to weathering and microbial processes, collected from a thermally inactive
area (RS-19-10). The molecular composition of gases released during pyrolysis of the RS-
19-7 sample represents components accumulated in the solid crust at the surface layer and
potentially subjected to leaching by meteoric waters, whereas compounds recorded during
pyrolysis of RS-19-10 sample are products released from coal wastes during self-heating
and self-burning processes at oxygen-restricted conditions. The total ion chromatograms
(TIC) of pyrolysates of RS-19-7 and RS-19-10 samples are presented in Figures 3 and 4,
respectively.

In the components released from the RS-19-7 sample at temperatures up to 350 ◦C aro-
matic oxygen-containing compounds (OCC): dibenzofuran and alcohols, and some alkanes
and PAHs (homologues of naphthalene and phenanthrene) occur. With an increasing tem-
perature of pyrolysis (from 450 to 750 ◦C), there are also other polyaromatic hydrocarbons
(PAHs, e.g., fluorene) and OCC (e.g., anthrone) recorded. The increasing share of low-
weight compounds (benzene, toluene and xylenes (BTX), phenol homologues) being the
most probable products of thermal decomposition of the high-molecular-weight molecules
is visible. The dominating compound recorded in pyrolytic gases at temperatures from 450
to 750 ◦C is native sulphur (Figure 3). Taking into consideration the intensity of peaks, it
is possible to evaluate the dominating compounds released from this sample. The signal
from pyrolysis at 250 ◦C is ca. three times higher than recorded from pyrolysis at 350 ◦C
and by more than an order of magnitude from other chromatograms (Figure 3). Therefore,
these two chromatograms (recorded at 250 and 350 ◦C) show dominating compounds of
thermal decomposition of tars precipitated at the surface of self-heating coal waste dump:
alkanes, PAHs, and in smaller amounts dibenzofuran derivatives.

Among the compounds released during sequential pyrolysis of RS-19-10 sample at
temperatures from 180 to 350 ◦C alkanes, PAHs, and OCC (acids, alcohols, aldehydes
and ketones) are mostly recorded (Figure 4). Benzothiazole, the compound containing
sulphur and nitrogen (C7H5NS), was also recorded. The same or structurally comparable
components were recorded in pyrolysis products of the RS-19-7 sample (polluted by
secondary products of the self-heating processes, Figure 3).

At higher temperatures of pyrolysis (above 450 ◦C), there is recorded generation of
much more components. However, their group composition becomes more uniform and
includes saturated hydrocarbons (from C7 to C19), aromatic hydrocarbons (BTX, PAHs) and
OCC (phenols, cresols and dibenzofuran). Taking into consideration the intensity of peaks
the dominating products of pyrolysis are released at temperatures above 450 ◦C (Figure 4).
It means that the production of pollutants is the most effective in these temperatures, and
PAHs, alkanes, and low-boiling aromatic alcohols are the main products of this process.
These components are then accumulated in the form of the solid crust in the colder (surface)
layer of the coal waste dump.
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Figure 3. The total ion chromatograms (TIC) of pyrolysates of the RS-19-7 sample. Rel., relative; Temp., temperature.



Minerals 2021, 11, 1120 11 of 20

Figure 4. The total ion chromatograms (TIC) of pyrolysates of the RS-19-10 sample.Rel., relative; Temp., temperature.
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4. Discussion
4.1. Evaluation of Pollutants Released during Self-Heating Using Rock-Eval and Py-GC-MS

Pyrolytic methods are widely used for the characterisation of organic materials.
One of the pyrolytic methods often applied for hydrocarbon potential analysis of source
rocks [19–22], recent sediments [23,24], or organic matter dispersed in soils evaluation [24,25]
and also characterisation of the hydrocarbons-polluted ground [26] is the Rock-Eval pro-
grammed pyrolysis. The basic application of this method is the evaluation of rock properties
as a source of hydrocarbons. For this purpose, the Bulk Rock method was applied for
coal wastes collected from the Rymer dump (Table 4). In all samples, the gas-generative
Type-III kerogen occurs (HI < 200 mg HC/g TOC), and its maturity refers to an initial and
mid-phase of “oil window” (Tmax usually from 430 to 440 ◦C) [27]. Samples collected from
the subsurface layer are statistically richer in TOC and MINC and have higher values of
HI and OI (Table 3) than surface ones. This lowering of these indices in surface samples is
connected with the permanent destruction of organic matter and carbonates by oxygen
and meteoric waters leading to an increased proportion of residual (dead) carbon in C
budged of these samples. The production index (PI = S1/(S1 +S2)) shows the share of light
hydrocarbons (evaporated in 300 ◦C, S1) in a total amount of pyrolysable hydrocarbons.
Its elevated values (above 0.4) indicate a very high maturity of organic matter or pollution
by migrating hydrocarbons [27]. Such values are usually noted for surface samples iden-
tifying deposition on the surface of tars and bitumen generated in deeper layers during
self-heating processes.

Application of the ‘Multi Heating Rates’ (MHR) method allow identifying of the
fraction composition of pyrolysable organic matter (OM) present in rock [26]. In surface
samples (RS-19-6 and RS-19-7) occur products of the deeper self-heating process. Dur-
ing pathway, they were deposited according to local surface, and quality of transported
compounds and on the surface were oxidised or enzymatically transformed. High concen-
trations of fraction evaporated from 100 to 180 ◦C in these samples were recorded (Table 5).
This indicates that bitumen and tars occurring on dump surface are composed mostly of
light organic compounds or bonds in heavy-weight organic structures are weak and break
at low temperatures suggesting low stability of this material. It may evaporate, polluting
the air, especially on hot days, when the surface of the heap heats up. The organic material
in coal wastes (represented by RS-19-10 sample) during MHR analysis decomposes at
350–650 ◦C (Table 5), indicating that during self-heating of coal wastes, in this temperature
interval, most of the organic pollutants is generated. Results of Py-GC-MS analysis of this
sample show that at temperatures above 450 ◦C saturated hydrocarbons (from C7 to C19),
aromatic hydrocarbons (BTX, PAHs) and OCC (phenols, cresols and dibenzofuran) are
released (Figure 4). These molecules migrate to the surface of the heap, are partly emitted to
air [15], partly are dissolved in meteoric waters [14] and partly precipitate in surface layers
(see the molecular composition of pyrolysates produced from sample RS-19-7, Figure 3).

4.2. Origin of Emitted Gases

Generally, hydrocarbon gases emitted at the studied coal waste dump can be divided
into two genetic groups: (i) gases generated in situ, in the near-surface zone as a result
of thermal or microbial destruction of organic matter dispersed within the rock material
deposited at the dump [12,15,28,29]; and (ii) coalbed gases generated in deep subsurface
from Mississippian and Pennsylvanian source rocks within the USCB. Previous studies of
coalbed gases accumulated in the Pennsylvanian coal-bearing strata of the USCB revealed
that they were formed during both thermogenic and microbial processes [30]. Thermogenic,
indigenous gases, composed basically of methane, enriched in 13C, were produced during
a bituminous stage of coalification [30–33]. During Mesozoic and Paleogene time, the coal-
bearing strata were uplifted and subjected to intensive degassing by diffusion and effusion,
during which isotopic fractionation takes place, leading to migration of isotopically lighter
methane and forming of the primary accumulation zone, located beneath the degassing
zone [30,33–35]. Microbial gases produced probably as a result of carbon dioxide reduction
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during biochemical coalification are accumulated within the secondary accumulation zone,
located in topmost Pennsylvanian strata beneath the impermeable Miocene strata [30,35].
USCB coalbed gases contain high volumes of methane and lower amounts of carbon
dioxide and higher hydrocarbons, and their emissions associated with coal mining cause
a serious environmental problem. After the shutting down high-methane coal mines
in the USCB, the growth of average methane concentrations in the near-surface zone
has been observed, and the highest anomalies of methane and carbon dioxide recorded
in soil gases are assumed to be related to the secondary accumulation zone of coalbed
gases [35,36]. Carbon dioxide in coal-bearing strata associated with hydrocarbon gases
occurs in insignificant concentrations, and its origin is related to thermogenic processes of
coalification and microbial processes [30,33].

Analysed gases are characterised by a relatively high content of carbon dioxide, which
concentration slightly increases with methane content (Figure 5A), clearly increases with
the decrease of oxygen concentration (Figure 5B), and shows no correlation with the
temperature of the sampling point (Figure 5C). Methane occurs in variable concentration
in studied samples showing distinct correlation with ethane content (Figure 5D), slightly
negative correlation with O2 content (Figure 5E), and revealing no correlation with the
temperature of sampling point (Figure 5F).

Figure 5. The concentration of carbon dioxide versus (A) methane and (B) oxygen concentrations and (C) temperature at
the point of sampling and concentration of methane versus (D) ethane and (E) oxygen concentrations and (F) temperature
at the point of sampling of analysed gases.

Analysed hydrocarbon gases are relatively enriched in 13C, which indicates their
thermogenic origin (Figure 6A). The location of studied samples on the diagnostic diagram
plotting δ13C and δ2H in methane presented in Figure 6B suggests that methane was
generated during the early stage of thermogenic processes with the exception of sample
RS-20-6S collected from the surface zone showing distinctly higher values of both δ13C
and δ2H indicating the higher stage of thermogenic processes (Figure 6B). None of the
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studied gases could be produced a similar maturation stage as coke-oven gas taken from the
neighbouring coke plant in Radlin as specified by their noticeably different δ2H signature.

Figure 6. Stable carbon isotope composition of methane versus (A) hydrocarbon index (CHC) and (B) stable hydrogen
isotope composition of methane of analysed gases. Modified genetic fields and arrows directions of maturity and secondary
processes after Milkov and Etiope [37]. CR, microbial CO2 reduction; F, methyl-type fermentation; SM, secondary microbial;
EMT, early mature thermogenic gas; OA, oil-associated thermogenic gas; LMT, late mature thermogenic gas; BIOD,
biodegradation.

The increase of ethane concentration with the increase of methane content indicates
that these gases are produced together as a result of thermogenic organic matter alteration
(Figure 5D). δ13C values of methane, ethane, and propane plotted on the Chung diagram
(Figure 7) [38] show dog-leg trends of mostly concave pattern with a pronounced shift
of methane toward more negative values, which may suggest an admixture of microbial
methane. This trend does not show gas RS-20-6S, which pattern is more similar to coke-
oven gas, suggesting its pure thermogenic origin of higher maturation stage. Considerable
variation of the isotopic composition of gases RS-20-6S and RS-20-6D collected from the
same point but of 1.1 m away in depth is highly puzzling, indicating the existence of
different migration paths supplying gas from different sources. Moreover, gas RS-20-6S
collected from the surface (gas chimney) does not show microbial isotopic signature as
expected. The origin of hydrocarbon gases is related to thermal processes ongoing on
the dump leading to pyrolysis of organic material. However, the small contribution of
microbial coalbed gases from deeper subsurface is also likely. The negative correlation of
CH4 concentration with a temperature of sampling point suggests that this gas is produced
within the deeper parts of the dump.

Carbon dioxide is the dominant component of studied gases (except air gas) and shows
relatively high negative δ13C values ranging from −24.9 to −21.6 ‰ (Table 3, Figure 8),
indicating is origin related mostly to organic matter or generated CH4 oxidation taking
place within the dump, which is also confirmed by a clear correlation of CO2 concentration
increase with O2 concentration decrease (Figure 5B). Low difference between δ13C of CO2
and CH4 support thermal processes as the main source of these gases with minimal possible
bacterial activity. The kinetic effect of fractionation during transport phenomena may
complicate the stable isotope signature. The infiltrated water is the most probably medium
whose presence led to the oxidation of organic compounds. The negative correlation of



Minerals 2021, 11, 1120 15 of 20

CO2 concentration with a temperature of sampling point suggests that methane oxidation
takes place in deeper parts of the dump. Also, the migration of at least some portion of
CO2 from Pennsylvanian strata cannot be excluded.

Figure 7. δ13C values of CH4, C2H6 and C3H8 versus the reciprocal of their carbon number (Cn) for
studied gases. Order of δ13C values for CH4, C2H6 and C3H8 after Chung et al. [38].

Figure 8. Genetic identification of analysed gases using δ13C(CH4) versus δ13C(CO2). Genetic fields
modified after Gutsalo and Plotnikov [39], Milkov [40] and Kotarba [41].
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Hydrogen sulphide occurs in variable concentrations in studied samples (Table S1),
and generally, its content increases with the decrease of oxygen content (Figure 9A) and
temperature of sampling point (Figure 9B). The origin of H2S is related to the thermal
decomposition of sulphides and sulphur organic compounds present in rocks deposited in
the dump and also thiols generated within the dump. Significant amounts of H2S generated
from coals and shales from USCB during hydrous pyrolysis experiments [32,42] evidence
H2S-generation potential of coal waste rocks. Carbonyl sulphide may be generated as
a result of the oxidation of sulphides such as pyrite and marcasite and the reaction of
elemental sulphur with carbon monoxide [43]. The concentration of thiols slightly increases
with the concentration of H2S (Figure 9C), suggesting that their origin may be related to
the presence of H2S. Thiols may be formed as a result of the reaction between H2S and S
and hydrocarbons.

Figure 9. Hydrogen sulphide concentration versus (A) oxygen concentration, (B) temperature at the point of sampling and
(C) sum of thiols (methanethiol + ethanethiol + propanethiol).

Molecular hydrogen in the highest concentration occurs in point RS-20-6, where it
reaches values of 0.8 and 0.64 mol % (Table S1). Its presence is related to coal oxidation
processes resulting in the breakdown of aldehyde groups or the reaction of burning coal in
self-heating areas with moisture (syngas (CO + H2) generation).

4.3. Changes in Pollutants Type Released during the Development of the Self-Heating Process

Sampling along with A-A’ profile (Figure 1) in three series (from May 2019 to Novem-
ber 2020) made it possible to track the development of the self-heating process in this area.
There is a visible increase of temperature from NE to SW in all sampling series (Figure 10A).
Temperatures recorded in November 2020 in SW part are statistically higher and in NE
part lower than in 2019. This may indicate the development of self-heating processes in
the SW part of the profile and their partial extinguishing in the NE part. This statement
is also supported by recorded increased concentrations of CO in SW part of the profile
(Figure 10B) and distribution of hydrocarbons (n-alkanes and unsaturated HC): there is a
visible systematic decrease of hydrocarbons concentration to values near zero in the NE
part of the profile from May 2019 to November 2020 whereas in gases taken in November
in the SW part concentrations of n-alkanes above 0.4 mol % are recorded (Figure 10C,D).
The H2S and thiols are the by-products of the self-heating process in oxygen-restricted con-
ditions [15]. Their concentrations are changeable and come to 100 ppm for H2S (Figure 10E)
and 7 ppm for thiols (Figure 10F). There is no visible relationship between the location
(and temperature) of the sampling site with a concentration of S-compounds. Since these
compounds are heavier than air and present in low concentrations, and hydrogen sulphide
dissolves well in porous water, their presence in the air present in a coal waste landfill may
not be directly related to the current self-heating process.
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Figure 10. Changes of (A) temperature, and concentrations of (B) carbon oxide, (C) sum of n-alkanes, (D) sum of unsaturated
hydrocarbons, (E) hydrogen sulphide and (F) sum of thiols of gases emitted from thermally active areas in the Rymer coal
waste dump in the period from May 2019 to November 2020.

5. Conclusions

The complex investigation (molecular, pyrolytical and stable isotope) of rocks and
gases collected at the Rymer coal waste dump allowed conclusions to be drawn:

(i) TOC content in coal wastes is high, from 7.3 to 27.2 wt.%, whereas subsurface layers
are richer than surface one. For surface samples, higher PI values than for subsurface
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samples were recorded, identifying deposition on surface tars and bitumen migrated
from self-heating spots.

(ii) Alkanes, BTX, PAHs and aromatic alcohols are the main products of the thermal
decomposition of coal wastes, and the main phase of this process occurs at 350–650 ◦C,
indicating that this temperature regime is responsible for the generation of most of
the organic pollutants. These components migrate upwards and precipitate on the
surface of the dump and were recorded in pyrolysis products of samples collected
from landfill surface.

(iii) In addition to high-molecular-weight organic compounds, the products of self-heating
are CO2, CO, hydrocarbons (mainly CH4) and sulphur compounds (mainly H2S). The
stable isotope composition indicates that methane is mainly related to the thermal
decomposition of organic matter, but some part of this gas is microbial-originated.
CO2 and CO are products of organic matter or generated hydrocarbons oxidation, but
a part of CO (and also H2) may originate from the reaction of burning coal with water
(moisture), resulting in syngas generation. The S-compounds (H2S, COS and thiols)
detected in soil gases are the result of mainly thermal decomposition of sulphides
and organic S-compounds present in coal wastes. The BTX’s also occur in soil gases
as products of organic matter pyrolysis and burning in oxygen-depleted conditions.

(iv) The sampling survey along the delineated profile made it possible to study the
variation of waste temperature and gaseous contaminants in soil gases over time.
Hydrocarbon and CO contents are good indicators of self-heating processes, while
sulphur compounds, due to their low concentrations and susceptibility to dissolution
in water and adsorption, are not a good indicator of changes in these processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11101120/s1. Table S1. The molecular composition of gases collected at the Rymer coal
waste dump.
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17. Zielińska, M.; Fabiańska, M.J.; Więcław, D.; Misz-Kennan, M. Comparative petrography and organic geochemistry of different
types of organic matter occurring in the Outer Carpathians rocks. Geol. Q. 2020, 64, 165–184. [CrossRef]

18. Lafargue, E.; Marquis, F.; Pillot, D. Rock-Eval 6 applications in hydrocarbon exploration, production, and soil contamination
studies. Rev. Inst. Fr. Pet. 1998, 53, 421–437. [CrossRef]

19. Behar, F.; Beaumont, V.; De B. Penteado, H.L. Rock-Eval 6 Technology: Performances and Developments. Oil Gas Sci. Technol.
2001, 56, 111–134. [CrossRef]

20. Dahl, B.; Bojesen-Koefoed, J.; Holm, A.; Justwan, H.; Rasmussen, E.; Thomsen, E. A new approach to interpreting Rock-Eval S2
and TOC data for kerogen quality assessment. Org. Geochem. 2004, 35, 1461–1477. [CrossRef]
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43. Fabiańska, M.J.; Ciesielczuk, J.; Kruszewski, Ł.; Misz-Kennan, M.; Blake, D.R.; Stracher, G.; Moszumańska, I. Gaseous compounds
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