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Abstract: The Upper Silesian Coal Basin (USCB), located in southern Poland, is the major coal basin
in Poland, and all technological types of hard coal, including coking coal, are exploited. It is also an
area of high potential for coal-bed methane (CBM). Despite the increasing availability of alternative
energy sources globally, it is a fact that the use of fossil fuels will remain necessary for the next few
decades. Therefore, research on coal-bearing formations using modern research methods is still very
important. The application of geochemistry and chemostratigraphy in reservoir characterization
has become increasingly common in recent years. This paper presents the possibility of applying
chemostratigraphic techniques to the study of the Carboniferous coal-bearing succession of the
Upper Silesian Coal Basin. The material studied comes from 121 core samples (depth 481-1298 m),
representing the Mudstone Series (Westphalian A, B). Major oxide concentrations of Al,O3, SiO,,
Fe,03, P05, K,0, MgO, CaO, NayO, K,O, MnO, TiO;, and Cr,O3 were obtained using X-ray
fluorescence (XRF) spectrometry. Trace elements were analyzed using inductively coupled plasma
mass spectrometry (ICP/MS). The geochemical record from the Mudstone Series shows changes in
the concentration of major elements and selected trace elements, leading to the identification of four
chemostratigraphic units. These units differ primarily in the content of Fe, Ca, Mg, Mn, and P as
well as the concentration of Zr, Hf, Nb, Ta, and Ti. The study also discusses quartz origin (based on
5i0, and TiO;), sediment provenance and source-area rock compositions (based on Al,O3/ TiO;,
TiO, /Zr, and La/Th), and paleoredox conditions (based on V/Cr, Ni/Co, U/Th, (Cu+Mo)/Zn, and
Sr/Ba) for the chemostratigraphic units. Chemostratigraphy was used for the first time in the study
of the Carboniferous coal-bearing series of the USCB, concluding that it can be used as an effective
stratigraphic tool and provide new information on the possibility of correlating barren sequences of
the coal-bearing succession.

Keywords: chemostratigraphy; geochemistry; Upper Silesian Coal Basin; major elements; trace
elements; provenance; paleoredox conditions

1. Introduction

The Upper Silesian Coal Basin (USCB) is located in southern Poland and in the region
of Ostrava—Karvina in the Czech Republic. It is the major coal basin in Poland.

In the USCB, all technological types of hard coal occur, including coking coal, which,
since 2014, has been included in the European list of critical raw materials [1-3]. The total
prognostic resources of hard coal in the USCB amounted to 4616.17 Mt and 20,926.58 Mt
of prospective resources. Energy coals represent almost three-fourths of the resources
(70.96%) and coke coals are above one-fourth (27.83%), whereas other types of coals remain
negligible. [1]. The USCB has also a high potential for coal-bed methane (CBM) [3-8].

In the USCB, methane is extracted from the methane drainage of working and aban-
doned coal mines in an approximate amount of 200-300 million m? per year. Methane is also
present in undeveloped coal deposits, where it may be a potential target for exploration [6].
The amount of methane resources in areas outside of hard coal mining in the USCB has
been estimated to be over 38 billion m?® as of now [3].
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Although, in a global context, other energy sources are increasingly emerging, it is
known that the use of fossil fuels will continue to be necessary for the next few decades.
Therefore, research on their effective and sustainable exploitation is still relevant and jus-
tified, and research on coal-bearing formations using modern research methods is still
essential. A thorough understanding of the stratigraphy and correlation of lithological units
in coal-bearing formations is a crucial aspect of this research. In recent years, chemostratig-
raphy techniques have been increasingly used for these purposes.

Chemostratigraphy uses a chemical record of sedimentary rocks for stratigraphic
correlation. Chemostratigraphy is based on the recognition of stratigraphical variations in
the geochemistry of the depositional sequences, but the success of the technique depends
on relating chemical variations to changes in mineralogy. The inorganic geochemistry of
sediments is highly variable and depends on the type of clastic material and its provenance,
paleoenvironmental conditions, and diagenesis [9-17].

Even apparently homogeneous sequences demonstrate some chemical composition
differences, which make chemocorrelation a commonly usable technique to determine
stratigraphy and correlate boreholes [11-20].

The application of geochemistry and chemostratigraphy in hydrocarbon exploration
and reservoir characterization has become increasingly common in recent years, particularly
with the advent of developments in analytical instrumentation [10,15-17,19-21].

A precise, high-resolution, objective, and quantitative stratigraphic division method
for macroscopically homogeneous mudstone successions has consistently been required in
response to the increasing demand for unconventional energy worldwide [20].

Chemostratigraphy comprises the geochemical classification and correlation of sedi-
mentary layers using major and trace element geochemistry, which is very helpful when
applied to sequences with poor biostratigraphic records [8].

Important advantages of chemostratigraphy are that ICP analyses can obtain reliable
geochemical data from small sample volumes (core samples and cuttings) and improve-
ments in analytical methods that now enable the rapid analysis of samples. As such, it is
probably the most versatile stratigraphic tool available to the industry at this moment.

Chemostratigraphic studies have been successfully performed for most of the Euro-
pean coal basins [9-13,22-24], but, so far, chemostratigraphic tools have not been used
in the study of the Polish part of the Upper Silesian Coal Basin. The first study on the
chemostratigraphy of carboniferous coal-bearing deposits in the USCB was published in
2022, but it focused only on the Czech part of this basin [24]. The authors of this paper also
indicated that there was a lack of a systematic and modern study of the geochemistry of
coal-bearing sediments from the USCB region.

The coal-bearing succession of the Upper Silesia Coal Basin has a very long and com-
plicated sedimentary history. The up-to-8500 m thick coal-bearing succession has been
subdivided into two parts. The older Paralic series contains marine and brackish fauna hori-
zons, while the younger Limnic series is deposited in a continental paleoenvironment [25].
Most of the coal seams are placed in the Mudstone Series and the Upper Silesian Sandstone
Series (Westphalian), where over 3 m thick coal seams are deposited [26]. These series
belong to limnic deposits. The Mudstone Series, which was the subject of this study, oc-
cupies the largest area compared to all other continental coal-bearing units in the Upper
Silesian Coal Basin [25]. It is homogeneous and highlighted primarily by the dominance of
fine clastic rocks [27]. The Mudstone Series includes a correlation between a freshwater
fauna horizon and a key tuffite horizon. However, both of these horizons are not present
everywhere [25]. Hence, the correlation of this series causes many problems.

It is also important to determine the chemical composition of rocks accompanying coal
seams in terms of the storage or potential management of mining waste. The geochemical
investigation of the presence of trace and major elements in the sedimentary rocks of
the coal-bearing succession from the USCB has primarily focused on rocks from the roof
and floor or interlayers of coal seams [28,29]. The USCB’s geochemical research in recent
years has been mainly focused on the critical elements, particularly rare earth elements,
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found in coal, coal ashes, and coal mining waste. [30-33]. Furthermore, some data on the
distribution of critical and toxic elements in sedimentary rocks were also presented [34,35].
Chemostratigraphic studies have not been carried out for the carboniferous coal-bearing
succession in the USCB so far.

Therefore, the main goals of this study were (1) to analyze the major and trace elements’
concentrations in the sedimentary rocks of the coal-bearing succession of the USCB, (2) to
demonstrate the distribution and stratigraphical variability of the selected elements, (3) to
discuss quartz origin, sediment provenance, and source-area rock compositions, and (4) to
establish if chemostratigraphy tools could be successfully applied to analyze the coal-
bearing series of the USCB.

2. Outline of Geology

The Upper Silesian Coal Basin (USCB) belongs to the Northwest European Carbonifer-
ous Basin (NWECB), which is a large sedimentary basin that extends from Ireland in the
west to Poland in the east [27,36-38].

Due to its economic importance, many authors have extensively studied the geology
of the USCB, e.g., [27,35-42]. The total area of the Polish part of the USCB is estimated to
cover about 5600 km?, of which the area of documented deposits amounts to over 3045 km?.
At present, the USCB’s anticipated economic resources account for approximately 79.99% of
the hard coal domestic resources in Poland [1].

The basement of the Upper Silesian Coal Basin consists of Precambrian, Cambrian, and
Devonian deposits. The lower Carboniferous level (middle and upper Tournaisian) of the
USCB is made up of carbonate rocks, which are the continuation of platform sedimentation
begun in the Devonian. The upper series (lower and middle Visean) is made up of dark
gray limestone that contains sediments such as mudstones, tuffites, and lidites [27].

The Carboniferous coal-bearing succession in the USCB lies unconformably on the
older substrate. The main coal-bearing series of the USCB is composed of the paralic
series (Namurian A) and the limnic series (Namurian B, C, and Westphalian A, B, C, D)
(Figure 1). The paralic series is mainly composed of fine- and medium-grained sandstones.
The thickness of the paralic series in the eastern part of the USCB is about 200 m and almost
3800 m in the western part. In the paralic series, 110 coal seams have been discovered,
with a thickness of up to 1.5 m. The upper part of the coal-bearing series, the limnic
succession, is subdivided into three series (from oldest to youngest): the Upper Silesian
Sandstone Series, the Mudstone Series, and the Krakow Sandstone Series. The Upper
Silesian Sandstone Series is made up of coarse, clastic continental sediments, with 60 coal
seams of considerable thickness (6-8 m) determined [4,27].

The Mudstone Series, which is the subject of the research presented in this study,
contains coal seams, including coking coal of economic relevance. It is homogeneous
and highlighted primarily by the dominance of fine clastic rocks [27]. The sediments of
the Mudstone Series were deposited in a braided-rivers alluvial plain [25]. This series
is composed mainly of fine-grained sediments (up to 80%) in lithological composition.
Coarse-grained deposits (mainly fine- and medium-grained sandstones) constitute 20-30%
and phytogenic material constitutes 3-5%. The Mudstone Series includes 158 coal seams,
of which 71 are of economic importance [27]. Coal seams in mudstones and claystones of
the Mudstone Series show high (>50%) methane saturation levels [25].

The Krakow Sandstone Series is characterized by a uniform structure and is composed
mainly of coarse-grained clastic rocks [4,27]. The series has a maximum thickness of
1140 m and there are only a few coal seams with a thickness of up to 67 m. Additionally,
coal seams in the Mudstone Series are distinguished by relatively high methane contents
(>3 m®/t coal?a) [7].
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Figure 1. Lithostratigraphic division of the Carboniferous succession of Western Europe, North

America, and China (A, B, C, D are part of the stages from older to younger, respectively)

(simplified [27,35,43,44]).

The upper boundary of the Carboniferous coal-bearing succession is unconformable
and erosional and it is covered by Permian, Triassic, Jurassic, and Cenozoic sediments. The
maximum thickness of the overburden is more than 1850 m [27].
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3. Materials and Methods

The material studied comes from core samples obtained from borehole WS located in
the central part of the USCB. The samples represent sedimentary rock from the Carbonifer-
ous coal-bearing series. The location of borehole WS (USCB) is shown in Figure 2.

Study area

-

s
-

R -7

J Slovakia |‘
30km ) ///
L

Upper Silesian Coal Basin

[ Westphalan - Overthrust
B Marmurian - Fault
- Mationalborder

Figure 2. Location of the study area (modified [34]).

This study utilized data from 121 representative core samples. The distribution of
lithological types in the borehole WS profile corresponds well to the general lithological
composition of the Mudstone Series (Westphalian A, B); therefore, this profile can be
considered representative.

The study interval in borehole WS ranges from a depth of 481 m (top of the coal-bearing
series) to 1298 m (end of the drill hole). This study utilized data from 121 representative
core samples, representing different lithological types. Freshly exposed and unweathered
rock samples were collected during drilling works. The spacing between the collected
samples ranged from 2 m to a maximum of 13 m. When sampling, attention was paid to
any changes in the lithology of the sediments. The maximum distances between samples
were caused by coal seams and carbonaceous shales that were not sampled.
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The samples from borehole WS2 represent the Mudstone Series (Westphalian A, B)
(Figure 1) of the Carboniferous coal-bearing succession from the Upper Silesian Coal
Basin. Sample preparation and analytical procedures were performed at the AcmeLab
Analytical Laboratory (currently, Bureau Veritas Commodities Canada Ltd.) in Vancouver,
Canada [34,35]. The samples were crushed, split, and pulverized, with a 250 g rock being
reduced to a 200 mesh size (0.074 mm). The oxides of major element concentrations (Al,O3,
5i0,, Fe, 03, P05, KO, MgO, Ca0O, NayO, K,O, MnO, TiO,, and Cr,O3) were obtained
using X-ray fluorescence (XRF) spectrometry and Li;B4O7/LiBO; fusion. Trace elements
were analyzed using inductively coupled plasma mass spectrometry (ICP/MS) following
four-acid digestion (HF + HCIO4 + HC1 + HNO3). This study presents data for elements
such as Zr, Hf, Nb, Ta, and Ti, which are “key” elements in chemostratigraphic studies.
Additionally, geochemical proxies such as Al,O3/TiO,, TiO,/Zr, Th/Sc, La/Th V/Cr,
Ni/Co, U/Th, and (Cu+Mo)/Zn were analyzed.

4. Results and Discussion
4.1. Chemical Composition

A chemical composition total of 121 core samples, representing different lithological
types, was analyzed. To avoid geochemical trends related to changes in grain size and
lithology, samples were classified into groups, taking into account their chemical composi-
tion. The chemical classification of lithological types, based on the chemical compositions
of siliciclastic rocks, proposed by Sprague et al. (2009) was applied [45]. This classifica-
tion was based on the share of SiO,, Al,O3, MgO, and Fe;O3 in a sample (Table 1). The
classification of samples into different lithological types seems to be necessary because it
is well known that, in any siliciclastic sequence, fundamental differences in whole-rock
geochemistry can occur between different lithological types. Sandstones, with their quartz-
rich nature, have a distinctly different whole-rock geochemistry than mudrocks containing
clay minerals. Therefore, to recognize geochemical changes occurring over time, within
and between different lithostratigraphic formations, mudstone and sandstone lithologies
must be considered separately. In contrast to sandstones, mudstones and claystones have
uniform grain sizes, which means they are likely to possess more homogeneous elemental
distributions. Integrating interpretations from both lithologies is essential for achieving a
complete understanding of the chemostratigraphy [8-13,18].

Table 1. Chemical classification of the siliciclastic rocks [45].

SiO, /Al,O3 <4 Claystones

SiO, /Al,O3 4-6 o Siltstones

SiO, /Al,O3 6-10 Fe;O3 <10% Argillaceous sandstone
SiO, /Al,O3 >10 Sandstones

SiO, /Al,O3 <4 Fe-rich claystone

SiO, /Al,O3 4-6 o Fe-rich siltstone

SiO, /Al,O3 6-10 FeyO3 > 10% Fe-rich argillaceous sandstone
SiO,/Al,O3 >10 Fe-rich sandstone
SiO,/Al,O3 >10 MgO > 5% Dolomitic sandstone

Based on the classification proposed by Sprague et al. (2009), most of the samples
(96 samples) were classified as claystones (5iO0,/Al,O3 < 4%) including six Fe-rich clay-
stones (Fe;O3 > 10%). Nine samples were classified as silty claystones and one sample was
classified as Fe-rich silty claystones. The remaining samples (15 samples) were classified
as sandstones (9 samples) and argillaceous sandstones (6 samples). The variability in the
lithological types in the profile analyzed is presented in Figure 3. The study profile was built
mainly of fine clastic rocks with discrete sandstone intervals, resulting in the claystones’
and siltstones’ dataset being notably larger than the sandstone dataset. Importantly, such a
share of lithological types is representative of the Mudstone Series of the USCB. Therefore,
geochemical data for claystones and siltstones were the basis for the interpretation of
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chemostratigraphic zonation. The sandstone geochemical dataset was relatively small and
was only an additional issue.
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Figure 3. Stratigraphical variability of the lithological types for the borehole WS within the Mudstone

Series of the USCB. Explanations: C, claystones; S, siltstones; As, argillaceous sandstones; Sa, sandstones.

The chemical composition of the samples from the Mudstone Series of the Upper

Silesian Coal Basin is presented in Table 2.

Table 2. Major element contents of the Mudstone Series of the USCB.

Claystones and Siltstones Sandstones
Major Oxides De[fectilo " Average . Average .

eve (1 = 106) Max. Min. SD (0 =15) Max. Min. SD

SiO; (%) 0.01 57.5 69.8 23.5 7.5 81.7 90.2 70.2 5.9
AL O3 (%) 0.01 20.3 27.3 8.6 3.6 7.5 11.7 4.7 19
Fe, 03 (%) 0.04 5.3 329 1.0 5.2 2.8 8.2 1.1 1.8
CaO (%) 0.01 0.22 1.78 0.06 0.26 0.30 1.20 0.07 0.28
MgO (%) 0.01 1.47 6.79 0.76 0.94 0.68 1.86 0.17 0.48
NayO (%) 0.01 0.57 1.11 0.28 0.20 0.57 1.07 0.25 0.21
K70 (%) 0.01 3.26 5.69 1.56 0.70 1.68 2.22 0.94 0.39
P,0s5 (%) 0.01 0.12 0.72 0.04 0.10 0.05 0.10 0.02 0.02
MnO (%) 0.01 0.07 0.35 0.01 0.07 0.05 0.14 0.01 0.03
Cry03 (%) 0.002 0.02 0.02 0.01 0.00 0.01 0.03 0.00 0.01
TiO; (%) 0.01 0.99 1.26 0.44 0.15 0.34 0.63 0.13 0.14

The major oxides SiO; and Al,O3; were the predominant constituents, with contents
ranging from 23.5% to 69.8% and 8.6% to 27.28%, respectively, in the claystones and
siltstones, and from 70.2% to 90.2% and 4.7% to 11.4%, respectively, in the sandstones
(Table 2). The concentration of Fe,O3 was diverse, ranging from 1.0% to 32.9% in the
claystones and siltstones and from 1.1% to 8.2% in the sandstones.
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High Fe;O3 concentrations are usually accompanied by an increase in CaO and MgO
contents, which are related to the occurrence of dolomite and siderite. The CaO contents
were very low, averaging 0.22% in the claystones and siltstones and 0.30% in the sandstones.
Other major oxides, such as MgO, Na,O, K,O, P,05, MnO, Cry03, and TiO,, were present
in low concentrations.

4.2. Chemostratigraphic Zonation
4.2.1. Major Elements

In a stratigraphic context, differences in mineralogy and/or chemistry can lead to the
formation of a geochemical system, which provides valuable information about geological
settings, climate, and the processes of sediment production and preservation. The strati-
graphic record exhibited changes in the concentration of certain elements over time as a
result of geological conditions, such as tectonic, climatic, redox, oceanographic, biotic, and
other processes [15-17,26,46].

Geochemical profiles are the most effective way to present geochemical data when
they plot element concentrations against sample depth.

The geochemical profiles of major element concentrations usually enable us to see the
principal geochemical features of the profile and to divide it into geochemically distinct
intervals [12,13,15,16]. The geochemical data derived from the claystones and siltstones
from borehole WS are presented in Figure 4. Vertical variations in major element concen-
trations and relative enrichment or depletion levels have resulted in the recognition of
chemostratigraphic units. The geochemical profiles of the WS borehole showed levels of
relative enrichment in elements such as Fe, Ca, Mag, Mn, and P as well as levels of relative
depletion in Al and Si. It should be mentioned here that the results presented in this work
are the first study on the chemozonation of the coal-bearing formations in the USCB. Some
data on the distribution of major and trace elements were presented for the Czech part of
the USCB, but they mostly concerned older stratigraphic units.

% 0 50 o 20 4000 1,0 2,0 0 100
400 +—m———

Depth mbs
w
=)
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800 % é
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1100
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Figure 4. Major element geochemical profiles of the Mudstone Series from the borehole WS and

wm*mrf"

WW‘“’W -

chemostratigraphic zonation of the profile.

Interpretation of the geochemical data acquired resulted in the recognition of
four chemostratigraphic units: Unit 1 (depth 1298-1145 m), Unit 2 (depth 1145-985 m),
Unit 3 (depth 985-585 m), and Unit 4 (depth 585-481 m). The main geochemical character-
istics of these divisions are described below.

Unit 1 (depth 1298-1145 m), the deepest chemostratigraphic unit, and Unit 3, from
a depth of 985-585 m, are characterized by comparable principal geochemical features.
Therefore, they were analyzed together.
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Chemical analyses of Unit 1 and Unit 3 samples showed that they were remarkably
uniform in chemical composition (Figure 4). To verify the geochemical homogeneity of
this interval, the average values and range of selected major element concentrations are
presented in Figure 5.

Si0; (%) AL O5(%)
80 40
@l ] :
=Max-Min =Max-Min
40 20
20 * Average * Average
0 0
Ul U2 u3 U4 Ul u2 u3 U4
Fe,05(%) Ca0 (%)
40 2.0
30 15
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20 1.0
10 I * Average 0.5 I * Average
0 00 | X
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0.6 1 E
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Figure 5. Average, minimum, and maximum values for the selected major elements within the
chemostratigraphic units.

The major oxides S5iO; and Al O3 were the predominant constituents. The SiO, content
ranged from 53.4% to 68.0% and from 45.8% to 69.8%, respectively, in Unit 1 and in Unit 3.
The Al,O3 content ranged from 15.6% to 26.0% in Unit 1 and from 12.0% to 27.3% in Unit 3
(Figures 4 and 5).

The content of major elements is crucial for determining the silica composition’s
origin [45,47,48]. The primary sources for silica are terrigenous clastic quartz, Si-bearing
hydrothermal fluid input, the conversion of smectite to illite, and biogenic quartz. The
origin of the quartz is especially important when analyzing the main determinants of the
quality of hydrocarbon reservoirs [19]. Several geochemical criteria have been reported for
determining the origin of silicon in sedimentary rocks [10,19,46,49].

In this study, the relationships between TiO; and SiO; were analyzed to determine
the quartz origin. A strong positive correlation between TiO, and SiO, suggests that
terrigenous quartz is a primary source of silica, while a clear negative relationship indicates
a high proportion of biogenic silica [10,19,46,49].

The correlation diagrams between SiO, and TiO, for the study sample from Unit 1
and Unit 3 showed a moderate negative correlation. The values of Pearson’s correlation
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coefficient (R) were —0.56 and —0.51, respectively, in Unit 1 and Unit 3 (Figure 6a, Table 3),
indicating that terrigenous quartz is not a primary source of silica.

14
12 ' R=-0.56
2 = v
<08 kL
Q0.6
04
0.2
0 T T 1
20 40 60 80 b 20 40 60 80
@ Si0, (%) U3 ¢ Ul Si0,(%) ~ WU2°U4
Figure 6. Correlation diagrams of SiO, with TiO, for the samples from Unit 1 and Unit 3 (a) and
Unit 2 and Unit 4 (b).
Moreover, it was observed that there was a strong negative correlation between SiO; and
Al,O3, with values of Pearson’s correlation coefficient R —0.80 and —0.77, in Unit 1 and Unit 3,
respectively (Table 3). The Al vs. Si binary diagram showed a negative trend between the two
elements, with relatively high concentrations of Al and low concentrations of Si (Figure 7a).
This can be explained by the proportion of Al-bearing clay minerals decreasing as Si-bearing
minerals (e.g., quartz, zircon, and titanite) increased and vice versa [9,26,50].
30 30
2 & 25
,?23 \.Q"R: -80 S 20
& *Tge S
S15 2 S15
=10 Z 10
5 5
0 T T 1 O T T 1
20 40 60 80 b 20 40 60 80
a Si0,(%)® U3 Ul Si0, (%) WU2  ® U4
Figure 7. Correlation diagrams of SiO, with Al,Oj3 for the samples from Unit 1 and Unit 3 (a) and
Unit 2 and Unit 4 (b).
The Al,O3 vs. KyO graph illustrates a positive trend between the two elements (R 0.70 and
0.66, in Unit 1 and Unit 3, respectively) (Figure 8a, Table 3), suggesting that K, along with Al,
was at least partly concentrated in clay minerals. The lack of correlation between these elements
would suggest that part of the K was related to the feldspars” and micas’ K [9,12,13].
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Figure 8. Correlation diagrams of K,O with Al,Os for the samples from Unit 1 and Unit 3 (a) and
Unit 2 and Unit 4 (b).



Energies 2024, 17, 642

11 of 21

Table 3. The values of the correlation coefficient (R) for selected major elements.

Element Unit1 Unit1 Unit 2 Unit 3 Unit4
Sivs. Ti —0.56 0.80 —0.51 0.89
Si Sivs. Al —0.80 0.58 -0.77 0.62
Si vs. Fe 0.00 —0.89 —0.11 —0.88
K Kvs. Al 0.70 0.76 0.66 0.61
Fe vs. Ca 0.79 0.87 0.27 0.89
E Fe vs. Mg 0.44 0.93 0.62 0.97
€ Fevs. P 0.61 0.76 0.04 0.72
Fe vs. Mn 0.94 0.92 0.92 0.99
Ca Cavs. Mg 0.49 0.94 0.01 0.93

The average Fe,O3 content of the studied samples from Unit 1 was 3.67% (range
2.00-6.06%) and from Unit 3 was 4.26% (range 1.67-9.70%), whereas the share of CaO
ranged from 0.06 to 0.20% (average 0.13%) and from 0.06 to 0.54% (average 0.16%) in
Unit 1 and Unit 3, respectively (Figure 5). In Unit 1, where the Fe,O3 content was slightly
lower (Figure 5), this element is associated with carbonate minerals, which was indicated
by the strong correlation of Fe vs. CaO (R = 0.79) (Figure 9a, Table 3) and vs. Mn (R = 0.94).
A moderate positive correlation between Fe and P (R = 0.61) and a very weak positive
correlation between Fe and Mg (R = 0.44) were also found (Table 3).

0 40
R=0.27 < 30 =
S'ee S R=y.87 B .
5 % Qg 20 ]
é - 2 10 / .R:O.89

0 T T 1 0 T o T 1

0.0 0.2 0.4 0.6 0.0 1.0 2.0

20 U3 *U1 b CaO (%) ™U2 ® U4

Figure 9. Correlation diagrams of CaO with Fe,Oj3 for the samples from Unit 1 and Unit 3 (a) and
Unit 2 and Unit 4 (b).

Within Unit 3, Fe is probably associated with oxyhydroxides rather than carbonates
because there was no correlation between Fe and Ca (R = 0.27) (Figure 9a, Table 3) [7,9,18].
The correlation between Fe and Mg was moderately positive (R = 0.62), while the correlation
between Fe and Mn was strongly positive (R = 0.92) (Table 3).

The analysis of the main elements’ content showed great similarities in the geochem-
istry of Unit 1 and Unit 3. The main difference was the strong correlation of Fe with Ca in
Unit 1 and its lack in Unit 3 (Table 4)

Unit 2 (depth 1145-985 m) and Unit 4 (depth 585 —481 m) were characterized by high
vertical variability of the major element concentrations.

SiO, and Al,O5 contents ranged from 53.4% to 65.0% and 11.2% to 20.3%, respectively,
in Unit 2 and from 30.3% to 66.4%, and 8.6% to 25.5%, in Unit 4, respectively (Figures 4 and 5).

The strong positive relationship between Si and Ti contents was observed for the
sample from Unit 2 as well as for the sample from Unit 4. Strong positive correlations for
Sivs. Ti (R = 0.80 and R = 0.89 for Unit 2 and Unit 4, respectively) suggest that terrigenous
quartz is a primary source of silica (Figure 6b).

In Unit 2 and Unit 4, a positive correlation was found between SiO; and Al,O3, with
Pearson’s correlation coefficient (R) values of 0.61 and 0.76 in Unit 2 and Unit 4, respectively
(Figure 7b, Table 3). This may indicate similar proportions of Al-bearing clay minerals and
Si-bearing minerals (e.g., quartz, zircon, and titanite) [9,26,50]. It should be noted that, in



Energies 2024, 17, 642

12 of 21

the samples from Units 2 and 4, lower concentrations of Si and Al were observed related to
the carbonate dilution, as these samples were enriched in Ca-bearing carbonate minerals.
The correlations diagram for Al;O3 vs. KO for Units 2 and 4 exhibits similar positive
trends as those observed for Units 1 and 3 (Figure 8b, Table 3).

The average values for Fe,O3, CaO, MgO, MnO, and P05 in Units 2 and 4 were only
slightly higher than in Units 1 and 3; the larger ranges of values of these elements are
remarkable (Figures 4 and 5).

This is related to the presence of levels with significantly increased concentrations of
these elements. Enrichment with elements such as Ca, Mg, and Mn is generally associ-
ated with carbonate minerals, mainly siderite, calcite, and dolomite; enrichment in Fe is
associated with Fe oxyhydroxides such as hematite and goethite (in red deposits), ferroan
dolomite cements in the sandstones, and with siderite, pyrite, and ferroan dolomite in the
gray beds and coal measures [9,12,13].

The share of Fe;O3 in Unit 2 ranged from 2.56 to 27.76% and in Unit 4 from 0.97 to
25.28%, while the content of CaO varied from 0.07 to 1.24% in Unit 2 and from 0.06 to 1.78%
in Unit 4 (Figures 4 and 5).

High Fe,O3 concentrations in the analyzed samples were usually accompanied by an
increase in MgO and CaO contents. A very high positive correlation (R = 0.87 and R = 0.89 for
Unit 2 and Unit 4, respectively) was noted between Fe and Ca (Figure 9b, Table 3), which
indicated that Fe was mainly associated with carbonate minerals and that was related to
the presence of siderite and dolomite interlayers. Also, strong correlations between Fe vs.
Mg and Fe vs. Mn were observed (Table 3).

Enrichment in P can also be associated with siderite, since P levels are recorded from
sideritic horizons where the element is linked with Fe [12,13]. In the study samples from
Unit 2 and Unit 4, a high correlation was found between Fe and P (R = 0.76, R = 0.72,
respectively), which indicates that P enrichment was also associated with siderite (Table 3).

It is also worth noting that enrichment in the elements presented above was usually
accompanied by depletion in Si. Correlation diagrams of SiO, with Fe;O3; showed a
strong negative correlation between these elements (R = —0.89, R = —0.88, respectively)
(Figure 10b, Table 3). The analysis of the share of the main elements and their relationships
in Unit 2 and Unit 4 showed their great similarity.
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Figure 10. Correlation diagrams of SiO, with Fe;O3 for the samples from Unit 1 and Unit 3 (a) and
Unit 2 and Unit 4 (b).

A summary of the main geochemical features of the chemostratigraphic units is
presented in Table 4.
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Table 4. A summary of the main geochemical features of the chemostratigraphic units.
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4.2.2. Provenance

Trace element composition can potentially provide information regarding the prove-
nance of terrigenous sediments and source-area rock compositions [26,46,49-56].

The ratios of Al,O3/TiO;, and TiO, /Zr as well as the abundance of trace elements,
such as Zr, La, Sc, Th, and their elemental ratios (Th/Sc and La/Th), are commonly used in
provenance studies (e.g., [18,26,46,49-59]).

The Al,O3/TiO; ratio is used to identify source materials, since the Al,O3/TiO, values in
sedimentary rocks are basically preserved from their parent rocks and do not change signifi-
cantly during chemical weathering, transport, sedimentation, and diagenesis [18,45,47,50-55].
AlyO3/TiO; ratios range from 3 to 8, 8-21, and 21-70 for mafic, intermediate, and felsic
sources, respectively [52]. The Al,O3/TiO; ratios of all the studied samples (from Units
1, 2, 3, and 4) ranged from 16.2 to 29.1 (average 20.4), indicating that they were derived
from felsic to intermediate igneous rocks. A crossplot of Al;O3 vs. TiO, showed that all
samples were placed near the borderline between felsic and intermediate igneous rocks
(Figure 11a,b).
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intermediate intermediate

x‘é‘
™ o

o S
S

felsic felsic

0.5 0.5 9,

TiO, (%)
TiO, (%)

B Unit 2

Unit 3 @ Unit 1
® Unit 4

0 10 20 30 40 0 10 20 30 40
a ALO; (%) b AL O3 (%)

Figure 11. Crossplot of Al,O3 vs. TiO, for the samples from Unit 1 and Unit 3 (a) and Unit 2 and
Unit 4 (b).

A plot of the contents of TiO, versus Zr can also be used for characterizing the nature
and composition of source-area rocks. The TiO; being associated with heavy minerals
can be transported with the coarser particles [60]. The TiO,/Zr weight ratio generally
decreases with increasing SiO; content, from >~200 for mafic igneous rocks, to 195-55 for
intermediate rocks, and <55 for felsic rocks [50,60]. The TiO, /Zr weight ratio of the studied
samples ranged from 50.4 to 109.5 (average 83.7). On the plot, TiO; versus Zr for all
analyzed samples (except one point) fell into the intermediate rock field close to the felsic
igneous rocks’ field (Figure 12a,b).
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Figure 12. Crossplot of TiO; vs. Zr for the samples from Unit 1 and Unit 3 (a) and Unit 2 and Unit 4 (b).

The ratios Th/Sc and La/Th are commonly applied determinants of sediment prove-
nance due to their immobile nature and abundance/concentration in felsic (La and Th) and

mafic (Sc) rocks [46,49,50,54,56,58,59].
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The La/Th ratio value of 2.80 represents the upper continental crust [61]; values below
this belong to felsic and intermediate sources. The La/Th ratios of the samples ranged from
0.8 to 3.0 (average 2.1); for almost all the samples, the La/Th ratios were lower than the
La/Th = 2.8 ratio of the upper continental crust, suggesting a felsic to intermediate source
for the sediments. Only four samples were placed slightly above the line La/Th = 2.8,
suggesting a mafic source (Figure 13a,b).
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Figure 13. Crossplot of La vs. Th for the samples from Unit 1 and Unit 3 (a) and Unit 2 and Unit 4 (b).

Sc and Th are transferred quantitatively from source to sediment. Thus, the Th/Sc ratio
can be used to distinguish between felsic and mafic sources [46,49,52,54-59]. Th/Sc ratios of
>1.0 are typical of continental crust enriched in incompatible elements, >0.6-1.0 indicates
an andesitic composition, and <0.6 typifies a mafic signature.

The Th/Sc ratios of the study core samples were diversified and ranged from 0.3 to
1.8. In the Th/Sc diagram, the sample data were placed in three different fields, indicating
a mixed source.

The samples from Unit 1 fell mainly into the felsic and intermediate rock fields. The
samples from Unit 2 and Unit 4 had similar distributions on the Th/Sc diagrams, with the
samples clustered at the field indicating the intermediate or mafic source for the sediments,
while the samples from Unit 3 fell into three different fields (Figure 14a,b).
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Figure 14. Crossplot of Th vs. Sc for the samples from Unit 1 and Unit 3 (a) and Unit 2 and Unit 4 (b).

Indicators such as Al;O3/TiO,, TiO,/Zr, and La/Th suggested a felsic to intermediate
source of the sediments, while the Th/Sc ratio indicated also a mafic source of the sediments
for Unit 1, Unit 2, and Unit 3 (Table 4).

4.2.3. Redox Conditions

Redox-sensitive trace element (TEs) concentrations (such as U, Th, V, Mo, Cr, Co, Ni,
Cu, Zn, and Pb) and their ratios have been frequently used as indicators of redox conditions
in modern and ancient sedimentary systems [13,19,51,52,57-59,62-64]. The elements V,
Ni, Cr, and Co hardly migrate during diagenesis. They are readily soluble in oxidizing
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conditions but less soluble in reducing conditions. Therefore, they preserve the original
sedimentary records and are effective indicators of redox conditions of the sedimentary
paleoenvironment [64].

In this study, V/Cr, Ni/Co, U/Th, and (Cu+Mo)/Zn ratios were used to evaluate
paleoredox conditions [18,46,63-66]. According to Jones and Manning (1994) and Rim-
mer (2004), these various ratios cannot be used reliably individually but, rather, must be
considered collectively [64,65].

High V concentrations generally occur under reducing conditions, while Cr usually
occurs in sediments. Therefore, V/Cr can be used as an indicator of oxygen content [18,62-67].
Jones and Manning (1994) proposed the use of V/Cr ratios to estimate the paleoredox
depositional conditions. When the V/Cr value is greater than 4.25, it suggests an oxygen-
poor or anaerobic environment. When the V/Cr value is between 2.0 and 4.25, it suggests an
oxygen-poor environment. When the V/Cr value is less than 2, it indicates an oxygen-rich
environment [18,46,64,66]. Ni/Co ratios <5 indicate oxic environments and Ni/Co ratios
between 5 and 7 suggest dysoxic environments, while higher ratios (Ni/Co > 7) suggest
anoxic conditions [18,46,65-67].

The V/Cr ratios for the analyzed samples were relatively low (0.6-1.8), suggesting
oxic environments, while Ni/Co ratios varied from 3.3 to 6.4 and, for most of the samples,
indicated oxic environments. Only five samples (from Unit 2 and Unit 3) were placed in
the field of dysoxic conditions based on the Ni/Co ratio (Figure 15a). Considering that the
paleoredox proxies should be analyzed together [64,65], it can be concluded that the oxic
paleoredox conditions prevailed.
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Figure 15. Crossplot of Ni/Co vs. V/Cr (a) and of U/Th vs. (Cu+Mo)/Zn (b) for the analyzed samples.

Cu and Zn in sediments are mainly controlled by redox and not influenced by diagenetic
changes, so the (Cu+Mo)/Zn ratio can also be used as an oxidation-reduction parameter.
Generally, a value of the Cu+Mo)/Zn ratio less than 0.55 suggests oxic environments [46,59,68].

The (Cu+Mo)/Zn ratios of all samples were low, ranging from 0.08 to 0.54, which
indicates oxic environments (Figure 15b).

The ratio U/Th or Th/U is also often applied in paleoredox conditions
research [17,46,64—67]. U/Th ratios <0.75 suggest oxic environments and U/Th ratios
between 0.75 and 1.25 suggest dysoxic environments, while a U/Th ratio >1.25 suggests
anoxic conditions [63].

The U/Th ratios for the sample from all distinguished units were less than 0.75,
indicating oxic environments (Figure 15b).

The redox-sensitive proxies V/Cr, Ni/Co, U/Th, and (Cu+Mo)/Zn suggest mostly
permanently oxygenated conditions. Oxygen-restricted conditions were suggested only by
the values of Ni/Co for a few samples from Unit 2 and Unit 3 (Table 4).

The Sr/Ba ratio, which is typically used to evaluate the salinity of sedimentary water,
was also tested [18,46,62,63]. Sr/Br < 1 indicates a freshwater environment, whereas
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Sr/Ba > 1 indicates a saltwater environment [18]. The Sr/Ba ratios of samples from all units
were <1, indicating that they were deposited in freshwater environments.

4.2.4. Trace Elements

Chemostratigraphic studies are also commonly based on the analysis of elements
concentrated in heavy minerals such as Zr, Hf, Nb, Ta, Ti, Y, MREE, HREE, Cr, and
Th. These are high-field-strength elements; their distributions are largely unaffected by
post-depositional weathering/diagenesis [9,15,16,18,69]. These elements are derived from
terrigenous sources and are delivered to the sediment within the detrital input. Relatively
high Ti, Nb, and Ta abundances are related to the presence of heavy minerals (mostly rutile),
although they also have affinities with authigenic anatase and detrital clay [12,13,17,69]. Zr
and Hf are concentrated almost exclusively in zircon [9,12,13].

The element Zr is considered the most diagnostic in terms of detrital input.

Zr is commonly used as a proxy for the heavy mineral zircon in both siliciclastic and
carbonate studies. The only source of zircon is a terrigenous source; therefore, it is an
effective indicator for the terrigenous input. The concentration of Zr in carbonate sediments
is related to the amount of detrital material in the carbonate [9,12,13,15-18].

In this study, selected trace elements such as Zr, Hf, Nb, Ta, and Ti were applied for
chemostratigraphic analyses. The average concentration values of these elements were
significantly higher for claystones and siltstones than for sandstones (Table 5).

Table 5. Selected trace contents of the Mudstone Series of the USCB.

Claystones and Siltstones Sandstones
Trace Detection A A

Element Level verage . verage .
v (n = 106) Max.  Min. SD (n=15) Max.  Min. SD
Zr (ppm) 0.01 119.7 169.5 474 18.4 63.6 93.9 29.6 23.0
Hf (ppm) 0.01 3.56 5.30 1.30 0.59 1.87 2.80 0.90 0.68
Ti (%) 0.001 0.52 0.64 0.18 0.08 0.16 0.33 0.06 0.07
Nb (ppm) 0.01 15.81 20.20 5.30 2.66 4.44 8.50 2.00 1.96
Ta (ppm) 0.01 1.18 1.50 0.40 0.21 0.36 0.70 0.10 0.16

The vertical distributions of Zr, Hf, Nb, Ta, and Ti for claystones and siltstones were
analyzed and are presented in Figure 16.
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Figure 16. The vertical distributions of Zr, Hf, Nb, Ta, Ti in the profile of the Mudstone Series from
the borehole WS.
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The distribution of Zr and Hf in the profile showed exactly the same pattern of
variation. In Units 1 and 3, enrichment of these elements was present, while in Units 2 and
4, depletion of Hr and Zr was much more common. Analyzing the vertical variability of
the concentrations of elements such as Nb, Ta, and Ti, similar trends were found as those
observed for Hf and Zr. Units 1 and 3 were characterized by relatively low variability in the
Nb, Ta, and Ti contents, while within Unit 2 and Unit 4, significant losses of these elements
were observed. It is important to note that levels with lower terrigenous input within Unit 2
and Unit 4 also exhibited a higher content of Fe, Ca, and Mg, which are linked to carbonate
minerals, mainly siderite (Table 4).

Additionally, an exceptionally strong positive correlation between Zr and Hf (R = 0.94)
(Figure 17a) was found. This is explained by the fact that these elements are strongly
associated with zircon. Similar correlations were reported from the Carboniferous of other
European Coal Basins [9,12,13,15,16]. Moreover, very strong positive correlations were
observed for Ti vs. Nb (R = 0.94) and Ti vs. Ta (R = 0.93) (Figure 17b,c). This suggests those
elements were concentrated in the same heavy mineral(s), though the precise mineralogical
affinities cannot be established by graphical/statistical analysis alone. On the other hand,
moderately developed positive trends were observed in Zr vs. Nb (R = 0.69), which may
indicate that Zr and Nb were linked with different heavy minerals (Figure 17d).
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Figure 17. Relationship between selected trace elements Zr vs. Hf (a), Ti vs. Nb (b), Ti vs. Ta (c), and
Zr vs. Nb (d).

5. Conclusions

e  The geochemical record from the profile of the Mudstone Series shows changes in the
concentration of major elements and selected trace elements, leading to the identifica-
tion of four chemostratigraphic units. These units differ primarily in the content of Fe,
Ca, Mg, Mn, and P as well as their different relationships.

e  Unit 2 and Unit 4 demonstrated an enrichment with elements such as Fe, Ca, and Mg,
which are associated with carbonate minerals, while Unit 1 and Unit 3 demonstrated an
enrichment with Zr, Hf, Nb, Ta, and Ti associated with the presence of heavy minerals.

e  Studies of silica origin showed that, in Unit 2 and Unit 4, terrigenous quartz was
a primary source of silica, while in Unit 1 and Unit 3, different sources of silica
were observed.

e Based on indicators such as Al,O3/TiO,, TiO, /Zr, and La/Th, it can be concluded
that all analyzed samples were possibly derived from felsic to intermediate igneous
rocks; only the Th/Sc ratio suggested a mixed sediment source.

e Paleoenvironmental analyses, based on V/Cr, Ni/Co, U/Th, (Cu+Mo)/Zn, and Sr/Ba,
indicated an oxic, freshwater depositional environment.
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e  Chemostratigraphy was used for the first time in the study of the Carboniferous coal-
bearing series of the USCB, concluding that it can be used as an effective stratigraphic
tool providing new information on the possibility of correlating barren sequences of
the coal-bearing succession.
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