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Abstract: The paper presents the variability of methane emissions in mining excavations in the Brzeszcze mine (Poland) against the background of hard coal output, geological and mining factors. The geological structure of the Upper Silesian Coal Basin (USCB) is very diverse. The Brzeszcze coal deposit is located close to the large and permeable Jawiszowice fault which increases the methane hazard during mining activities performed close to this fault. The overall decrease in hard coal output (1988–2018) has coincided with a rapid increase in methane emissions (1997–2018). Throughout the study period, hard coal output decreased threefold from 3.9 to 1.2 million Mg annually. Coal extraction in high methane content beds (e.g., 510, 405/1, 364, 352) increases the total methane (CH4) emission into mining excavations, aggravating the methane hazard due to the high explosiveness of the gas. To protect miners, coal workings need to be continuously ventilated, taking the harmful gas out of the mine (ventilation air methane emission) or methane needs to be captured by underground methane systems (degassing). 	Comment by Joanna Ciągała: Abstract
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INTRODUCTION	Comment by Joanna Ciągała: Nagłówek 1. stopnia
The Brzeszcze mine is located in the Upper Silesian Coal Basin (Poland) in the Małopolska and Silesia voivodeships (provinces) (Fig. 1). The Upper Silesian Coal Basin (USCB) is the largest coal basin in Poland, and one of the largest in Europe. It covers an area of 5,600 km2 in Poland and 1,900 km2 in the Czech Republic (Kędzior 2009). The USCB sedimentary basin was formed during the Variscan orogeny. At the end of the Permian period, the denudation and weathering processes of uplifted Paleozoic strata began. In the Miocene period, marine transgression took place in the USCB area. The Upper Carboniferous strata was developed in an area with lush plants and trees after the sea retreated. Thick and continuous loam layers were deposited directly onto the Carboniferous strata, preventing methane and other gases from being naturally released directly into the atmosphere. The thickness of the Carboniferous strata exceeds 6,000 m (Bałuk & Wyrwicki 1972, Kotas 1990). Hard coal production is one of the most strategic branches in the economy and power production in Poland. Almost 50% of the energy produced comes from hard coal power plants. Poland is the biggest hard coal producer in Europe, but Germany is the biggest hard coal consumer for power production (93 TWh produced from coal). Poland, with 79 TWh, is in second place (Euracoal 2019). Coal from USCB is derived from increasingly deeper beds every year, a trait characteristic of underground coal mining. In 2000, the average depth of extraction was 600m, ten years later it was 700m, and the depth is increasing by 8–10 m every year. In the last year of studies (2018), the average depth was 788 meters (Szlązak et al. 2013, Report 1995–2018). In the Brzeszcze mine, the deepest level of coal production is at 640 m below the sea level (900 m below the ground surface) (Report 1995–2018, Tauron – internal report). Deeper coal production is related to an increasing methane hazard. Deeper developed beds, rich in CH4 (higher methane content) are the prevailing source of increasing total methane emissions in the Brzeszcze mine and in the entire Upper Silesian Coal Basin (e.g., Dreger & Kędzior 2019). Underground coal mining is characterised by the occurrence of many natural hazards. The most important and dangerous at the same time are rock bursts, tremors, fire hazard, coal dust explosion, water hazard and, as studied in this paper, methane hazards. Unfortunately, in many cases these hazards cooccur, making the coal production very dangerous (e.g., Trenczek 2016, Szlązak et al. 2020). 	Comment by Joanna Ciągała: Na żółto podświetlono powołania na rysunki i tabele. Rysunki i tabele należy włamać możliwie jak najbliżej powołań na nie, tak by nie dzieliły akapitów, zdań ani wyrazów.
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Fig. 1. The Brzeszcze Coal mine location: 1 – Brzeszcze mine, 2 – faults, 3 – Silesia and Małopolska boundary line, 4 – the Jawiszowice fault, 5 – the USCB boundary, 6 – overthrusts 

The purpose of this paper is to show the causes and effects of changes in methane emissions in the Brzeszcze mine. These changes are shown against the background of coal production, geological and mining factors. The studies of methane release changes were made for the 1997–2018 time period, during which coal production entered coal seams with higher methane content and when a constant decline in hard coal output was observed. As a result, the Brzeszcze mine has been struggling with one of the highest methane emissions in the entire Upper Silesian Coal Basin. 

METHODOLOGY	Comment by Joanna Ciągała: Nagłówek 1. stopnia
The paper presents the variabilities of absolute methane emissions, ventilation air methane emissions, outgassing (1997–2018) and hard coal production (1988–2018) in the Brzeszcze mine in the south-eastern part of the USCB. The description of methane emissions and hard coal production was taken from official geological documentation/internal reports prepared specifically for the Tauron Wydobycie – Brzeszcze mine (Tauron – internal report). The data comprise: geological structure of coal deposits, stratigraphy, lithology, tectonics, methane emissions, methane content and overall hard coal output. Supplementary data were used from Annual Report (for the years 1994–2018) on the state of basic natural and technical hazards in the hard coal mining industry (Report 1995–2018) published annually by the Central Mining Institute (Główny Instytut Górnictwa) in Katowice and The Accident Statistics (State Mining Authority 2019) published by the State Mining Authority (Wyższy Urząd Górniczy) in Katowice.
The balance of the absolute methane emission of the coal mine Qme is based on the sum of ventilation air emission (Qv) and outgassing (Qo):
Qme = Qv + Qo,
where:
Qme – the absolute/total methane emission [m3/min],
Qv – the ventilation air methane (VAM) emission [m3/min],
Qo – the outgassing/methane drainage [m3/min].
The VAM emission Qv contains the average volume of methane which was released into the ventilation air flowing in mine workings, diluted with mining air and taken out of the mine by underground ventilation shafts. The volume of CH4 in the air flow is measured by methane sensors. The outgassing Qo refers to the average volume of captured methane from the underground methane drainage network, measured by gas/methane detectors in the methane drainage pipelines released from the ventilation area (Koptoń & Wierzbiński 2014).
The specific methane emission (Qsp) refers to volume of emitted methane with every single extracted Mg of coal, and is given as m3/Mg:
Qsp = Qme/Pc, 	Comment by Joanna Ciągała: Zapis ułamka z poziomą kreską ułamkową zamiast ukośnika
where:
Qsp – specific methane emission [m3/Mg],
Qme – the absolute/total methane emission [m3/min],
Pc – the hard coal output [Mg/day].

STRATIGRAPHY, LITHOLOGY AND TECTONICS	Comment by Joanna Ciągała: Nagłówek 1. stopnia
The geological structure of the Brzeszcze coal deposit consists of Quaternary, Neogene (overburden) and Carboniferous (coal bearing strata) deposits. Coal beds are found at 40 to 1,150 m below ground level and coal seam thickness is variable.

Carboniferous	Comment by Joanna Ciągała: Nagłówek 2. stopnia
The Upper Silesian Sandstones Series (USSS) was deposited discordantly upon the Paralic Series and it is the first lithostratigraphic unit of the continental Carboniferous coal bearing strata in the USCB (Jureczka & Kotas 1995). The coal bearing strata has been prospected to 1,150 m below ground level, where the bottom of the 510 coal seam occurs. There are 31 documented coal seams in the Brzeszcze coal deposit. For the coal deposits in the Brzeszcze mine, the Doktorowicz-Hrebnicki & Bocheński division was applied (Doktorowicz-Hrebnicki & Bocheński 1952): 	Comment by Joanna Ciągała: Listy wyliczeniowe zgodnie ze stylem z próbki wzorcowej
· Westphalian C – Łaziska layers (coal seams group 200),
· Westphalian B – Orzesze layers (coal seams group 300),
· Westphalian A – Ruda layers (coal seams group 400),
· Namurian B-C – Saddle layers (coal seams group 500),
· Namurian A – Poruba layers (coal seams group 600).
Poruba layers consist of siltstones and mudstones interbedded by fine-grained sandstones and a few thin coal seams. The thickness of the Poruba layers has not yet been established, but the highest thickness found by deep drillings is 275 m. The most important prospected coal seam, 610, is not currently exploited.
Saddle layers are the thinnest complex documented in the Brzeszcze coal deposit. The thickness varies from a few to 20 m. Layers developed as concise fine and medium grained sandstone, with the currently exploited coal seam 510. The bottom of the 510 coal seam forms the bottom of the Saddle layers.
Ruda layers are represented by a siltstone-sandstone complex with a thickness of 120 m. Middle and fine-grained sandstones were deposited in lower parts of the complex, beneath the 407 coal seam. There are six documented seams – 401 is now operated, 405/1, 405/2 and 407 were exploited in the past, but 404 and 416 have never been used for coal extraction.
Orzesze layers are found over the entire Brzeszcze coal deposit with their thickness increasing from the east (375m) to the west (545m), with average thickness of 500m in the central part of the deposit. The Orzesze layers were developed as siltstones, mudstones and sandstones with numerous coal seams. There are 19 documented coal seams, with 15 operating in the past, but now only coal bed 352 is being exploited.
Łaziska layers are built mainly of fine, medium and coarse-grained sandstones, with minor occurrences of siltstones. The thickness of these layers is very diverse, but the largest thickness – over 275 m – was found in the northern part of the deposit. Of coal seams of the 200 group, only coal seam 215 was mined. 

Neogene (Miocene)	Comment by Joanna Ciągała: Nagłówek 2. stopnia
Neogene (Miocene) deposits are represented by loams, shale loams with sand inserts. The thickness of Miocene formation is strictly dependent on the shape of the eroded Carboniferous top surface. In Carboniferous elevated parts, Miocene deposits have the lowest thickness (16 m), whereas in the rest of the area, Miocene thickness is higher – 188m in the north and up to 252 m in the southern part of the area.

Quaternary	Comment by Joanna Ciągała: Nagłówek 2. stopnia
Quaternary deposits cover the entire study area, with thicknesses varying from 6.5 to 39.0 m. Most of the deposits occur as clays, sands and gravels. 
The Brzeszcze mine area is located in the fault zone within the Main Syncline, which is an extended synclinal structure running in a NW-SE direction and cut by numerous faults. 
The Brzeszcze coal deposit is located in the up-throw of the Jawiszowice fault zone, where coal seams to the depth of 300–500 m below the ground surface were naturally degassed (Fig. 2). 
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Fig. 2. Schematic cross sections with variations of methane content in Brzeszcze coal mine (Kędzior et al. 2013): 1 – fault zones, 2 – coal seam 	with identification number, 3 – line of methane content with arrow indicating the direction of increasing values, 4 – Cracow Sandstone Series, 5 – remaining series of the USCB Carboniferous system

Fault tectonics is a very important factor in the entire USCB, influencing the distribution of methane concentrations. The thirteen main dislocations (faults) were found in the area of the Brzeszcze coal deposit. The most important faults are presented in Table 1. The regional, large-size dislocations such as Jawiszowice (Brzeszcze mine), Bzie-Czechowice (Silesia mine) or Książ (Mysłowice-Wesoła mine) fault zones drop the coal seams with high methane content according to the throw direction – southwards (Kędzior et al. 2013). The regional dislocations in the USCB are Variscan structures that are still active (Teper & Sagan 1995).

Table 1. Main fault characteristics (Tauron – internal report)
	Longitudinal direction
	Throw size / drop direction / dip

	I western fault
	SSW–NNE / 0–15 m / 60–70°

	I eastern fault
	SSW–NNE / 1–15 m / 65–70°

	II eastern fault
	SSW–NNE / 25–90 m / 45°

	III eastern fault
	SW–NE / 3–90 m / 50°

	IV eastern fault
	SW–NE / 0–30 m / 50°

	Fault close to seam 327
	N–S / 0–20 m / 65°



The width of the Jawiszowice fault zone is (the southern boundary of the deposit) very large – 400 m. It consists of three smaller faults with a total throw of over 1,100 m. In addition to the 13 main faults, there are many numerous smaller dislocations with throws between 0.5–11 m (Tauron – internal report, Tauron Brzeszcze mine website, Kędzior et al. 2013).

METHANE CONDITIONS AND THE LAYOUT	Comment by Joanna Ciągała: Nagłówek 1. stopnia
Methane occurs in coal in two forms. In the prevalent, sorbed state, methane is combined with coal physically and chemically due to, inter alia, the van der Waals molecule effect. Methane which has not accumulated in coal micropores migrates through cracks and pores in coal seams and surrounding rocks as a gas in its free state. Methane is released into mining excavations as a result of mining activities which disrupt the pressure equilibrium in the coal seam. (Lamberson & Bustin 1993, Noack 1998, Kotarba 2001, Su et al. 2005, Krasue & Smoliński 2013, Ju et al. 2016, Szlązak et al. 2014). The research conducted in the Central Mining Institute’s Experimental mine Barbara revealed that most of methane emitted to coal workings (60% average) comes from goafs, overmining and undermining coal seams, but only 40% of CH4 is emitted from operating longwalls (Krause 2019). All methane emitted during and after mining activities is called coal mining methane (CMM). Even after mine closure, methane can be still emitted to the abandoned coal workings from cracks, fissures, and goafs. The highest methane emissions are observed during current mining works and one month after work liquidation (e.g., Krause & Karbownik 2019). 
Each category describes the volume of methane [m3] in one megagram [Mg] of dry ash free coal substance [daf] (Tab. 2) (Regulation of the Ministry of the Environment 2013). Unfortunately, there have been many accidents in the history of Polish coal mining as a result of the ignition and explosion of methane. Automatic methane measurement systems are obligatory in underground coal workings with II, III and IV category of methane hazard to measure CH4 concentration in the air mixture. When methane concentration in the air exceeds 2%, all electric devices are shut down to prevent sparking from roadheaders etc. miners are also equipped with personal methane meters, which emit an acoustic signal when CH4 concentrations are dangerous. The methane concentration in the air flow duct is determined by methanometers and air samples used for laboratory analysis. Polish health and safety regulations require methane concentrations below 1% in waste air current and less than 0.75 % in vent shafts (Regulation of the Ministry of the Environment 2013, Honysz 2015, Report 1997–2018). 

Table 2. Methane hazard categories in Polish hard coal mining (Regulation of the Ministry of the Environment 2013)
	Category
	Methane content [m3/Mg coaldaf]

	Methane-free
	<0.1

	I
	0.1–2.5

	II
	>2.5 < 4.5

	III
	>4.5 < 8.0

	IV
	>8.0 (or methane and rock outburst occurred)



The methane content in Carboniferous rocks (sandstones) that accompany coal seams became an important factor when the extraction of the 510 coal seam began in the Brzeszcze mine. The complex of compact sandstone occurs above both the 510 coal seam and the non-extracted 416 coal seam with high methane content (>8 m3/Mg coaldaf) on the 512 production level. The commencement of coal extraction from seam 510, with roof caving, resulted in the disruption of the sandstone package structure and the release of methane, which migrated to higher layers (secondary accumulation), or caused the accumulation of methane in the exploited longwall (Turek 2007, Tauron – internal report). Coal seams are characterised by low porosity and permeability, around 1–3 mD, but the sorption capacity is sufficient to absorb more than 20 m3/Mg coal (Kotas 1994, Konopko 2010). The varied and complex geological structure of the Upper Silesian Coal Basin is reflected in the shape of the vertical methane distribution patterns. In general, two types of vertical patterns were recognised – the northern and the southern (Kędzior 2009, Szlązak et al. 2017). In the north, the absence of a hermetic Miocene screen results in the outgassing of the coal seams to the depth of 600–1,000 m. At higher depths, the methane concentration increases rapidly (primary CH4 zone). The southern pattern is characterised by two methane zones with higher methane concentrations. In the topmost of the Carboniferous coal bearing strata, below the thick Miocene cover, secondary accumulation of CH4 is present (>4.5 m3/Mg coaldaf). Methane migrated from deeper parts of the strata and mixed with microbial methane. Deeper, the high methane zone becomes thinner, however at the depth of 1200 m methane content in coal seams increases again, to over 4.5 m3/Mg coaldaf (primary zone) (e.g., Kotas 1994, Kotarba 2001, Kędzior 2009, Kotarba & Pluta 2009). At the depth of 2,000 m and more, rising temperature reduces the sorption capacity of coals (Kędzior 2009).

RESULTS AND DISCUSSION	Comment by Joanna Ciągała: Nagłówek 1. stopnia
Hard coal output 	Comment by Joanna Ciągała: Nagłówek 2. stopnia
The historical data for the Brzeszcze mine shows hard coal output from 1988 to 2018. The overall production trend is decreasing, with two increase periods. In 1988, the coal output was the highest within the research period – 3.85 million Mg. In 1993, coal extraction dropped to under to under 3 million Mg/year and then constantly but slightly decreased to reach 2.09 million Mg of extracted coal by 2003. One year later, the output was a little higher – 2.41 million Mg, but in succeeding years it decreased from 1.73 million Mg (2005) to 1.03 million Mg in 2010. During the next two years (2011–2012) coal production rose over 70% in comparison to 2010. In 2015, the lowest coal production was recorded – only 0.76 million Mg. During the entire coal output research period (1998–2018) the Brzeszcze mine extracted 65.19 million Mg of coal.
In the Brzeszcze mine, hard coal is extracted under very unfavourable methane conditions, mostly classified as IV category of methane hazard (Regulation of the Ministry of the Environment 2013) where CH4 can be released very easily during mining activities. In the past, the coal was extracted from methane-free, naturally degassed depths – 170, 230, 260 and 360 m in the northern part of the deposit. Historical sources state that in 1964 the first large methane emission to coal excavations was reported – 23.23 million m3 in a year due to mining activities started at the depth of 430 m below ground level (Tauron – internal report). The vertical distribution of methane accumulation (the average values) shows that highly methane bearing seams (>4.5 m3/Mg coaldaf) occur at the approx. 450 m BGL and deeper (Fig. 3). 
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Fig. 3. Simplified vertical distribution of the methane content in the Brzeszcze mine (Tauron – internal report)	Comment by Joanna Ciągała: Opisy osi pionowej i poziomej na rysunku proszę wykonać ze składu. 

Absolute methane emissions	Comment by Joanna Ciągała: Nagłówek 2. stopnia
These studies cover the 1997–2018 time period, when the Brzeszcze mine changed the model and structure of its coal production. Since 1997, the Brzeszcze coal mine has been working as an individual enterprise. In previous years, the Brzeszcze mine was combined with the Ruch II Jawiszowice, but after coal resources depleted (to 512 production level), Ruch Jawiszowice II was closed. In the late 1990’s, the Brzeszcze coal mine decreased the number of operating walls – from 14 to 2, extending its length to 250 m and the wall run to 400–1,400 m at the same time (Tauron – internal report). These changes improved the coal output from one wall, but the total hard coal production decreased every year. The methane emission variations have changed twofold. Methane emissions into coal excavations increased due to output concentration from one longwall – longer walls and faster mining activities (underground preparations, roadheaders works and coal exploitation) favours the release of CH4 from relaxed coal and surrounding rocks to the operating coal workings (Krause & Łukowicz 1999, Turek 2007, Krause 2019). On the other hand, total methane emissions have decreased due to the substantial decrease in total coal production (Krause & Łukowicz 1999, Turek 2007, Tauron – internal report). In the period studied (1997–2018), the absolute methane emission did not change significantly. From 1997 to 2005 a constant but gentle decline was observed – from 124.80 to 101.04 million m3/year (Fig. 5). In the following years (2006–2009), an increase in total CH4 emission was recorded. In 2006–107.37 million m3 of methane was released into mine excavations. Three years later, the emission increased by 13% to 121.65 million m3 of methane. In succeeding years (2010–2015), the total emission dropped again, from over 116 million m3 to 75.61 million m3 in 2015. It was the lowest, recorded volume of emitted CH4 in the entire research period. 
[bookmark: __DdeLink__2884_3974399683]In recent years, coal extraction operations were carried out at a greater distance from the Jawiszowice fault, and at greater depths (in lower methane bearing seams), which caused a reduction in methane emissions (Fig. 4) (Krause & Łukowicz 1999, Tauron – internal report, Report 1997–2018). 
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Fig. 4. The absolute methane emission (total), VAM emission and outgassing in Brzeszcze mine in 1997–2018 (Tauron – internal report)

The real methane hazard in working mines can be shown in terms of the specific methane emission. It is the total methane emission related to the overall hard coal output given as m3 CH4/Mg coal. From 1997 to 2004 the specific CH4 emission varied from 42 to 50 m3CH4/Mg coal. 

SUMMARY	Comment by Joanna Ciągała: Nagłówek 1. stopnia
The Brzeszcze mine produces hard coal for power production from the Brzeszcze coal deposit located in the Upper Silesian Coal Basin in Poland. The upper coal seams, which were depleted in the past, were free of methane or the CH4 content was too low to pose any real danger. Now, the Brzeszcze coal mine is characterised by one of the highest methane emissions into coal workings in the entire USCB. The most important natural factors forming methane content and emission are the lithology of the Carboniferous coal bearing strata (the upper parts of the deposit were naturally degassed due to the highly porous Łaziska sandstones) and fault zone occurrence (Jawiszowice). The methane distribution in the coal deposit has mainly been shaped by the Jawiszowice fault – the regional dislocation which has oriented the coal bearing strata according to the throw direction – southwards. The high permeability of the Jawiszowice fault and secondary methane accumulation in the beds are reflected in higher methane concentrations in seams close to the dislocation. Mining activities, such as preparatory works or coal extraction, carried out in the seams located close to the Jawiszowice fault, are burdened by high methane emissions into the mining excavations from coal, surrounding rocks, and the underlying and overlying strata. Further from the fault, the CH4 content decreases. Mining works located further from the Jawiszowice fault and on greater depths, where CH4 content is lower (deeper than 740 m below ground level) are characterised by lower methane emissions into mining excavations. 
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