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ABSTRACT
Gas samples were collected from 25 m long horizontal boreholes
drilled into the excavation field at 10° inclination to the longwall
face in two mining areas, Pesje and Preloge, in the Velenje Coal
Mine, Slovenia, from 2013 to 2018. The degassing mechanism of
coalbed gas and its stable isotopic composition (δ13CCO2, δ

13CCH4,
and δ2HCH4) were investigated in boreholes in advance of eight
working faces. The major coalbed gas constituents were CO2 and
methane. Gas concentrations and isotope values revealed that
the methane is biogenic in origin with δ13CCH4 values of −69.4 to
−29.5 ‰, δ2HCH4 values of −301 to −222 ‰, and a fractionation
factor (αCO2-CH4) of 0.998–1.073, suggesting that methane derives
from microbial acetate fermentation and CO2 reduction.
The carbon dioxide methane index values ranged from
50.0–98.3 vol.% and δ13CCO2 values from −11.8 to −0.5 ‰,
indicating that CO2 is biogenic and endogenic in origin. The
degassing mechanism results in isotope fractionation of methane
and CO2 for carbon isotopes up to 39.9 ‰ and up to 8.5 ‰,
respectively, depending on the position of the excavation fields
in space, e.g. under pre-mined coal area, fresh overburden.
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1. Introduction

Coalbed gas is composed of hydrocarbons (methane, ethane, propane, butane) in variable
concentrations (0–90 vol.%), CO2 (0 to ≥ 99 vol.%) and minor amounts of N2, O2, H2, N2

and He [1]. The composition of coalbed gas and its isotopic composition (δ13CCO2,
δ13CCH4 and δ15NN2), which accumulates in the coal matrix, are related to the structural
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and geological characteristics of the coal basin during its formation [2–6]. The three major
sources of natural gases are biogenic, thermogenic, and abiogenic [7–8].

Biogenic fluids (methane, CO2, N2, H2O, H2S) are formed during early and late-stage dia-
genesis from the degradation of organic matter by microorganisms. Early-stage diagen-
esis includes all of the changes that occur during peat accumulation and burial up to
100 m, where temperatures have not yet increased, and where pores remain filled with
water [9]. Most biogenic gases are formed as ‘late stage’ gases generated after the coal-
beds are exhumed, exposed to the surface, or receive meteoric water recharge and nutri-
ents from groundwater, which stimulates methanogenesis in the coal reservoir
downslope. The formation of biogenic gas is limited to depths of up to ≥ 500 m tempera-
tures < 50°C, and low salinity, but can occur in coals of all ages provided that it can be
reached by the bacterial consortium. The diagenesis of organic matter (aerobic and
anaerobic oxidation) is caused by microorganisms present in the water environment. In
the absence of electron acceptors such as NO3

–, Mn4+, Fe3+ and SO4
2–, Eh decreases,

which leads to methane formation [10]. Methanogens are a group of anaerobic microor-
ganisms that generate methane under strictly anaerobic conditions [11]. Bacteria and
fungi perform the initial steps of biodegradation, followed by methanogenic Archaea,
which then initiate the process of reducing complex organic structures: carbohydrates,
proteins, and lipids, into simpler molecules such as acetic acid, CO2 and H2. Certain metha-
nogens also consume acetate to generate CO2 and CH4, while others use hydrogen gas to
reduce CO2 [12–14]. In nature, biogenic methane is formed via two processes:

Fermentation of acetate: CH3COOH � CH4 + CO2 (1)

Reduction of CO2 to methane: CO2 + 8H+ + 8e– � CH4 + 2H2O (2)

Thermogenic gases (CO2, CH4, and N2) are generated by the thermal cleavage of higher
mass hydrocarbons and kerogen. In coal, most of the methane is generated by the
thermal maturation of coal or during the coalification process, where small amounts of
H2S, N2 and higher hydrocarbons are produced. The amount of these hydrocarbons
is indicated by the gas wetness (C2+) of the coal, i.e. the greater the number of higher
hydrocarbons, the wetter the gas [15].

In groundwater that has low redox potential and in the absence of organic matter,
methane can also form by the reduction of CO2, e.g. from the weathering of mafic min-
erals and other natural abiotic reactions that form methane [14,16]:

15FeO(fo-en) + 3H2O + CO2 � 5Fe3O4 + H2 + CH4 (3)

Gas–water–rock interactions, which do not directly involve organic matter, produce
abiogenic gas [17]. Abiogenic methane has δ13C values greater than −40 ‰, showing
the absence of bacterial processes. Also, methane from the crust and the core is enriched
with 13C and has δ13C values of −20 to −15 ‰. Carbon dioxide with δ13C values of −10
to −5 ‰ [18] is characteristic of coalbed gas with high CO2 values and a carbon dioxide
methane index (CDMI ≤ 99 vol.%) typical for endogenous CO2 related to fault activity.
Gases are also generated by endogenous processes, including H2O in the liquid and
gas state and small amounts of CO, H2, SO2, H2S, N2, and CH4 [18].

The characterization and isotopic composition of coalbed gas are used to determine the
origin of its constituent gases and, importantly, for understanding and predicting gas
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outbursts and stress build up in the seams [19]. The latter is important because tectonically
deformed coal is more prone to gas outbursts [20]. Also, the dynamics of coal excavation in
active coal mines is an important factor related to gas and rock outbursts [21].

Machine learning tools are becoming an increasingly important tool for deciphering the
origin of methane. For example, revised genetic fields using a large dataset of 20,621 gas
samples from 76 countries/territories and various geological habitats provide a modern
standard for interpreting the origin of natural gases [3]. For this purpose, a machine learn-
ing tool with input parameters: CH4/(C2H6+C3H8), δ

13CCH4, δ
2HCH4, δ

13CCO2 was developed,
which can determine the origin of gases in samples accompanied by an estimation of the
model’s accuracy and a confidence score for each possible origin [22].

The Velenje lignite was deposited earlier than gas genesis [23,24] from the biogeo-
chemical decomposition of organic matter and has not undergone significant chemical
changes [2]. The lignite is longwall mined underground at depths of around 500 m
from seams that are subject to significant amounts of stress and coalbed gas emissions.
For example, at the excavation field −65/E estimated gas emissions (measured at exit
roadways) for methane and CO2 were approximately 7.99 m3/t for methane and
16.45 m3/t for CO2 (unpublished data), although emissions vary for each excavation field.

In this study, we report new data on coalbed gases (CO2, CH4, N2), including carbon
(δ13C) and hydrogen (δ2H) isotopic compositional data, αCO2-CH4 index values in
advance of the working face and the spatial distribution of coalbed gases in the active
excavation fields (2013–2018) of the Velenje Basin. Our aims are threefold:

To trace the degassing mechanism using concentration measurement and stable isotopic
composition of carbon (δ13CCO2, δ

13CCH4) in advance of the longwall faces active in 2013–2018.

To determine the origin of coalbed gases using concentrations of CO2, methane, δ13CCO2,
δ13CCH4, CDMI, αCO2-CH4 in the period 2013–2018.

To update existing GIS models of coalbed gases data from 2013–2018.

2. The Velenje basin

2.1. Geology of the Velenje Basin

The Velenje Basin lies in the northeastern part of Slovenia (Figure 1) at the junction of the
WNW–ESE-trending Šoštanj fault and the E–W-trending Periadriatic fault zone, which is
bounded in the south by the Smrekovec fault segment (Figure 1, Figure S1). The Šoštanj
and Smrekovec faults exhibit strike-slip and younger oblique-slip movement due to com-
pression generated by the collision of the continental plates. On the NE side of the
Velenje fault in the pre-Pliocene basement, Triassic limestones and dolomites dominate,
while Oligocene to Miocene clastic strata, consisting predominantly of marls, sandstones
and volcanoclastic sediments, dominate in the SW [25]. In the lower part of the lower Trias-
sic (Scythian layers) region, anhydrite is present, while the upper part consists of gray stra-
tified dolomite, which transitions toward the top into unstratified dolomite of Anisian age
[26]. The basin fill has an estimated thickness of∼1000m (Figure S1). The pre-Pliocene base-
ment is formed of Late Paleozoic (shales, quartz, limestone and breccia), Triassic
(dolostones, shales, limestones), Eocene (marls, sandstones, siltstones with coal occurrence)
and Miocene rocks (sandstones, conglomerates, marls). Below the main lignite seam (160 m
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thick) are Pliocene and sandy–silty sediments with coarse clastics. Above this seam are Plio-
cene marls, claystones, massive claystone and sands, silts and sands, Quaternary green and
yellow sandy silts and recent sands and gravels (Figure S1).

2.2. Velenje Longwall Mining Method (VLMM)

The average annual production of lignite in the Velenje Coal Mine is about 3.5 million tons
per year. The lignite is mined using the Velenje Longwall Mining Method (VLMM), a long-
wall top coal caving method based on the retreating mining method. It is specific for the

Figure 1. Geological map of the Velenje Coal Basin with schematic geological cross-section NNE – SSW
of the Velenje Basin, adapted from [24, 31, 32] and hydrogeological profiles A–B and C–D published in
[35].
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Velenje coal seam, owing to its top coal caving heights (up to 15 m) and extraction of the
lignite in front of the hydraulic shields [27]. The rate at which the lignite can be excavated
using this method depends on several factors, one of which is the amount of coalbed gas
released since high advancement rates (> 9 m per day) significantly increase the risk of gas
outbursts [28–30].

2.3. Previous investigations of coalbed gases in the Velenje Coal Mine

Geochemical monitoring of coalbed gases (molecular and isotopic characteristics) and the
advancing rate of the working face was established by the Jožef Stefan Institute (JSI) and
the Velenje Coal Mine Company in the year 2000. Since then, 119 coalbed gas samples
from excavation fields were entered into the GIS environment to present geochemical
data in space [30]. The studies revealed that major gas components were CO2,
methane and N2 in lower concentrations.

In 2016, 2017 and 2018, new boreholes (Figure 2) were drilled (JPK 83+10°, JPK 89+10°,
JPK 91+10°) and new coalbed gas data were obtained.

This time, temporal changes in the chemical and isotopic composition of free seam
gases were observed within the boreholes as a function of the advancing working face
[28–30]. These studies revealed that at a distance of around 120 m from the working
face, the influence of coal exploitation by the VLMM causes coalbed gas to migrate

Figure 2. Sampling locations: K.−65/C, K.−65/D, CD/1, K.−80/A, K.−80/B, K.−80/D, K.−95/E, K.−95/A
and boreholes JPK 73+10°, JPK 78+10°, JPK 77+10°, JPK 82+10°, JPK 87+10°, JPK 83+10°, JPK 89+10°,
JPK 91+10° drilled in 2013–2018.
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through the cracks in the crushed structure. At 30–70 m, the crushing of the lignite struc-
ture, causes previously fixed CO2 to desorb from the coal matrix.

The δ13CCH4 values revealed that at shallower depths (G2/C, K.−50/C, K.−130/A, K.–5/A),
the lignite has lower δ13CCH4 values, suggesting a biogenic origin, whereas at deeper
levels, the δ13CCH4 values are higher, indicating thermogenic origin [27]. Gas composition
and isotopic studies also identified endogenic CO2 and both biogenic CO2 and methane
[27,31-33]. However, although the higher δ13CCH4 values could also be attributed to
migration processes during coal excavation [34], the isotope fractionation resulting
from degassing during excavation remains poorly investigated.

2.4. Isotopic composition of methane and CO2 in Velenje Basin in the period
2013–2018

We compared the δ13CCH4 and δ13CCO2 values of the Velenje samples (2013–2018) with
different environmental matrixes, e.g. petroleum, plants, and microbial methane (Figure
3). The Vienna Pee Dee Belemnite has a default δ value of 0 ‰ [38]. Biogenic methane
is enriched with the light 12C isotope, while methane associated with petroleum is
enriched in 13C isotope and deep sourced CO2 has values around −7 ‰ (Figure 3).
Also, C3 plants have δ13C values from −30 to −20 ‰, while C4 plants have δ13C values
between −18 and −10 ‰ (Figure 3).

3. Materials and methods

In previous studies (2000–2018), both free and coalbed gases were analyzed, including
volatile gases present in pores and cracks within the lignite structure and evolved gas

Figure 3. Carbon isotope signatures from different sources [39] and δ13CCO2 and δ13CCH4 values for
the Velenje Basin (2013–2018).
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during drilling [40]. The origin of coalbed gas was determined using mass spectrometry.
Horizontal boreholes (3–25 m) were drilled to monitor coalbed gases and their isotope
values. Two boreholes were drilled at each excavation field at an inclination +2 and
+30° into the longwall panel (2000–2013). A GIS model of the coalbed gas data and
isotope values for methane and CO2 had already been established based on 2000–
2015 data: however, only intact samples were used in the model due to suspected gas
migration.

In the present study, coalbed gas was sampled at the following working faces
(Figure 2): K.−65/C (JPK 73+10°), n = 36, K.−65/D (JPK 78+10°), n = 15, CD/1 (JPK 77+10°),
n = 8, K.−80/A (JPK 82+10°), n = 23, K.−80/B (JPK 87+10°), n = 20, K.−80/D (JPK 83+10°),
n = 26, K.−95/E (JPK 89+10°), n = 17, K.−95/A (JPK 91+10°), n = 6 (Figure 2). One borehole
was drilled at each excavation field at an inclination of +10° to the horizontal longwall
panel. Altogether, 151 samples were collected during 2013–2018 at eight excavation
fields and analyzed to obtain gas concentrations and δ13CCO2 and δ13CCH4 data.

The design of the boreholes (since 2000) is described in detail in [27]. All boreholes
(25 m x 101 mm ø) were drilled at active mine sites. A steel casing (20 m x 85 mm ø)
was then inserted into the boreholes, and inside this casing was installed a 25.4 mm poly-
ethylene tube with the last 5 m perforated. Sealant foam was used to seal the polyethy-
lene casing to the depth of 20 m. Inside the polyethylene tubing was a capillary copper
sampling tube (ø = 2 mm) and an auxiliary copper sampling tube (ø = 6 mm) [27].

Coalbed gas was then collected using a 50 mL plastic syringe and transferred to a
12 mL Labco glass ampoule fitted with a gas-tight septum, flushed using two needles
(input and output needle) and filled with coalbed gas under pressure. Seven ampoules
were filled at each location and stored at standard atmospheric conditions until analysis.

Contamination with the mine’s ventilation air meant that samples were calculated
on an air-free basis. Based on the N2:O2 ratio in air the percentage of nitrogen in the
samples was calculated based on the amount of oxygen present in the ampoules and
Dalton’s law [41]. As a result, nitrogen (N2) was found to be in excess at the following
excavation fields: K.−65/C (10 samples), K.−65/D (6 samples), CD/1 (5 samples), and
K.−80/B (10 samples).

The concentrations of CH4, CO2, N2, O2 and Ar were determined using a custom-made
NIER mass spectrometer at the Jožef Stefan Institute. Singular value decomposition of the
matrix was used to allow simultaneous analysis of the gases (method precision was ± 3%,
Table S9). Before 2013 the isotopic compositions of methane and CO2 were determined at
the JSI using a Europa 20–20 continuous flow isotope ratio mass spectrometer (IRMS)
fitted with an ANCA-trace gas (TG) preparation module (Sercon Ltd., Cheshire, UK).
First, water was removed, and the CO2 was directly analyzed for δ13CCO2. For CH4

measurements, CO2 was removed and the CH4 combusted over hot 10 % platinum
CuO (1000 °C). The CH4 once converted to CO2 was then analyzed directly to obtain its
isotopic composition (δ13C). Working standards calibrated to the International Atomic
Agency (IAEA) reference materials were used to obtain known δ13CCO2 and δ13CCH4
values: Messer Austria GmbH with δ13C = -35.4 ±0.2 ‰ and laboratory working standard
with a value of −5.2 ±0.2 ‰ for δ13CCO2 was used together with working standards with
δ13C values of −47.5 ±0.6‰ and −53.4 ±0.6‰ for methane. The analytical precision was
±0.2 ‰ for CO2 and ±0.6 ‰ for CH4.
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After 2013 the concentrations of coalbed gases and the δ13CCH4 and δ13CCO2 values
were determined by the Institute Nazionale di Geofisica e Vulcanologia Sezione di
Palermo in Italy. In both sampling periods, 2000–2013 and 2013–2018, mass spectrometry
was used to determine the origin of coalbed gases producing comparable results. In
addition, a comparison of stable isotope results between both labs was performed in
2013–2015. Differences between laboratories was for δ13CCH4 1.9 ‰ and for δ13CCO2
0.5 ‰.

Permanent gases (CO2, CH4 and N2) were determined using a gas chromatograph (GC,
Agilent 7890 equipped with PPU and MS5A columns) fitted with a MicroGC module
(equipped with a PPU column) and a double detector (TCD and FID) using argon as the
carrier gas. Analytical precision was >±5 % for all the gas species. The isotope analyses
(δ13CCO2, δ

13CCH4, δ
2HCH4) were performed using a Thermo Delta Plus XP IRMS (Isotope

Ratio Mass Spectrometer) equipped with a Thermo TRACE GC interfaced with Thermo
GC/C III (for carbon) and a Thermo GC/TC (for hydrogen). Separation was achieved on a
Rt-Q Plot column (Restek 30 m X 0.32 mm i.d.). The oven programme was isothermal:
50°C for carbon and 40°C for hydrogen. The carrier gas flow rate (He of 5.6 grade) was
kept at a constant 0.8 cc min–1. The injection system is described in detail in [42]. Injec-
tions were performed in the split mode using a split ratio of 10:1–80:1. Methane was con-
verted quantitatively to CO2 in a combustion oven (T= 940°C) or H2 in a reactor at 1440°C.

Each sample analysis took about eight minutes. The accuracy and precision of the
method were examined using a standardized gas. The external analytical precision (1σ)
was < 0.1 ‰ for the 13C/12C ratios (both CO2 and CH4) and 1 ‰ for the 2H/H ratios, cal-
culated from 10 repeated analyses of the same sample. Stable isotopes are reported in the
δ notation [38]. The two internal reference CO2 gases (Naftia δ13C = −0.89 ‰ and SOL
δ13C = −28.45 ‰) were calibrated to the NIST CO2 international gas reference standard
RM8564 (δ13C = −10.45 ‰), while for methane, an internal pure CH4 reference (δ13C =
−49.5‰), calibrated against two reference materials B-ISO 1 and T-Iso 1 (Isometric instru-
ments) was used. Two-point and one-point normalization was performed for CO2 and
methane, respectively.

The relative difference of isotope ratios (also called relative isotope-ratio or delta
values) has been reported using the short-hand notation δi/jE. The isotope –delta value
is obtained from isotope number ratios R(iE, jE)p as follows [43]:

d(i,j E) = di,j E =
i/jRp −i/j RRef

i/jRRef
(4)

where iE denotes the higher (superscript i) and jE the lower (superscript j) atomic mass
number of element E. The subscript P denotes the substance used to determine the
respective values, R(iE, jE)p is isotope number – ratios.

Fractionation factor α is used to distinguish between CH4 generated via CO2 reduction
and acetate fermentation [44]. Whiticar et al. [12] suggested that variations in carbon
isotope fractionation (α) between CO2 and CH4 could be utilized to distinguish
between CH4 generated via CO2 reduction and acetate fermentation as follows:

a13CCO2−CH4 = (d13CCO2 + 1000)/(d13CCH4 + 1000) (5)

8 T. KANDUČ ET AL.



The CDMI was introduced to evaluate higher CO2/lower CO2 concentrations at excavation
fields [29] and is calculated as follows:

CDMI = (CO2/(CO2 + CH4)) · 100% (6)

Statistical analysis was conducted using the R language [45]. Principal component analysis
(PCA) and hierarchical clustering analysis (with dendrogram) were used to group coalbed
gas samples collected from the excavation fields (K.−65/C, K.−65/D, CD/1, K.−80/A,
K.−80/B, K.-80/D, K.−95/E, and K.−95/E). The principal component biplots were made
using the ggplot2 package [46], and the dendrogram was constructed using the R
package factoextra. Only complete cases were considered for clustering and PCA (starting
a dataset of 155 observations, reduced to 121 observations after excluding incomplete
observations).

Euclidean distances were calculated to construct the dendrogram, while Ward’s
Minimum Variance algorithm was used as the clustering method, where groups are
formed so that the within-group sum of squares is minimized. For PCA, the prcomp func-
tion in R was used, with centering (mean zero) and scaling (unit variance). In the case of
missing data (e.g. distance from the longwall face, δ13CCH4, δ

2H), samples were excluded
from PCA analyses.

A free web-based machine learning tool [47] was used to determine the origin of
natural gases. If one of the input parameters (δ13CCH4, δ

13CCO2, and δ2HCH4) to the
machine learning tool was missing, the model accuracy was <90 % (Tables 1–8).

4. Results

The CO2 in the Velenje Basin samples (2013–2018) is partly from organic matter and partly
from deep sourced CO2, while the methane is primarily of microbial origin (Figure 3).

All results from the active excavation fields: K.−65/C, K.−65/D, CD/1, K.−80/A, K.−80/B,
K.-80/D, K.−95/E, K.−95/A are presented in the (Tables S1–8), while results of CO2, CH4,
CDMI, δ13CCO2, δ

13CCH4 and αCO2-CH4 were used to the GIS maps Table S9.
Results show that the main coalbed gas components were CO2 > CH4 > N2 at the fol-

lowing working faces: K.−65/C, K.−65/D, CD/1, and K.−80/B (Tables S1–8). Ranges of
measured and calculated parameters: CDMI, δ13CCO2, δ

13CCH4, δ
2HCH4, αCO2-CH4 from exca-

vation fields: K.−65/C, K.−65/D, CD/1, K.−80/A, K.−80/B, K.−80/D, K.−95/E, K.−95/A are
presented in Table 1.

Themost significant variations in δ13CCH4 and δ2HCH4 were observed in K.−80/A (Tables
S1 and S4). The CDMI ranged from 50 to 98.3 vol.%, with the broadest range of CDMI
values observed at K.−80/A (Pesje), while CDMI values of 50.0–98.3 vol.% suggest that
CO2 is the major component of coalbed gas (Table 1). The δ13CCO2 values range from
-11.8 to −0.5 ‰, and δ13CCH4 values from −69.4 to −29.5 ‰ (Table 1). The broadest
range of δ13CCH4 values (−69.4 to −29.5 ‰) and δ2HCH4 values (−301 to −222 ‰)
were observed at K.−80/A. Here, the αCO2-CH4 values ranged from 0.990–1.073.

The calculated gas dryness index (C1/(C2+C3)) was determined at K.−130/B, G3/C,
K.−65/F in the previous study [27] and ranged between 339.74 and 23272.7 ppm. The
concentrations of higher hydrocarbons investigated ranged as follows: ethane from 0 to
122 ppm, propane from 0 to 158 ppm, iso-butane from 0 and −15.3 ppm, n-butane
from 0 to 7.6 ppm, iso-pentane from 0 to 12.2 ppm, n-pentane from 0 to 5 ppm,
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and hexane from 0 to 21 ppm. In this case, coalbed gas was treated as a dry gas since
methane is prevalent [27].

5. Discussion

5.1. Mechanism of degassing from excavation fields: concentrations of coalbed
gases (CO2 and CH4) and stable isotopic composition of carbon in CO2 (δ

13CCO2)
and methane (δ13CCH4)

The relations between degassing from excavation fields and the isotopic composition of
carbon are still poorly investigated. Therefore, we focused on the relations between CO2

and methane, δ13CCO2 and δ13CCH4, and longwall face speeds (Table 3).
Table 2 gives the position of excavation field in space and velocity rates in advance of

the working faces for K.−65/C, K.-65/D, CD/1, K.−80/A, K.−80/B, K.−80/D, K.−95/E, K.-95/A.
Generally, high CO2 values coincide with low methane concentrations, a pattern that is

observed at all longwall faces (Figure 4 A, Figure S2 A, B, D), except at K.−80/A, K.−80/D,
K.−95/E and K.−95/A, where the gas concentrations are constant (Figure S2 C, E–G). At all
other excavation fields, variations in the CO2 and methane content were observed in
advance of the working face. This is because coal excavation also results in secondary
fissures, which releases the coalbed gas stored in the pores of the coal reservoir.

The rate (m/day) at which the working face progresses towards the boreholes was also
investigated since higher extraction rates (9 m/day or more) can trigger coalbed gas out-
bursts, especially since concentrations of CO2 and methane can vary significantly in

Table 1. Ranges of CDMI, δ13CCO2, δ
13CCH4, δ

2HCH4, αCO2-CH4 from excavation fields K.−65/C, K.−65/D,
K. CD/1, K.−80/A, K.−80/B, K.−80/D, K.−95/E, K.-95/A.
Excavation fields CDMI (%) δ13CCO2 (‰) δ13CCH4 (‰) δ2HCH4 (‰) αCO2-CH4

K.-65/C 53.8 to 94.3 –9.6 to −8.4 –56.7 to −46.7 –326 to −293 1.040 to 1.046
K.-65/D 52.9 to 85.7 –11.8 to −3.3 –58.3 to −53.4 –320 to −285 0.990 to 1.058
K. CD1 50.9 to 66.8 –8.5 to −7.7 –55.7 to −53.7 –306 to −281 1.048 to 1.051
K.-80/A 80.0 to 97.6 –4.6 to −1.2 –69.4 to −29.5 –301 to −222 0.998 to 1.073
K.-80/B 50.0 to 90.2 –9.8 to −4.2 –47.5 to −31.4 –357 to −301 1.000 to 1.044
K.-80/D 50.0 to 76.9 –10.3 to −9.2 –41.3 to −33.5 –341 to −326 1.024 to 1.033
K.-95/E 95.5 to 98.3 –8.2 to −7.6 –45.4 to −37.3 –357 to −326 1.031 to 1.039
K.-95/A 83.5 to 85.1 –8.3 to −0.5 –67.7 to −35.4 –331 to −301 0.995 to 1.074

Table 2. Position of excavation field in space and velocity of the active working faces (2013–2018).
Excavation
field Activity Position of excavation field in space

Velocity (m/
day)

K.−65/C November 2013–October
2014

Partly under fresh overburden 0.5 to 4.0

K.−65/D October 2014–March 2015 Fresh overburden 1.8 to 4.0
K. CD/1 July 2014–March 2015 Fresh overburden 1.2 to 3.1
K.−80/A April 2015–September 2015 Under pre-mined coal area 0.5 to 3.0
K.−80/B September 2015–May 2016 Partly under fresh overburden 0.4 to 3.3
K.−80/D September 2016–May 2017 Under fresh overburden and under pre-mined coal

area
0.0 to 3.6

K.−95/E July 2017–March 2018 Partly under fresh overburden 0.7 to 5
K.−95/A February 2018–October 2018 Under pre-mined coal area 1.3 to 2.1
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advance of the working face [29]. At the Velenje Mine in this period, the velocity of the
working face at active excavation fields was not allowed to exceed 5 m/day (Table 2)
for safety reasons.

A complex situation of the stress state occurs during the excavation of lignite where a
dynamic wave is created, whose shape depends on excavation and geomechanical con-
ditions in the excavation pillar. The higher the advancement rate, the closer the stress
wave is to the working face [48, 49], which can affect the levels of CO2 and methane
[27]. The effects of changing stress were investigated by installing a tri-axial cell in the
lignite structure. Results show that at a distance of 120 m from the working face, vertical
stresses increase. At a distance of 80 m, shearing and tearing of the lignite structure
occurred and, vertical stresses increased, while horizontal and transverse stresses
decreased. At 30–50 m from the tri-axial cell, the vertical stresses are so high that the
lignite structure collapses. Besides stress, the location of the excavation field in space is
also important (Table 2).

At K.−65/C at a distance of 110 m from the longwall face, methane levels increased
while levels of CO2 decreased (Figure 4). A maximum methane concentration occurs at
66 m, which coincides with a minimum CO2 level (Figure 4). The lignite is crushed at a dis-
tance of 11 m, and while CO2 remains adsorbed, methane escapes (Figure 4). Here the
excavation field is located partly under fresh overburden and the δ13CCO2 values
remain relatively constant (δ13CCO2 ranges from −9.6 to −8.4 ‰) with distance from
the longwall face, while δ13CCH4 values increase (−56.7 to −46.7 ‰). A shift in both
δ13CCO2 and δ13CCH4 values is observed at a distance of 30 m from the longwall face
(Figure 4). At 120 m from the longwall face, whereas the δ13CCH4 values decrease but
then increase at 11 m when the lignite structure collapses. The δ13CCO2 value also

Figure 4. Methane, CO2 concentrations, δ
13CCO2 and δ13CCH4 with distance from the longwall face

K.−65/C.
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increases at a distance of 11 m from the working face. The mechanism of degassing of
coalbed gases from other investigated excavation fields: K.−65/D, CD/1, K.−80/A,
K.−80/B, K.−80/D, K.−95/E and K.−95/A are presented in the supplementary material
(Figure S2).

Generally, two peaks in CO2 occur, one at 120–180 m and a second 60–80 m from the
longwall face. At 10–30 m the lignite structure collapses. Concentrations of CO2 and
methane with distance from the longwall either remain constant or a single peak is
observed (60 m or 30 m) under pre-mined coal area, while under fresh overburden,
two peaks of CO2 and methane were detected. Significant variations in the δ13CCH4
values (2–39.9 ‰) were observed with distance from the longwall face, while variations
in δ13CCO2 values were much smaller (0.6–8.5 ‰). This difference is because the effect
of isotope fractionation is more pronounced for methane than CO2. A decrease in the
δ13CCH4 values (as the lighter isotope

12C escapes) is observed at 80–120 m from the long-
wall face, but then an increase is observed at 11 m as the lignite structure collapses. The
degassing mechanism of CO2 and methane is more expressed at longwall faces under
fresh overburden, albeit no clear trends are observed at excavation fields located partly
over fresh burden and pre-mined coal areas.

A good correlation (R2 = 0.998) was obtained between methane and CO2 concen-
trations at K.−65/C, K.−65/D, CD/1, K.−80/A, K.−80/B, K.−80/D, K.−95/E, and K.−95/A
(Figure 5). Only specific gas samples from CD/1 and K.−65/D deviated from the regression
line. Also, a similar good correlation was observed by [35], which is consistent with the
physical and chemical properties of CO2 and methane, i.e. methane migrates faster,
while CO2 adsorbes on coal [41].

5.2. Origin of CO2

High CDMI and values of endogenic CO2 (approx. −7‰) are characteristic only for K.−95/
E, which is located partly under fresh overburden. Samples with a high CDMI and CO2

reduction process are observed at K.−80/A, K.−80/D, and K.−95/A, located under pre-
mined coal areas. Here, the CO2 samples are enriched with 13C (−4.6 to −1.2 ‰). The
δ13CCO2 values range from −8.3 to −0.5 ‰ at K.−95/A, indicating a mixture of endogenic
and biogenic CO2 (Figure 6). Samples from K.−95/E reveal high CDMI and δ13CCO2 values
of endogenic CO2. The fields K.−80/D, CD/1, K.−65/D reveal a mixture of endogenic CO2

and microbial CO2 with a CDMI from 50 to 80 vol.% (Figure 6). Samples from K.−65/C indi-
cate a high CDMI generally above 65 vol.%. Both CD/1 and K.−95/E are located under a
fresh overburden and have a CDMI between 50–75 vol.% (Table 2, Figure 6). In this
case, the CDMI is expected to be lower. Samples from K.−80/B (located partly under
fresh overburden) indicate a reduction in CO2 and a CDMI of ≤ 25 vol.%. Generally, a
high CDMI is related to pre-mined coal areas, while a lower CDMI is related to excavation
fields with fresh overburden.

5.3. Origin of methane

Among biogeochemical processes, CO2 reduction prevails at K.−80/A (located under pre-
mined coal area), while at CD/1, K.−65/C, K.−65/D, K.−80/B, K.−95/A, K.−80/D acetate fer-
mentation is the major biogeochemical process (Figure 7 A). The fact that methane in one
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sample from K.−80/A is acetate fermentation in origin and one sample from K.−80/A indi-
cates CO2 reduction with a high δ13CCH4 value of about −30 ‰ and can be considered
thermogenic in origin. At K.−80/A, K.−95/A values of δ13CCH4 and δ2ΗCH4 indicate
microbial CO2 reduction and endogenic CO2 (Figure 7 B). Both K.−80/A and K.−95/A

Figure 5. Plot of CO2 versus methane concentrations.

Figure 6. Plot of δ13CCO2 versus CDMI.
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have the most negative δ13CCH4 values and are located under pre-mined coal. All other
fields (K.−65/C, K.−65/D, CD/1, K.−80/B, K.-80/D, and K.−95/E) are located under fresh
overburden or partly under fresh overburden and have more positive δ13CCH4 values
(Figure 7 A).

The differentiation between acetate fermentation and CO2 reduction is shown in
Figure 7 B. The fractionation lines αc = 1.090, αc = 1.055 and αc = 1.044 are proposed in
[44]. Samples falling between lines αc = 1.090, αc = 1.055 indicate CO2 reduction, while
samples between lines αc = 1.055 and αc = 1.044 indicate acetate fermentation. The
results show that K.−80/A and K.−95/A belong to acetate fermentation and CO2

reduction, while CD/1, K.−65/, K.−65/D, K.−95/E, K.−80/B and K.−80/D belong to
microbial acetate fermentation. The majority of the methane is biogenic in origin
(Figure 7 A and B).

5.4. δ13CCO2 and δ13CCH4 versus depth

Previous studies showed that biogenic and thermogenic gases are depth and tempera-
ture-related [50]. Therefore, it would be expected that in deeper excavation fields there
would be more thermogenic methane (enriched with 13C), while at shallower depths,
there should be more biogenic gas (enriched with 12C). The isotopic composition of
CBM (Coalbed Methane) from pilot and production wells from the northern Bowen
Basin revealed that methane was enriched with 12C at a depth of 100 m, while at
900 m methane was enriched with 13C, although no clear trend in the δ13CCO2 values
was observed [51]. The relation between δ13CCH4 and δ13CCO2 values with depth in the
Velenje Basin are shown in Figs. 8 A, B.

The average δ13CCH4 values are as follows: K.−80/D (−37.0 ‰), K.−80/B (−37.4 ‰),
K.−95/E (−40.6 ‰), K.−65/C (−52.9 ‰), CD/1 (−54.6 ‰), K.−65/D (−55.1 ‰), K.−80/A
(-66.6 ‰), K.−95/A (−61.8 ‰). The difference in depth between excavation fields is
33.1 m. The deepest excavation field investigated in this study is K.−95/E (δ13CCH4 =
−40.6 ‰), and the shallowest is K.−65/C (δ13CCH4 = −52.9 ‰) (Figure 8 A and B). The
δ13CCH4 values (Figure 8 A) are enriched with 13C at deeper excavation fields: K.−95/E
(all samples), K.−95/A (one sample), K.−80/D (all samples) and K.−80/B (all samples),
and K.−80/A (one sample). The shallower fields: K.−65/C, and K.−65/D, CD/1 are enriched
with 12C and have δ13CCH4 values below −50 ‰ (Figure 8A). It must be emphasized that
methane migrates faster than CO2 [41], and isotopically lighter methane escapes during
excavation. Previous studies concluded that δ13C values showing a thermogenic isotopic
composition are due to CO2 reduction processes, which was also confirmed by authigenic
mineralization (values of δ13CCaCO3 up to 17‰) or secondary processes enriching residual
methane with 13C. It is also possible that some of the shale-derived gas with thermogenic
methane values (<50 ‰) migrated along the Velenje active fault into the main lignite
seam (Figure S1). For example, it is known that carbon species from vent fluids from Yel-
lowstone Lake, Wyoming, have multiple sources such as interactions of vent fluids with
subsurface rocks and lake sediments are the predominant process, followed by thermal
decomposition of organic matter with δ13CCH4 values higher than −50 ‰ [52]. Studies
of shale gas have shown that shale gas contains mostly hydrocarbons dominated by
methane [53]. Gases produced frommost commercially successful shale plays are thermo-
genic and formations with greater gas endowment contain late-mature thermogenic gas.
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In addition, isotope reversals (δ13C methane > δ13C ethane) are observed in shale plays
with mature organic matter that experienced a significant uplift (> 2 km). So far, no
studies of gas-derived shales from the Velenje Basin were performed, but it would be

Figure 7. (A) Plot of δ2HCH4 vs δ
13CCH4 values in lignite from the Velenje Basin. (B) Plot of δ13CCO2

versus δ13CCH4. The isotope fractionation factors (αC) are shown for methanogenesis by CO2 reduction
(1.090<αC<1.055) and acetate fermentation (1.055<αC<1.040) derived from [44].
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possible that both gas reservoirs: shales deposited in the Pre – Pliocene basement and the
main lignite strata (Figure S1), could be connected along the active Velenje fault and this
hypothesis should be tested in the future.

Figure 8. (A) Plot of δ13CCH4 versus depth from K.−65/C (Pesje), K.−65/D (Pesje), CD1 (Preloge),
K.−80/A (Pesje), K.−80/B (Pesje), K.−80/D (Pesje), K.−95/E (Pesje), K.−95/A (Pesje). (B) Plot of
δ13CCO2 versus depth from K.−65/C (Pesje), K.−65/D (Pesje), CD1 (Preloge), K.−80/A (Pesje), K.−80/B
(Pesje), K.−80/D (Pesje), K.−95/E (Pesje), K.−95/A (Pesje).
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Groundwater also has detectable levels of dissolved methane with isotope values
(δ13CCH4 from −77.7 to −51.4‰; δ2HCH4 from −274 to −162‰) consistent with microbial
methanogenesis [36, 37]. These values are comparable to δ13CCH4 values found at exca-
vation fields investigated in this study. The most variation in δ13CCH4 values was observed
at K.−80/A, with one sample having a δ13CCH4 value of −29.5 ‰ indicating thermogenic
methane (Figure 8 A).

The average δ13CCO2 at investigated excavation fields are as follows: K.-80/A (-1.5 ‰),
K.−95/A (−2.2 ‰), K.−80/A (−5.0 ‰), K.−95/E (−7.8 ‰), CD/1 (−8.2 ‰), K.−65/C
(−9.0 ‰), K.−80/D (−9.6 ‰), K.−65/D (−10.2 ‰). The δ13CCO2 values are on average
−7.8 ‰ and are endogenic in origin (Figure 8 B). Also, higher CDMI values are observed
in the range of 95.5–98.3 vol.%. The highest values of δ13CCO2 (−4.6 to −1.2 ‰) were
observed at K.-80/A (average δ13CCO2 = −5.0 ‰) indicating a biogenic origin via the
CO2 reduction process (Figure 9B). Higher δ13CCO2 values were observed at K.−95/A,
and only one sample had a more negative value (−8.3 ‰) of endogenic CO2. The shal-
lower excavation fields (K.−65/D and K.−65/C) have the most negative δ13CCO2 values
indicating that the CO2 is biogenic and formed via acetate fermentation (Figure 8 B). A
much broader range of δ13CCO2 values (−40 to +25 ‰) was observed in the northern
Bowen Basin [51]. Previous studies of the Velenje Basin (G2/C, K.−5/A, K.−130/A and
K.−50/C) report δ13CCO2 values from −11 to 5.5 ‰ [26], which is greater than that
(−11.8 to −0.54 ‰) reported in this study (Figure 8 B). Excavation fields with fresh over-
burden have a characteristic low CDMI and a broader range of δ13CCH4 values (−70.0 to
−20.0‰), while excavations (K.−80/A and K.−95/A) under pre-mined coal have a charac-
teristically high CDMI (Tables 1 and 2).

5.5. PCA analysis

PCA of the coalbed gas shows distinctive groups/clusters (Figure 9). PC1 explains 55.5 %
of the variance (positive δ13CCH4 values and negative δ2ΗCH4 values), while PC2 explains
25.2 % of the variance (positively δ13CCO2 and CDMI). Combined, they account for 80.7 %
of the total variance. The most distinct clusters are evident for K.−80/A, where a strong
negative relationship exists between δ2HCH4 and δ13CCO2 (group 1 in Figure 9, with
K.−95/A). Conversely, K.−95/E has a strong positive relationship between CDMI and
δ13CCH4 values (group 3 in Figure 9, with K.−65/C and K.−80/B). K.−80/D is also present
in a compact cluster, positively influenced by the δ13CCH4 values, although some
overlap with K.−80/B is evident (group 4 in Figure 9 is almost exclusively comprised of
K.−80/D).

The data for 151 samples of coalbed gas were then entered into the web-based
machine learning tool developed by [22]. The δ13CCO2, δ

13CCH4 and δ2HCH4 values were
used as input data since higher hydrocarbon concentrations in the Velenje coalbed gas
were low [27] and not measured in this study. Measurements of CO2 and consequently,
CDMI values were not included in the machine learning model. Outputs of Milkov’s
tool are confidence scores (in %) of gas genesis: T – thermogenic, PMCR – primary
microbial, PMMF – primary microbial methyl-type fermentation, SM – secondary
microbial, A – abiotic) and MA – model accuracy (in %).

Table 3 shows a comparison between hierarchical clustering and machine. The
highest percent of equal labeling was observed for boreholes K.−65/C and K.−65/D
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with 97.1 and 92.3 vol.%, respectively. The lowest was 6.3 vol.% at K.−80/B. Machine
learning predicted that most methane at K.−80/B, K.−80/D and K.−95/E was either
abiotic or thermogenic in origin, while hierarchical analysis indicated primary
microbial methyl-type fermentation (PMMF) and primary microbial CO2 reduction
(PMCR), which is the leading cause of the low ‘same’ numbers for these three
boreholes.

Hierarchical clustering shows five different groups of coalbed gases in the Velenje indi-
cating that different biogeochemical processes occurred during gas formation (Figure S3).

Figure 9. PCA biplot of samples and CDMI, δ13CCO2, δ
13CCH4 and δ

2HCH4 explanatory variables. Vector
sizes indicate the strength of their contribution to each PC. Ellipses (size determined by 0.95 prob-
ability) show the observations grouped by location.

Table 3. Results from a comparison of hierarchical clustering and a machine learning model.
‘Different’ indicates where each method’s predicted origin differed, while ‘Same’ indicates where
the methods agreed.
Borehole Different Same Total Percent of same (%)

CD/1 5 3 8 37.5
K.−65/C 1 33 34 97.1
K.−65/D 1 12 13 92.3
K.−80/A 4 11 15 73.3
K.−80/B 15 1 16 6.3
K.−80/D 13 4 17 23.5
K.−95/A 1 3 4 75
K.−95/E 12 2 14 14.3
Total 52 69 121 57
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These groups can be characterized as follows:

(1) Dark green: microbial CO2 reduction (primary microbial CO2 reduction - PMCR) +
endogenic CO2, high CDMI above 80 vol.% (K.−80/A and K.−95/A),

(2) Brown: microbial acetate fermentation (primary microbial methyl-type fermentation -
PMMF), CO2 reduction, lower CDMI from 50 to 80 vol.% (CD/1, K.−65/C, K.−65/D),

(3) Purple: endogenic CO2 + acetate fermentation (primary microbial methyl-type fer-
mentation - PMMF), high CDMI above 80 vol.% (K.−95/E, K.−65/C, K.−65/D, K.−80/B),

(4) Pink: endogenic CO2, acetate fermentation (primary microbial methyl fermentation -
PMMF) and CO2 reduction (primary microbial CO2 reduction - PMCR), CDMI between
50–80 vol.% (K.−80/D, K.−95/A),

(5) Light green: acetate fermentation (primary microbial methyl-type fermentation
-PMMF) and CO2 reduction (primary microbial CO2 reduction - PMCR) with CDMI
below 25 vol.% (K.−80/B, K.−80/A).

5.6. Spatial distribution of CDMI, δ13CCO2, δ
13CCH4, αCO2-CH4

Sampling points and the distribution of measured parameters: CDMI, δ13CCO2, δ
13CCH4

and αCO2-CH4 of coalbed gases is presented in Figs. S4, 10 A–D. All data for performing geo-
chemical maps since 2000–2018 are presented in Table S9. In this paper, geochemical
maps were updated using 2000–2018 data (Table S9) and presented in a geographical
information system (GIS) environment (Figure S4). The maps now contain the new data
from three boreholes: JPK83+10° (Pesje K.−80/D), JPK89+10° (Pesje K.−95/E), JPK91+10°
(Pesje K.−95/A), while the interpolation maps have been updated with CDMI, αCO2-CH4,
δ13CCO2 and δ13CCH4 values. Only the CDMI, δ13CCO2, δ

13CCH4 values of the first intact
sample from each excavation field were included in the GIS environment. Using the
JamTveg GIS [54,55], we interpreted the distribution of gases from the mining areas
(active working faces) and their origin, as well as the exit and delivery roadways in
Preloge and Pesje mining areas.

From the map, it can be seen that the CDMI values are lower (< 85 vol.%) in the north-
ern part of the Velenje Coal Basin (Figure 10 A). The spatial distribution becomes even
more visible on the interpolated map, where higher values (> 85 vol.%) are found in
the southern part of the basin close to the Šoštanj fault. The interpolation map is also
helpful for determining potential CO2 gas outburst prone areas, which are located near
the Šoštanj fault (Figure 10 A). Higher concentrations of CO2 and, consequently, higher
values of CDMI concerning the active fault zones were observed in the Bowen and
Sydney basins [19]. It was also recognized that the strongest rock and gas outbursts
occur only in those parts of coal deposits of the Lower Silesian Basin, which are dominated
by large amounts of endogenic CO2 [33]. Therefore, it seems that also in the Velenje Basin,
the Šoštanj fault is a significant factor in the migration of CO2 from some deep-seated
source.

The distribution of δ13CCO2 (Figure 10 B) with values from −7.0 to −14.8 ‰ are typical
for the degradation of organic matter and are characteristic for all analyzed locations,
except in the vicinity of the Šoštanj fault where δ13CCO2 values range from −7.0–4.0 ‰
(Figure 10 B). These higher δ13CCO2 values (up to 4.0 ‰) indicate CO2 of mixed origin
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Figure 10. (A) Map showing the carbon dioxide methane index (CDMI) distribution. (B) Map showing
the distribution of δ13CCO2 values. (C) Map showing the distribution of δ13CCH4 values. (D). Map
showing the distribution of αCO2-CH4 (fractionation factor).
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Figure 10 Continued
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(endogenic and biogenic–CO2 reduction). Most samples have lower δ13CCH4 values in the
range from −74.9 to −50.0‰ and indicate gas of bacterial origin (Figure 10 C). The inter-
polation map of αCO2-CH4 reveals an area with microbial CO2 reduction (αCO2-CH4 > 1.055)
andmicrobial acetate fermentation (αCO2-CH4 < 1.055). Microbial CO2 reduction is a charac-
teristic feature present in the central part of the basin and along the faults, while the
eastern, western and northern parts of the basin are characterized by acetate fermenta-
tion (Figure 10 D).

6. Conclusion

Molecular (CH4, CO2, N2) and isotopic (δ13CCO2, δ
13CCH4, δ

2HCH4) compositions were used to
better understand the degasification mechanism from eight excavation sites under fresh
overburden and pre-mined coal areas at the Preloge and Pesje mining areas in the Velenje
Basin from 2013 to 2018. Gas measurements were made in advance of the longwall faces,
and the origins of methane and CO2 were determined. Statistical analysis, including PCA
as applied, and geochemical maps for the spatial distribution of coalbed gases were created.

Concentrations of CO2 prevail at all the investigated excavation fields. Concentrations
of CO2 and methane are related to the position of the working seam in space; generally,
two peaks in the levels of CO2 and methane are observed over fresh burden moving back
from the longwall face, while levels of CO2 and methane under pre-mined coal area
remain relatively constant. A decrease in δ13CCH4 values and the diffusive escape of
13C-depleted methane is observed with increasing distance from the longwall face at
all investigated excavation fields. More extensive isotope fractionation with distance
from the longwall face is observed for δ13CCH4 (2.0–39.9 ‰), while for δ13CCO2 isotope
fractionation ranged from 0.6–8.5 ‰.

Shallower excavation fields (K.−65/C, K.−65/D, and CD/1) have δ13CCH4 values≤ -50‰,
while in the deeper excavation fields 8 K.−95/E, K.−95/A, K.−80/B, and K.−80/D) δ13CCH4
values were ≥ −50 ‰. Thus, each excavation field appears to be specific in terms of the
geochemical characteristics of coalbed gases, making it necessary to carry out a geochem-
ical and isotope investigation of coalbed gas to understand better the degassing mech-
anism from excavations, origin of gases, especially methane, which is considered as a
greenhouse and unconventional gas.

Statistical analysis revealed five different groups of coalbed gases considering their
origin at active excavation fields: (1) microbial CO2 reduction with high CDMI above
80 vol.%, (2) microbial acetate fermentation with CDMI from 50 to 80 vol.%, (3) endogenic
CO2 and acetate fermentation with CDMI above 80 vol.%, (4) endogenic CO2, acetate fer-
mentation and CO2 reduction with CDMI from 50 to 80 vol.%, (5) acetate fermentation and
CO2 reduction with CDMI below 25 vol.%. A comparison of machine learning and hier-
archical cluster analysis to decipher the origin of methane found that machine learning
is a more useful tool for interpreting the origin of methane in the Velenje Basin. Going
forward, it is recommended that CO2, and CDMI values should be included in machine
learning as input parameters in CO2 rich basins.

The updated interpolated GIS maps reveal that high CDMI, acetate fermentation and
endogenic CO2 are located in the southern part of the Velenje Basin, while in the north-
eastern part of the basin and some parts of the central basin CO2 reduction is the major
process. The δ13CCH4 and δ2HCH4 values also show that methane is biogenic in origin,
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formed by biogenic fermentation and CO2 reduction processes. Some δ13CCH4 values are
also enriched with 13C (i.e. thermogenic methane), which agrees with the previous study
of authigenic carbonate mineralization, and high δ13CCaCO3 values (up to 17 ‰) suggest
that CO2 reduction is the primary biogeochemical process, which gives higher δ13CCH4
values. Such investigations (monitoring of molecular and isotopic compositions at exca-
vation fields) are relevant for the safety of coal miners and possible development of clean
coal technologies, e.g. coalbed methane (CBM) once the excavation of coal has ceased.
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