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METHANOTROPHIC ACTIVITY OF ROCKS SURROUNDING
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Abstract: Microbial life in Earth’s deep subsurface is currently known to reach depths of several
kilometers within the continental crust. Methanotrophs are a subset of a physiological group of bacteria
known as methylotrophs. Phylogenetically, methanotrophs belong to a- or y- Proteobacteria, but there are
also some representatives affiliated as Verrucomicrobia and NC10 phylum. Halotolerant and halophilic
methanotrophs have been isolated from seawater, coastal lagoons, and several soda lakes. The aim of this
study was to assess the possibility of oxidation of methane by microorganisms inhabiting the rocks
surrounding salt deposits in the “Wieliczka” Salt Mine. The research material was taken from rocks lying
in the immediate vicinity of the “Wieliczka” Salt Mine deposits. The research material was diverse in
terms of the depth, lithology, and surrounding salt deposit types. The determinations of the ability of the
microbial community from the tested rocks to oxidize methane were performed by incubation of a
crushed rock under methane atmosphere (10 % (v/v)). Gas composition was measured by the gas
chromatography technique. Methanotrophic activity was determined based on the dynamics of methane
consumption and expressed as micromole per grams of dry weight of sample per day. The results show
the dynamics of CH,4, O,, CO,, and N, concentrations in the gaseous phase during incubation of the rocks.
This revealed that methane uptake in the investigated samples is due to the activity of methanotrophs. In
all incubated samples, utilization of CH4 and O, was observed after 77 days, which was confirmed by the
parallel drop in the concentration of those gases and simultaneous growth of the CO, ratio. The highest
methanotrophic activity (0.252+0.090 pMCH, gay " day™) was found in W4 rock (siltstones with veins of
fibrous salt and lenses of anhydrite), characterized by pH of cca. 7.43+£0.004, Eh at the level of 374+1.36
mV, and salinity of cca. 3.6 %.
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1. INTRODUCTION
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Huval (1991), who investigated brines formed by

Microorganisms from the “Wieliczka” Salt
Mine were first recognized in 1913 (Namyslowski,
1913). However, the research was limited only to
brine investigations. Radax et al. (2001) reported on
strain PW5. 4, originating from “Wieliczka” Salt
Mine water. Later “Wieliczka” Salt Mine microfauna
studies were concentrated on assemblages of
foraminifers (Luczkowska & Rolewicz, 1990) and
were related to recognition of novel species of
amoeba - Selenaion koniopes (Park et al., 2012). In
1960, Reiser & Tasch (1960) isolated bacteria in brine
(Permian salt mine, Kansas); later, Nehrkorn
& Schwartz (1961) identified microorganisms from
the Braunschweig mine. Furthermore, Vreeland &

dissolution of salt deposits by surface water, isolated
many strains of haloversatile types (0+17 % (w/v)
NaCl), moderate halophiles (2£20 % (w/v) NaCl),
and extreme halophiles (12+32 % (w/v) NaCl). In the
Winsford salt mine (UK), researches were conducted
by Norton et al. (1993), Norton & Grant (1988), and
Rodriguez-Valera et al. (1980). Various kinds of
moderately/extremely halophilic bacteria and Archaea
were isolated from ancient salt deposits, in which
several new taxa were identified (Dombrowski 1966,
Grant et al. 1998, Norton & Grant 1988, Norton et al.
1993). Dombrowski (1963) and Tasch (1963) were
the first who isolated microorganisms from rock salt.
Reiser & Tasch (1960) succeeded in isolating
diplococci, which they had observed in fluid
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inclusions in Permian salt (Kansas, USA).
Dombrowski (1963) performed similar work on
Permian rocks in Europe and older rocks worldwide
(Dombrowski, 1963). Enriched salt-saturated
mediums, obtained from several sites, yielded to
strains that resemble Bacillus circulans (Dombrowski
1963). Another isolate called Pseudomonas
halocrenaea (Dombrowski 1963) was subsequently
shown to be indistinguishable from Pseudomonas
aeruginosa (DeLey et al., 1966), and therefore had to
be considered as a contaminant. Although they were
able to see fossil bacteria, Schwartz and colleagues
failed to isolate microorganisms from 30 samples of
rock salt (Bien & Schwartz 1965). Bibo et al. (1983)
attempted to repeat Dombrowski’s isolations with
numerous controls and tests of surface sterilization.
They isolated extreme halophiles described as Gram-
positive cocci and rod-shaped spore formers from
primary Permian Zechstein salt cores. Norton et al.
(1993) isolated seven haloarchaeal strains from rock
salt in the Winsford salt mine; three belonged to the
genus Halorubrum and four to Haloarcula. The next
microorganisms were isolated in the Permian Salado
formation, New Mexico (Vreeland et al., 1998) and
the Permian Zechstein deposit mined at Bad Ischl
(Stan-Lotter et al., 2000); preliminary characterization
places them in the genera Halococcus, Haloarcula,
and Halorubrum (Stan-Lotter et al., 2000). The latter
two genera were also found in rock salt from
Winsford (Norton et al., 1993). In a recent microbial
diversity study of the Yipinglang salt mine in south-
west China, a moderately halophilic, facultatively
alkaliphilic ~ strain  YIM  Y15T  Salinicoccus
kunmingensis sp. nov. was isolated from a brine
sample (Chen et al., 2007). Next, Yang et al. (2008)
isolated Thermobifida halotolerans sp. nov. in
a sample from the same mine. Akhtar et al. (2008)
conducted research on biodiversity and phylogenetic
analysis of culturable bacteria indigenous to
Pakistan’s Khewra salt mine. They found bacteria
similar to those of the genus Bacillus, Escherichia,
Staphylococcus. Moreover Xiao et al. (2012) isolated
Roseivivax sediminis sp. nov., a moderately halophilic
bacterium from the sediment from a salt mine in
China. At the same time, Fodinibius salinus gen.
nov., sp. nov., another moderately halophilic
bacterium, was isolated in China by Wang et al.
(2012). Chauhan & Garlapati (2013) reported on
bacterial strain Staphylococcus arlettae JPBW-1
isolated from a rock salt mine in Darang, India. This
strain produces lipase, which may have considerable
potential for industrial application because of its
tolerance towards industrial extreme conditions of
pH, temperature, salt, and solvent. In 2012, Yildiz et

al. (2012) isolated and characterized 8 deferent
isolates from a salt mine located in central Anatolia,
Turkey. These are only a few examples of research on
the identification of microorganisms from salt mines.

To our knowledge, no methanotrophs that can
colonize such an ecological niche have been isolated
yet. Methanotrophic bacteria are a subset of a
physiological group of bacteria known as
methylotrophs  (Hanson & Hanson, 1996).
Phylogenetically, methanotrophs belong to a- or y-
Proteobacteria, but there are also some
representatives affiliated as Verrucomicrobia and
NC10 phylum. These organisms are unique in their
ability to utilize methane as a sole carbon and energy
source and play an important role in the global
biogeochemical cycles of carbon and nitrogen. The
majority of known methanotrophic species are
nonhalophilic neutrophiles (Hanson & Hanson,
1996). Halotolerant and halophilic methanotrophs
have been isolated from seawater, coastal lagoons,
and several soda lakes (Lidstrom et al., 1988; Lees et
al., 1991; Khmelenina et al., 1997). Among
halophilic ~ methanotrophs, =~ Methylomicrobium
alcaliphilum, Mm. buryatense, Mm. kenyense,
Methylobacter marinus, M. modestohalophilus have
been isolated (Kalyuzhnaya et al., 2001 and 2008,
Khmelenina et al. 1999 and 2010; Trotsenko
& Khmelenina, 2002). Moreover, Doronina et al.
(1998 and 2003) isolated methanol and
methylamine-utilizing bacteria from the genera
Methylophaga and Methylarcula. Only a few strains
of marine methanotrophs, growing at salinities of
0.15-4 % NaCl, have been isolated (Lidstrom, 1988;
Lees et al., 1991). Furthermore, Heyer et al. (2005)
isolated two strains of methanotrophic bacteria from
hypersaline lakes in the Crimean Peninsula. Strains
10KiT and 4Kr are moderate halophiles that grow
optimally at 5.8-8.7 % NaCl and tolerate a NaCl
concentrations from 1.2 to 15 %.

The presence of methane in the "Wieliczka”
Salt Mine was shown by exploitation of salt deposits
in the Middle Ages, when a ‘penitent” with torches
was engaged in its removal. Methane is a gas
released from rocks during exploitation of salt
deposits. At a 4.5-15% CH, mixture with oxygen, it
may be explosive. Since we have been dealing with
the methanotrophic microorganisms for several
years and studying their presence in coal mines
(Stepniewska et al., 2013; Wolinska et al., 2013;
Pytlak et al. 2014), we can formulate a hypothesis
that the rocks associated with the Wieliczka salts can
provide a favorable ecological niche for the growth
of methanotrophs, for which methane is the only
carbon and energy source.
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2. MATERIAL AND METHODS to classify the Wieliczka formation to late Badenian

2.1. Geographical and geological setting

Rock salts occur in Poland in two evaporite
formations: a Middle Miocene (Badenian Stage) one
in Southern Poland (Carpathian Foredeep area) and
an upper Permian (Zechstein) one in Northern and
Central Poland area. The Carpathian orogenic belt
consists of three main tectonostratigraphic domains:
the older Inner Carpathians, the younger Outer
Carpathians which are separated by the Pieniny
Klippen Belt. Wieliczka salt deposit is in the eastern
part of the Carpathian Foredeep. The latest
lithostratigraphy data of the Miocene deposits allows

at the bottom NNG6 level (Brudnik et al., 2010), (Fig.
1). The Badenian evaporate series is dated at
13.81+0.08 Ma and is estimated to have lasted 200—
600 k.y. (De Leeuw et al., 2010).

The Miocene period abounded in substantial
transformations in the geological structure of the
Earth’s crust. Because of tectonic plates collisions,
new mountain ranges were formed, among them the
Carpathians. In the rift located in their foreground,
known as the pre-Carpathian basin, a marine
environment was setup. It constituted a northern
branch of the Paratethys Ocean. Various types of
rock sedimented in the basin and rock salt layers
were formed. The Wieliczka deposit formed over a
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period of approximately twenty thousand years
(Bukowski, 1997). It owes its final shape to the
orogeny, which resulted in accumulation of salt
deposits causing a several-fold increase in their
original thickness. The salt deposit was relatively
shallow, thanks to which, millions of years later,
exploitation of the deposits could be started easily
(Pawlikowski, 1976; Bukowski, 1997).

The “Wieliczka” Salt Mine is in southern
Poland (N49° 59' E020° 03") 13 km northeast of
Krakow but the deposits extend over a length of ca.
10 km (Fig. 2). The Wieliczka salt deposits have
been exploited for over 750 years in underground
mines. After 1996 exploitation of salt has finished.
“Wieliczka” Salt Mine become cultural heritage site,
and in 1979 Wieliczka was included on the First
International List of the World Cultural and Natural
Heritage UNESCO.

2.2. Air sample collection

To determine the composition of the air
around the rock material samples, especially the
methane concentration, air samples were collected
into vials (20 ml) using syringe and transported to
the laboratory.

2.3. Rock sample collection

Four samples of rocks surrounding the salt
deposit in the “Wieliczka” Salt Mine were collected.
The sampling places were selected at depth from 50-
130 metres below ground level (Fig.2). The rock
samples were different in terms of lithology and the
accompanying salt type: W1 — marly claystone -
blocky deposits with green salt blocks; W2 — specific
clayey salt (zubers) (Garlicki, 2008, Wachowiak et
al., 2012) with veins of fibrous salt and lenses of
gypsum and anhydrite — layered deposits of spiza
salts; W3 - siltstones and sandstone — layered
deposits of spiza salts; W4 — siltstones with veins of
fibrous salt and lenses of anhydrite — layered deposits
of green salt (Fig. 2). Spiza salts is the uppermost
parts of the Stratified Salt Member and is composed
of detrital salt layers showing occasionally graded
bedding or  cross-lamination and  sporadic
intercalations of marls and mudstones with planktic
foraminifera (Kolasa & Slaczka, 1985). The sampling
in the mine was carried out after consultation and
with assistance of the mine geologists. The pieces of
rock samples were taken from the salt mine,
immediately put into sterile polyethylene bags, and
transported to the laboratory.

2.4. Analysis of air composition

The analysis of the air composition was
performed with the gas chromatograph technique
(SHIMADZU, GC 2010) with a TCD (Thermal
Conductivity Detector), ECD (Electron Capture
Detector), and FID (Flame lonization Detector) after
CH,, CO,, O,, and N, calibration.

2.5. Sample preparation in the laboratory

Rock pieces (ca. 2 kg, approximately 20 x 10
x 10 cm or larger) were irradiated under a UV lamp
on each side for 20 min. Next, each sample was
immersed in ethanol and immediately ignited with a
gas burner. Afterwards, the surface rock’s layers
were removed with a sterile knife, and holes (3-5 in
each rock) were slowly drilled with a sterile hand-
driven drilling machine (Pokorny, 2005), (Fig.3).
The resulting rock powder was a material for further
research.

2.6. Physicochemical properties

Physicochemical properties of the rock material
were determined as follows: 1) The pH, Eh were
measured in a suspension of rocks (rock: distilled
water — 1:2.5 m/v) with the potentiometric method
using a multifunctional pH-meter (Hach Lange or
Radiometer Analytical S.A.) and suitable electrodes.
The pH measurement was conducted using
acombined glass electrode integrated with
a chloride reference electrode and a temperature
sensor, after calibration in buffers (pH 4, 7, 10). The
redox potential was determined using a combined
electrode with a platinum indicator electrode,
a chloride reference electrode, and a temperature
sensor. 2) Salinity was determined by
conductometric measurements and expressed in
mS-cm™. Next, the NaCl concentration (g-dm™) was
determined based on the previously prepared
calibration curve. 3) The moisture content was
determined by drying the sample to constant mass at
1055 °C. 4) The total water capacity of each rock
was determined gravimetrically in plastic cylinders
by saturating ground rock material with deionized
water up to a constant weight and after measurement
of water absorption the density of the ground
material was calculated. 5) The surface area and pore
size analysis was performed in liquid nitrogen using
an analyzer of specific surface area Sorptomat
QUADRASORB SI, (Quantachrome Instruments,
2009) at the Department of Physical Chemistry of
Porous Materials of The Bohdan Dobrzanski Institute
of Agrophysics, the Polish Academy of Sciences.
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Figure 2. Geological section of the Wieliczka salt deposits and sampling places (Brudnik et al., 2010 and Garlicki,
1974; modified).

Figure 3. Preparation of rock samples

Volume and pore distribution was determined for the
desorption curve and calculated with the BJH and DH
methods. 6) The granulometric composition of
incubated rocks was tested with the Casagrande
areometric method modified by Proszynski, which
consists in measuring the density of the rock
suspension during progressive sedimentation of rock
particles at a constant temperature. The density
measurements were made with the Proszynski
hydrometer, and the density of the rock suspension was
read in the periods indicated in the tables developed by

Proszynski (Glinski et al., 2002). 7) The biogenic
forms of N (N-NH,", N-NO,, N-NO3) and S (SO,?)
were measured using an AutoAnalyzer (Bran + Luebbe
AAII/AAI) after calibration. 8) The forms of carbon
(TOC, TC, IC) were measured with the TOC-Vcsy
SHIMADZU, TOC 5000 with SSM-5000A module. 9)
The total Mg, Ca, K, Na, Fe, Cu, Zn contents in the
rock samples were determined after mineralization of
0.25 g samples with a concentrated HNO; and HF
mixture (30 min., temp. 200 °C) in an open microwave
system (Ethos One, Milestone). After filtration, the
extracts were diluted with distilled water to the volume
of 100 ml. Level of participation of metals was
measured with the AAS technique with flame
atomization - FAAS (Z-8200, HITACHI), in three
replications.

2.7. Determination of methanotrophic
activity

The methanotrophic activity of bacteria
inhabiting the rocks was determined in oxic
conditions at a temperature of 10 and 20°C.
Triplicates of each rock (15 g) were placed in dark
bottles (60 cm?®), filled with deionized water to
obtain moisture adequate to 100 % of total water
capacity, closed with rubber septa, capped with an
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aluminium cap, and sealed with paraffin. For the
experiments, an initial concentration of ca. 1 and
10% (v/v) CH,; was obtained by replacing an
appropriate volume of air with high purity (99.99 %)
methane (Praxair) using a gastight syringe (5 ml,
SGE). Simultaneously, control samples were
prepared. Three times autoclaved rock samples were
incubated in the same conditions. Methanotrophic
activity was determined based on the dynamics of
methane consumption. The gas concentration was
determined by gas chromatography (SHIMADZU,
GC 2010) equipped with a TCD, ECD, and FID
detector. Methanotrophic activity of salt mine
materials was calculated from the slope of the
regression line of the measured CH,; molar amounts
vs. time and expressed in pMCH; Qg day™
Adjustments were made with R? >0.95 with Sigma
Plot 10.0 software.

2.8. Statistical analyses

Statistical analysis of the obtained data was
performed using Statistica 12 (STATSOFT). The
significance of differences between the rock material
characteristics and methanotrophic activity were
tested at the level of p<0.05. Distributions were
assessed using the Shapiro-Wilk test. Pearson or
Spearman  correlation  coefficients (r) were
calculated to evaluate the relationship between
methanotrophic activity and the properties of the
rock materials. Parametric data was further analysed
with ANOVA, and non-parametric data with the
Kruskal-Wallis test.

3. RESULTS
3.1. Analysis of air composition

Chromatographic analysis of the air samples
indicates the presence of N, O,, CO,, and CH,. The
concentration of N,, O,, and CO, was similar to the
composition of Earth’s atmosphere. At a depth of 50
m.b.s (meters below surface), i.e. in the location of
the W1 (marly claystone) sampling site, the CH,
concentration was at the level 11.512+1.354 ppm.
The air composition around the W2 (zubers with
veins of fibrous salt and lenses of gypsum and
anhydrite) and W3 (siltstones and sandstone)
samples at a depth of ca. 110 m.b.s contained
7.160+0.797 ppm and 7.240£0.653 ppm of methane
respectively. The highest level of CH,
(13.033+£1.204 ppm) was observed at a depth of 130
m.b.s, where the W4 (siltstones with veins of fibrous
salt and lenses of anhydrite) sampling site was
located (Fig. 4).
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Figure 4. Methane concentration at a sampling site

3.2. Physicochemical properties

The collected rock samples differed in terms of
physicochemical properties (Tab. 1). The pH was in
the range of 7.43+£0.004 (W4) and 8.90+0.06 (W1).
The lowest value of Eh was noted in the W1 sample
(294£1.08 mV) and the highest in W2 (376+0.20
mV). The W1 and W3 samples were similarly saline
(1.232+0.03 and 1.335+0.03 % NaCl). The NaCl
content in the W2 and W4 material was higher, i.e.
11.05+£3.46 and 3.607+1.26 % NaCl, respectively.
Moreover, different moisture contents were found
ranging from 4.3+0.02 % to 12.6+£0.10% for the
sample W2 and W1, respectively. Simultaneously, we
determined water capacity, which was between
31.517+1.223 % (W2) and 51.937+3.336% (W3).
The surface area of the incubated rock material
ranged from 14.753+0.021 m2.g* (W2) to
27.661+0.043 m2.g™* (W1). The porosity of all rock
samples was similar, i.e. approximately 0.054 cm®.g™.

The total carbon concentration ranged from
1.3+0.05% in the W4 rock to 3.5+£0.10% in W2.
However, the W1 sample was characterized by similar
contents of inorganic and organic carbon at the level of
1.463+0.234 and 1.237+0.234%. The W3 and W4
samples contained greater amounts of inorganic carbon
than organic carbon, which constituted 64 % and 63 %
of total carbon. On the other hand, there was a reverse
trend in the W2 rock and higher organic carbon content
of 3.306+0.060% was observed.

The content of biogens: N, P as well as Cu,
Mn, Cr, Ca, K, Zn, Mg, Fe, which could determine
the methanotrophic activity, is presented in table 2.
Particularly noteworthy is the presence of essential
nutrients of methanotrophs: ammonium, nitrate,
phosphorus, copper, iron (lll), or magnesium.
Ammonium was detected in all samples at the level
from 5.15+0.05 (W1) to 20.89+0.22 mg-dm™ (W4).
Nitrate was present only in the W4 sample at the
level 0.12+0.005 mg-dm™ (Table 2).
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Table 1. Physicochemical properties of the rock material

SV R I B I e B il e
W1 8.91 294 13.807 1.335 12.6 50.952 27.661 0.054
+0.06 +1.08 +0.032 +0.03 +0.10 +1.230 +0.043 +0.012
W2 7.34 376 114.267 11.05 4.3 31.517 14.753 0.033
+0.003 +0.20 +3.581 +3.46 +0.02 +1.223 +0.021 +0.011
W3 7.91 353 12.737 1.232 10.0 51.937 19.959 0.048
+0.06 +0.51 +0.031 +0.03 +0.11 +3.336 +0.027 +0.008
W4 7.43 374 37.300 3.607 7.4 42.027 20.312 0.045
+0.004 +1.36 +1.300 +1.26 +0.13 +1.358 +0.063 +0.009

Table 2. The content of biogens, C forms and metals

positive correlation with SO,* (rs = 0.685), Eh (r, =
0.776), and Mg (r; = 0.613) and a negative

properties w1 W2 W3 W4 correlation with pH (rs = -0.837), moisture content
NO; 0.00 0.00 0.00 0.12 (rs= 0.784), water capacity (rs = -0.902), porosity (rs
[mg-dm™] ' ' ' $0.005 | =-0.777), TC (rs = -0.588), Cu (rs = -0.615), K (rs =
NH," 5.15 12.21 11.32 | 20.89 0.622), and Zn (r, = 0.653).
[mg-dm™] | #0.05 +0.03 | *0.04 | *0.22
PO, 0.06 0.13 0.05 0.05 Table 3. Percentage of rock material fractions.
[mg-dm®] | +0.003 | +0.03 | +0.004 | +0.005 _
SO,” 1.10 7.75 5.63 6.42 fractions [mm]

[g-dm?] $0.11 +0.87 +0.33 +0.67 1.0-10.1- 1 0.05- | 0.02- 1 0.005- | 5y
TC 2.7 3.5 2.9 1.4 rock | 0.1 | 0.05 | 0.02 | 0.005 | 0.002 '
[%] +0.002 | #0.09 | 0.26 | #0.04 [%0]

TOC 1.237 3.406 1.031 0.756 w1 8 1 8 25 19 39
[%6] +0.234 +0.060 | +0.439 | +0.045 W2 4 7 7 27 2 47
Cu 0.32 0.13 0.26 0.32 W3 |14 | 4 | 13 | 18 47 4

[9-kg™] +0.14 +0.05 | #0.06 | #0.02 W4 | 24 | 10 | 12 38 4 12
Mn 0.36 0.43 2.49 0.83 o

[9-kg!] +0.07 +0.04 +0.10 +0.11 3.3. Methanotrophic activity
Cr 0.11 0.06 0.75 0.99 _ _

[9-kg™] +0.17 +0.07 | +0.17 | +0.22 The incubation of all the rock samples were
Ca 14.85 97.50 14525 | 230.16 characterized by the dynamics of the gaseous phase.

[9-kg™] +11.43 | +42.09 | +16.74 | +23.95 | A steady decrease in the methane and oxygen

K 95.58 13.84 | 16846 | 25459 | concentration was shown, as well as accumulation of

[g-kg?] | #144.11 | +4.87 | +20.33 | +28.95 | carbon dioxide (Fig. 5).

Zn 0.03 2.91 0.98

[9-kg™] +0.04 0.00 +1.46 | +0.19
— — — 80 1

Mg 2.71 4.77 0.00 5.76

[gkg"] | #2.39 | #0.85 ' +0.50 W
Fe 10.80 10.21 106.05 | 103.27

[9-kg™] +1.28 +1.02 | +36.89 | +52.36

The characteristics of the rock material were
supplemented by analysis of its granulometric
composition (Table 3), which is determined by rock
types. The maximum grain diameter of the ground
samples was 1 mm.

Moreover, we show a statistically significant
correlation between the physicochemical properties
of the rock material, which may indirectly affect the
microbiological activity. One of the main factors
determining microbial activity may be the salinity of
the medium. The NaCl concentration exhibited a
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microbial ~ consortium  was  measured by
methanotrophic activity. The dynamics of the CH,,
0,, CO, and N, concentrations in the gaseous phase
of the methanotrophic microbial consortium
incubations revealed that the methane uptake in the
investigated samples was due to the activity of
methanotrophic bacteria. In almost all incubated
samples, utilization of CH,; and molecular oxygen
was noted after 77 days, which was confirmed by the
parallel drop in the concentration of those gases and
simultaneous growth of the CO, ratio.

The statistical analysis of methanotrophic
activity showed the relationship between MA and
incubation  conditions:  temperature and CH,
concentration (p= 0.010). Optimal conditions for the
CH; oxidation by methanotrophs existing in
“Wieliczka” Salt Mine is 20°C, 10% CH, and 100%
water capacity. Thus, the highest methanotrophic
activity (0.220+0.066 PMCH, gq,,* day™) was found in
the W4 rock incubations. In the other conditions, the
methanotrophic activity of W4 rock was lower and
ranged from 0.015+0.012 to 0.058+0.014 UMCHy gan ™
day™. The methanotrophic activity of the other rocks
ranged from 0.007+0.002 under 10% CH, in 10°C to
0.073+0.019 PMCH, g4,* day™ under 10% CH, in
20°C (Fig. 6). Methanotrophic activity of rock samples
material incubated under 1% of CH, at 10°C was not
detected. The statistical analysis showed that the
methanotrophic activity was positively correlated with
the nutrient concentration: NH," (rs = 0.698), NO3 (rs =

0.35 4
0,30
0.25
0.20 A

045 A

Olos : -
0.00 - —
Wi W2 W3

0.35

MA [WMCHy gy a]

Wa

0,30

"o o025
é 0.20 -
=t
5 o04s
=
=
< o010
=
0.05
0.00 i —— . m
w1 wa wa wa

MA [uMCHy g™ 0”1

0.608) and the content of magnesium (r; = 0.704),
(p<0.05). Moreover, what is important, MA was
positively correlated with in situ CH, emission (rs =
0.67).

4. DISCUSSION

Methanotrophic bacteria are ubiquitous and
exist wherever there is a source of methane (Hanson &
Hanson, 1996). High concentrations of H,, CH, and
higher hydrocarbon gas levels were detected in deep,
saline fracture waters from mines in Canada, South
Africa, and the Fennoscandian Shield (Lollar et al.,
2008). We detected CH, concentration in “Wieliczka”
Salt Mine air. The concentration of methane at the
level described above is not hazardous. Methane
hazard in Polish mines was estimated in the Polish
Ordinance of the Minister of Economy of 28 June 2002
on occupational safety and health, operation, and
special fire provisions in underground mines.

However, it should be noted that the methane
concentration in the Earth’s atmosphere is lower and
now in Poland is less than 2 ppm (Zimnoch et al.,
2010; Stgpniewska et al., 2014a). In situ methane
emission is associated with the release of methane
from porous formations, such as sandstones, where it
was formed due to geological processes, as well as the
activity of methanogens (biological sources of CH,)
and the mine ventilation system (Karacan et al., 2011).
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Figure 6. Methanotrophic activity of rock materials A — 10% CH, in 20°C; B — 1 % CHy, in 20°C; C - 10% CH,in 10 °C.
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It would seem that if the substrate to microbial
CH,; oxidation is present, the existence of
methanotrophic ~ microorganisms  is  possible.
However, there are many factors limiting subsurface
microbial life such as low oxygen levels. Only in the
W1 sample, Eh dropped below 320 mV, which was
suggested by (Stepniewska 1988) as a threshold value
between oxygenated and reduced soil conditions in
the transformation of iron. High redox potential
suggests the availability of molecular oxygen as
aterminal electron acceptor for methane oxidation
(Stepniewska & Pytlak, 2008a). Moreover, one of the
potential limitations for subsurface communities in
the continental crust is low nutrient availability. With
an increase in depth, photosynthetically derived
organic carbon becomes limited and hardly accessible
(Pedersen, 2001). Nitrogen sources are important
factors stimulating methanotrophs (Bodelier et al.,
2000), and the ability to fix atmospheric nitrogen is
confined to some species (Auman et al., 2001;
Dedysh et al.,, 2004). The highest content of
ammonium and nitrate was observed in W4 material
where the highest methanotrophic activity was
observed. The concentration of organic carbon was
detected in all rocks and range from 3.406+0.060 to
0.756%0.045 %. However, there was no relationship
between MA and the presence of organic carbon.

The high content of certain elements is due to
the lithology of rock materials. Calcium is an essential
component of samples containing anhydrite (CaSOy),
(W2 and W4) or gypsum (CaSO, x 2H,0), (W2).
Siltstones (W3) may also contain carbonates, in
particular calcite (CaCOs). Moreover, siltstones and
sandstones (W3) contain a binder, for instance CaCOs.
Clay minerals contained in claystones (W1), zuber
(W?2), and siltstones (W3 and W4) are responsible for
the presence of iron and magnesium (Table 2). The
presence of copper is also noteworthy. In most
methane oxidizing bacteria (methanotrophs), the
copper-containing  membrane  bound  methane
monooxygenase (pPMMO) catalyzes the first step in
methane oxidation (Murrell et al., 2000; Ho et al.,
2013). Moreover, this rock laden with reduced electron
donors for microbial growth such as SO, Fe(ll), and
Mn(ll) could be appropriate for the growth of
anaerobic methanotrophs (Beal et al., 2009). Thus,
rocks surrounding salt deposits in the “Wieliczka” Salt
Mine can be sources and sinks of micronutrients to
different geomicrobial processes. Besides, we show
a statistically significant correlation between the
physicochemical properties of rock material, which
may indirectly affect the microbiological activity.

The granulometric composition (Tab. 3),
results from the rock types. The W1 rock was
classified as marly claystone, where clay minerals

account for 75-95 %. Claystone is a sedimentary rock
made of more than 67 percent clay-size (<0.002
millimeter) particles (Soil Survey Division Staff,
1993). Zuber (W2) is a sedimentary rock made of
NaCl and clay. Therefore, it is clear that the W1 and
W2 samples were characterized by the largest fraction
of <0.002 mm. The W3 and W4 samples were
described as siltstones mixed with sandstone and
siltstones with anhydrite. Siltstones are primarily
composed (greater than 2/3 parts) of silt-sized
particles, defined as grains 0.05 — 0.002 mm (Soil
Survey Division Staff, 1993). The silt fraction (coarse
and fine) constitutes 78 % and 54 % of the W3 and
W4 fractions (Table 3). The lithology of rock
materials and granulometric composition may also
determine the porosity and pore size of the research
material, which is positively correlated with the
percentage of sand and silt fractions (r, = 0.800) and
negatively correlated with the presence of the clay
fraction (r, = -0.800). Porosity and the size of pores
control the distribution of microbial populations in
different porous media, for example soil (Violante,
2002).

The information about methanotrophic
microorganisms inhabiting salt-surrounding rocks is
scarce; however, these studies agree with publications
on the presence of aerobic methane-oxidizing bacteria
in coal mine formations, especially in the Lublin Coal
Basin (Stgpniewska & Pytlak, 2008a; 2008b;
Stepniewska et al., 2014b), which is characterized by
very low methane content. Severe nutrient
deprivation and low moisture content in the deep
subsurface result in very slow cell growth, with cell
doubling times that are estimated to reach hundreds to
thousands of years (Chivian et al., 2008; Hoehler
& Jorgensen, 2013). With long cell doubling times,
microorganisms in the deep subsurface may tend to
live in a semi-inactive state, waiting for conditions
that are favorable for growth and reproduction
(Chivian et al., 2008; Lomstein et al., 2012).

Occurrence of coal in the “Wieliczka” Salt
Mine was confirmed. Coal material is present in the
central part of Wieliczka salt deposit in sub-salt
sandstone with claystones and layers of anhydrite
(Bukowski, 1997). The numerous accumulations of
coal are well above spiza salt (around W2, W3
samples) and in the complex marly claystones within
boulder deposits (around W1 sample) (Wagner et al.,
2008). Coal in profile of Wieliczka salt is visibly
allochtonouns.  The  petrographic ~ composition
indicates the presence of salinized moores of fen type,
generally forest swamp and open marsh. It is probable
that there were also raised bogs, evidently related to
rheotrophic, riverine zone. Organic material was
washed off and then transported in the organic soil
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and deposited in the salted water reservoir or it was
transported to the reservoir in the form of lithoclasts
of peat and detritus. Peat soils are known as natural
sources of methane (Szafranek-Nakonieczna et al.,
2010 and 2012 and 2015). In salt marsh
methanogenic and methanotrophic bacteria, can also
occur. Modern research about this type of peatlands
indicates the presence of  methanotrophic
microorganisms with the genus Methylococcus
(Irvine et. al., 2012). Spores of paleopeatland
microorganisms can survive for extended periods of
time and possess the ability to return to life in suitable
conditions (water content, temperature, methane,
nutrients), (Abel-Santos, 2012)

Our  results indicate that subsurface
environments should receive much more attention
because their microbial inhabitants may play an
important role in biogeochemical carbon cycling.
These findings hold large implications for
understanding the ultimate limits for life on Earth and
the potential for life to exist in the subsurface of other
planets, such as Mars (Simkus, 2013). Further
investigations are necessary to evaluate the age,
origin, and phylogeny of the microorganisms
responsible for the observed methane oxidation as
well as their influence on the methane levels in
mining atmospheres.

4. CONCLUSIONS

1) The highest uptake of CH, was found in the W4
rock incubations exhibiting maximum water capacity
(MA = 0.220+0.066 UMCH, gay* day™)

2) MA of the other rocks ranged from 0.015+0.008 to
0.073+0.019 pPMCH, gg,,* day™

3) MA was positively correlated with the nutrient
concentration: NH;" (Rs = 0.698) and NO; (Rs =
0.608) and the content of magnesium (Rs = 0.704),
(p<0.05).

4) MA was positively correlated with in situ emission
(Rs = 0.67).

5) Further investigations are necessary to evaluate the
age, origin, and phylogeny of the microorganisms
responsible for the observed methane oxidation as
well as their influence on the methane levels in
mining atmospheres.

Acknowledgements

The authors acknowledge “Wieliczka” Salt Mine
S.A. for allowing access to rock samples. Thanks to
Krzysztof Brudnik and Jerzy Przybyto for help in sampling
and providing information about the geological settings.
This project was financed by the National Science Centre
(Poland), granted on the basis of decision DEC-
2014/15/N/NZ8/00315.

REFERENCES

Abel-Santos, E. 2012. Bacterial spores: Current research
and applications. Horizon Scientific Press.

Akhtar, N., Ghauri, M.A., Igbal A., Anwar, MA. &
Akhtar, K., 2008. Biodiversity and phylogenetic
analysis of culturable bacteria indigenous to
Khewra salt mine of Pakistan and their industrial
importance. Brazilian Journal of Microbiology
39(1), 143-150.

Auman, AJ., Speake, C.C. & Lidstrom, M.E., 2001.
nifH sequences and nitrogen fixation in type | and
type 1l methanotrophs. Applied and Environmental
Microbiology 67(9), 4009-4016.

Beal, E.J., House, C.H. & Orphan, V.J., 2009.
Manganese-and iron-dependent marine methane
oxidation. Science 325(5937), 184-187.

Bibo, F.J., Songen, R. & Fresenius, R.E.,, 1983.

Vermehrungsféahige Mikroorganismen in Steinsalz
aus primaren Lagerstatten. Kali und Steinsalz 8,
367-373.

Bien, E. & Schwartz, W., 1965. Geomikrobiologische
Untersuchungen. VI. Uber das Vorkommen
konservierter toter und lebender Bakterienzellen in
Salzgesteinen. Journal of Basic Microbiology 5(3),
185-205.

Bodelier, P.L., Roslev, P., Henckel, T. & Frenzel, P,
2000. Stimulation by ammonium-based fertilizers of
methane oxidation in soil around rice roots. Nature
403(6768), 421-424.

Brudnik, K., Czop, M., Motyka, J., d’Obyrn, K., Rogoz
M., & Witczak, S., 2010. The complex
hydrogeology of the unique Wieliczka salt mine.
Przeglad Geologiczny 58(9/1), 787-796.

Bukowski, K., 1997. Sedimentation of clastic strata
associated with Miocene salts in  Wieliczka
(Southern Poland). Slovak Geological Magazine
3(1), 157-164.

Chauhan, M. & Garlapati, V.K., 2013. Production and
characterization of a halo-, solvent-, thermo
tolerant alkaline lipase by Staphylococcus arlettae
JPBW-1, isolated from rock salt mine. Applied
biochemistry and biotechnology 171(6), 1429-1443

Chen, Y.G, Cui, X.L, Pukall, R, Li, H.M,, Yang, Y.L.,
Xu, L.H.,, Wen, M.L., Peng, Q. & Jiang, C.L.,
2007. Salinicoccus kunmingensis sp. nov. , a
moderately halophilic bacterium isolated from a
salt mine in Yunnan, south-west China. International
Journal of Systematic and  Evolutionary
Microbiology 57, 2327-2332.

Chivian, D., Brodie, E.L., Alm, E.J., Culley, D.E,
Dehal, P.S., DeSantis, T.Z. & Moser, D.P., 2008.
Environmental genomics reveals a single-species
ecosystem deep within Earth. Science 322(5899),
275-278.

De Leeuw, A., Bukowski, K., Krijgsman, W. & Kuiper,
K.F., 2010. Age of the Badenian salinity crisis;
impact of Miocene climate variability on the
circum-Mediterranean region. Geology 38(8), 715-
718.

116



Dedysh, S.N., Ricke, P. & Liesack, W., 2004. NifH and
NifD phylogenies: an evolutionary basis for
understanding nitrogen fixation capabilities of
methanotrophic bacteria. Microbiology 150(5),
1301-1313.

DelLey, J., Kersters, K. & Park I.W., 1966 Molecular
biological and taxonomic studies on Pseudomonas
halocrenaea, a bacterium from Permian salt
deposits. Antonie Van Leeuwenhoek 32, 315-331.

Dombrowski, H. J., 1963. Bacteria from paleozoic salt
deposits. Annals of the New York Academy of
Sciences 108, 453-46 0.

Dombrowski, H. J., 1966., Geological problems in the
question of living bacteria in Paleozoic salt
deposits. In Second Symposium on Salt, Vol. 1.
Rau, J. L. (ed.). Cleveland, Ohio: Northern Ohio
Geological Society. 215-219.

Doronina, N.V., Darmaeva, T.D. & Trotsenko, Y.A,,
2003. Methylophaga alcalica sp. nov., a novel
alkaliphilic and moderately halophilic, obligately
methylotrophic bacterium from an East Mongolian
saline soda lake. International Journal of Systematic
and Evolutionary Microbiology 53, 223-229.

Doronina, N.V., Trotsenko, Y.A. Krausova, V.l
Boulygina, E.S. & Tourova, T.P., 1998.
Methylopila capsulata gen. nov., sp. nov., a novel
non-pigmented aerobic facultatively methylotrophic
bacterium. International Journal of Systematic
Bacteriology 48, 1313-1321.

Garlicki, A., 1974. Miocene salt deposits in Poland.
Fourth Symposium on Salt I, 129-134. Cleveland.

Garlicki, A. 2008. Salt mines at Bochnia and Wieliczka.
Przeglad Geologiczny, 56(8/1), 663-669.

Glinski, J., Stepniewska, Z., Turski, R., Bennicelli, R.,
Wolinska, A., Szafranek, A. & Charytoniuk, P.,
2002. Selected Methods of Soil Investigations.
EkoKUL, Lublin, 72-77.

Grant, W.D., Gemmell, R.T. & McGenity T.J., 1998.
Halobacteria - the evidence for longevity.
Extremophiles 2/3, 279-288.

Hanson, R.S. & Hanson, T.E., 1996. Methanotrophic
bacteria. Microbiological Reviews. 60, 439-471.

Heyer, J., Berger, U., Hardt, M. & Dunfield, P. F., 2005.
Methylohalobius crimeensis gen. nov., sp. nov., a
moderately halophilic, methanotrophic bacterium
isolated from hypersaline lakes of Crimea.
International ~ Journal ~ of  Systematic  and
Evolutionary Microbiology 55, 1817-1826.

Ho, A., Kerckhof, F. M., Luke, C., Reim, A,, Krause, S.,
Boon, N. & Bodelier, P.L., 2013. Conceptualizing
functional traits and ecological characteristics of
methane-oxidizing bacteria as life strategies.
Environmental microbiology reports 5(3), 335-345.

Hoehler, T.M. & Jgrgensen, B.B., 2013. Microbial life
under extreme energy limitation. Nature Reviews
Microbiology 11(2), 83-94.

Irvine, 1.C., Vivanco, L., Bentley, P.N. & Martiny, J.B.,
2012. The effect of nitrogen enrichment on C-
cycling microorganisms and methane flux in salt
marsh sediments. Frontiers in Microbiology 3, 142-

151.

Kalyuzhnaya, M.G., Khmelenina, V., Eshinimaev, B.T.,
Sorokin, D., Fuse, H. Lidstrom, M. &
Trotsenko, Y., 2008. Reclassification and emended
description of halo(alkali)philic and
halo(alkali)tolerant methanotrophs of the genera
Methylomicrobium and Methylobacter.
International ~ Journal  of  Systematic  and
Evolutionary Microbiology 58, 591-596.

Kalyuzhnaya, M.G., Khmelenina, V.N., Eshinimaev,
B.C., Suzina, N.E., Nikitin, D., Solonin, A., Lin,
J.L., McDonald, I.R., Murrell, J.C. & Trotsenko,
Y.A., 2001. Taxonomic characterization of new
alkaliphilic and alkalitolerant methanotrophs from
soda lakes of the Southeastern Transbaikal region
and description of Methylomicrobium buryatense
sp. nov. Systematic and Applied Microbiology 24,
166-176.

Karacan, C.O., Ruiz, F.A., Coté, M., & Phipps, S. 2011.
Coal mine methane: a review of capture and
utilization practices with benefits to mining safety
and to greenhouse gas reduction. International
Journal of Coal Geology, 86(2), 121-156.

Khmelenina, V.N., Kalyuzhnaya, M.G., Sakharovsky,
V.G, Suzina, N.E. & Trotsenko, Y.A,
Gottschalk, G., 1999. Osmoadaptation in
halophilic and alkaliphilic methanotrophs. Archives
of Microbiology 172, 321-329

Khmelenina, V.N., Kalyuzhnaya, M.G., Starostina,
N.G., Suzina, N.E. & Trotsenko, Y.A., 1997.
Isolation and characterization of halotolerant
alkaliphilic methanotrophic bacteria from Tuva
soda lakes. Current Microbiology 35, 257-261.

Khmelenina, V.N., Shchukin, V.N., Reshetnikov, A.S.,
Mustakhimov, L.l1., Suzina, N.E., Eshinimaev,
B.Ts. & Trotsenko, Y.A., 2010. Structural and
functional features of methanotrophs from
hypersaline and alkaline lakes. Microbiology
(Moscow) 79, 472-482

Kolasa, K., & Slaczka, A., 1985. Sedimentary salt
megabreccias exposed in the Wieliczka mine, Fore-
Carpathian Depression. Acta Geologica Polonica,
35(3-4), 221-230.

Krzywiec, P. & Vergés, J., 2007. Role of the foredeep
evaporites in wedge tectonics and formation of
triangle zones: comparison of the Carpathian and
Pyrenean thrust fronts. In Thrust Belts and Foreland
Basins (385-396). Springer Berlin Heidelberg.

Lees, V., Owens, N.J. & Murrell, J.C., 1991. Nitrogen
metabolism in marine methanotrophs. Archives of
Microbiology 157, 60—-65.

Lidstrom, M.E., 1988. Isolation and characterization of
marine methanotrophs. Antoniue van Leeuwenhoek
54, 189-199.

Lollar, B.S., Lacrampe-Couloume, G., Voglesonger, K.,
Onstott, T.C., Pratt, L.M., & Slater, G.F., 2008.
Isotopic signatures of CH4 and higher hydrocarbon
gases from Precambrian Shield sites: a model for
abiogenic  polymerization of  hydrocarbons.
Geochimica et Cosmochimica Acta, 72(19), 4778-

117



4795.

Lomstein, B.A., Langerhuus, A.T. D’Hondt, S.,
Jargensen, B.B. & Spivack, A.J., 2012. Endospore
abundance, microbial growth and necromass
turnover in deep sub-seafloor sediment. Nature
484(7392), 101-104.

Luczkowska, E. & Rolewicz J., 1990. Poréwnanie
zespolow otwornicowych poktadowego i brytowego
zloza soli w Wieliczce. ASGP 60(1-4), 149-168.

Murrell, J.C., McDonald, I.R. & Gilbert, B., 2000.
Regulation of  expression of  methane
monooxygenases by copper ions. Trends in
microbiology 8(5), 221-225.

Namyslowski, M. B., 1913. Uber unbekannte halophile
Mikroorganismen aus dem  innern  des
Salzbergwerkes Wieliczka. Bull Acad Sci Krakow B
3(4), 88-104.

Nehrkorn, A. & Schwartz, W., 1961. Untersuchungen
Uber Lebensgemeinschaften halophiler
Mikroorganismen. |. Mikroorganismen aus Salzseen
der Californischen Wiistengebiete und aus einer
Natriumchloride-sole. Journal of Basic
Microbiology 1(2), 121-141.

Norton, C.F. & Grant, W.D., 1988. Survival of
halobacteria within fluid inclusions of salt crystals.
Journal of General Microbiology 134, 1365-1373.

Norton, C.F., McGenity, T.J. & Grant, W.D., 1993.
Archaeal halophiles (halobacteria) from two British
salt mines. Journal of General Microbiology 139,
1077-1081.

Oszczypko, N., Krzywiec, P., Popadyuk, I. & Peryt, T.,
2005. Carpathian Foredeep Basin (Poland and
Ukraine) - its sedimentary, structural and
geodynamic evolution. In: Picha F. and Golonka J.
(eds.), The Carpathians and Their Foreland:
Geology and Hydrocarbon Resources, AAPG
Memoir 84, 293-350.

Park, J.S., de Jonckheere, J.F. & Simpson, A.G.B.,
2012. Characterization of Selenaion koniopes n.
gen., n. sp., an Amoeba that Represents a New
Major Lineage within Heterolobosea, Isolated from
the Wieliczka Salt Mine. Journal of Eukaryotic
Microbiology 59(6), 601-613.

Pawlikowski, M., 1976. Studium mineralogiczno-
petrograficzne utwordw terrygeniczno-chemicznych
ztoza solnego Wieliczka. Prace Mineralogiczne 56,
67-123.

Pedersen, K., 2001. Diversity and activity of
microorganisms in deep igneous rock aquifers of
the Fennoscandian Shield. In: Fredrickson J.K and
Fletcher M. (eds.), Subsurface microbiology and
biogeochemistry, Wiley-Liss 97-139.

Pokorny, R., Olejnikova, P., Balog, M., Zif¢ik, P.,
Holker, U., Janssen, M., Bend, J., Hofer, M.,
Holienéin, R., Hudecova, D. & Varedka, L., 2005.
Characterization of microorganisms isolated from
lignite excavated from Zahorie coal mine
(southwestern Slovakia). Research in Microbiology
156(9), 932-943.

Polish Ordinance of the Minister in charge of the

Economy of 28th June 2002 on occupational
safety and health, operation and special fire
provisions in underground mines. Dz.U. 2002 nr
139 poz. 1169.

Pytlak, A., Stepniewska, Z., Kuzniar, A., Szafranek-
Nakonieczna, A., Wolinska, A., & Banach, A.,
2014. Potential for aerobic methane oxidation in
Carboniferous coal measures. Geomicrobiology
Journal, 31(8), 737-747.

Radax, C., Gruber, G. & Stan-Lotter, H., 2001. Novel
haloarchaeal 16S rRNA gene sequences from
Alpine Permo-Triassic rock salt. Extremophiles 5,
221-228.

Reiser, R. & Tasch, P., 1960. Investigation of the viability
of osmophile bacteria of great geological age.
Transactions of the Kansas Academy of Science 63,
31-34.

Rodriguez-Valera, F., Ruiz-Berraquero, F. & Ramos-
Cormenzana, A., 1980. Behaviour of mixed
populations of halophilic bacteria in continuous
culture. Canadian journal of microbiology 26, 1259-
1263.

Simkus, D. N., 2013. Exploring microbial communities
and carbon cycling within the Earth's deep
terrestrial subsurface. PhD Thesis.

Soil Survey Division Staff, 1993. Soil survey manual.
USDA Handbook, wvol. 18. United States
Department of Agriculture, Washington, D.C. 63—
65.

Stan-Lotter, H., Radax, C., Gruber, C., McGenity, T.J.,
Legat, A., Wanner, G. & Denner, E.B.M., 2000.
The distribution of viable microorganisms in
Permo-Triassic rock salt. In: Geertman R. M. (eds.),
SALT 2000: 8" world salt symposium. Elsevier,
Amsterdam. 921-926.

Stepniewska, Z., Goraj, W., Sochaczewska, A., KuZniar,
A., Pytlak, A. & Malec, M., 2014a. Changes in
atmospheric CH,;, Os, NO, SO, concentration
dynamics in Lublin in the years 2007-2009. Acta
Agrophysica 21(3), 361-373.

Stepniewska, Z., Pytlak, A. & Kuzniar, A., 2014b.
Distribution of the methanotrophic bacteria in
Western part of the Upper Silesian Coal Basin
(Borynia-Zofiowka and Budryk coal mines).
International Journal of Coal Geology 130, 70-78.

Stepniewska, Z., Pytlak, A. & Kuzniar, A., 2013.
Methanotrophic activity in carboniferous coalbed
rocks. International Journal of Coal Geology 106, 1-
10.

Stepniewska, Z., 1988. Redox potential of mineral soils of
Poland. Problemy Agrofizyki 56, 108.

Stepniewska, Z. & Pytlak, A., 2008a. Methanotrophic
activity of coalbed rocks from ‘““Bogdanka™ coal
mine south-east Poland. Archives of Environmental
Protection 34 (3), 183-191.

Stepniewska, Z. & Pytlak, A., 2008b. Distribution of
methanotrophic activity of carbonaceous rocks from
different seams of Bogdanka™ coal mine. Polish
Journal of Environmental Studies 17 (3A), 550-
554,

118



Szafranek-Nakonieczna, A. & Bennicelli, R.P., 2010.
Ability of peat soil to oxidize methane and effect of
temperature and layer deposition. Polish Journal of
Environmental Studies 19(4), 805-810.

Szafranek-Nakonieczna, A., Stepniewska, Z., Woloszyn,
A., Ciepielski, J., 2012. Methanotrophs responsible
for methane oxidation in natural peats from Polesie
Lubelskie region. Acta Agrophysca 19(1), 181- 195.

Szafranek-Nakonieczna, A. & Stepniewska, Z., 2015.
The influence of the aeration status (ODR, Eh) of
peat soils on their ability to produce methane.
Wetland Ecology and Management, 23, 665-676.

Tasch, P., 1963. Dead and viable fossil salt bacteria. Univ
Wichita Bull 39, 2-7.

Trotsenko, Y.A. & Khmelenina, V.N., 2002. Biology of
extremophilic and extremotolerant methanotrophs.
Archives of Microbiology 177, 123-131.

Violante, A., 2002. Soil Mineral-organic Matter-
microorganism Interactions and Ecosystem Health:
Ecological Significance of the Interactions Among
Clay Minerals, Organic Matter and Soil Biota.
ISBN 0444510400, 9780444510402, Elsevier 2002.

Vreeland, R.H. & Huval, J.H., 1991. Phenotypic
characterization of halophilic bacteria from ground
water sources in the United States. In: General and
Applied Aspects of Microorganisms. Rodriguez-
Valera F. (eds.), New York: Plenum Press 53-60.

Vreeland, R.H., Piselli, A.F.J.R., McDonnough, S. &
Meyers, S.S., 1998. Distribution and diversity of
halophilic bacteria in a subsurface salt formation.
Extremophiles 2, 321-331.

Wagner, M., Bukowski, K. & Przybylo, J., 2008.
Charakter petrograficzny substancji weglowej z
osadéw solnych Wieliczki. Gospodarka Surowcami

Received at: 02. 01. 2017

Revised at: 28. 06. 2017

Accepted for publication at: 30. 06. 2017
Published online at: 18. 07. 2017

Mineralnymi 24 (3-2), 225-238.

Wang, Y.X,, Liu, J.H., Xiao, W., Zhang, X.X., Li, Y.Q.,
Lai, Y.H., Ji, K.Y., Wen, M.L. & Cui, X.L., 2012.
Fodinibius salinus gen. nov., sp. nov., moderately
halophilic bacterium isolated from a salt mine.
International ~ Journal ~ of  Systematic  and
Evolutionary Microbiology 62, 390-396.

Wachowiak, J., Pawlikowski, M., & Wilkosz, P. 2012.
Lithostratigraphy of Zechstein evaporites of the
central and north-western parts of the Mogilno
Salt Diapir, based on boreholes Z-9 and Z-17.
Geology, Geophysics and Environment 38 (2),
115-151.

Xiao, W., Wang, Y.X,, Liu, J.H., Wang, Z.G., Zhang,
XX, Ji, K.Y, Lai, Y.H.,, Wen, M.L. & Cui, X.L.,,
2012. Roseivivax sediminis sp. nov., a moderately
halophilic bacterium isolated from salt mine
sediment. Journal of Systematic and Evolutionary
Microbiology 62, 1890-1895.

Yang, L.L., Tang, S.K., Zhang, Y.Q., Zhi, X.Y., Wang,
D., Xu, LH. & Li, W.J., 2008. Thermobifida
halotolerans sp. nov., isolated from a salt mine
sample, and emended description of the genus
Thermobifida.  Journal of  Systematic and
Evolutionary Microbiology 58, 1821-1825.

Yildiz, E., Ozcan, B. & Caliskan, M., 2012. Isolation,
characterization and phylogenetic analysis of
halophilic Archaea from a salt mine in central
Anatolia (Turkey). Polish Journal of Microbiology
61,111-117.

Zimnoch, M., Godlowska, J., Necki, J. & Roézanski, K.,
2010. Assessing surface fluxes of CO, and CH, in
urban environment: a reconnaissance study in
Krakow, Southern Poland. Tellus 62B, 573-580.

119



	1. INTRODUCTION
	2. MATERIAL AND METHODS
	3. RESULTS
	4. DISCUSSION
	4. CONCLUSIONS
	1) The highest uptake of CH4 was found in the W4 rock incubations exhibiting maximum water capacity (MA = 0.220±0.066 µMCH4 gdw-1 day-1)
	2) MA of the other rocks ranged from 0.015±0.008 to 0.073±0.019 µMCH4 gdw-1 day-1
	3) MA was positively correlated with the nutrient concentration: NH4+ (Rs = 0.698) and NO3- (Rs = 0.608) and the content of magnesium (Rs = 0.704), (p<0.05).
	4) MA was positively correlated with in situ emission (Rs = 0.67).
	5) Further investigations are necessary to evaluate the age, origin, and phylogeny of the microorganisms responsible for the observed methane oxidation as well as their influence on the methane levels in mining atmospheres.

