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• The GWP of the gases released by xylitic

lignite was the lowest among the sam-

ples.

• Extraction of the detritic lignite may re-

duce GHG emissions from the aban-

doned mines.

• Detritic lignites show the potential to

serve as a source of coalbed methane.
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Due to changes in the energymarket, it is projected that lignite excavationwill be reduced in the near future. Ces-

sation of exploitation is associated with restitution of natural water conditions and flooding of the resources left

in themines. Flooded lignite mines are a potential source of greenhouse gases (GHG) (CH4, CO2 and N2O), which

should be monitored due to growing environmental concerns. Here, we aim to recognize GHG release from the

lignites collected from themain deposits of Poland, Slovenia and Serbia. GHG productionwas studied along with

a range of physical and chemical parameters that are crucial for microbial growth and activity.

The microcosm experiments showed that the main gas emitted from the lignites was carbon dioxide. Daily CO2

productionwas highly variable. The highest valueswere recorded for detroxylitic lignite collected from theKonin

deposit (402.05 nmol CO2 g
-1 day-1) while the lowest were for the Kolubara xylitic lignite (19.64 nmol CO2 g

-1

day-1). Methane productionwasmuch lower and ranged fromnearly zero to 66.75 nmol g drymass-1 d-1. Nitrous

oxide productionwas not detected. It was found that CO2 production, being a general measure ofmicrobial activ-

ity, was positively affected by NO3
- concentration and redox potential. With respect to methane formation, the

lower atmospheric oxygen exposure of the sample from the Velenje undergroundmine compared to the samples

from the opencast mines has been identified as a possible cause of the high methane production. The overall

global warming potential (GWP) of the gases released by xylitic lignite was lowest among the samples. Preferen-

tial extraction of the detritic lignites is suggested as ameans to reduce GHG emissions from the abandoned lignite

mines.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lignite (brown coal) deposits are located all over the world. Seams
of this raw material are usually located at shallow depths, allowing for
opencast mining. The relatively easy accessibility and the lower level
of natural hazard in comparison to the exploitation of hard coal has
made lignite an important source of energy. In 2019, 27 countries de-
clared using this resource. In many of them, the combustion of lignite
contributed to the generation of a significant part of the energy pro-
duced (e.g., Poland 33-35%; Nyga-Lukaszewska et al., 2020). Impor-
tantly, nearly half of all lignite is mined and utilized in Europe
(Knoema, 2020).

The extraction and combustion of coal pollutes water, soil, and espe-
cially the atmosphere. Air pollution generated by the mining industry
has both a local (particulate matter, sulphur and nitrogen oxides) and
a global impact (greenhouse gases, GHG). GHG emissions are of partic-
ular concern because coal mining and burning comprise a high propor-
tion of the anthropogenic sources of both CH4 and CO2 (Saunois et al.,
2020). The intensification of climate change and the degradation of
the natural environment in many areas of the world has instigated the
currently global trend to replace coal with renewable energy sources
that are more friendly to the environment and human health (EIA,
2020; IEA, 2020).

Due to the changes taking place in the energy market, it is projected
that in the short-to-medium term, most lignite-fired power plants will
be closed, making lignite excavation unnecessary (Alves Dias et al.,
2018). It is expected that this will reduce the scale of anthropogenic
GHG emissions, as the coal will no longer be transported and burned.
However, as recently described by Kholod et al. (2020), a substantial
proportion of GHG emissions come directly from disrupted geological
formations and this will continue for decades, regardless of the cessa-
tion of industrial exploitation of the seams. Particularly, the extent of
GHG emissions from unexploited (and abandoned) lignite remains
largely unrecognized. Both the guidelines for national greenhouse gas
inventories (Eggleston et al., 2006) and the recently updated version in-
dicate that “surface mines may continue to emit methane as the gas
leaks from the coal seams thatwere broken or damaged duringmining”
but “there are at present nomethods for estimating emissions from this
source” (Buendia et al., 2019). Therefore, there is an important gap in
the knowledge that needs to be addressed.

The available projections for GHG emissions from closed mines
mainly concern underground exploitation. The estimates are based
on the current methane bearing capacity and apply Langmuir equa-
tions to quantify gas desorption (e.g., Kholod et al., 2020). In the
case of hard coals, which are resistant to biodegradation, these calcu-
lations are justified. However, bioavailability of the organic matter
for microbial processes increases with decreasing thermal maturity
(Robbins et al., 2016) and in the case of brown coal, particularly lig-
nite, it seems reasonable to also take into account biological de novo
formation of GHG.

The coal seams were shaped by an anaerobic environment in which
it was possible to conserve the deposited organic matter. In the course
of exploitation, lignite deposits are drained and exposed to atmospheric
conditions. Such a drastic change in the living conditions of themicrobi-
ota alters the rate, extent anddirection of biological processes. However,
with the end of mining operations and cessation of drainage works,
most mine workings will naturally be flooded with water. This may
lead to the restoration of anaerobic conditions in the deposit and the re-
activation of processes the lead to the formation of potent GHG, i.e., CH4,

CO2 and N2O. Here, we hypothesize that GHG formation occurs in aban-
doned and submerged lignites. We also aim to recognize the GHG pro-
duction potential of lignites collected from the main lignite deposits
exploited in Poland, Slovenia and Serbia, which represent various
lithotypes, ages and burial histories. GHG production was studied
along with a range of physical and chemical parameters that are crucial
for microbial growth and activity.

2. Materials and methods

2.1. Sampling sites

Lignites were collected from 5 active coal mines located in Central
Europe. In Poland, thesewere theBełchatów, TurówandKonin opencast
mines,which together are responsible for ca. 95% of the country's lignite
production (Polish Geological Institute, 2020). In Serbia, sampling was
performed in the Kolubara opencast mine which supplies nearly 75%
of the country's lignite (Public Enterprize Electric Power Industry of
Serbia, 2020). In Slovenia, samples were obtained from the country's
only working coal mine Velenje; a mine which uniquely employs the
underground exploitation method.

2.2. Geological settings of the sampled deposits

2.2.1. Poland

The majority of Poland's territory belongs to the European
Paleogene–Neogene Basin. The lignite-bearing areas cover approxi-
mately 70,000 km2, which is about one-third of the Poland's territory.
Lignite deposits mainly occur in the western, southern and central
parts of the country and were formed in epeirogenic depressions from
the Palaeocene up to the Upper Miocene (Fig. 1). Polish lignites repre-
sent humic low rank coal. Industrial exploitation is performed mainly
in the Lower and Middle Miocene formations i.e., the third Ścinawa lig-
nite seam (ŚLS-3), the second Lusatian lignite seam (LLS-2), and thefirst
Mid-Polish lignite seam (MPLS-1) (Kasinski et al., 2010; Mastej et al.,
2015; Widera, 2016a, 2012).

2.2.2. Konin (KNN)

The mine exploits Mid Miocene lignites located to the north of the
city of Konin (52°45′57′′N, 18°53′26′′E) and were deposited in a shal-
low tectonic depression with a Mesozoic basement. Lignite formations
are associated with MPLS-1 (Widera, 2016b). The seam thickness is 3-
20mand is overlain by grey, clayey quartz sands of theAdamówForma-
tion (Kasinski et al., 2010; Piwocki, 1992). The basement of the lignite
deposit is represented by marly and sandy limestones (Ciuk, 1991).
The lithostratigraphic unit of the Konin coal mine is characteristic of
mires, wet forests and fen or shallow water (Widera, 2016b).

2.2.3. Bełchatów (BCB)

The Bełchatów coal basin (central Poland, 51°15′46″N19°18′49″E) is
located in the Alpine orogeny-aged KleszczówGraben. The deposit con-
sists of two lignite fields separated by the Dębina Salt Dome containing
Upper Permian (Zechstein) evaporites. Palaeogene and Neogene filling
of the graben is underlain by Upper Jurassic limestones and Upper Cre-
taceous gaizes. The productive coal complex is considered to be an
equivalent of ŚLS-3 (in the lower part) and LLS-2 (in the upper part)
(Pawelec and Bielowicz, 2016; Widera, 2016b).

2.2.4. Turów (TCB)

The Turów coal deposit is located in the Zittau Basin (on the border
of Germany, Poland and the Czech Republic) (50°91′24′′N 14°90′31′′E).
It fills a Tertiary tectonic depression which was formed in the north-
western part of the Ohre rift system. The TCB is filled with a Miocene
brown-coal formation and clastic Cenozoic deposits underlain by igne-
ous rocks. The lignite seams documented in the TCB are of a similar
age to those found in the BCB (ŚLS-3 and LLS-2). However, unlike
other Polish lignites, theywere affected by tectonic and volcanic activity
(Liber-Makowska, 2013).

2.2.5. Serbia – Kolubara

Reserves of the Kolubara coal basin are located in the central region
of Serbia (44°47′15′′, 20°22′49′′). The Upper Miocene sediments were
formed in the Pannonian Basin System in shallow lacustrine, delta
plain and fluvial environments. The freshwater coal-bearing series of
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the Kolubara Basin consist of sand, clay and three coal seams: seam III -
Lower coal seam, seam, II -Main coal seam, and seam I -Upper coal seam
(Kezovic, 2011). Coal from the Kolubara Basin is typical lignite with a
high moisture content, lower net calorific value and a huminite reflec-
tance of 0.30 ± 0.03 (Životic et al., 2013).

2.2.6. Slovenia - Velenje

The Velenje coal mine is located in the central region of the Velenje
Basin in NE Slovenia (46°37′21′′, 15°06′68′′). The Velenje Basin is a
mountainous pull-apart basin, bounded by the Smrekovec and Sostanj
faults, which belong to the Periadriatic fault. Tectonic activity created
an accommodation spacefilledwith Pliocene andQuaternary sediments
up to 1000 m in thickness (Brezigar, 1985). Velenje lignite was formed
in a marsh environment (Brezigar et al., 1985). Themain lignite seam is
characterized by a thickness of up to 165 m in the central part of the
seam with an average of 60 m (Liu et al., 2019).

2.3. Sampling procedures

Lignite was sampled from freshly exposed fragments of each de-
posit. Large lignite chunks (4 - 5 kg) were immediately put into her-
metic containers and tightly closed. Lithotypes were distinguished on
the basis of two lithotype components i.e., xylites and detritus using
the “10% rule” (International Committee for Coal Petrology, 1993;
Widera, 2012). Prior to laboratory analysis (chemical, physical and incu-
bation experiment), lignite subsamples were aseptically crushed to φ<
2 mm in anaerobic conditions in a glove box (Labconco, USA, atmo-
sphere of nitrogen).

2.4. Physical and chemical analysis

The moisture of the lignites was determined gravimetrically by
oven-drying to a constant weight at 105 °C. Reaction (pH), oxidation-
reduction potential (Eh) and electrolytic conductivity (EC) were deter-
mined using amultifunctional potentiometer pIONneer 65 (Radiometer
Analytical S.A., France) equipped with a glass electrode (Cartrode pH
E16M340), combined platinum and Ag/AgCl (E31M004) electrode and

EC conductivity cell (CDC 30 T-3), respectively. Carbon content (total
organic – TOC and total inorganic – IC) was determined by dry combus-
tion using a TOC-VCSH with SSM-5000A module (Shimadzu, Japan). A
detailed description of these analytical methods can be found at
Szafranek-Nakonieczna et al. (2018). The availability of biogenic com-
pounds (N-NO3, N-NH4 and P-PO4) was analysed according to detailed
protocols as presented previously by Stepniewska et al. (2013).

2.5. Microcosm experiment

Analogously to the previously described experiments (Pytlak et al.,
2020b, 2020a; Szafranek-Nakonieczna et al., 2018), microcosms with
the aim of determining the biological formation of CH4 and CO2 were
prepared in a glove box, under N2. Ten grams of aseptically crushed lig-
nite was placed in dark glass bottles (total capacity 60 cm3) and supple-
mented with an appropriate volume of a deionised water to achieve
200% of total water capacity (reflect natural conditions). The bottles
were tightly closed with a rubber septa and aluminium cap to allow
for headspace gas sampling. Measurements were conducted at 30 °C.
Triplicate samples were prepared for each treatment.

The concentrations of gases (CH4, CO2) during the experiment were
determined using a Varian 3800 gas chromatograph equipped with
flame ionization (FID, 200 °C) and thermal conductivity (TCD, 120 °C)
detectors. Gases were detected after separation of the sample on a CP-
PoraPLOT Q 25 m × 0.53 mm ID, 20 μm film and a Molecular Sieve 5A
30 m × 0.53 mm ID columns connected together. Injector temperature
was set to 120 °C and oven temperature was set to 40 °C. Helium was
used as the carrier gas.

Methane and carbon dioxide production rate was determined based
on the linear increase in the concentration of a given gas in time and
expressed as a nmol per gram dry mass per day (nmol g-1 day-1).

2.6. Global warming potential (GWP) calculations

The GWP for each lignitewas calculated for the 100 year horizon, in-
cluding climate‑carbon feedback as an CO2 equivalent by multiplying

Fig. 1. Location and schematic lithostratigraphic profiles of the studied lignite deposits in Slovenia (a), Serbia (b) and Poland (c). Position of lignite seams is indicated by arrows (modified

from (Fabianska, 2007; Kanduc and Pezdic, 2005; Životic et al., 2013).
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average daily CH4 emissions by the conversion factor of 34 (Myhre et al.,
2013).

2.7. Statistical methods

The Spearman rank-order correlation coefficient was used to mea-
sure the strength and direction of association between GHG release
rate and environmental parameters. Calculations were performed
using Statistica 13 (TIBCO Software Inc.). A graphical display of the cor-
relation matrix was created using the “Heatmap illustrator” package in
TBtools (Chen et al., 2020). p < 0.05 was considered statistically signif-
icant. Bray-Curtis similarity matrices representing the studied physical
and chemical properties were analysed using non-metric multidimen-
sional scaling (NMDS) in PAST 4.03 (Hammer et al., 2001). NMDS was
used to detect patterns that could explain the observed similarities
and dissimilarities among the samples.

3. Results and discussion

3.1. Physical and chemical properties

The lignites usedhere are characterized by various lithotype, age and
location (Table 1). They did show some similarities, e.g., TOC content
(55-68% range). Only PGB-W1 contained more mineral matter, which
resulted in a reduced TOC (39%) (Table 2). Generally, the TOC content
of the studied materials corresponded with their rank (Strapoc et al.,
2011). The reaction of the analysed lignites was also alike and in the
neutral range (pH6–7.7). The exceptionwasKNN-W2,whichwas acidic
(pH 3.45) (Table 3). With regard to the remaining parameters,
e.g., concentrations of biogenic N and P, or overall EC, a large range of
observed values was found, even in samples extracted from the same
deposit (Table 2, Table 3). An example of this is the availability of P-
PO4 in the Bełchatów samples, which ranged from 0.58 mg kg-1

(PGB\\W1) to as much as 19.4 mg kg-1 (PGB\\W2). These differences
indicate that there is a variation in the living conditions of the microor-
ganisms present in lignite, which may be reflected in the ability of the
microbiota to produce greenhouse gases.

However, the parameter that predominantly determines the pro-
duction of GHG is the oxidation-reduction potential (Eh) (Wang et al.,
1993; Yu et al., 2006). Eh measures the abundance of oxidized and re-
duced chemical substances and enables the prediction of what electron
acceptors are available for biogeochemical processes (Fiedler et al.,
2007). Redox potential is tightly related with the activity of microbial
communities (Fig. 2) and in general, Eh values are positively correlated
with CO2 production, while its relationship with CH4 production is the
reverse (Chabbi et al., 2006; Wang et al., 1993).

The redox potential of the studied samples ranged between 282 and
395 mV (Table 3), which places the lignites in the range characteristic
for suboxic or moderately reduced environments (Fiedler et al., 2007).
The only distinctive sample was KNN-W2 whose Eh was as high as
720mV, meaning that at the beginning of the experiment, the availabil-
ity of electron acceptors in this lignite was comparable to oxic, well aer-
ated soil. As a rule, pH and Eh values are negatively correlated (Fiedler

et al., 2007). The interdependence of these parameters as determined
in the studied lignites is consistent with this rule (Fig. 3) and KNN-
W2, the most acidic sample, was also characterized by the highest Eh
values (Table 3). However, even after correction to Eh7 (using Eh7 =
Eh (mV) + 59 (mV) (pH - 7.0) adapted from Martin et al. (2013)), the
Eh value for KNN-W2 (510 mV) still lies in the range characteristic for
oxic conditions (Fig. 2). Bearing inmind that sampleswere collected im-
mediately after excavation and kept hermetically closed, the KNN-W2
lignite must have been exposed to in situ oxidative conditions prior to
excavation. This may be possible, due to the fact that the Konin deposit
is built of a number of scattered, relatively small (in comparison to other
deposits studied) lignite seams, and covered by thin overburden
(Meissner, 1962). Exploitation of the adjacent fields, in particular their
dewatering, could lead to the groundwater table lowering and air intru-
sion into the coal-bearing strata, even prior to overburden removal from
the KNN-W2 sampling area. The low pH itself also indicates the occur-
rence of aerobic processes. Lignite-bearing strata, including the one in
the Konin area (Gilewska andOtremba, 2015), contain pyrite.When py-
rite is exposed to air, in the presence of humidity, it is oxidized, forming
sulphuric acid (Dos Santos et al., 2016). This process contributes to the
acidification of the environment and may increase the pore solute con-
centration. This is because, unlike pyrite, sulphuric acid iswater-soluble.
Indeed, the EC valuesmeasured in the samples collected from the Konin
deposit were high, especially in KNN-W2 (Tables 3, 1.42 mS cm-1).

Eh was also tightly related to speciation of the available nitrogen
(Fig. 3). The Spearman's rank correlation values for Eh and N-NO3

were 0.49 (p < 0.05), while for N-NH4 0.52 (p < 0.05), suggesting that
the more reduced lignites contained higher concentrations of the re-
duced N form. Because N-NH4 was the dominant form of nitrogen
(with concentrations several dozen times higher than those of N-
NO3), it may be assumed that, generally, the lower Eh promoted N2

availability. This is important because nitrogen is one of the major fac-
tors controlling microbial growth rate.

It seems that the oxidative conditions that occurred in KNN-W2
could also lead to the partial decomposition of the lignite. TOC of this
sample (55.96%) was significantly lower than in the other sample col-
lected from the same basin (KNN-W1, 65.65% TOC, Table 3).

TheNMDS ordination plot, based on the physical and chemical prop-
erties of lignites, shows that there was significant separation among the
samples (Fig. 4). This confirms that the studied materials created dis-
tinct environmental niches and points to the fact that the indigenous
microbial communities inhabiting the lignites may carry out different
biogeochemical processes. Environmental vector fitting shows the asso-
ciations between geochemical parameters and the NMDS axes. The
most important were Eh, TOC and N-NO3, which were strongly corre-
latedwithbothNMDS axes. These parameters governed the distribution
of the majority of points, which were clustered together along Eh-NO3

vector. Points representing samples characterized by the highest Eh
and N-NO3 values (KNN-W2) formed a separate group. One of the ap-
parently dissimilar points were those denoting lignite from the
Kolubara mine (KBR). The distinctiveness of this lignite may result
from the fact that KBR was the only exclusively xylitic lignite, which
contained a very low amount of soluble compounds (manifested low

Table 1

Lithostratigraphic characteristics of the sampled lignite beds.

Symbol Location SEAM Age Lithotype

KBR Kolubara Main seam Upper Miocene Xylitic

VLN-W1 Velenje Main seam Pliocene Xylodetritic

VLN-W2 Velenje Main seam Pliocene Detritic

KNN-W1 Konin First Mid-Polish lignite seam Middle Miocene Detritic

KNN-W2 Konin First Mid-Polish lignite seam Middle Miocene Detroxylitic

PGT - W1 Turów Third Ścinawa lignite seam Lower Miocene Detroxylitic

PGT - W2 Turów Second Lusatian lignite seam Lower Miocene Detroxylitic

PGB - W1 Bełchatów Second Lusatian lignite seam Lower Miocene Detroxylitic

PGB - W2 Bełchatów Third Ścinawa lignite seam Lower Miocene Detritic
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EC values). Outlying points were additionally those representing VLN-
W2 i.e., the detritic lignite from the Velenje lignite mine. Further statis-
tical analysis, performed with the use of ANOSIM, confirmed that there
were significant differences between the lignites. The most important
variable determining similarity/dissimilarity of the lignites in terms of
physico-chemical properties was age (R=0.72, p< 0.01). Lithology ap-
peared to be less important. ANOSIMR values of 0.34 show that the gen-
erally properties of lignites, representing various lithologies, overlap.
Pairwise comparisons revealed that the most dissimilar was the xylitic
lignite, which remains consistent with the NMDS orientation (Fig. 4).

3.2. GHG release

The microcosm experiments showed that the main gas released
from the lignites was carbon dioxide. Daily CO2 production was several
hundred times higher than that of CH4. KNN-W2 and BCB-W1 lignites
released particularly high amounts of CO2, reaching 402.05 and
328.63 nmol CO2 g-1 day-1, respectively. The smallest activity was
found in the Kolubara lignite, which released only 19.64 nmol CO2 g

-1

day-1 (Fig. 5a).
Desorption of CO2 gas from lignites requires the consideration of

both physical desorption and biological de novo formation, which co-
occur. It is a well-known phenomenon that low rank coals adsorb CO2

and that (due to competition for active sites between water and CO2

molecules) the sorption capacity decreases with increased moisture
(Liu et al., 2016). It was suggested that detroxylytic and xylodetritic lig-
nites have a higher CO2-binding capacity than xylitic ones (Bielowicz
and Baran, 2019). The reason may be that the xylite-rich materials
have massive structure (Widera, 2016b) with remarkably lower poros-
ity (Bielowicz and Baran, 2019) thus providing fewer available biding
sites for CO2. In fact, within the studied samples, xylitic lignite from
Kolubara released the smallest amount of CO2 (Fig. 5a.).

It has also been suggested, that among lignites, CO2 sorption capacity
increases with the degree of coalification (Bielowicz and Baran, 2019).
This relationship, however, was not noted in the results presented
here. Among the studied samples, the most mature were lignites from
the Turów mine. Organic matter accumulated in this coal basin is

subjected to considerable geothermal heating (Liber-Makowska,
2013) which results e.g., in higher (in comparison to other Polish lig-
nites) cyclization of aromatic rings (as evidenced by FTIR) (Pytlak
et al., 2020a). Yet, in spite of the apparent differences in maturity, CO2

emissions from Turów lignites were close to the average calculated for
the studied set of materials. This shows that the observed variability in
CO2 emissions cannot be fully explained by physical sorption.

The fact that lignites are a habitat for a vast array of microorganisms
has already been described in detail (e.g., Bucha et al., 2018; Detman
et al., 2018; Pytlak et al., 2020a; Strapoc et al., 2011). A separate and de-
batable issue remains as towhether all of themarked taxa actually real-
ize their ecological niche in the lignite. This is because conditions that
occur in the deposit do not often stay in line with the known ecophysi-
ology of the bacterial taxa (Pytlak et al., 2020a). Nevertheless, the activ-
ity of microbial communities can be assessed via respiration, it being a
universal measure of microbial vital processes (Haney et al., 2018).

Further evidence for biological CO2 production in the lignites it is
reflected by the positive relationship with Eh values (Spearmann 0.46,
p< 0.05). This interdependence persists because the electron acceptors

Table 2

Characteristics of the investigated coals and lignites. TOC – total organic carbon; N-NO3, N-NH4P-PO4, SD – standard deviation (sample abbreviations as in Table 1).

Symbol Moisture TOC N-NO3 N-NH4 P-PO4

% % mg kg dry mass−1

Mean ±SD Mean ±SD Mean ±SD Mean ±SD Mean ±SD

KBR 51.92 1.31 63.26 1.88 0.11 0.02 37.57 0.51 6.55 0.74

VLN-W1 23.58 0.37 66.73 2.62 0.00 0.00 94.86 0.93 7.03 1.56

VLN-W2 24.22 0.56 65.41 5.50 0.00 0.00 48.60 0.70 5.44 2.89

KNN-W1 49.71 0.58 65.65 2.63 0.00 0.00 15.77 1.18 1.57 0.20

KNN-W2 43.97 1.26 55.96 2.99 2.26 0.01 24.42 0.46 9.78 0.76

PGT - W1 80.99 3.11 67.31 2.12 0.94 0.86 27.54 11.55 2.64 1.19

PGT - W2 66.57 6.50 68.38 3.09 0.41 0.13 25.13 6.24 9.39 6.33

PGB - W1 69.74 13.31 39.05 2.18 4.68 0.87 28.94 12.35 0.58 0.73

PGB - W2 62.39 4.58 65.29 2.52 1.54 1.98 38.46 3.33 19.41 12.77

Table 3

pH, Eh and EC of the studied lignites (sample abbreviations as in Table 1).

Symbol pH Eh (mV) EC (mS cm-1)

Mean ±SD Mean ±SD Mean ±SD

KBR 6.44 0.05 282 1.2 0.14 0.01

VLN-W1 7.28 0.05 296 7.6 0.31 0.00

VLN-W2 7.57 0.11 311 1.0 0.90 0.02

KNN-W1 6.02 0.05 383 4.7 1.03 0.00

KNN-W2 3.45 0.23 720 9.7 1.42 0.01

PGT - W1 7.71 0.03 346 0.1 0.58 0.00

PGT - W2 6.25 0.03 369 4.5 0.57 0.00

PGB - W1 6.83 0.01 370 0.3 0.33 0.00

PGB - W2 5.94 0.00 395 1.6 0.91 0.00
Fig. 2. Redox potential range showing microbial carbon metabolism and electron

acceptors (modified from Pytlak et al., 2014; Schlesinger, 1997).
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available at higher Eh enable higher free Gibbs energy to be released
during oxidation-reduction reactions. The amount of available energy
is reflected in the intensity of the microbial catabolic processes (Lian
et al., 2016). In addition, afterO2, NO3

- is the secondmost potent electron
acceptor and it explains the positive relationship between CO2 release
and NO3 concentration (Fig. 3). The relevance of CO2 emission and Eh
interdependence has already been described from other environments,
such as soil and sediment (e.g., Chabbi et al., 2006; Wang et al., 1993).
The occurrence of this dependency also in the current dataset confirms
that microbially-driven biogeochemical processes take place in these
anthropogenically affected lignite-bearing sedimentary basins and
that their intensity is redox-related.

Previous studies concerning the microbial degradation of low-rank
coals state that detritic lignite is more susceptible to decomposition
than xylitic (Hofrichter and Fakoussa, 2001), which consists mainly of
solid, fossilized wood fragments such as trunks, branches and roots
(Widera, 2012). Lignin (and lignin-derived macerals), being the main
component, is considered the most difficult portion of plant biomass
to degrade (DeAngelis et al., 2011). It has also been suggested that fos-
silized resin, fixed in the form of terpenoid compounds, acts as an anti-
microbial agent (Bechtel et al., 2007; Otto and Simoneit, 2001).

Therefore, the low CO2 emissions from the KBR xylitic lignite can also
be explained biologically (Fig. 5a).

Methane releasewas highly variable among the investigated lignites
and ranged from ~0 to 66.75 nmol g drymass-1 d-1 (Fig. 5b). It should be
noted that among the analysed mines, Velenje is the only one carrying
out underground exploitation and therefore the high methane forma-
tion in the VLN-W2 lignitemay be due to the lower exposure to oxygen
conditions compared to those experienced by the lignites of the open-
cast mines. This hypothesis seems to be confirmed by a strong, negative
dependence between Eh values and CH4 production (Spearman -0.8, p
<0.05) (Fig. 3). The low tolerance ofmethanogens to aerobic conditions
is due to the fact that their metabolic pathways are based on extremely
oxygen-sensitive enzymes (e.g., containing Fe\\S cluster) (Sheehan
et al., 2015; Sikora et al., 2017). Their deactivation leads to the loss of en-
ergy conservation by microbiota and as a consequence cessation of
methane production.

Interestingly, xylodetritic lignite extracted from the same mine was
more than 600 times less effective in methane formation. This disparity
seems to be related to the low susceptibility of xylitic lignites to biolog-
ical degradation. Methanogens are capable of utilizing only a narrow
range of substrates such as H2/CO2, formate, acetate, methanol, and
methylated compounds. Methanogenesis is in fact a multistage process
in which exact CH4 formation by methanogenic Archaea is preceded by
the degradation of complex organic molecules by a consortium of vari-
ous microorganisms, mostly bacteria. Degradation of the lignin-derived
xylites could therefore constitute a bottleneck in methanogenesis, as is
the case in other environments (Cater et al., 2014). The results consis-
tent with this theory, indicating greater production of methane from
detritic lignites, can also be found in the work of Bucha et al. (2020),
who compared the biotechnological potential (in the context of biogas
production) of lignites with different lithology. It is also suspected that
some of the lignin degradation intermediates (phenyl acids) hinder an-
aerobic mineralization of organic materials (Prem et al., 2021).

3.3. Nitrous oxide formation

Nitrous oxide is approximately 265 times more potent than CO2 in
atmospheric warming and contributes to stratospheric ozone depletion
(Liu et al., 2020). Most anthropogenic emissions of this gas occur in
drained peatlands (Liu et al., 2020). Peat and lignite have a similar gen-
esis and, despite differences resulting from age, many features in com-
mon (Höök, 2012; Widera et al., 2007). Therefore, it is supposed that
lignites could also be a source of GHG. However, N2O was not detected
in any of the studied microcosms. The explanation of this phenomenon
is, first of all, the speciation of N2, which in the lignites was available

Stress = 0.011

Fig. 4. Nonmetric multidimensional scaling (NMDS) plot based on the Bray-Curtis distances of lignite properties (based on data from Tables 2 and 3, sample abbreviations as in Table 1.).

Fig. 3. Correlogram of Spearman's rank correlation coefficients of the physical and

chemical properties as well as greenhouse gases (GHG): CO2 and CH4 production by the

lignites (based on data presented in Tables 2, 3 and Fig. 5).
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mainly in reduced form. N2O is produced either by nitrification in the
presence of O2 or by denitrification in anoxic conditions (Khalil et al.,
2004; Liu et al., 2020). The transition of NH4 to N2O by nitrification re-
quires the availability of oxygen, the concentration of which is a factor
that significantly determines the rate of the process (Khalil et al.,
2004). The experimental treatments were oxygen-free so nitrification
could not occur. On the other hand, availability of NO3

- , which could be
a source for anaerobic N2O formation via denitrification, was scarce.
The observed effect seems to be consistent with the results presented
by Liu et al. (2020) who pointed out that rewetting of the peatlands ef-
fectively reduces N2O emissions.

3.4. Environmental impact of flooded lignites

Results concerning GHG production by flooded lignites suggest that
they would mainly release CO2. Methane emissions were significantly
lower and even given the GWP of methane (which is several dozen
times higher than CO2), CO2 played a dominant role (Fig. 6).

That lake ecosystems are able to buffer GHG emissions depends on
many local factors. In the case of CO2, it is perfectly soluble in water
but this leads to acidification of the water (Cole and Prairie, 2014).
Post-mining waters are also threatened by acidification caused by the
oxidation of sulphides (Gläßer et al., 2011). At low pH, the water solu-
bility of CO2 decreases substantially, thus, water chemistry has a huge
impact on the buffering of lignite-originating CO2 emissions. Lake eco-
systems are also a habitat of methanotrophic bacteria, whichmay effec-
tively reduce methane emissions. However, the majority of mesophilic
methanotrophic bacteria prefer close to neutral pH (Islam et al., 2020),
hence local geology (affecting pH buffering capacity of water) plays an
important role in the regulation of GHG emissions from flooded lignites.

It should be remembered that methanotrophic bacteria are also a
natural component of the microbiome of coal, lignites and the sur-
rounding geological formations (Pytlak et al., 2021, 2020a, 2014;
Stepniewska et al., 2014, 2013; Stepniewska and Pytlak, 2008). These
microorganisms prefer microoxic conditions. It has been shown that
in high humidity conditions they are able to utilize methane with high
efficiency. Therefore, they can potentially contribute to limiting the
stream of methane emitted to the atmosphere from unexploited parts
of the abandoned deposits. Nevertheless, as in the case of microorgan-
isms occurring in the water column, the activity of methanotrophs
present in lignites depends on the physicochemical changes in the
environment.

4. Conclusions

The obtained results show that the size and nature of the GHG emis-
sions depend on the lithotype of brown coal. The lowest impact on the
environment was found in xylitic lignite (with GWP of 3.91 × 10-4 per
ton annually), while the lignites containing the detritus component re-
leased significantlymore GHG (with GWPup to 1.5 × 10-2per ton annu-
ally). These results may be an indication of how to plan coal seam
exploitation. Our suggestion is that preferential extraction of detritic
coals from opencast mines may reduce future GHG emissions. On the
other hand, the detritic lignites that are exploited via the underground
method (Velenje mine) show the potential to serve as a source of
coalbedmethane to be captured and utilized for energy-generation pur-
poses. The development of precise models enabling the prediction of
GHG emissions from lignites still require the analysis of a larger number
of samples, but our data confirm that flooded lignites may substantially
contribute to GHG emission. Furthermore, lithology and time of expo-
sure to oxygen conditions should be taken into account as they have a
significant impact on the shape of the microhabitat and direction of or-
ganic matter transformation that occurs in the unexploited part of the
deposit.

CRediT authorship contribution statement

Anna Pytlak: Conceptualization, Investigation, Formal analysis,Writ-
ing, Methodology, Visualization; Anna Szafranek-Nakonieczna: Investi-
gation; Weronika Goraj: Investigation; Izabela Śnieżyńska: Writing,
Visualization;Aleksandra Krążała:Writing; Artur Banach: Investigation;
Ivica Ristović: Resources; Mirosław Słowakiewicz: Resources; Zofia
Stępniewska: Resources, Funding acquisition.

Funding

This research was supported by the National Science Centre (Poland),
grant number 2015/17/B/NZ9/01662 and Russian Government Pro-
gramme of Competitive Growth of the Kazan Federal University.

Fig. 6. Global warming potential (GWP) of the studied lignites. GWP for CH4 was

calculated for the 100 year horizon, including climate‑carbon feedback with a

conversion factor of 34 (Myhre et al., 2013). Sample abbreviations as in Table 1.
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