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ABSTRACT:

Botor, D., Tobota, T. and Waliczek, M. 2020. Thermal history of the Carboniferous strata in the northern part
of the Intra-Sudetic Basin (SW Poland): A combined Raman spectroscopy and organic petrography study. Acta
Geologica Polonica, 70 (3), 363-396. Warszawa.

Raman spectroscopy and vitrinite reflectance measurements of dispersed organic matter from Carboniferous
shales in boreholes in the northern part of the Intra-Sudetic Basin were used for thermal history reconstruction.
Microscopic investigations have shown that the organic matter is dominated by the vitrinite maceral group. In
analysed samples, organic matter shows a varied degree of thermal alteration determined by the mean random
vitrinite reflectance (VR,) ranging from 0.72% to 3.80%. Mean apparent maximum vitrinite reflectance (R’ )
values reached 4.98%. The full width at half maximum of D1 and G bands in Raman spectra are well-correlated
with mean VR, and R’ .. Thermal maturity in the boreholes shows a regular increase with depth. Geological
data combined with Raman spectroscopy and mean vitrinite reflectance results indicate that the analysed
Carboniferous strata reached maximum paleotemperatures from c. 110 to c¢. 265°C. The regional paleogeo-
thermal gradient in the late Paleozoic was c. 80°C/km. The Variscan heating event presumably caused a major
coalification process of organic matter. The Carboniferous—Permian magmatic activity must have contributed
to high heat flow, adding to the effect of sedimentary burial on the thermal maturity.

Key words: Raman spectroscopy; Vitrinite reflectance; Dispersed organic matter; Coalifi-
cation; Lower Silesia Coal District; Bohemian Massif.

INTRODUCTION

Thermal maturity of dispersed organic matter
(OM) in fine-grained rocks (shales, siltstones, mud-
stones, etc.) is usually evaluated using the pyrolysis
method (e.g., Rock-Eval) and/or an optical technique
termed vitrinite reflectance analysis (e.g., Taylor
et al. 1998). Although a variety of parameters can
be used to assess maximum paleotemperatures, the
most commonly applied is mean random vitrinite
reflectance (VR,; e.g., Suchy et al. 1997, 2007; Littke
et al. 2012; Hartkopf-Froder et al. 2015; Waliczek

et al. 2019). The widespread use of vitrinite reflec-
tance is based on the broad temperature range over
which it is applicable (Hartkopf-Froder et al. 2015).
Reconstruction of the thermal maturity trend versus
depth allows the paleogeothermal gradient at the time
of maximum burial to be determined (e.g., Taylor ef
al. 1998). During burial, the OM progressively expe-
riences heating and higher temperatures that result
in the formation and coalescence of aromatic rings
of carbon in vitrinite (Carr and Williamson 1990).
These rings form sheets, which change the physical
property of the vitrinite reflectance, causing more
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light to be reflected. The vitrinite reflectance method
requires that samples exhibit a high-quality polish to
insure vitrinite is scratch and relief free (e.g., Taylor
et al. 1998). This approach to quantifying the thermal
maturity of organic matter in shale has limitations as
this technique can be time-intensive and requires an
experienced organic petrographer to interpret differ-
ent types of kerogen, from which only vitrinite is to
be measured (Lupoi et al. 2017). This can be a diffi-
cult undertaking in the case of low concentrations of
dispersed organic matter, the presence of other types
of OM (such as solid bitumen, graptolites, etc.) that
have similar optical properties, vitrinite reflectance
suppression, and the physical quality of the sample
and its preparation (e.g., Taylor et al. 1998; Lupoi et
al. 2017). Finally, interlaboratory studies to evaluate
the reproducibility of VR, measurements suggested
the use of a common methodology to improve mea-
surement accuracy, but these significant improve-
ments are still required (Hackley et al. 2015).
Whereas, in last decade laser Raman microspec-
troscopy (term used as Raman spectroscopy thereaf-
ter) is being increasingly used to assess the thermal
maturity of OM in rocks (e.g., Beyssac et al. 2002a,
b, 2003a, b; Jehlicka et al. 2003; Rahl et al. 2005;
Aoya et al. 2010; Guedes et al. 2010; Kouketsu et
al. 2014; Linsdorf et al. 2014; Morga et al. 2015;
Liinsdorf and Liinsdorf 2016; Liinsdorf 2016; Lupoi
et al. 2017; Henry et al. 2018, 2019; Zhang and Li
2019). The novelty of Raman spectroscopy is that
it is a non-destructive method that allows for rapid
data acquisition with relatively fast interpretation,
combining both optical microscopy and vibrational
spectroscopy (e.g., Beyssac et al. 2002a, b, 2003a,
b; Guedes et al. 2010; Lahfid et al. 2010; Kouketsu
et al. 2014; Hinrichs et al. 2014; Wilkins et al. 2014,
2015; Liinsdorf 2016; Henry et al. 2018, 2019; Zhang
and Li 2019). Advances in instrumentation and data
processing have spurred increased applications, and
the technique can be performed directly on stan-
dard petrographic thin sections or thick slides used
for routine VR, measurements or on bulk kerogen
HF-HCI separate fractions. However, problems re-
lated to sample preparation, using laser parameters
and the methodology of spectra deconvolution are
still being widely discussed in the literature (e.g.,
Aoya et al. 2010; Lahfid et al. 2010; Kouketsu et al.
2014; Linsdorf et al. 2014; Linsdorf 2016; Linsdorf
and Liinsdorf 2016; Henry et al. 2018, 2019). Laser
Raman spectroscopy has the ability to be used along-
side other petrological parameters such as VR, spore
colouration index (SCI), fluorescence spectroscopy
and Rock-Eval pyrolysis (T,,,,) in order to provide re-

liable assessment of the thermal maturity of organic
matter. It can also be used as a cheap and rapid means
to screen samples before conducting more expensive
and time-consuming destructive analyses.

This study focuses on the use of Raman spectros-
copy as a tool for evaluating correlations between
Raman spectral data and thermal maturity expressed
by VR, in shale samples from the Intra-Sudetic Basin
in SW Poland. Therefore, it allows for the recon-
struction of the thermal history of analysed rocks.
The thermal history of the Sudetes, NE Bohemian
Massif (Text-fig. 1), is still a matter of debate, par-
ticularly due to the poorly preserved post-Variscan
sedimentary record (e.g., Maluski et al. 1995; Migon
and Danisik 2012; Danisik et al. 2012; Sobczyk et al.
2015; 2019; Botor et al. 2017a, b, 2019). Particularly,
in the Intra-Sudetic Basin (ISB) magmatic bodies are
widely known (e.g., Awdankiewicz et al. 1999a, b
2004; Ulrych et al. 2011) and these represent a possible
source of heat that could have directly influenced the
thermal maturity of organic matter (e.g., Kwiecinska
et al. 1992; Adamczyk et al. 2018). The aim of this
study is to improve understanding of the thermal evo-
lution of the Carboniferous strata in ISB. Diagenetic
to very low metamorphic information revealed by the
Raman spectroscopy and microscopic study of dis-
persed organic matter supplements the stratigraphic
evidence and allows for new insight on the geological
evolution during the coalification process.

GEOLOGICAL SETTING

The ISB is a large, 70 km long and 35 km wide,
Variscan intramontane trough located at the NE mar-
gin of the Bohemian Massif (Text-fig. 1; e.g., Dziedzic
1971; Dziedzic and Teisseyre 1990; Awdankiewicz
1999a; Ulrych et al. 2006; Oplustil and Cleal 2007;
Mazur et al. 2006, 2007). The total thickness of the
basin fill reaches c. 12 km. The basin is framed by
various crystalline basement units of Variscan con-
solidation age and by another Palacozoic sedimentary
basins (Text-figs 1, 2; e.g., Mazur ef al. 2006, 2007).

Development of the ISB was initiated in the
mid-Viséan (Turnau et al. 2005) as an intramontane
depression bounded by tectonically active margins
(Teisseyre 1968). The early Carboniferous fluvial se-
quence of the ISB starts with middle Viséan clas-
tic sediments (Turnau et al. 2005) that are mainly
composed of coarse-grained conglomerates and sed-
imentary breccias (Text-fig. 2; Teisseyre 1975). They
are succeeded by upper Viséan (Turnau et al. 2005)
fluvial sediments and late Viséan deposits of a marine
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Text-fig. 1. Geological simplified map of the Intra-Sudetic Basin with location of analysed boreholes (modified after Grocholski and
Augustyniak 1971; Sawicki 1995; Bossowski and Ihnatowicz 2006). SF — Struga Fault; PHF — Pofi¢i-Hronov Fault. Study area (red rectangu-
lar) is also shown on the sketch map of the Bohemian Massif (after Franke 1989).

transgression (Text-fig. 2; Zakowa 1963; Teisseyre
1968, 1975). Tectonic uplift at the transition from the
early to late Carboniferous led to marine regression
and the accumulation of an upper Carboniferous pre-
dominantly coal-bearing continental succession, oc-
curring in the Polish and Czech part of the ISB (Text-
fig. 2; Dziedzic 1970, 1971; Dziedzic and Teisseyre
1990; Bossowski and Thnatowicz 1994; Oplustil ef al.
2016; Pesek and Sivek 2016), that is well-known from
bituminous and anthracite coal deposits (Kwiecinska
1967; Mastalerz and Jones 1988; Mastalerz and Smyth
1988; Mastalerz and Wilks 1992; Nowak 1993, 1996,
1997a, b 2000; Bossowski and Thnatowicz 2006;
Oplustil et al. 2016; Pesek and Sivek 2016).

The Autunian (lower Permian) sediments of the
ISB comprise clastic deposits of alluvial fan, fluvial
and lacustrine environments (Text-fig. 2; Dziedzic
and Teisseyre 1990). Early Permian tectonic inver-
sion caused significant exhumation of the elevated
margins of the ISB (Dziedzic and Teisseyre 1990;
Awdankiewicz 2004). In post-Variscan times, the ba-
sin fill succession was overlain by thin uppermost
Zechstein to Lower Triassic continental sediments
(Lorenz and Mroczkowski 1978) and a 1 km se-
quence of Upper Cretaceous shallow marine deposits
(Text-fig. 2; Skocek and Valecka 1983; Uli¢ny 2001;
Uliény et al. 2009; Wojewoda et al. 2016). Because
the Bohemian Massif formed a large and coherent
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Text-fig. 2. Lithostratigraphy of the Intra-Sudetic Basin (based on Dziedzic 1971; Grocholski and Augustyniak 1971; Dziedzic and Teisseyre

structural high between the Middle Triassic and the
Middle Jurassic (Ziegler and Dézes 2007) no sed-
iments of Middle Triassic to Early Cretaceous age
are known in the ISB. In the latest Cretaceous to
Paleocene, the Bohemian Massif was influenced
by transpressional deformation induced by far-field
stresses from the Europe-Africa plate convergence
(Kley and Voigt 2008). This led to reactivation of
the Variscan basement faults (Scheck er al. 2002),
the development of thrust-related uplift, exhuma-
tion of elevated basement blocks, and inversion of
the Cretaceous basin (Kley and Voigt, 2008). These
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1990; Awdankiewicz 1999a; Bossowski and Thnatowicz 2006).

processes are evidenced by deformation of the
Cretaceous strata, the abrupt cessation of sedimen-
tation in the Late Cretaceous, and also by a distinct
cooling phase recorded by thermochronological
data (Skocek and Valecka 1983; Jarmotowicz-Szulc
1984; Ziegler 1987; Ulicny 2001; Aramowicz et al.
2006; Ventura et al. 2009; Jarmotowicz-Szulc et al.
2009; Sobczyk et al. 2015; 2019; Botor et al. 2019).
Subsequently, the Sudetes were eroded, resulting in
the development of a peneplain (Migon and Lidmar-
Bergstrom 2001). In Cainozoic, basaltic volcanism
penetrated the Sudetes (Birkenmajer et al. 2004;
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Ulrych et al. 2011). Neogene uplift and deformation
of the Bohemian Massif are attributed to lithospheric
buckling and transpressional reactivation of crustal
discontinuities (Ziegler et al. 2002; Ziegler and Dézes
2007).

The Carboniferous and Permian geological evo-
lution of the ISB was associated with three Variscan
stages of volcanic/magmatic activity (Text-fig. 2).
These occurred during the middle Viséan, the late
Carboniferous, and the early Permian, the latter
corresponding to a maximum of volcanic activity
(Awdankiewicz et al. 1999a, b, 2004; Ulrych et al.
2011; Oplustil ef al. 2016). The late Palacozoic mag-
matism included widespread volcanic complexes of
lavas, shallow-level intrusions, and volcaniclastic de-
posits interstratified in Permian and Carboniferous
sedimentary successions (Awdankiewicz 1999a,
2004; Mazur et al. 2006, 2007).

Paleogeothermal gradients during metamorphism
of the Variscides reached at least 40—60°C/km near
subvolcanic intrusions, where coal was locally formed
(Teichmiiller and Teichmiiller 1986). However, the
intense heat generation by Variscan intrusions in-
creased this value locally up to 90°C/km in the
ISB (Kutakowski 1979). The upper Carboniferous,
coal-bearing sequence of the ISB includes coals
ranging from high-volatile bituminous to anthracitic
rank (Kwiecinska 1967; Mastalerz and Jones 1988;
Kwiecinska et al. 1992; Kwiecinska and Nowak 1997;
Bossowski and IThnatowicz 2006; Nowak 1993, 1996,
2000). The lowest values of vitrinite reflectance are
recorded around the basin margins (c. 0.6% mean
VR,), while the highest ones appear in the centre (ex-
ceeding 4% R’.,). Average VR, gradients are from
c. 0.15 to 0.30% per 100 m, and locally reaching very
high values (up to 0.60% per 100 m) in the centre of
the basin (Mastalerz and Jones 1988; Nowak 2000).
The most intense coalification presumably took place
during the early Westphalian at temperatures of at
least c¢. 160—170°C, with a paleogeothermal gradient
of 80—100°C/km (Kutakowski 1979; Mastalerz and
Jones 1988). The maximum temperature could be
even higher in the areas of high R’ ., values, par-
ticularly at the contact with intrusions and sills (e.g.,
Mastalerz and Jones 1988; Kwiecinska et al. 1992).

SAMPLES AND METHODS

The eighteen Carboniferous siltstone core sam-
ples were collected from five boreholes within the
ISB. The samples contain only dispersed OM. No
samples from coal seams were available. The rock

samples were cut perpendicular to the bedding and
from these rock pieces standard polished slides were
prepared for vitrinite reflectance measurements
(R’ nax — mean apparent maximum reflectance, R’ ;.
— mean apparent minimum reflectance and VR, —
mean random vitrinite reflectance) and laser Raman
spectroscopy. In the case of the highly disordered
low-grade OM which occurs within the diagenetic
zone such type of sample can be used efficiently
(Rahl et al. 2005; Kouketsu et al. 2014; Wilkins et al.
2014, 2015; Linsdorf 2016; Botor et al. 2017a; Henry
et al. 2019; Zhang and Li 2019). However, in high-
ordered OM (particularly in graphite) several authors
have shown that the polishing of a sample could
cause a change in the Raman record (e.g., Katagiri ef
al. 1988; Wopenka and Pasteris 1993). Also Beyssac
et al. (2003a) showed that in poorly organised OM,
there is no significant difference, whereas in well-
organised OM the spectra measured at the surface
exhibit a higher contribution of the defect bands (D1
and D2). According to Liinsdorf (2016), in the VR,
measuring range of 1.0 to 7.0%, the Raman spectra
are unaffected by polishing, if no final polishing be-
low 1 pm is used. Therefore, no polishing less than
1 pm was used in this study. In a final step, only 1 pm
monocrystalline diamond slurry was used. Further
discussion of sample preparation method is given in
Liinsdorf (2016). Raman spectra in all the samples
in the present study consist of poorly organised OM,
because thermal maturity of Carboniferous strata
in ISB is generally much lower than graphite (e.g.,
Mastalerz and Jones 1988; Nowak 1993, 1996, 2000).
Therefore, polished rock slides were used.

Microscopic study

The petrological investigations were performed
using the Carl Zeiss Axio Imager Alm microscope
equipped with photometer PMT, computer with PMT
III software and HBO lamp. The vitrinite reflectance
measurements were carried out in oil immersion (re-
fractive index n = 1.518), 546 nm peak transmittance
filter at a temperature of about 23°C in non-polar-
ized light to obtain mean random vitrinite reflectance
values (VR,) and in polarized light during micro-
scope stage rotation to get mean apparent maximum
and minimum vitrinite reflectance values (R’ and
R’in)- Mineral standards of known reflectance were
used for calibration: spinel (0.429%), yttrium-alu-
minium-garnet (0.905%), gadolinium-gallium-garnet
(1.728%), and cubic zirconia (3.06%). Petrographic
classification of dispersed OM in analysed sam-
ples was performed according to findings of ICCP
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System 1994 (1998, 2001; Pickel et al. 2017), TSOP,
and ICCP (Stasiuk et al. 2002). Photomicrographs of
OM were taken using AxioCam MRc5 Zeiss cam-
era. The applied microscopical investigations closely
followed the guidelines published by Taylor et al.
(1998), Pusz et al. (2014) as well as Hackley et al.
(2015), and ASTM (2011). However, we prefer ASTM
(2011) which is applied to reflectance of vitrinite dis-
persed in sedimentary rocks not only coals.

VR, was used as an input parameter for the estima-
tion of maximum palaeotemperature after Barker and
Pawlewicz (1994) as well as Sweeney and Burnham
(1990). In the present study, the formula Temperature
1 = (InVR, + 1.68)/0.0124 for the burial heating
model and Temperature 2 = (InVR, + 1.19)/0.00782
for the hydrothermal heating model after Barker and
Pawlewicz (1994) was used. The formulas are cali-
brated up to 7% VR, (Barker and Pawlewicz 1994),
whereas Sweeney and Burnham (1990) Easy%VR,
method is calibrated up to 4.6%VR,.

Raman spectroscopy

In the past few decades, the development of op-
tics (including lasers) and computing has influenced
progress in the Raman spectroscopy technique which
allows for detailed study of OM and their thermal
transformation (e.g., Beyssac et al. 2002a, b, 2003a,
b; Jehlicka et al. 2003; Rahl ef al. 2005; Aoya et al.
2010; Kouketsu et al. 2014; Linsdorf et al. 2014;
Linsdorf 2016; Wilkins et al. 2014, 2015; Botor et al.
2017a; Henry et al. 2018, 2019; Zhang and Li 2019).
The Raman spectrum of OM is composed of first-
order (1000-1800 cm™) and second-order (2500—
3350 cm!) regions (e.g., Pasteris and Wopenka 1991;
Beyssac et al. 2002a). The first-order range is more
intensive and informative (Text-fig. 3). Within this
range the line-shape of the Raman spectrum changes
with increasing order of the OM, which increases
with the coalification and degree of metamorphism,
caused mainly by temperature increase (Text-fig. 3;
e.g., Wopenka and Pasteris 1993; Beyssac et al.
2002a, b, 2003a, b; Morga 2011, 2014; Lahfid ef al.
2010; Henry et al. 2018, 2019; Zhang and Li 2019).

Raman spectroscopy is often used to characterize
the ordering degree of OM in various geological set-
tings. Generally, in the diagenetic to early metamor-
phic range, at least five Raman bands in the first-order
spectrum of OM (Text-fig. 3) are usually visible (e.g.,
Linsdorf et al. 2014; Kouketsu et al. 2014). These
bands are denominated as DI (c. 1350 cm™), D2
(c. 1620 cm™), D3 (c. 1500 cm™), D4 (c. 1250 cm™)
and G (c. 1580 cm™). The G band is an indicator of the

Raman intensity (a.u.) EI
g
N

Raman intensity (a.u.) @

1700 1600 1500 1400 1300 1200 1100
Raman shift (cm™)

Text-fig. 3. Examples of Raman spectra of organic matter (modified
after Tobota 2018). A — High-ordered organic matter (> c¢. 300°C).
B — Low-ordered organic matter (< c. 300°C).

hexagonal graphite lattice (Tuinstra and Koenig 1970;
Reich and Thomsen 2004; Ferrari and Robertson
2007). The bands marked by the letter “D” are consid-
ered as defect-induced bands and refer to disordered
crystal structure or the presence of crystal defects
(Beny-Bassez and Rouzaud 1985; Aoya et al. 2010;
Pimenta et al. 2007). The origin and vibrational mode
of these bands is debatable and several plausible inter-
pretations have been proposed (Tuinstra and Koenig
1970; Beny-Bassez and Rouzaud 1985; Pocsik et al.
1998; Matthews et al. 1999; Beyssac et al. 2003a,
b; Reich and Thomsen 2004; Sadezky et al. 2005;
Pimenta et al. 2007; Potgieter-Vermaak et al. 2011;
Ulyanova ef al. 2014; Henry et al. 2018, 2019).

In a diagenetic regime, an increase in temperature
during burial causes loss of hydrogen, oxygen, nitro-
gen, and other components in OM (e.g., Kouketsu ef
al. 2014). At the same time, carbon atoms become
progressively organized, finally into a graphite-like
structure (Beyssac ef al. 2003a, b). In the low or-
dered OM the G and D2 bands are not separated
and they form one band GL around 1600 cm™ (e.g.,
Rahl et al. 2005; Lahfid et al. 2010; Linsdorf et al.



www.czasopisma.pan.pl P N www.journals.pan.pl

CARBONIFEROUS STRATA THERMAL HISTORY IN THE INTRA-SUDETIC BASIN 369

2014; Kouketsu et al. 2014). Therefore, in this paper
G band actually refers to GL sensu Kouketsu et al.
(2014), then it is used in this way thereafter. The D1
band is very wide and its intensity is lower than the G
band. The D3 and D4 bands are clearly visible in the
low ordered OM (Rahl et al. 2005; Aoya et al. 2010;
Kouketsu et al. 2014; Liinsdorf et al. 2014).

With an increase of OM order, the D3 and D4
bands disappear gradually and the D1 band becomes
narrower. Simultaneously, the G and D2 bands be-
come distinguishable (Text-fig. 3). Further transfor-
mations with increase of temperature result in the
disappearance of the D1 and D2 bands. Therefore,
in pure graphite, only the G band occurs (Tuinstra
and Koenig 1970; Nemanich and Solin 1979; Beyssac
et al. 2002a; Reich and Thomsen 2004; Ferrari and
Robertson 2007; Kouketsu et al. 2014).

Based on changes observed in the line shapes
of Raman spectra and their decomposition, several
attempts have been made to determine the tempera-
ture of OM transformations. The first approach of
temperature estimation from the decomposition of
Raman spectra was made by Beyssac et al. (2002a).
They notice that the R2 ratio calculated from the
equation R2 = D1/(G+D1+D2), where DI, D2 and G
are decomposed peaks area, increases linearly with
grade of metamorphism. Such a geothermometer is
valid for regional metamorphism in the temperature
range c. 330-650°C (Beyssac et al. 2002a). On the
basis of the Beyssac ef al. (2002a) R2 ratio, Aoya
et al. (2010) extended the geothermometer to con-
tact metamorphic rocks. The application of Raman
spectroscopy of OM (RSOM) for low-temperature
(c. 100-300°C) transformation of rocks was per-
formed by Rahl et al. (2005). These authors used two
ratios i.e. R2 and R1 = D1/G (bands height) for tem-
perature estimation. Another methodology of RSOM
for low-temperature (c. 200-320°C) transformation
was applied by Lahfid ez al. (2010). Then Kouketsu et
al. (2014) presented a different approach to the prob-
lem of low-temperature estimation, and proposed
a fitting procedure applicable over a wide range of
temperatures (c. 150—-650°C). According to the met-
amorphic grade of OM, the procedure of peak fitting
was shared into seven parts and for each part, they
proposed a different procedure of peak fitting. The
geothermometer described by Kouketsu et al. (2014)
is generally based on the full width at half maximum
(FWHM) of decomposed peaks. For maximum tem-
perature transformation, Kouketsu ef al. (2014) used
two equations. The first was based on FWHM of the
D1 band and the second based on FWMH of the GL
band.

Experimental procedures

The Raman analyses of OM were performed on
the same samples as in the petrographical part of this
study. A Thermo Scientific DXR™ spectrometer
(installed at AGH in Krakow) with a 532 nm Nd-
YAG laser was used to obtain the Raman spectra.
The spectrometer was equipped with an Olympus,
BX51 confocal microscope with 10%, 50x and 100x
objectives. The laser power on the sample surface
was set at 0.5 mW. The scattered light was collected
by backscattered geometry with a 25 um pinhole and
a holographic notch filter and finally dispersed us-
ing a 900 lines/mm grating and analysed by a cooled
CCD detector of 256 x 1024 pixels. Spatial resolution
was about | um and wave number resolution c. 1
cm’l. The acquisition time was 30 s (assumed as a
minimum time to obtain reliable results: Kouketsu et
al. 2014). The Raman system was calibrated against
the 520.4 cm! line of a Si-wafer. In each sample,
over 30 different organic particles were measured.
The Raman spectra were decomposed, using Omnic
ver. 4.12 software (Thermo Fisher Scientific, Inc.)
with a pseudo-Voigt function (Gaussian-Lorentzian
Sum) and corrected for the fluorescence background
by subtracting a linear baseline in the spectral range
1000-1800 ¢cm™!. The workflow of Kouketsu et al.
(2014) and the methodological aspects of decomposi-
tion of the Raman spectra of OM highlighted by Aoya
et al. (2010) and Liinsdorf ef al. (2014) were taken
into account. Maximum temperature OM transforma-
tion was calculated using Kouketsu et al. (2014) equa-
tions i.e.: T1 means temperature calculated based on
FWHM of D1 band and T2 means temperature base
on FWHM of GL band. Detailed discussion of the
applied methodology is given by Botor et al. (2017a).

RESULTS
Microscopic data

Microscopic analysis of OM was carried out on
eighteen samples of Carboniferous shales from ISB.
Samples were taken from five wells: Boréwno-1
(3 samples), GV-19 (5 samples), GW-19 (3 samples),
GT-10 (5 samples), and Suliszow (2 samples). The
measurement of reflectance of vitrinite was presented
in the form of measurements of the mean random vi-
trinite reflectance (VR,) and as well as mean appar-
ent maximum (R’,,,) and mean apparent minimum
(R’min) measurements of vitrinite reflectance. The
results of microscopic analyses are presented in four



370

www.czasopisma.pan.pl P N www.journals.pan.pl

I

A AKADE

DARIUSZ BOTOR ET AL.

Well Sample Depth (m) VR, (%) N SD VR, (%) range
4s 162.2 0.72 59 0.05 0.65-0.80
Boréwno-1 12s 660.8 0.88 103 0.04 0.80-0.97
9s 850.0 1.08 102 0.06 0.94-1.19
. 7s 621.6 1.65 96 0.07 1.50-1.77

Suliszow

Ss 667.0 1.84 80 0.05 1.74-1.94
8s 403.5 0.92 27 0.05 0.79-1.00
21s 403.9 0.91 82 0,04 0.80-0.99
GV-19 15s 819.2 1.37/1.26%/1.45%* 76 0.05 1.30-1.47
3s 840.1 1.16 71 0.09 0.97-1.37
11s 985.7 1.34 46 0.06 1.22-1.47
2s 1912.5 2.73 41 0.10 2.57-2.92
GW-19 Is 1918.8 3.80 79 0.10 3.51-3.95
17s 1924.4 3.80 111 0.12 3.54-4.00
10s 821.3 1.50 73 0.06 1.33-1.55
13s 848.8 1.53 114 0.07 1.34-1.63
GT-10 6s 948.0 1.65 86 0.05 1.53-1.78
20s 1048.0 1.72 113 0.09 1.49-1.92
22s 1098.0 2.18 98 0.06 2.03-2.29

Table 1. Mean random vitrinite reflectance data for the shale samples from the Intra-Sudetic Basin. Explanations: VR, — mean random vitrinite
reflectance; N — number of measurements; SD — standard deviation. In the sample 15s, two vitrinite population were found. VR, = 1.37% is the
mean reflectance values for two populations of vitrinite. The N, SD. and VR range values in Table 1 are presented for two populations of vitrin-
ite. The first vitrinite population is characterized by VR * = 1.26%, N = 40, SD = 0.05 and the range of VR * values between 1.17 and 1.34%.
The second vitrinite population is characterized by VR, ** = 1.45%, N =49, SD = 0.06 and the range of VR ** values between 1.34 and 1.53%.

tables (Tables 1-4) and in seven figures (Text-figs
4-10). Organic matter in the analysed samples is rep-
resented mainly by macerals from the vitrinite group
(collotelinite) and to a lesser extent by macerals from
the inertinite group with semifusinite the most fre-
quently occurred macerals (Text-figs 4 and 5).

The exception is made in the samples from the
Borowno-1 borehole, in which the presence of mac-
erals from the inertinite and liptinite groups has in-
creased compared to the remaining samples. Liptinite
macerals are present in the form of cutinite and sporin-
ite. In the samples from the GV-19 well from a depth
of about 400 m (samples 8s and 21s) trace amount
of liptinite macerals was observed. In the remaining
samples, there is too high a degree of thermal alter-
ation of organic matter, and macerals from the liptinite
group are unrecognizable in blue light (Taylor et al.
1998; Pickel et al. 2017). In three samples from the
GV-19 (15s, 3s, 11s) well, organic matter occurs in the
form of small fragments (>10 um) of both inertinite
and vitrinite macerals. In these samples, fragments
of semifusinite similar to vitrinite, and showing VR,
properties similar to vitrinite, often appear. In one of
the samples from the GV-19 (15s) well, two vitrinite
populations were observed (Text-fig. 6).

The vitrinite population with a higher degree of
thermal transformation is present at the “margins” of
the 15s sample. For the samples in which the highest
VR, were measured (samples 1s, 17s), the presence

of structurally modified vitrinite was also noticed.
In addition to the homogeneous vitrinite laminates,
crumbled, often shredded laminate fragments (Text-
fig. 5A) and dispersed particles of vitrinite occur.
Dispersed organic matter in the samples analysed
shows a varied degree of thermal alteration determined
by the mean VR, index ranging from 0.72 to 3.80%
(Table 1). The number of measurements varies from
27 to 117, usually above 50. The values of standard
deviations are from 0.04 to 0.12. The lowest thermal
maturated organic matter occurs in samples from the
Borowno-1 borehole (0.72—-1.08%VR,). A similar de-
gree of transformation of organic matter (0.92% VR,)
was measured for 2 samples from borehole (GV-19).
The highest degree of thermal alteration of organic
matter expressed by the mean VR, was measured for
samples from the GW-19 well, which are in the range
from 2.73 to 3.80%. At a depth of 1912.5 m, the VR,
value is 2.73%, while in the samples taken 6 and 12 m
deeper a significant jump in degree of coalification
was observed with VR values 3.80%. Unfortunately,
no lithological information is available for this sam-
pled interval that could suggest heating by magmatic
rocks. However, most of the analysed samples show a
range of values from ¢. 1.30 to c. 2.00% (Table 1).
Vitrinite reflectance anisotropy (bireflectance,
VR}, = R’pax — R'nin) was assessed in samples hav-
ing mean random VR, above 1.0%, because below
this value anisotropy is very low and does not have
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Text-fig. 4. Photomicrographs of organic matter from the Intra-Sudetic Basin. A — Orange fluorescing cutinite, sample 4s, borehole Boréwno-1.

B — Laminae of vitrinite (Wt), and small semifusinite (Sf) fragment, sample 4s borehole Borowno-1. C — Orange fluorescing sporinite, sample

4s, borehole Borowno-1. D — Vitrinite (Wt) and semifusinite (Sf), sample 9s, borehole Borowno-1. E — Semifusinite, sample 9s, borehole

Borowno-1. F — Vitrinite, sample 21s, borehole GV-19; G — Vitrinite, sample 15s, borehole GV-19. H — Vitrinite, sample 21s, borehole GV-19.

I — Vitrinite fragment, sample 15s borehole GV-19. A and C — blue light excitation, whereas B, D to I — reflected white light. All examination
under oil immersion.

particular significance for thermal maturity assess-
ment (Teichmiiller 1982; Koch and Giinther 1995;
Taylor et al. 1998). However, the mean maximum re-
flectance measurement of vitrinite is recommended
above 1.30% VR, (ICCP, 1998). Measured R’ ,,, val-
ues for analysed sample set are in the range from
1.10 to 4.98%, whereas the measured values of the
R’nin are in the range from 0.90 to 2.70% (Table 2).
Values R’;, standard deviations are from 0.03 to
0.39, whereas values for the R’,,,,, standard deviations
are from 0.04 to 0.24 (Table 2).

Histograms for the mean VR, R’ ., R'nin, for
the majority of the samples analysed, are unimodal in
character with low values of standard deviation and
anisotropy (Text-figs 7 and 8). An exception are sam-

ples in which there is highly thermally transformed
organic matter (2s; ls; 17s). The higher values of stan-
dard deviation and anisotropy for these samples are
most likely related to the phenomenon of increasing
values with the thermal transformation (Houseknecht
et al., 1993; ICCP 1998; Komorek and Morga 2002;
Komorek and Morga 2007). However, the standard
deviation of the vitrinite measurements of the anal-
ysed samples, even those with higher maturity, seems
to be low.

Bruns and Littke (2015) concluded that the stan-
dard deviation of vitrinite reflectance measurements
at high levels of thermal maturity depends on the
lithology, and in coals it is generally smaller than in
other sedimentary rocks such as claystone, sandstone,
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Well Sample | Depth (m) | VR, (%) | R’ (%) | N | SD |R’ (%) range| R’,;in(%) | N SD  |R’,in(%) range | VR (%)
4s 162.2 0.72 - - - - - - - - -
Borowno-1 12s 660.8 0.88 - - - - - - - - -
9s 850.0 1.08 1.10 44 10.05 1.03-1.20 0.90 44 1 0.03 0.83-0.96 0.20
Suliszéw 7s 621.6 1.65 1.84 36 | 0.05 1.74-1.92 1.51 36 | 0.13 1.30-1.68 0.33
Ss 667.0 1.84 222 36 | 0.07 2.12-2.33 1.64 36 | 0.12 1.39-1.76 0.58
8s 403.5 0.92 — — — — — — — — —
21s 403.9 0.91 - - - - - - — — -
1.37/ 1.48/ 1.35/ 0.13/
GV-19 15s 819.2 1.26%/ 1.37% | 48 |0.12 1.32-1.72 1.25%/ 48 | 0.10 1.17-1.47 0.12%/
1.45%%* 1.59%* 1.44%%* 0.15%%*
3s 840.1 1.16 1.25 60 | 0.05 1.16-1.36 1.05 57 | 0.06 0.95-1.16 0.20
11s 985.7 1.34 1.49 16 | 0.04 1.44-1.54 1.28 16 | 0.06 1.24-1.39 0.21
2s 1912.5 2.73 2.80 32 10.17 2.59-3.13 1.66 32 1 0.20 1.39-1.97 1.14
GW-19 Is 1918.8 3.80 4.98 48 ]0.16 4.36-4.98 1.99 48 | 0.21 1.62-2.38 2.99
17s 1924 .4 3.80 4.84 57 10.24 4.45-5.24 2.70 52 ] 0.39 2.26-3.58 2.14
10s 821.3 1.50 1.53 40 |0.04 1.46-1.60 1.29 40 | 0.06 1.17-1.40 0.24
13s 848.8 1.53 1.56 44 10.04 1.51-1.63 1.34 44 | 0.06 1.26-1.45 0.22
GT-10 6s 948.0 1.65 1.76 40 |0.07 1.62-1.84 1.40 40 | 0.10 1.20-1.60 0.36
20s 1048.0 1.72 1.79 40 |0.09 1.68-1.94 1.34 41 | 0.12 1.16-1.54 0.45
22s 1098.0 2.18 2.36 46 |0.10 2.20-2.46 2.02 44 | 0.07 1.80-2.22 0.34

Table 2. Vitrinite reflectance data of the R’ ., and R’ .;,. Explanations: VR, — mean random vitrinite reflectance; R’ ,,, — mean apparent maxi-
mum vitrinite reflectance; R’ ,;, — mean apparent minimum vitrinite reflectance; N — number of measurements; SD — standard deviation; VR, —
bireflectance VR =R’ ..x— R’ nin- In the Table 2 the measurement statistics N; SD; R’ ., range; R’ range for a sample 15s were given without
distinction into two populations of vitrinite. The first vitrinite population (¥) is characterized by VR * = 1.26%. R’ ,;;,* = 1.25%; N =24; SD =
0.05 with the range of R,,;, *values between 1.17 and 1.33% and R’ ,,,* = 1.37%; N = 24; SD = 0.04 with the range of R’ ,,*values between
1.32 and 1.45%. The second vitrinite population is characterized by VR ** = 1.45%; N =49; SD = 0.06 and the range of VR ** values between
1.34 and 1.53%. The second vitrinite population (**) is characterized by VR ** = 1.45%. R’ ;;,* = 1.44%; N = 24; SD = 0.02 with the range of
R’ in** values between 1.41 and 1.47% and R’ ., ** = 1.59%; N = 24; SD = 0.06 with the range of R’ ,,, **values between 1.53 and 1.72%.

S | VR, | R jax | R i | 1 | oI | are | Iv vy v | v | VI | VD | VIL|VIP| VI VIl IX [ IX| X | X7 | XI | XI" | XII'| XITI?

9s 11.08 1.1 | 0.9 {1.03]0.07|1.15]0.05|1.15]0.05|1.17]0.071.15]0.05|1.15|0.05{1.15{0.05{1.24 | 0.14 |1.160.06 | 1.13]0.03 [1.01]0.09|1.22]0.12

7s 11.65] 1.84 | 1.51{1.73]0.11|1.76]0.08|1.75]0.09|1.80|0.04|1.76|0.081.75|0.09{1.83{0.01|1.96 | 0.12 | 1.780.06 | 1.75[0.09 [1.79]0.05|1.74|0.10

55 11.84]2.22(1.64(2.03/0.19]1.96]0.26|1.95]0.27|2.01]0.21|1.96]0.26|1.96|0.26{2.06{0.16{2.20 | 0.02 | 1.980.241.95[0.27(2.05|0.17|1.94]0.28

15s(1.37| 1.48 | 1.35 [1.44/0.04|1.46(0.02|1.45|0.03|1.49|0.01|1.46|0.02|1.46]0.02|1.49]0.01|1.60| 0.12 |1.48|0.00|1.44/0.04|1.40(0.08 1.47(0.01

3s |1.16] 1.25 | 1.05 {1.18]0.07|1.24|0.01 | 1.23]0.02|1.26|0.01 | 1.23]0.02|1.23|0.02{1.24{0.01 | 1.34 | 0.09 | 1.25]0.00|1.21|0.04 [1.12]0.13|1.29]0.04

11s|1.34]| 1.49 | 1.28 |1.42|0.07|1.43|0.06|1.42|0.07|1.46|0.03|1.42|0.07|1.42|0.07 | 1.46 | 0.03 | 1.57 | 0.08 | 1.44|0.05|1.41{0.08|1.36|0.13|1.44|0.05

252,73 2.8 | 1.66|2.42|0.38/2.91|0.11]2.90|0.10|3.00|0.20|{2.91|0.11|2.90|0.10|3.13|0.33|3.33| 0.53 |{2.94{0.14{2.92|0.12|3.26|0.46|3.08|0.28

15 |3.80| 4.98 | 1.99 |3.98|1.00|4.05|0.93|4.03|0.95(4.18{0.80{4.06|0.92|4.04|0.94|4.41|0.57|4.68 | 0.30 |4.09|0.89|4.09|0.89(4.73|0.25|4.87|0.11

1753.80| 4.84 | 2.7 |4.13|0.71]4.05|0.79|4.030.81|4.18|0.66|4.06|0.78 | 4.04|0.80 |4.410.43|4.68| 0.16 |4.090.75|4.09|0.754.73|0.11 | 4.87|0.03

10s| 1.5 | 1.53 | 1.29|1.45/0.08 1.60|0.07 | 1.5910.06|1.64|0.11 | 1.60|0.06 | 1.59|0.06 | 1.65]0.12|1.77| 0.24 |1.62]0.09|1.58 |0.05|1.58|0.05|1.59|0.06

13s1.53| 1.56 | 1.341.49/0.071.63|0.07 | 1.62]0.06|1.67|0.11 | 1.63|0.07 | 1.63|0.07 | 1.690.13| 1.81| 0.25 |1.65]0.09|1.62|0.06|1.62|0.06|1.62|0.06

6s [1.6511.76 | 1.4 {1.64|0.12{1.76]0.00|1.75]0.01|1.80]0.04|1.76/0.00|1.75|0.01{1.83{0.07{1.96| 0.20 |1.78]0.02|1.75[0.01 {1.79]0.03|1.74]0.02

20s(1.72| 1.79 | 1.34 | 1.64]0.15|1.83(0.04 [1.82(0.03 | 1.88|0.09|1.83|0.04 | 1.83]0.04|1.91]0.12]2.05| 0.26 |1.85/0.06 | 1.82|0.03|1.88(0.09 |1.81|0.02

22s5(2.18|2.36 | 2.02 {2.25]0.11{2.32(0.04(2.31[0.05(2.39|0.03|2.32|0.04|2.3210.04 |2.47 | 0.11 | 2.63 | 0.27 |2.35/0.01 |2.32|0.04|2.51(0.15|2.34|0.02

Table 3. The calculated mean R’ ,,. Explanations: S — sample; VR, — mean measured vitrinite reflectance (%); R’ ,,x — mean apparent mea-

sured maximum vitrinite reflectance. R’ ;, — mean apparent measured minimum vitrinite reflectance. Mean maximum vitrinite reflectance

(R’ 1ax €quivalent) converted applying formulas: I — Hevia and Virgos (1977); II — Ting (1978); III — Hoover and Davis (1980); IV — Neavel

et al. (1981); V — Diessel and McHugh (1986); VI — England and Bustin (1986); VII — Friedel et al. (1995); VIII — Koch and Gunther (1995);

IX — Komorek and Pozzi (1996); X — Komorek and Morga (2002); XI — this study linear regression; XII — this study polynomial regression.

= | R’ phax-L | — the module of difference between mean measured maximum vitrinite reflectance and converted mean maximum vitrinite re-
flectance determined for each of the formulas.
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Text-fig. 5. Photomicrographs of vitrinite particles from the Intra-Sudetic Basin. A and B — Sample 1s, borehole GW-19. C — Sample 17s,
borehole GW-19. D — Sample 10s, borehole GT-10. E — Sample 6s, borehole GT-10. F — Sample 22s, borehole GT-10. Photomicrographs under
reflected white light and examination under oil immersion.

and siltstone. This may explain the low standard de-
viation for the analysed coaly shales at higher lev-
els of thermal maturity. The scatterplot of the mean
apparent maximum reflectance values R’,,,, against
the average mean random reflectance values of the
vitrinite VR, points to a very strong linear relation-
ship between the discussed parameters described by
the Pearson linear correlation coefficient r = 0.99 and
the determination coefficient 1 = 0.98 (Text-fig. 9).

However, an even better fit can be obtained for the
polynomial regression. The bireflectance increases
in range from 0.13 to 2.99% in a regular manner with
depth and mean VR, (Table 2). In most samples the
bireflectance ranges from 0.13 to 0.58%, except the
samples (from depth 1912.5-1924.4 m) from GW-19
well having 1.14 to 2.99 values (Table 2).

Calculated R’,,,,, using different formulas are given
in Table 3 and Text-fig. 10. The average difference
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Text-fig. 6. Photomicrographs of two populations of vitrinite occurred in

sample 15s from borehole GV-19. A and B — Lower reflecting pop-

ulation of vitrinite (VR, = 1.26%). C and D — higher reflecting vitrinite (VR, = 1.45%). Photomicrographs under reflected white light and
examination under oil immersion.

1=R’.x equivalent = (3VR,— R’ ,;;,)/2 (Hevia and Virgos 1977)

| R — 1] =0.215

II =R’ . equivalent = 1.066*VR, (Ting 1978)

Y R e — 11| =0.175

III = R’ .« equivalent = 1.061*VR,, (Hoover and Davis 1980)

Y| R pax — | = 0.178

IV =R’ . equivalent = 1.06¥VR, — 0.024 (Neavel et al. 1981)

Y| R — IV | =0.167

V =R’ equivalent = 1.07*VR, — 0.01 (Diessel and McHugh 1986)

Y| R~ V|=0.175

VI =R’ . equivalent = (VR, — 0.0011)/0.94 (England and Bustin 1986)

Y| Ry — VI|=0.177

VII = R’ .« equivalent = 1.2*¥VR — 1.50 (Friedel et al. 1995)

3| Ry — VIT| = 0.152

VIII = R’ . equivalent = 1.2672*VR — 0.1318 (Koch and Gunther 1995)

3 | R pax — VI | = 0.202

IX =R’ . equivalent = 1.077*VR, (Komorek and Pozzi 1996)

Y| R — IX | = 0.170

X =R’ hax equivalent = 1.09*VR, — 0.052 (Komorek and Morga 2002)

Y| R pex —X | =0.173

XI =R’ ax equivalent = 1.3684*VR — 0.4708 (this study I)

Y| R pax —XI|=0.137

XII = R’ equivalent = 0.5895 + 0.3702* VR, + 0.199*(VR,)? (this study II)

3| R pax —XI1| = 0.09

Table 4. The equations used for calculation R, and average difference modules between mean measured maximum vitrinite reflectance

and converted mean maximum vitrinite reflectance determined for each of the formulas. Explanations: )’ | Rpax — 1 | =0.215 — the average

difference modules between mean measured maximum vitrinite reflectance and converted mean maximum vitrinite reflectance determined for
each of the formulas.

modules between mean apparent maximum vitrin-
ite reflectance R’,, and converted mean maximum
vitrinite reflectance R’,,-equivalent determined
using published formulas are presented in Table 4.
The smallest differences between these parameters
are obtained for the polynomial formula presented in

this study. Good results are observed for equations
X1, VII, and IV (Table 3, Text-fig. 10). The published
formulas presented in Tables 3 and 4 are linear regres-
sions and were mostly valid up to about 2.0% R’ .-
The relationship between VR, and R’,, at higher
coalification is not linear (Koch and Giinther 1995).
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Boréwno-1 VR,=0.72% Boréwno-1 VR,=0.88%| Boréwno-1 VR,=1.08%| GV-19 VR,=0.92%
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30 SD=0.05 SD=0.04 SD=0.06 SD=0.05
20
10 I
0 1
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SD=0.05
10 2VR =1.45%
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Text-fig. 7. Histograms of mean random vitrinite reflectance measurements. Explanations: VR, — mean random vitrinite reflectance (%); N —
number of measurements, SD — standard deviation; VR, — mean random vitrinite reflectance for the first vitrinite population in sample 15s;
2VR, — mean random vitrinite reflectance for the second vitrinite population in sample 15s.

That is the reason why most the satisfactory solution
is the polynomial function describing the correlation
between VR, and R’ presented in this study.

The deepest and oldest Carboniferous strata show
the highest thermal maturity values (sample 1s and
17s, VR, = 3.80%), while samples from shallower
units gave the lower thermal maturity values (sample
4s has the lowest VR, = 0.72%; Table 1, Text-fig. 11).
The increase of VR, values with depth is uniform
in the analysed wells and the average trend allows
us to estimate the VR, gradient to be c. 0.18% VR,

per 100 m. The VR, gradient is slightly higher in the
best sampled well GT-10 (c. 0.25% VR, per 100 m;
Text-fig. 11).

RAMAN SPECTROSCOPY DATA

Summary of measurements

Raman spectroscopy data of OM from the ISB
are presented in Table 5 for 18 measured shale sam-
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30
Boréwno-1 Suliszow-1 Suliszow-1 GV-19
R =0.90% sample 9s ) sample 7s ) ) sample 5s ) ) sample 15;
20 N:‘24 } R, .=1.10%| R, =1.51% R,..=1.84% | R, ,=1.64% R..=2.22% | R,=1.35% R..=1.48%
-~ N=44 N=36 N=36 N=36 N=36 N=48 N=48
$D=0.03 SD=0.05 | SD=0.13 SD=0.05 | SD=0.12 SD=0.07 | SD=0.10 SD=0.12
10 ﬂ‘
o ﬂ " i
GV-19 GV-19 GV-19 0.3 0.9 1.5 21 2.7
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Text-fig. 8. Histograms of R’ ;, and R’ vitrinite reflectance measurements. Explanations: R’ ;, — mean apparent minimum vitrinite reflec-
tance (%); R’ ,.x — mean apparent maximum vitrinite reflectance (%); N — number of measurements; SD — standard deviation.

ples. Representative Raman spectra are shown in
Text-fig. 12. The Raman data (Table 5 and Text-
fig. 12) reflect the continuous ordering of OM by
a progressive thermal overprint. With rising tem-
perature, the position of the D1 band shifts to lower
values of Raman shift (Text-fig. 12). The position of
the G band did not show visible shifts (Text-fig. 12).
There is also a distinguishable D4-band in the sam-
ples. FWHM-DI1 values in the analysed samples are
in the range 103.57-146.97 cm™!. The standard devi-
ation of FWHM-DI ranges from 2.95 to 10.63 with
the exception of sample 21s which reaches 14.79.
FWHM-G values in the samples are in the range
39.74-60.86 cm™! with standard deviation 0.65—
5.49 (Table 5, Text-figs 12, 13). The coefficient of
variation (Co.V.), which is also known as relative
standard deviation (e.g., Henry et al. 2018) of the
FWHM-DI is low and it ranges from 2.22 to 8.43,
with the exception of sample 21s which has Co.V.
10.07% (Table 5). The Co.V. of the FWHM-G is also
low and it ranges from 1.60 to 9.16% (Table 5). The
characteristics of Raman spectra imply that these are

highly disordered low-grade OM (e.g., Beyssac et al.
2003a, b; Kouketsu ef al. 2014). Most of the analysed
varied organic particles in the given samples show a
very uniform Raman spectra pattern, which is sup-
ported by their low standard deviation and low Co.V.
(Table 5). Generally, uniform distribution FWHM-G
and FWHM-DI are also visible on the histograms
(Text-fig. 13). However, in some samples, such as
7s, (borehole Suliszéw), 8s (borehole CV-19), and
especially 15s, 21s (borehole GV-19) few organic
particles show abnormally small DI and G values
of FWHM. This can be attributed to the occurrence
of more thermally altered grains, which indicate a
higher thermal imprint. These few grains can be
redeposited vitrinite or in some cases very small
inertodetrinites.

Quiality of measurements
The number of measured organic particles, usu-

ally vitrinite, in each sample was at least 30 (Table 5).
Intra-particle OM variation of the Raman parameters
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Text-fig. 9. Relationship between random VR, and maximum R’ .

vitrinite reflectance. Explanations: Solid line — polynomial regres-

sion R, given VR; dashed line — linear regression R’ ., given

VR,; r — Pearson linear correlation coefficient; r? coefficient of de-
termination.

was assessed by the coefficient of variation, which
are very low. The Co.V. of the FWHM-DI band varies
from 2.66% (sample 2s) to 10.07% (sample 21s) and
the FWHM-G band varies from 1.60% (sample 1s) to
9.16% (sample 21s; Table 5). Low intra-particle OM
variation of the Raman parameters emphasizes that
almost all measured organic particles belong to one
maceral group (vitrinite).

The homogeneity of a single organic particle
was measured by Raman spectroscopy on the larg-
est organic grain in the sample 4s (well Borowno-1).
The size of the grain (c. 70 x 35 pm) allowed us to
carry out measurements in 4 lines with a total of 26
points (Text-fig. 14). The distance between points
was about ¢. 10 um. The Raman spectra obtained
for each point show very low variability. The values
of FWHM of the G and DI bands vary within small
ranges i.e. 56.6-57.9 and 131.8-138.3, respectively
and hence the calculated temperatures vary in small
ranges (Table 6, Text-fig. 14). It should be noted that
the variability for D1 (coefficient of variation) is over
two times larger than that for the G band. Therefore,
with the calculated temperature using the approach of
Kouketsu et al. (2014), T1 shows more diversity than
T2. As in other grains with a degree of coalification
below 200°C the temperature T1 is higher than T2.
The spatial distribution of temperatures T1 and T2
in each analysed grain shows areas covering several

points of higher temperature separated by the areas
of lower temperature (Text-fig. 14 inset A and B).
The areas for both temperatures differ slightly, but
in broad terms, these areas overlap each other within
the standard deviation (compare inset A and B on
Text-fig. 14).

Temperature estimation
VR,— based temperature estimation

The mean random vitrinite reflectance values
(Table 1) were transformed into maximum palaeo-
temperatures using the Barker and Pawlewicz (1994)
method. Maximum palaeotemperatures were calcu-
lated for the regional burial model (T, Barker and
Pawlewicz 1994) in the range from 109°C (4s sample)
to 243°C (17s sample), whilst maximum palaeotem-
peratures were calculated for the hydrothermal model
(T}, Barker and Pawlewicz 1994) in the range from
110°C (4s sample) to 323°C (17s sample; Table 7).
Additionally, maximum palaecotemperatures us-
ing the EASY%VR, (Sweeney and Burnham 1994)
method, were also calculated (Table 7). The obtained
results of maximum palaeotemperatures are in the
range 108-252°C (assuming a heating rate of 10°C/
km), and in the range 120-264°C (assuming a heating
rate of 1°C/km; Table 7).

Raman spectroscopy-based temperature estimation

In the ISB samples, in the line-shape of the
Raman spectra the D2 band is not visible as it appears
above 300°C (e.g., Text-fig. 3; Beyssac et al. 2002a,
2003a, b; Kouketsu et al. 2014). Moreover, the D4
band is very distinctive, and the DI band is relatively
wide, and lower than the G band. The Raman-derived
maximum palaeotemperatures (Trgom), based on
the Kouketsu et al. (2014) method, vary from 162°C
(sample 21s) up to 255°C (17s sample; Table 7) using
temperature equation T1 based on FWHM-DI. In
contrast using temperature equation T2 (Kouketsu
et al. 2014) based on FWHM-G, Trgoym vary from
122°C (sample 3s) up to 266°C (17s sample; Table 7).
However, above c. 150°C both temperature equations
of Kouketsu et al. (2014) give generally similar re-
sults (Table 7).

Correlation of Raman spectroscopy with vitrinite
reflectance data

Both FWMH-D1 and FWMH-G in analysed sam-
ple set show relatively good correlation versus depth
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Text-fig. 12. Examples of measured Raman spectra of organic matter and microphotographs showing organic particles in corresponding sam-
ples. Note increasing thermal overprint in shale samples.

with 2 0.72, and 0.78 respectively (Text-fig. 15A,
B). Simultaneously also both values FWMH-DI1
and FWMH-G show good correlation versus VR,
with r? = 0.84, and 0.94 respectively (Text-fig. 15C,
D). These findings allows to use FWMH-D1 and
FWMH-G as a proxy to estimate the thermal matu-
rity of organic matter in a similar manner to the way
VR, is applied. The standard deviation is relatively
low and even slightly lower above c. 1.8% VR,. The

change in values of FWMH-D1 up to 2.0%VR, is
small, but it increases in the higher thermal maturity
range (c. 2.0-3.8% VR,). In contrast, the change in
FWMH-G seems to be more sensitive both in the
diagenetic range below c¢. 2.0% VR, and also in the
case of more ordered OM, above c. 2.0% VR, (Text-
fig. 15C, D). Because maximum temperatures are
calculated using the T1 and T2 equations (Kouketsu
et al. 2014), which are based on FWMH-DI1 and G,
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FWMH (cm™") Temperature (°C)
Well Sampl
¢ amp?e D4 (1250) | DI (1350) | D3(1500) | G (1600) TI ™
Average 165.83 136.97 222.8 60.13 184.0 127.0
A Median 165.38 137.96 216.23 59.62 181.0 131.0
S
SD 753 9.20 3837 497 19.8 337
Co.V.(%) 454 6.72 17.22 8.26 10.8 26.5
Average 146.03 139.64 221.79 57.49 178.0 145.0
Borwno.| b Median 148.29 139.88 21421 5835 177.0 139.0
Oorowno- S
SD 9.36 9.51 45.09 429 205 20.1
Co.Vi(%) 6.41 6.81 2033 7.47 1.5 20.1
Average 154.43 143.42 261.56 60.68 170.0 124.0
. Median 15327 144.44 268.95 61.56 167.0 118.0
s SD 6.16 5.06 21.91 232 10.9 15.7
Co.V.(%) 3.99 353 838 3.82 6.4 12.7
Average 145.45 136.76 187.94 542 184.0 168.0
; Median 14137 139.53 185.33 5533 178.0 160.0
S
SD 12.63 9.9 18.76 323 213 219
Sulion Co.V.(%) 8.68 7.4 9.98 5.95 1.6 13.1
1SZ0
HHSZOW Average 14523 134.38 192.97 53.45 189.0 173.0
; Median 143.64 135.62 193.63 53.47 186.0 172.0
S
SD 5.40 7.49 5.3 2.64 16.1 17.9
Co.Vi(%) 372 5.57 271 4.94 8.5 10.4
Average 153.58 144.14 202.17 60.23 168.0 127.0
g Median 153.2 145.56 195.55 59.37 165.0 132.0
s SD 7.90 8.51 29.85 418 183 283
Co.V.(%) 5.15 5.90 14.77 6.94 10.9 24
Average 151.57 146.97 177.79 59.91 162.0 129.0
) Median 152.60 151.53 174.56 60.09 152.0 128.0
S
SD 9.02 14.79 211 5.49 31.8 37.2
Co.V.(%) 5.95 10.07 12.44 9.16 19.6 28.9
Average 159.73 139.59 205.23 57.07 178.0 148.0
GVlo s Median 157.92 139.44 203.58 57.52 178.0 145.0
- S
SD 14.18 10.10 26.44 291 217 19.7
Co.V.(%) 8.88 723 12.88 5.09 12.2 13.3
Average 147.75 145.06 252.45 60.86 166.0 122.0
; Median 148.05 144.56 261.99 60.93 167.0 122.0
s SD 5.16 489 33.03 1.43 105 9.7
Co.V.(%) 3.49 337 13.08 235 63 7.9
Average 176.46 126.14 218,0 56.55 207.0 152.0
I Median 1823 125.81 22829 57.18 208.0 147.0
s SD 17.39 10.63 22.63 293 229 19.9
Co.V.(%) 9.85 8.43 1038 5.19 1.1 13.1
Average 138.99 12221 176.93 46.53 215.0 220.0
, Median 137.87 122.52 174.84 46.63 215.0 219.0
S
SD 5.59 325 5.78 131 6.9 8.9
Co.V.(%) 402 2.66 327 281 33 4.1
Average 167.35 104.4 173.8 40.71 254.0 259.0
- 1 Median 166.73 103.79 175.96 40.6 255.0 260.0
- S
SD 213 298 453 0.65 6.4 44
Co.Vi(%) 127 2.86 261 16 25 17
Average 148.74 103.57 179.61 39.74 255.0 266.0
" Median 148.54 103.72 179.43 39.73 255.0 266.0
s SD 2.90 295 132 0.94 6.3 6.4
Co.V.(%) 1.95 2.84 0.74 238 25 24
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FWMH (cm™) Temperature (°C)
Well Sample D4(1250) | DI (1350) | D3(1500) | G (1600) Tl ™
Average 137.29 136.51 184.54 533 184.0 174.0
o Median 135.61 140.53 177.09 54.29 176.0 167.0
SD 7.88 10.30 23.01 3.87 22 26.2
Co.V.(%) 5.74 7.55 12.47 7.26 12.0 15.1
Average 137.33 134.89 174.34 52.48 188.0 179.0
Median 136.75 136.6 175.14 53.18 184.0 174.0
13 SD 521 9.71 5.81 321 20.9 218
Co.V.(%) 3.80 7.20 3.33 6.13 1.1 122
Average 141.54 134.26 184.98 52,93 189.0 176.0
ST 10 . Median 141.14 133.37 185.51 53.46 191.0 173.0
SD 4.69 7.53 429 252 162 17.1
Co.V.(%) 331 5.61 232 476 8.6 9.7
Average 142.25 138.43 192.67 53.82 180.0 170.0
Median 141.93 139.94 192.61 54.72 177.0 164.0
208 SD 2.95 3.90 627 1.79 8.4 12.1
Co.V.(%) 2.07 2.82 3.25 3.33 47 7.1
Average 145.21 135.11 194.53 53.24 188.0 174.0
. Median 144.28 135.16 194.00 53.06 187.0 175.0
SD 424 6.04 5.13 2.13 12.9 14.4
Co.V.(%) 2.92 4.47 2.64 4.00 6.9 8.3

Table 5. Basic Raman spectroscopy data for samples from the Intra-Sudetic Basin. Explanations: FWHM — full width at half maximum of
given band; SD — standard deviation; Co.V. — coefficient of variation. Temperature was calculated based on equations of Kouketsu et al. (2014).

FWMH (cm™) Temperature (°C)

D4 (1250) D1 (1350) D3 (1500) G (1580) T1 T2
Min. value 155.8 131.8 202.1 56.6 181.0 142.0
Max. value 171.3 138.3 225.1 57.9 195.0 151.0
Average 164.5 1353 213.9 57.4 187.0 146.0
Median 165.6 135.1 214.2 57.4 188.0 146.0

SD 3.9 1.7 5.5 0.3 3.7 2.1

Co.V. (%) 24 13 2.6 0.6 1.9 1.5

Table 6. Maximum Raman-derived paleotemperature comparison in one single organic particle from sample 4S (Boréwno-1 well). Explana-
tions: FWHM — full width at half maximum of given band; SD — standard deviation; Co.V. — coefficient of variation. Temperature was calculated
based on equations of Kouketsu et al. (2014).

therefore these Raman-derived temperatures show a
similar trend with VR, (Text-fig. 16). The calculated
paleotemperatures VR -derived and Raman-derived
generally show similar and regular increase trends
with depth (Text-fig. 17). Sweeney and Burnham’s
(1990) approach gave the most uniform results in-
dependent of using different heating rate (Text-fig.
17A). The methods of Barker and Pawlewicz (1994)
show a significant increased discrepancy between
burial-derived temperature and the hydrothermal
model (Text-fig. 17B). Kouketsu et al.’s (2014) equa-
tions seem to give similar results above c. 150°C,
but below this value, the T1 equation based on

FWMH-DI overestimates calculated temperature
comparing to the T2 equation based on FWMH-G
band (Text-fig. 17C).

Paleogeothermal gradient during
the Carboniferous—Permian burial

A plot of VR, against depth (Text-fig. 11) ex-
hibits quite a similar trend in almost all the wells.
Additionally, when converting VR, into tempera-
tures (Table 7) with use of the formulas of Barker
and Pawlewicz (1994) the higher values suggest a
maximum temperature of c. 109-243°C for the burial
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Temperature (°C)
Depth VR, | Sweeney and Burnham | Barker and Pawlewicz| Kouketsu ez al.
Well Sample (m) (%) (1990) (1994) (2014) Average | SD
10°C/Ma | 1C°/Ma Thurial Thydro Tl T2
4s 162.2 0.72 108 120 109 110 184 127 126 29
Boréwno-1 12s 660.8 0.88 124 140 125 136 178 145 141 20
9s 850.0 1.08 139 158 142 162 170 124 149 17
Suliszéw 7s 621.6 1.65 172 182 176 216 184 168 183 17
5s 667.0 1.84 182 198 185 230 189 173 193 20
8s 403.5 0.92 129 144 129 142 168 127 140 16
21s 403.9 0.91 129 143 128 140 162 129 138 13
GV-19 15s* 819.2 1.37 160 174 161 192 178 148 169 16
3s 840.1 1.16 145 159 147 171 166 122 152 18
11s 985.7 1.34 158 172 159 190 207 152 173 21
2s 1912.5 2.73 212 228 216 281 215 220 229 26
GW-19 Is 1918.8 3.80 252 264 243 323 254 259 266 29
17s 1924.4 3.80 252 264 243 323 255 266 267 29
10s 821.3 1.50 164 178 168 204 184 174 179 14
13s 848.8 1.53 168 174 170 207 188 179 181 14
GT-10 6s 948.0 1.65 172 182 176 216 189 176 185 16
20s 1048 1.72 176 190 179 222 180 170 186 18
22s 1098 2.18 195 210 198 252 188 174 203 27

Table 7. Maximum paleotemperatures comparison from VR, and Raman spectroscopy data. Explanations: VR, — mean random vitrinite reflec-
tance. Average temperature refers to all calculated values; SD — standard deviation of average temperature.

model (T,), whilst maximum paleotemperatures were
calculated for the hydrothermal model (T}, Barker and
Pawlewicz 1994) in the range 110-323°C, and Trsom,
applying the Kouketsu et al. (2014) method, vary
from 162 to 255°C based on FWHM-DI1. Based on
FWHM-G, Trgom vary from 122 to 266°C (Table 7),
assuming that any time dependence is negligible.

By plotting these calculated temperatures against
depth (Text-figs 17, 18), temperature gradients for the
time of the highest temperatures (paleogeothermal
gradient) in the basin can be calculated (Text-fig. 18),
assuming that peak thermal maturities were obtained
simultaneously in response to sedimentary burial.
The inferred paleo-geothermal gradients range from
c. 70 to 87°C/km with most clustering around 80°C/
km. When considering the influence of time, a higher
temperature gradient has to be considered provided
that the duration of the highest heat flow is not con-
tinuous. These values are much higher than the gen-
eral global average 30°C/km geothermal gradient
for continental crust. The current geothermal gra-
dient, based on temperature measurements in wells
located in the ISB, was averaged to be at 25°C/km
(Bruszewska 2000). Therefore, a significant change
of the temperature gradient during the development
of this sedimentary basin is obvious.

DISCUSSION
Raman spectroscopy

Intra-particle OM variation of the Raman pa-
rameters have been often discussed in the litera-
ture (e.g., Beyssac et al. 2003a, b 2004; Aoya et al.
2010; Linsdorf et al. 2014). However, our data set
shows that the variability of the FWHM-DI band
(Co.V. from 2.66% sample 2s to 10.07% sample 21s)
and FWHM-G band (Co.V. from 1.60% sample 1s
to 9.16% sample 21s) is low (Table 5). Henry et al.
(2018) has also given the relative standard deviation
of FWHM, but their values are more scattered in
the range ¢. 4-20%. Our data corresponds very well
with the VR variation, which also is low (Co.V. from
2.63% in sample s to 7.76% in sample 3s, Table 1)
and is similar to that observed by others (e.g., Henry
et al. 2018). It should be noticed, however, that gen-
erally mean random vitrinite reflectance measured
on dispersed OM in shales usually differs from ob-
served values taken from coal samples of equiva-
lent maturity rank. In particular, VR, measured on
dispersed OM are typically more scattered at higher
thermal maturities, particularly above c. 1.50%
VR, (c.g., Scheidt and Littke 1989). The greater dis-
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Text-fig. 13. Set of histograms showing full width at half maximum (FWHM) of D1 and G bands in shale samples from the Intra—Sudetic Basin.
Each sample histogram is based on measurements of at least 30 organic particles.
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Text-fig. 14. Raman spectroscopy derived paleotemperature for single organic particle in sample 4s from Boréwno-1 well. Inset A — map of
paleotemperature distribution calculated from FWHM of D1 peak (T1). Inset B — map of paleotemperature distribution calculated from FWHM
of G peak (T2).

persion of observed VR, values at higher thermal
maturities (above 1.50% VR,) can be attributed to
several factors, including artefacts due to small par-
ticle size or the quality of the polished surface (e.g.,
Hartkopf-Froder et al. 2015). Applying both Raman
spectroscopy and VR, technique we measured only
vitrinite grains. Low variability measured Raman
spectroscopy and VR, data show that analysed sam-
ples are relatively homogenous, and vitrinite grains
dominate.

Wilkins et al. (2014, 2018) have recently shown
the benefits and limitations of applying Raman spec-
troscopy technique for thermal maturity determina-
tion on dispersed OM. One of the most important
outcomes of this work is that the discrimination of
vitrinite and inertinite is of little importance be-
cause thermal maturity values calculated as based
on Raman spectroscopy results are obtained by cal-
culations from data combined from both (Wilkins et
al. 2014). Therefore, inertinite and vitrinite can be
used for thermal maturity determinations by Raman
spectroscopy. However, this finding is rather aston-
ishing, because vitrinite reflectance and inertinite re-
flectance are different, which is a widely well-known

phenomena (e.g., Taylor et al. 1998). Therefore, this
problem needs further research.

The other important problem considered in
some papers (e.g., Beyssac at al. 2002b; Aoya et al.
2010; Jubb et al. 2018) is the heterogeneity of a sin-
gle organic particle. Beyssac at al. (2002b), based
on high-resolution transmission electron microscopy
analyses, showed that OM grains show structural
heterogeneity but they studied OM grains of high
thermal maturity (above 330°C). Using Raman spec-
troscopy for contact metamorphic rocks and a high
transformation temperature, Aoya et al. (2010) notice
that the R2 ratio can varies considerably in a single
grain. In the low temperature transformation Jubb
et al. (2018) found that the values of FWHM of the
D1 band vary considerably in the background min-
erals, which are stained by organic compounds, but
within the OM grain such variation is much smaller.
Whereas, the variation of FWHM of the G band
is small (Jubb et al. 2018). Our test (Text-fig. 14,
Table 6) in a single OM grain confirms small vari-
ation of temperature distribution in the case of T2
(calculated form FWHM-G) and slightly higher but
still low in case of T1 (calculated from FWHM-DI).
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Text-fig. 15. The variability of full width at half maximum (FWHM) of D1 and G bands in the analysed well sections against depth and vitrinite
reflectance. A— FWMH-D1 and B - FWMH-G versus depth (including standard deviation); C - FWMH-D1 and D - FWMH-G versus VR,
(including standard deviation).

The performed tests show that analysed organic par-
ticles have a high level of homogeneity and a single
measurement per one grain is representative.
According to Ferrari and Robertson (2000), the
width of the G peak increases as a function of bond-
angle disorder at sp® sites (in aromatic rings) and
its values are the greatest for high sp’ sites content
(aliphatic chains) in highly disordered materials.
This parameter increases as a function of decreasing

temperature or thermal maturity in regional meta-
morphism and progressive coalification (Ferrari and
Robertson 2000; Beyssac et al. 2002a, b, 2003a, b;
Jehlicka et al. 2003; Guedes et al. 2010; Lahfid et
al. 2010; Wilkins et al. 2014; Hinrichs et al. 2016;
Henry et al. 2018, 2019). In agreement with these
studies, we observed a decrease of FWHM-G as a
function of increasing vitrinite reflectance and burial
depth in the diagenetic to late diagenetic zone with
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Text-fig. 16. Mean random vitrinite reflectance versus Raman spectroscopy-derived paleotemperature. A — using T1 equation based on
FWMH-DI and B —using T2 equation based on FWMH-G band.

high correlation coefficients (Text-fig. 15). This de-
crease of FWHM-G is more regular than FWHM-DI.
FWHM-G changes systematically from 0.7 to 3.8%
VR,, whereas FWHM-D1 do not show such be-
haviour until c. 2.0% VR,,

Vitrinite reflectance

The microscopical study of shale samples
from ISB showed that dispersed organic matter in
Carboniferous strata is dominated by vitrinite group
macerals — a typical feature for coal-bearing envi-
ronments (e.g., Scheidt and Littke 1989; Taylor et
al. 1998; Hartkopf-Froder et al. 2015). The vitrinite
reflectance is a time-temperature indicator governed
by a kinetic response (Sweeney and Burnham 1990).
Therefore, vitrinite reflectance continues to increase
progressively with increasing temperature, allowing
maximum palacotemperatures to be directly esti-
mated (e.g., Barker and Pawlewicz 1994; Sweeney
and Burnham 1990). The mean VR, values show a
uniform increase with depth in analysed wells from
ISB (Text-fig. 19). In the lower diagenetic range (be-
low ca. 1% VR,) both the burial model (T, Barker
and Pawlewicz 1994) and the hydrothermal model
(Ty,, Barker and Pawlewicz 1994) have given very
similar results. However, the discrepancy between
these models is significantly higher in the more ad-
vanced diagenesis to early metamorphism phase,

particularly above c. 200°C (Table 7, Text-fig. 17).
More uniform results were obtained applying the ap-
proach of Sweeney and Burnham (1990) as shown in
Table 7 and Text-fig. 17.

Vitrinite reflectance anisotropy can be useful
for the recognition of the tectonic style of deforma-
tion and its relationships to the timing of these pro-
cesses (e.g., Hower and Davis 1981; Komorek and
Pozzi 1996; Komorek and Morga 2002; Komorek and
Morga 2007). The measurement of the apparent max-
imum plus either the apparent minimum or the mean
random vitrinite reflectance provides a method for
quantification of the anisotropy of the reflectance.
This anisotropy may be a direct indicator of static
pressure caused by depth of burial, at which coali-
fication occurred. The combination of the thermal
record from vitrinite reflectance and pressure infor-
mation, therefore, provides a means of evaluating
the tectonic evolution of a coal seam or sedimentary
strata in a basin, given the independent placement
of coal-rank parameters on a pressure-temperature
framework (Hower and Davis 1981). In the ISB, vi-
trinite reflectance anisotropy (VR = R’ — R'nin)
increases with depth and coal rank (Tables 2—4, Text-
figs 7-10). However, in the analysed data set the vi-
trinite reflectance anisotropy did not change signifi-
cantly across the region and samples from a similar
depth have a similar level of anisotropy (Tables 24,
Text-figs 7-10), suggesting that it can be correlated
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Text-fig. 18. Average paleotemperature versus depth (based on all
models from Text-fig. 17) with standard deviation of these six mod-
els including average paleotemperature versus depth for GT-10 well.

generally with past depth of burial only and not with
directional stress such as in tectonically deformed
regions. With increasing of coalification, R’,,,, shows
a faster increase of value, whereas R’,;, increases
slowly.

Temperature estimation: Raman spectroscopy
versus vitrinite reflectance data

The calculated maximum palaecotemperatures in-
crease with depth in each of the analysed wells (Text-
figs 17-18). The Trgom is compatible with the VR —
derived palacotemperature, and depth (Text-figs 11,
16—18). Similar VR, gradients were calculated also
by Mastalerz and Jones (1988) and Nowak (2000)
in the ISB. Average VR, gradients are from c. 0.15
to 0.30% per 100 m, and locally reaching very high
values (0.60% per 100 m) in the centre of the basin

<— Text-fig. 17. The VRo-derived and Raman-derived paleotempera-

tures versus depth. Paleotemperatures were calculated applying
the following approach. A — Sweeney and Burnham (1990): 1 —
regression line was using heating rate of 10°C/km, 2 — regression
line was using heating rate of 1°C/km. B — Barker and Pawlewicz
(1994): 1 —regression line was calculated using burial model equa-
tion: Temperature 1 = (InVR, + 1.68)/0.0124, 2 — regression line
was calculated using hydrothermal model equation: Temperature 2
= (InVR, + 1.19)/0.00782. C — Kouketsu et al. (2014): 1 — regres-
sion line was calculated using T1 equation based on FWMH-DI,
2 — regression line was calculated using T2 equation based on
FWMH-G band.
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Text-fig. 19. The distribution of maximum paleotemperature of the Carboniferous strata in analysed wells from ISB (based on data from
Text-fig. 18).

(Mastalerz and Jones 1988; Nowak 2000). Similar
paleogeothermal gradients were calculated based on
volatile content in coals (V92f) data by Kutakowski
(1979; 90°C/km), and applying VR, also by Mastalerz
and Jones (1988; 80—100°C/km).

The displayed data of the wells (Text-figs 17-18)
fit well with a linear gradient and therefore suggest a
similar temperature history. Since the overall trend
does not show significant anomalies in any direction,
it can be concluded that the maximum temperature
event occurred after the youngest of the measured
samples was deposited. Since the youngest drill core
sample on which VR, was measured is from the lat-
est Carboniferous, this age or a younger maximum
temperature event is evident. It should be noted that
the estimation of the paleogeothermal gradient in
the latest Carboniferous to early Permian was based
on a limited number of measurements from indi-
vidual boreholes. The validity of such an approach
is based on the presumption that paleogeothermal
gradient was more or less constant over the whole
area. However, taking into account the distribution

of syn-sedimentary volcanites and the variations in
burial depth that once existed across the area, this
presumption seems to be a simplification. Taking
into account relatively high VR, gradients in the ISB
(Text-fig. 11), such a distribution seems to be related
to Variscan burial heating in a high thermal regime
setting (Botor 2008), caused by high heat flow due
to magmatic activity in late Carboniferous to early
Permian times.

Both the Raman-derived maximum palaeo-
temperature and VR, data shows increasing ther-
mal maturity of OM from W (Boréwno-1 area) to
E (Suliszow — GT-10 area), where more significant
intrusive bodies occur (Text-fig. 19). Therefore, var-
ied heat flow values could have influenced the ther-
mal maturity of OM. This trend was also noted by
Mastalerz and Jones (1988). However, it should be
underlined that due to the low number of samples we
did not observe any possible influence of direct con-
tact metamorphism, which apparently should operate
in the study area. Probably, the analysed samples
occurred too far from magmatic bodies.
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Thermal overprint related to the temperature of c.
150°C, based on the Kouketsu et al. (2014) method,
seems to be an important border below which the
estimated maximum paleotemperature from Raman
spectroscopy data is not very precise and shows sig-
nificant errors, as was also shown by earlier works
(e.g., Kouketsu et al. 2014; Liinsdorf et al. 2014;
Liinsdorf 2016). Therefore, this low diagenetic zone
requires further investigations.

Regional context of coalification
in the Intra-Sudetic Basin

The paleotemperature record derived from ther-
mal maturity data accomplished by Raman spec-
troscopy and VR,, indicates that the Carboniferous
sedimentary sequence experienced elevated tem-
peratures in the past that cannot be explained by
the present-day low geothermal gradient (c. 25°C/
km; Bruszewska 2000) or just by the thickness of
the preserved post-Carboniferous overburden. The
paleotemperatures have rather to be explained in
terms of greater burial depth or a period of elevated
heat flow in the past. Late Carboniferous to early
Permian intrusions are widely known in the ISB
(Awdankiewicz et al. 1999a, b 2004; Ulrych et al.
2004, 2006, 2011). Additionally, the coal-bearing se-
quence of the ISB is cut by numerous dykes and sills
(e.g., Awdankiewicz et al. 1999a, b 2004; Mastalerz
and Jones 1988). However, thermally altered coals
were observed only in very thin zones adjacent to
the intrusive bodies. Therefore, the direct influence
of contact metamorphism in relation to the occur-
rence of these magmatic bodies on the coal rank is
very limited (Kwiecinska 1967; Kutakowski 1979;
Mastalerz and Jones 1988; Kwiecinska et al. 1992;
Kwiecinska and Nowak 1997; Nowak 1997, 1998,
2000; Mastalerz and Mastalerz 2000). In the bore-
holes examined here there is no evidence of the influ-
ence of the volcanic rocks on OM thermal maturity
within the analysed shales. However, the study did
not cover the entire sedimentary successions pres-
ent in the wells. Moreover, it should be mentioned
that sedimentary burial in the studied area was very
deep during the Westphalian (Mastalerz and Jones
1988) and could most likely have been responsible
for the increase in VR, independently of the direct
effects of the intrusion (Mastalerz and Jones 1988).
Present-day values of the geothermal gradient for
the ISB vary between 22.6 and 25.4°C/km and the
average value for the Czech part of the ISB is about
24°C/km (Cermak 1968). Bruszewska (2000) has
recently calculated an average geothermal gradient

for the ISB of 25°C/km and a heat flow of 60 mW/
m?. In contrast, high paleogeothermal gradients of
c. 80°C/km were calculated based on our data set
from dispersed organic matter in shales of the ISB.
Similar paleogeothermal gradients (80—100°C/km)
were given by coal rank data (Kutakowski 1979;
Mastalerz and Jones 1988). Therefore, recent values
are over 3 times lower than the calculated values
for the late Paleozoic. The reason of such a high pa-
leogeothermal gradient during burial can be related
to the high terrestrial heat flow density in the late
Paleozoic — which is typical of that of volcanic active
areas (Allen and Allen 1990). It seems that although
contact metamorphism was very limited, magmatic
processes generated this high heat flow regime en-
tirely in the ISB (Dziedzic 1965).
Contemporaneously, the vitrinite reflectance pat-
tern in the shale of the ISB shows that thermal matu-
rity is lower near the margins of basin, and increases
towards the centre of this basin. Similar conclusions
were given based on the observed trend in isopach
maps at the Westphalian B/C transition (Mastalerz
and Jones 1988) and on coal rank pattern (Mastalerz
and Jones 1988; Nowak 2000). Also VR, gradients
increase towards the centre of ISB i.e. towards the
deeper part of the basin (Mastalerz and Jones 1988;
Nowak 2000). All these data suggest strongly that
one of the most important factors of coalification in
the northern part of the ISB (Walbrzych district) was
sedimentary burial during the late Carboniferous.
Therefore, on the regional scale of the ISB, two major
parameters were critical for coalification: (1) total
thickness of Upper Paleozoic sediments and (2) high
heat flow due to the tectonic setting related to mag-
matic bodies. Contact metamorphism contributed
only locally to coalification. The heating from the
basement is believed to be one of the major reasons
for coalification in many basins (e.g., Damberger
1971; Facer et al. 1980; Teichmiiller 1987; Taylor et
al. 1998). Very high Variscan paleogeothermal gradi-
ents (c. 100°C/km and above) due to high heat flows
have been postulated for a number of domains of
the central-western European Variscan orogen (e.g.,
Dvorak 1989; Robert 1989; Suchy et al. 1997). Recent
study based on apatite fission track data and coali-
fication data from the northern Czech Republic ba-
sins showed that paleogeothermal gradients during
the Carboniferous must have indeed been very high,
probably around 200°C/km (Suchy et al. 2019).
During a high heat flow regime, even a relatively
low burial depth (c. 800 m; suggested by Mastalerz
and Jones 1988) could have caused a significant in-
crease in coalification. Similar conclusions that the
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coalification process has started already at a shallow CONCLUSIONS

burial depth due to highly elevated Variscan heat
flow are given by Pesek and Sykorova (2006) in the
Czech part of Carboniferous and Permian sedimen-
tary basins on the Bohemian Massif. A combination
of heat flow and the thickness of post-Westphalian
sediments probably allowed coalification to continue
during at least the Stephanian or even longer to the
early Permian (Botor 2008). Undoubtedly, the ISB
was developed during a very hot thermal regime in
the Late Paleozoic, as proposed by Dziedzic (1965,
1986).

The heating related to the heat flow that over-
printed the organic matter in Carboniferous shale
samples was achieved in the late Carboniferous (c.
late Westphalian—Stephanian; Kutakowski 1979;
Mastalerz and Jones 1988) or latest Carboniferous
to early Permian (Botor 2008). This Variscan ther-
mal peak was followed, as indicated by apatite fis-
sion track data (Botor ef al. 2019), by a rather slow
cooling in the late Permian—Early Cretaceous with
possible long residence in the temperature range
c. 60-120°C and final acceleration of cooling in
the Late Cretaceous—Paleogene (Botor et al. 2019).
Similar rapid Late Cretaceous—Paleogene cool-
ing was also shown by thermochronological data
in adjacent areas (Danisik et al. 2012; Sobczyk et
al. 2015; 2019; Botor et al. 2017b). Therefore, the
Variscan heating event, was succeeded by post-Va-
riscan cooling. Consequently, the Cenomanian—
Turonian burial most likely did not cause fur-
ther coalification (Botor et al. 2019). The late
Carboniferous—early Permian magmatic activity
(e.g., Awdankiewicz ef al. 1999a, b, 2004) respon-
sible for the high heat flow, together with the added
effect of significant sedimentary burial in the late
Carboniferous—early Permian influenced the coali-
fication processes of Carboniferous organic matter
in the ISB. Thermal modelling using apatite fission
track data (Danisik et al. 2012; Sobczyk et al. 2015,
2019; Botor et al. 2019) and organic maturity data
has shown that the major coalification phase of the
Namurian—Westphalian coal seams in the ISB could
have occurred in the late Carboniferous to early
Permian. The second phase of temperature increase
due to Mesozoic sedimentary burial did not exceed
the temperatures experienced by the Carboniferous
samples in the late Palacozoic (Danisik et al.
2012; Sobczyk et al. 2015, 2019; Botor et al. 2019).
Therefore, the Mesozoic temperature increase does
not appear to have any noticeable influence on the
maturation of the Carboniferous organic matter in
the ISB.

* The vitrinite maceral group is the main organic
component observed in the Carboniferous shales
of ISB. The thermal maturity of OM dispersed in
the analysed shales is in the range of 0.72 to 3.80%
VR,. However, for most of the analysed samples, the
values of the VR, are characteristic for the OM in
the so-called the main generation phase of hydrocar-
bons. R, values for the analysed sample set are in
the range from 1.10 to 4.98%, whereas the values of
the R’;, are in the range from 0.90 to 2.70%.

* The most pronounced feature of changes in Raman
spectra in the diagenesis to very low-grade meta-
morphism range consists mainly in a narrowing
of the G band region. Moreover, the peak width of
the G band (c. 40-61 cm™! with standard deviation
of 0.6-5.5) shows very good correlation to mean
VR,. Therefore, FWMH of G band can be widely
used as a complementary technique for thermal
maturity assessment of organic matter.

* Geological data combined with Raman spectros-
copy and vitrinite reflectance results indicate
that the Namurian—Westphalian coal-bearing
sequence in ISB reached maximum paleotem-
peratures from c. 110 to c. 265°C. The average
regional paleogeothermal gradient in the late
Paleozoic was c. 80°C/km.

* The Variscan heating presumably caused major
coalification processes of organic matter. The high
heat flow, caused by the late Carboniferous—early
Permian magmatic activity in the ISB, had an in-
fluence on coalification already at the early phase
of burial. The heating from the basement seems
to be one of the important reasons of coalifica-
tion, or rather a combination of heat flow from the
basement and the thickness of post-Westphalian
sediments, which probably allowed coalification
to continue during at least the Stephanian or even
longer to the early Permian.
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