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1. Materials and methods 

Twelve samples were collected from the northern wall of the active Kowala Quarry (Fig. 1b). The samples were taken from the same wall as previously (Marynowski & Filipiak 2007), but from the older part of the Kowala section (Middle/Upper Famennian). Marly limestones, marly shales and black shales were sampled (Fig. 2), and with the exception of sample D-1, were analysed for geochemical and palynological data. Sample D-1 (Fig. 2) was analysed only palynologically. Eleven samples were productive with respect to palynomorphs, possessing very well-preserved and diverse organic material. The worst-preserved miospores come from the D-1 sample. Exines show numerous traces resulting from pyritization processes. The sample D0 was strongly weathered, thus having no value for palynology.
1.a. Palynological preparation 

Standard laboratory procedures for palynological samples containing mineral matter were employed (Wood, Gabriel & Lawson, 1996). For black shale and some marl samples with high organic carbon content, fumed HNO3 acid was used for processing. At least four slides were prepared from each residue. The preservation of palynomorphs is good or very good.


For quantitative palynofacies analyses, each countable kerogen component was counted for up to 500 specimens. The relative frequency of miospores, higher plant tissues together with organic debris, acritarchs and prasinophytes (Leiosphaeridia and Tasmanites) was noted. Among phytoplankton, Gorgonisphaeridium ohioense, as the most common acritarcha species, was counted separately. The remaining slides were examined for the presence of other components that had not been identified in the previously examined portions. Furthermore, occurrences of amorphous organic matter (AOM), miospore tetrads, and scolecodonts were noted as well. 


The palynological slides and residues are housed at the Faculty of Earth Sciences of the University of Silesia in Sosnowiec. The stratigraphically important miospores and other palynomorphs with charcoal and palynofacies are illustrated in Figures 5–7, 9 and 10 of the main text.

1.b. Organic geochemistry 

TOC. The total organic carbon content was determined in the University of Silesia using an Eltra Elemental Analyser model CS530.


Extraction and separation. Samples were Soxhlet-extracted with dichloromethane for 48 hours in pre-extracted thimbles. Extracts were further separated using pre-washed TLC plates coated with silica gel (Merck, 20 × 20 × 0.25 cm). Prior to separation, the TLC plates were activated at 120 °C for 1 h. Plates were then loaded with the n‑hexane soluble fraction and developed with n-hexane. The aliphatic hydrocarbon (Rf 0.4–1.0), aromatic hydrocarbon (Rf 0.05–0.4) and polar compound (Rf 0.0–0.05) fractions were eluted and separated with dichloromethane.


The aliphatic and aromatic fractions of all samples were analysed in further detail by gas chromatography-mass spectrometry (GC-MS).

GC-MS. Gas chromatography-mass spectrometry (GC-MS) analysis was performed on an Agilent 6890 gas chromatograph (EPC Cool On-Column Inlet) equipped with fused-silica capillary columns (DB-5 and DB-35, 60 m × 0.25 mm × 0.25 μm). Helium was the carrier gas. Samples were injected on-column at 40 °C. Initially, the oven was set to 60 °C, then increased to 120 °C at 20 °C/min and to 300 °C at 3 °C/min, and finally held isothermal for 40 min. The gas chromatograph was coupled to an Agilent 5973N MSD (mass selective detector). The MS was operated in electron impact mode with an ion source temperature of 200 °C, ionization energy of 70 eV, and a cycle time of 1 sec in the 50–700 Daltons mass range. For gas chromatographic separation of maleimides, a DB-35 capillary column was used.


The abundance of selected compounds was calculated by comparison to the peak area of an internal standard (9-phenylindene) with peak area of the individual hydrocarbons obtained from the GC-MS chromatograms. Peak identification was carried out by comparison of retention times with standards, mass spectra with the Wiley library, and spectra published elsewhere.

1.c. Inorganic geochemistry 

The uranium/thorium ratio (U/Th) has been used to decipher the redox conditions prevailing on the sea-bottom during deposition of the sediment. This ratio is considered to be a more reliable redox indicator than other trace metals, such as V/Cr or Ni/Co ratios (Jones & Manning, 1994; see also Szczepanik et al. 2007 and Zatoń et al. 2009). Generally, low values of the U/Th ratio (< 0.75) indicate well-oxygenated conditions, whilst high values (> 1.25) indicate anoxic conditions. The U/Th values between 0.75 and 1.25, on the other hand, are indicative for dysoxic conditions (see Jones & Manning, 1994).


For the present study, ten rock samples have been ground into powder using agate mortar and then analysed for U and Th concentrations using INAA analysis method in Canada. The samples come from exactly the same horizons as those for the palynofacies and organic geochemistry analyses described above. The obtained values of U and Th are given in ppm. 

1.d. Pyrite framboid diameter analysis 

Pyrite framboids are densely-packed, spherical aggregates of pyrite microcrystals (see e.g. Wilkin, Barnes & Brantley, 1996; Wilkin, Arthur & Dean, 1997; Wignall & Newton, 1998), commonly occurring in the sediments deposited under oxygen-limited environments (e.g. Raiswell & Berner, 1985). Generally, they form at the early stages of diagenesis close to the redox boundary, slightly above the sulphate reduction zone, in the sediments enriched in organic matter (e.g. Wignall & Newton, 1998). Pyrite framboids as redox indicators were first applied by Wilkin, Barnes & Brantley (1996) to the modern sediments. The authors found that framboids of particular diameters correspond to specific environments in which they form: from the water column under euxinic conditions to surficial sediments below dysoxic, anoxic or oxic water columns. Wignall & Newton (1998) were the first to apply them to the ancient (Jurassic) rocks. Since then, pyrite framboids have been studied in various sedimentary rocks of different ages (see e.g. Wignall & Twitchett, 2002; Wignall, Newton & Brookfield, 2005; Racki et al. 2004; Bond & Wignall, 2005; Shen et al. 2007; Zatoń et al. 2009). A thorough discussion of pyrite framboids as palaeoenvironmental indicators has already been presented by Wignall & Newton (1998). Five samples were used for the pyrite framboid analysis. Samples in the form of small chips were polished, and then the framboid diameters were measured using the Philips Environmental Scanning Electron Microscope (ESEM) in a back-scattered electron (BSE) mode. The diameters were measured using the ESEM internal measuring device. Where possible, at least 100 framboids were measured per sample; however, for three samples it was impossible due to the general low number of framboids. For each sample, such statistical parameters (see Wignall & Newton, 1998) as minimum and maximum values, mean value and standard deviation have been calculated, and then shown in a form of box-and-whisker plots. The measurements of framboids are given in μm.

1.e. Vitrinite and fusinite reflectance measurements
Polished rock fragments of the 1KN sample were used in the reflectance measurements. The analysis were carried out using the AXIOPLAN II Microscope adapted for reflected white light in oil immersion and a total magnification of 500×. The standards used were 0.42 % and 0.898 % Rr.
2. Palynofacies 

2.a. Observations

In the first and second samples (D-3 and D-2), acritarchs together with prasinophytes (without leiospheres) constitute respectively from 12 % to 7 % among other countable components. Gorgonisphaeridium ohioense is the most common component, constituting 7 % and 5 %, respectively. In the rest of the samples, acritarchs with small prasinophytes constitute less than 5 % and their frequency always decreases to zero in the samples taken from the DBS horizons (Fig. 8). In the D3 sample, apart from the leiospheres, some small (~ 35 μm) Lophosphaeridium sp. (> 3 %) are present, as well as an additional unique phytoplankton component found only in this sample (Fig. 8). In the rest of the samples analysed, except for the highest two (2KN and 1KN) and two samples from DBS (D2 and D3), Gorgonisphaeridium ohioense is the dominant species among acritarchs (Fig. 8), constituting over half of all acritarch species. Other acritarchs found in more restricted numbers (< 1 %) are Micrhystridium stockmansii, Unellium piriforme, U. winslowiae, Stellinium micropolygonale and Veryhachium spp. The most diversified phytoplankton was found in the upper part of the section (samples 1KN and 2KN). Beside Gorgonisphaeridium ohioense, there occur Cymatiosphaera perimembrana, Maranhites stockmansii, Tasmanites spp. Polyedryxium pharaone, Stellinium micropolygonale, S. comptum, Veryhachium polyester and small spines of Gorgonisphaeridium discissum. 


Leiospheres constitute from less than 5 % (D4) to over 60 % (1KN) and were found in all investigated samples. In the middle part of the section their abundance is between 20 and 30 %. It is notable that in the 1KN sample only, big Leiosphaeridia (> 180 μm; Fig. 7) are present in a large numbers, reaching nearly 40 % of all countable spheromorphs. Even in the DBS interval (D2), despite the fact that acritarchs and other prasinophytes are absent, leiospheres are very common, but their size is small (~ 60 μm) here. Amorphous organic matter (AOM) is present in six samples (D-1, D1-D2, D3 and 1KN) including all black shale horizons (Fig. 8). Scolecodonts are found as single specimens only, but they are present in the samples D-3, D1, D2 and D3. 


The relative proportions of miospores vary in particular samples. Generally, the abundance is highest in the lower and middle parts of the section, then in its upper part (Fig. 8). In the two samples (D4 and 2KN), taken from the top of the section, their abundance is zero or very close to zero, reaching only 8 % in the topmost sample. In the rest of the samples from the middle and lower part of the section, their frequency ranges between 12–25 %. Generally, only in the lower D-3, D-2 and middle D1A samples, single miospore tetrads were noticed sporadically. On the other hand, the second terrestrial component, tracheids (Fig. 9), that are mostly black in colour, together with other opaque organic remains are the most abundant constituent. Their proportions change from 26 % (1KN) to 95 % (D4), but generally in the middle part of the section the percentage value oscillates between 50 and 70 %. 

3. Comparison with the Hangenberg Black Shale
A similar palynological investigation has been conducted in the uppermost part of the same Famennian section of the Kowala Quarry (Marynowski & Filipiak, 2007; Fig. 2). The major differences in palynofacies development are the changes in relative frequency of the terrestrial components. The relative frequency of miospores is much higher in the younger Kowala Black Shale and especially in the Hangenberg Black Shale (HBS) horizons compared to other organic land-derived remains (mostly tracheids), and also relatively higher compared to the quantity of miospores in the currently analysed DBS horizon. Probably this corresponds to the more inshore conditions during the HBS interval deposition. In shallower, inshore facies many more miospores are deposited compared to the offshore conditions, during which miospores are relatively diluted by other organic debris (charcoal and other small palynodebris; e.g. Batten, 1996). 

4. Organic geochemistry

4.a. Bulk geochemical and petrographical data 

The average vitrinite reflectance value for Kowala quarry is 0.53% Rr (Marynowski, Czechowski & Simoneit, 2001), which is characteristic for immature to low mature organic matter (OM). Also Rock Eval results with Tmax values, ranging from 416 to 433 °C (Table 1, in main text), reveal the immature character of OM. Tmax values are comparable with previous results obtained for the Hangenberg section from the Kowala quarry (421 to 425 °C; see Marynowski & Filipiak, 2007), the Middle Famennian interval with pyritized fauna (434 to 439 °C; see Marynowski, Rakociński & Zatoń, 2007) and the F/F boundry (418 to 432 °C; see Joachimski et al. 2001). The average extractable OM composition is approximately: 20 % aliphatic hydrocarbons, 30 % aromatic hydrocarbons, and 50 % polar compounds (Table 1). The preponderance of polar compounds is typical for low-mature organic matter (Tissot & Welte, 1984). 

4.b. n-Alkanes and isoprenoids 

The aliphatic fractions of all samples are dominated by n-C12-C33 n-alkanes, isoprenoids: pristine (Pr), phytane (Ph) and in some cases by hopane and sterane compounds. Within n-alkane distribution, short chain forms with C17-C18 carbon atoms in the molecule are dominant, with the exception of sample 2KN, in which C24-C26 n-alkanes dominate. The relations between short- and long-chain n-alkane relative concentrations are shown in Table 1 (SCh/LCh parameter). CPI(25–31) values are higher than 1.0 in most of the samples, especially those from the lower and upper part of the section (Table 1). This is caused by odd-over-even n-alkanes predominance, which may indicate the input of terrestrial organic matter to the kerogen (Bray & Evans, 1961). 

Distributions of the pristane and phytane, relative to n-alkanes, differ considerably between samples and are strictly connected with TOC content. Organic-poor samples are characterized by low values of Pr/n-C17 and Ph/n-C18 ratios, not exceeding 1.2 (Table 1), whereas organic-rich samples have Pr/n-C17 and Ph/n-C18 ratios mostly greater than 2.0, and in the case of black shales D2 and D3, higher than 5.0 (Table 1). Generally, there is good correlation between isoprenoids to n-alkanes ratio and TOC content (Fig. A1, online supplementary material), with R2 = 0.84 for Pr/n-C17 versus TOC and R2 = 0.90 for Ph/n-C18 versus TOC. This may suggest that isoprenoids are strictly connected with major biomass that formed kerogen. 


Pr/Ph ratio is usually used as indicator of changes in the redox conditions during sedimentation (Didyk et al. 1978). The values of Pr/Ph ratio differ among samples, showing no distinct correlation with TOC content (Table 1). In most cases values of this ratio range from 0.6 to 3.3 (Table 1). Such values are not indicative of specific palaeoenvironmental conditions, due to the multi-sourced origin of pristane and phytane (Peters, Walters & Moldowan, 2005). For example, most recent studies undoubtedly show that pristane may have formed from α-tocoferol in quite anoxic sedimentary conditions (Rontani et al. 2010). Only values higher than 3–3.5 detected in samples D1 and 1KN may indicate increased terrigenous plant input (Peters, Walters & Moldowan, 2005). 

4.c. Steroid hydrocarbons

In the Dasberg section, the distribution of steroids differs when compared to the Hangenberg section (Marynowski & Filipiak, 2007). Besides the black shales (samples D2 and D3), desmethylsteranes, diasteranes, 3β-alkyl steranes, 3β-n-propylsteranes, diaster-13(17)-enes, monoaromatic and triaromatic steroids are present in the samples below (D-2, D1) and between the organic-rich Dasberg shales. The rest of the samples contain only steranes, diasteranes and triaromatic steroids. 


The low-mature to immature character of the samples is reflected by the predominance of desmethylsteranes with biological configuration (20R>20S and ααα>αββ) and presence of low amounts of diaster-13(17)-enes. In fact, among desmethylsteranes, all series are dominated by 5α,14α,17α(H)-20R isomers.

4.d. Chromans

Chromans have been successfully used as indicators of palaeosalinity (Sinninghe Damsté et al. 1987; de Leeuw & Sinninghe Damsté, 1990). These compounds are present in the black (D2 and D3) and grey (D1, D-2) shale samples. 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman (5,7,8-trimethyl-MTTC) is present in relatively high concentrations for black shales (from 13 to 23 μg/g TOC) and average to small concentrations for grey shales (from 0.2 to 1.5 μg/g TOC). Methyl-MTTCs are not detected in the samples, while two isomers of dimethyl-MTTCs are present in small concentrations (< 3 μg/g bitumen) only in the black shales. Such a distribution of chromans indicates normal marine salinity during organic matter deposition despite elevated terrestrial input, similar to that of the Hangenberg section (Marynowski & Filipiak, 2007). All organic-poor samples and sample 1 KN are devoid of chromans.
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