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ABSTRACT:

Widera, M., Zielinski, T., Chomiak, L., Maciaszek, P., Wachocki, R., Bechtel, A., Stodkowska, B., Worobiec,
E. and Worobiec, G. 2021. Tectonic-climatic interactions during changes of depositional environments in
the Carpathian foreland: An example from the Neogene of central Poland. Acta Geologica Polonica, 71 (4),
519-542. Warszawa.

Many geological problems have not been convincingly explained so far and are debatable, for instance the
origin and changes of the Neogene depositional environments in central Poland. Therefore, these changes
have been reconstructed in terms of global to local tectonic and climatic fluctuations. The examined Neogene
deposits are divided into a sub-lignite unit (Kozmin Formation), a lignite-bearing unit (Grey Clays Member),
and a supra-lignite unit (Wielkopolska Member). The two lithostratigraphic members constitute the Poznan
Formation. The results of facies analysis show that the Kozmin Formation was deposited by relatively
high-gradient and well-drained braided rivers. Most likely, they encompassed widespread alluvial plains. In
the case of the Grey Clays Member, the type of river in close proximity to which the mid-Miocene low-lying
mires existed and then were transformed into the first Mid-Miocene Lignite Seam (MPLS-1), has not been
resolved. The obtained results confirm the formation of the Wielkopolska Member by low-gradient, but mostly
well-drained anastomosing or anastomosing-to-meandering rivers. The depositional evolution of the exam-
ined successions depended on tectonic and climatic changes that may be closely related to the mid-Miocene
great tectonic remodelling of the Alpine-Carpathian orogen. This resulted in palacogeographic changes in
its foreland in the form of limiting the flow of wet air and water masses from the south and vertical tectonic
movements.
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INTRODUCTION

The Neogene, mostly the middle portion of the
Miocene epoch (i.e., Langhian 15.97-13.82 Ma), covers
a time interval of great tectonic and climatic changes
on a global and regional scale. The overall progressive
and long-term global cooling was interrupted, among
others, by the last peak (~15 Ma) of the Mid-Miocene
Climatic Optimum (MMCO) (Zachos et al. 2001,
2008; Mosbrugger et al. 2005; Bohme 2003). An im-
portant role in the climatic fluctuations was played by
tectonic movements, which shifted mountain chains
on many continents, as well as being crucial in open-
ing and closing the ocean gateways (Sijp et al. 2014).

In Europe, the mid-Miocene elevation of the
Alpine-Carpathian orogenic belt and its influence
on the foreland territories is well known (Ziegler and
Dézes 2007; Schmid et al. 2008; Gusterhuber et al.
2012). During this time interval, the tectonic activity
of the Carpathians was also marked by the climax
of vertical and lateral displacements, as well as the
development of sedimentary basins in the foreland
and back-arc areas, alongside volcanic phenomena
(Plasienka et al. 1997; Fodor et al. 1999; Krzywiec
2001; Golonka 2004; Peryt and Piwocki 2004; Schafer
et al. 2005; Oszczypko 2006; Andreucci et al. 2013;
Wysocka et al. 2016; Kovac¢ et al. 2007, 2017a, b;
Widera et al. 2008, 2019a; Jarosinski et al. 2009;
Mach et al. 2013; Jankowski and Margielewski 2015;
Jankowski and Wysocka 2019; Sujan et al. 2020,
2021). On the other hand, climatic changes further
enhanced by tectonics have been documented in both
fauna (Bohme 2003; Hernandez-Ballarin and Pelaez-
Campomanes 2017; Holcova et al. 2018) and flora
(Schneider 1992; Planderova et al. 1993; Utescher et
al. 2009, 2021; Dolakova et al. 2021).

The Neogene sedimentary successions in central
Poland are well exposed thanks to mining activities
in the Konin area (Text-fig. 1). Long-term exploita-
tion of the first Mid-Miocene Lignite Seam (MPLS-
1) in numerous opencasts allowed for the study of
both this seam and the siliciclastics contained within,
as well as the under- and overlying sediments. In
general, the examined successions represent various
fluvial palaecoenvironments that usually changed
suddenly on a geologic timescale (Peryt and Piwocki
2004; Widera 2007).

In the study area, the major changes in deposi-
tional systems (braided, meandering, or anastomos-
ing rivers) were caused by regional subsidence, as
a consequence of Miocene tectonic phenomena in
the Alps and Carpathians (Golonka 2004; Ziegler
and Dézes 2007; Jarosinski et al. 2009; Kovac et al.
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Text-fig. 1. Location map of the study area. A — Position of Poland

in Europe in relation to the Alpine-Carpathian orogenic belt. B —

location of the lignite opencasts (Konin Basin, central Poland) from
which the data presented in this study were derived.

2017a, b). However, particularly during the mid-Mio-
cene, there were also significant global and regional
climate fluctuations (Zachos et al. 2001; Bohme
2003; Bruch et al. 2007). Such climatic changes ad-
ditionally influenced the sedimentary facies (Bridge
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2003; Colombera et al. 2017). Changes in total sub-
sidence (i.e., tectonic and compactional) are known
to influence depositional processes, including the
change of sub-environments within the fluvial sys-
tems (Kasinski 1989; McCabe and Parrish 1992;
Gawthorpe and Leeder 2000; Michaelsen et al. 2000;
Michon et al. 2003; Schifer et al. 2005; Widera 2007,
2015, 2019; Widera et al. 2007; Rajchl ez al. 2008,
2009; van Asselen 2011; Schifer and Utescher 2014;
Novak et al. 2017; Wang et al. 2020).

So far, research on the Neogene successions in
central Poland has been limited to one lithostrati-
graphic unit, preventing the reconstruction of changes
of depositional environments. Therefore, we intend
to explain these changes for all Neogene sedimen-
tary successions from the Konin Basin. This main
goal of the current study will be achieved through
the implementation of the following research tasks:
(1) description and interpretation of facies represent-
ing different environments; (2) discussion of sudden
changes in depositional environments in the context
of tectonic and climatic fluctuations; and (3) proposal
of new conceptual models for the investigated and
discussed depositional environments corresponding
to the relevant Neogene lithostratigraphic units in
central Poland.

GEOLOGICAL SETTING

The Konin Basin in central Poland is rich in lig-
nite deposits. Therefore, over 7,000 boreholes were
drilled to document lignite reserves (Widera 2007)
and 17 opencast mines were put into operation be-
tween 1942 and 2021 (Widera et al. 2021). This al-
lowed for a good understanding of the geology of the
research area.

Lithostratigraphy

The Neogene sediments in the study area are al-
most entirely terrestrial in origin. Therefore, their
lithostratigraphy is only sporadically supported by
marine microfauna or microflora. Under such cir-
cumstances, lignite seams play a fundamental role
in the lithostratigraphic division of the Neogene
in the Polish Lowlands (Piwocki and Ziembinska-
Tworzydto 1997; Widera 2007). Due to the extensive
palynological documentation, it is relatively easy to
correlate the lignite seams from central through west-
ern Poland with those from southeastern Germany
(Widera et al. 2008, their fig. 4). In the latter case,
the lignite-rich deposits are interbedded with marine

siliciclastics, which additionally favours their more
precise dating, based on the zonation of microfauna
and/or dinocysts (Standke et al. 1993; Grimm ef al.
2002; Janssen et al. 2018).

The base of the Cenozoic, namely the top of the
Mesozoic bedrock, is made up of marls and limy
sandstones of Late Cretaceous age (Dadlez et al.
2000). Locally, lower Oligocene sediments occur in
the deepest parts of the shallow tectonic depressions
(i.e., grabens), filled with lignite seams. They occur
in the form of marine glauconitic sands (Tomistawice
area) or as lacustrine ‘blue clays’ and beach ‘Kozmin
Gravels’ that were redeposited into the Neogene
(Kozmin and Adamoéw area) (cf. Text-figs 1 and 2;
Widera and Kita 2007; Widera 2010). On the con-
trary, the Paleogene deposits have not been docu-
mented in the area of the Jozwin IIB and Kazimierz
N lignite opencasts.

The Neogene in the Konin Basin is divided into
two lithostratigraphic formations: the Kozmin For-
mation succeeded by the Poznan Formation. The
first one includes sub-lignite siliciclastics, mainly
fluvial sands with sandstones and coaly intercala-
tions. The Kozmin Formation was deposited in the
early- to mid-Miocene time interval — ~23—-15 Ma
(Piwocki and Ziembinska-Tworzydto 1997). On the
other hand, the Poznan Formation encompasses the
following two lithostratigraphic members: the Grey
Clays Member and the Wielkopolska Member. In
general, they accumulated from the mid-Miocene to
the early Pliocene — ~15-5 Ma (Text-fig. 2; Piwocki
and Ziembinska-Tworzydto 1997; Widera 2007).

The first of these members is the most lignite-bear-
ing in central Poland. Thus, the Grey Clays Member
contains the currently exploited lignite seam (i.e.,
the first Mid-Polish Lignite Seam, MPLS-1) from
the Konin Basin. This MPLS-1 is characterised by a
maximum thickness of ~20 m, on average 6.3—8.1 m
(Bechtel et al. 2019, 2020; Widera et al. 2021). Most
likely, its deposition started during the last peak of the
Mid-Miocene Climatic Optimum (MMCO) and con-
tinued when the climate started to cool (Kasinski and
Stodkowska 2016; Stodkowska and Kasinski 2016;
Stodkowska and Widera 2021). This is supported by
tuff dating and calculations of the maximum peat
accumulation time. The tuff horizon, occurring in
the MPLS-1 roof or slightly higher (Widera et al.
2021, their fig. 3), was first correlated with tuffs from
other sedimentary basins, including the Carpathian
Foredeep (Wagner 1984), where it was dated using
the “°Ar/3°Ar method (Bukowski et al. 2018). The age
obtained ~14.3 Ma indicates the end of peat accumu-
lation, while its beginning took place ~0.8 My earlier
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Text-fig. 2. Simplified sketch of the Cenozoic lithostratigraphy and chronostratigraphy from the Konin Basin based on borehole data (modified
from Chomiak et al. 2019; Maciaszek et al. 2019; Chomiak 2020a; Worobiec et al. 2021).

(Chomiak 2020a), that is ~15 Ma, as estimated from
original calculations of Zagwijn and Hager (1987).
On the other hand, the MPLS-1 accumulated in the
overbank zone of a mid-Miocene fluvial system as
low-lying mires (Widera 2016a; Chomiak et al. 2019,
2020). Locally, relatively thin lenses of the so-called
‘grey clays’, with discontinuous and thin organic-rich
layers (sometimes lignites) in their upper parts, rest
on the MPLS-1 roof. Most likely, this period of tran-
sitional organic-mineral accumulation ended at ~13.8
Ma. Due to their genetic similarity, the MPLS-1 and
the ‘grey clays’ belong together to the Grey Clays
Member (Piwocki and Ziembinska-Tworzydto 1997,
Widera 2007).
The Wielkopolska Member is the most clay-rich
and the youngest lithostratigraphic unit in the study
area. It is predominantly composed of mud and a mix-

ture of sands and muds with a total thickness of up to
30 m in the study area (Text-fig. 2). It is currently
interpreted as representing the overbank and channel
sediments which were accumulated by the anasto-
mosing (Widera 2013a; Widera et al. 2017a, 2019b;
Maciaszek et al. 2020) or anastomosing-to-meander-
ing river (Zielinski and Widera 2020). Most likely,
their deposition commenced ~13.8-13.5 Ma, when
the Mid-Miocene Climatic Optimum in a broad sense
finished (Béhme 2003). At that time the climate be-
come cooler and drier compared to the climatic opti-

mum, with clearly marked seasonality (Kasinski and
Stodkowska 2016; Stodkowska and Kasinski 2016).

Finally, the Neogene succession is capped by the gla-

ciogenic Quaternary. Its thickness varies consider-

ably and is on average in the range of 20—80 m in the
study area (Text-fig. 2).
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Palaeotectonics and palaeogeography

During the Cenozoic, the Konin Basin area
covered a small, eastern part of the Northwest
European Paleogene—Neogene Basin that extended
from the present-day territory of Belarus in the
east to the Netherlands in the west (Vinken 1988;
Gibbard and Lewin 2016). Tectonically, it was
also located in the eastern part of the European
Palaeozoic Platform, that is, between the Bohemian
Massif (with the Sudetes; Text-fig. 1A) and the East
European Craton (Karnkowski 1980; Pharaoh 1999;
Ziegler and Dezes 2007). In turn, according to the
current division of Poland into tectonic units, the
research area covers the central part of the so-called
Mogilno Trough (Zelazniewicz et al. 2011), which
was created as a result of the Cenozoic remodelling
of the Mid-Polish Trough in the Alpine-Carpathian
foreland (Krzywiec 2006; Kley and Voigt 2008;
Jarosinski et al. 2009).

During the Late Cretaceous—latest Eocene time
interval, the entire area of central Poland, includ-
ing the Konin Basin, was uplifted and eroded. Thus,
the oldest Paleogene deposits are of latest Eocene—
early Oligocene age (Text-fig. 2), when the direc-
tion of vertical movement changed to subsiding.
The next stage of tectonic inversion took place in
the late Oligocene. Then, the above-mentioned Mid-
Polish Trough became significantly elevated, and
the Mogilno Trough was formed on its SW slope
(Karnkowski 1980; Krzywiec 2006; Jarosinski et al.
2009). The deposition occurred almost continuously,
with short-lived interruptions (local relative inver-
sion movements), from the earliest Miocene to the
earliest Pliocene in a generally subsiding sedimen-
tary basin in central Poland (Widera 2007; Widera
et al. 2008, 2019a). Simply put, almost all observa-
tions presented herein come from tectonic grabens,
hence no evidence of significant stratigraphic gaps
in the study area have been documented. At that time
(earliest Miocene—carliest Pliocene) large climatic
and tectonic changes occurred due to the activity
of the Alpine—Carpathian orogen and rifting of the
Pannonian Basin System (e.g., Golonka 2004; Kova¢
et al. 2017a; Sujan et al. 2021). Of course, this re-
sulted in a change in the Neogene depositional en-
vironments in its forelands, for example, in central
Poland. During the Quaternary, the research area was
repeatedly covered by Pleistocene ice sheets. They
and their meltwaters removed and disturbed a signif-
icant part of the Neogene sediments (Widera 2013b,
2018), and also deposited a relatively thick layer of
glaciogenic deposits (Text-fig. 2).

MATERIAL AND METHODS

Lignite from the Konin Basin was exploited at
the Adamow Lignite Mine (closed in February 2021)
and is still being exploited at the Konin Lignite Mine.
Therefore, some data comes from closed opencasts,
and others from those where lignite is still being
mined. Most of the results presented in this study
were obtained in the last decade, although some
important field observations were collected over
the last twenty years from both closed (Adamoéw,
Kozmin S, Kazimierz N) and operating lignite open-
casts (Jozwin IIB, Tomistawice) (cf. Text-fig. 1).
Additionally, the necessary cartographic information
(mining maps, borehole data, etc.) was obtained from
the geological archives of the aforementioned Konin
and Adaméw lignite mines. On the other hand, the
research methods applied can be grouped as follows:
sedimentology, macropetrography, palynology, and
organic geochemistry.

Sedimentology

Facies analysis was a fundamental study method
in the current contribution. The siliciclastics within
the MPLS-1 also provided valuable information on
the depositional environment of this lignite seam.
Of course, the MPLS-1 was additionally investigated
more comprehensively using methods typical for the
study of organic sediments, which are only briefly
mentioned below.

In the lignite opencasts, individual facies were
distinguished first, which were characterised by the
specific textural and structural features of the sedi-
ments. Then, they were sampled for laboratory test-
ing, where sieve and areometric grain-size analyses
were used for loose and cohesive deposits, respec-
tively. Thus, several hundred samples of siliciclas-
tics (260 samples from the Kozmin Formation; 205
samples from the Grey Clays Member, i.e., 170 of the
crevasse-splay deposits, 35 of the lacustrine deposits,
and 227 samples from the Wielkopolska Member, i.e.,
116 of the channel-fill deposits, 111 of the overbank
deposits), excluding lignite ash (266 samples), were
previously analysed to determine their grain size
(Widera 2007, Chomiak et al. 2019, 2020; Widera
et al. 2019b; Chomiak 2020a, b). For deposits ex-
amined granulometrically, the standard division of
siliciclastic rocks was applied: gravel, sand, silt, and
clay (Shepard 1954).

An exception was a mixture of sand, silt, and clay
fractions in an amount of more than 20 wt.% each.
Such sediment was referred to as mud and abbrevi-
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Table 1. Textural and structural codification of sedimentary facies
used in this paper (modified from Miall 1977; Ghibaudo 1992;
Widera et al. 2019b, 2021).

ated as a capital letter ‘M’ in the facies code (Widera
et al. 2019b, 2021). For other deposits, the original
facies codification of Miall (1977) with supplements
of Ghibaudo (1992) for silt (denoted as “T’) was used
in this paper (Table 1).

Macropetrography

Lignite beds that can be distinguished macroscop-
ically in the field (i.e., lithotypes) are characterised,
like siliciclastic facies, by their texture and structure.
In general, the textural name of a lignite lithotype
association depends on the ratio between the woody
fragments bigger than 1 cm (i.e., xylites) and fine-
detrital matrix (Kwiecinska and Wagner 1997; Kolcon
and Sachsenhofer 1999). Texturally, the examined lig-
nites may be as follows: xylitic, detritic, xylodetritic,
detroxylitic, fusitic, and weathered. Besides, they may
be distinguished by the following structure: massive,
horizontal, gelified, nodular, and disturbed, that is,
fractured, folded, and faulted (Widera 2012, 2016b).

Each lignite lithotype association can be pre-
assigned to a specific depositional sub-environment,
in this case to the type of mire. Teichmiiller (1958)
was the first to recognise this dependence. Then,
other researchers also began initially reconstructing
the original peat-forming sub-environments based on
the lithotypes distinguished in the mined European
lignite seams (e.g., Teichmiiller 1989; Marki¢ and
Sachsenhofer 1997; Ticleanu et al. 1999; Marki¢ et
al. 2001; Widera 2012, 2016b).

RESULTS
Kozmin Formation
General characteristics

The Neogene sediments lying directly on the
Cretaceous bedrock, locally only on the Paleogene
deposits and below the MPLS-1, represent the
Kozmin Formation (Text-fig. 2). Outside the areas
of lignite deposits, the glaciogenic Pleistocene sedi-
ments often rest erosively on their top. The thickness
of the characterised deposits varies greatly, but its
average value is in the range of 20—30 m. Sand domi-
nates (~83 vol.%) in the Kozmin Formation, while the
remaining part is composed of silt, clay, sandstone,
and lignite lenses, as well as the redeposited ‘Kozmin
Gravels’ (cf. Text-figs 2 and 3; Widera 2007). Facies
analysis of these sediments will be presented on the
examples of selected sections from the Kozmin S and
Jozwin 11B opencasts (Text-figs 3 and 4).

Facies description

The lowest parts of the Kozmin Formation could
only be observed in the opencasts belonging to the
Adamoéw Lignite Mine. Some of the best exposures
were those from the Kozmin S opencast, that is, where
the rocks of the Mesozoic top were also outcropping
(Text-fig. 3A, B). In this case, the lowermost sedi-
mentary facies is represented by a massive gravelly
sand — SGm (Widera and Kita 2007). In the higher
portion of the section, large-scale trough cross-strat-
ification predominates, such as: St, SGt and STCt.
An exception is the uppermost facies of coaly (car-
bonaceous) sand, directly underlying the MPLS-1,
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Text-fig. 3. Representative siliciclastic facies within the Kozmin Formation. A, B, C — Examples from the KoZzmin S lignite opencast; note the

erosional contact between the Cretaceous and the Neogene, and the presence of the redeposited Paleogene ‘Kozmin Gravels’ in the Neogene

sediments. D, E, F — Examples from the Jozwin IIB lignite opencast. A, D — Broad views of the studied deposits. B, E — Corresponding

line-drawings for Text-fig. 3A, D. C, F — Sedimentary logs of the sections I and II analysed in detail; for their location see Text-fig. 3B, E,
respectively. For explanation of facies codes see Table 1.

which is characterised by a massive structure — facies
SCm (Text-fig. 3C; Table 1). The remaining sections
described come from the upper parts of the Kozmin
Formation (Text-figs 3D—F and 4). As in the case
described above, large-scale trough cross-stratifica-
tion of sand prevails. In addition, the thickness of all
the cross-beds analysed is in the range of 15—45 cm,
averaging 25 cm. Planar cross-stratification at a large
scale was also documented (sections III and IV in
Text-fig. 4C) — facies Sp. However, there is no gravel
in these beds and horizontal layers appear upwards,
often enriched with silt and organic matter — sedi-

mentary facies Sh, STh, and STCh. A characteris-
tic feature of the Kozmin Formation is the presence
of relatively numerous, small faults with a vertical
throw of up to 0.5 m (Text-fig. 4). They were formed
post-depositionally, most likely during the accumu-
lation of peat, which then transformed into the over-
lying MPLS-1 (Widera 2007, Wachocki et al. 2020).

Facies interpretation

Poorly sorted and massive deposits, containing
pebble-sized gravels (facies SGm), were probably
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Text-fig. 4. Examples of tectonically deformed siliciclastic facies within the Kozmin Formation in the Jozwin IIB lignite opencast. A — Broad
view of the studied deposits. B — Corresponding line-drawing for Text-fig. 4A. C — Sedimentary logs of the sections I1I-V analysed in detail;
for their location see Text-fig. 4B. For explanation of facies codes see Table 1, and for other explanations see Text-fig. 3.

deposited abruptly as a debris flow (Widera 2010).
Most likely, these gravel-rich beds accumulated
during accelerated tectonic subsidence at the turn of
the Paleogene/Neogene. However, their deposition in
the thalweg of the river channels cannot be rejected.
This interpretation is presented for the first time and
requires field verification. Regardless of which of the
mentioned processes dominated, the Paleogene grav-
els were redeposited into the lowermost beds of the
Kozmin Formation (Text-fig. 3A—C). Facies charac-
terised by trough and planar cross-stratification (St,

SGt, STCt, and Sp) are typical of channel bedforms
such as 3-D and 2-D dunes, respectively (Allen 1965;
Bridge 1993, 2003; Sujan et al. 2017). Some of them
may also represent the mid-channel bars (longitudi-
nal, transverse, composite), especially when lamina-
tion is slightly convex upwards (Allen 1983; Bristow
and Best 1993). Instead, plane-parallel (horizontally)
laminated facies (Sh, STh, and STCh) were produced
during the weakening of the water flow over the en-
tire deposition surface as sheetfloods (Miall 1996;
Shukla 2009; Zielinski 2014) or during floods under
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upper flow regime (Fielding 2006; Sujan et al. 2020).
On the contrary, the massive structure of some fa-
cies may be the result of the sudden deposition (Sm,
STCm) or destruction of the original stratification by
soil processes — the uppermost sedimentary facies
SCm and Sm. This is evidenced by the presence of
rootlets and roots that come from the peat-forming
vegetation from which the overlying MPLS-1 was
formed (Text-figs 3 and 4).

The architecture and sedimentary facies of the
Kozmin Formation are typical of a braided river
(Miall 1977, 1996; Allen 1983; Bristow and Best
1993; Bridge 2003; Zielinski 2014). They are charac-
terised by the dominance of the sandy channel facies
with high width/thickness ratios (w/t >20) along mine
exposures up to 10-100s m in length. The fillings
of individual channels are up to 5-10 m wide, and
up to 0.3-0.5 m thick (Text-figs 3 and 4). Taking
into account the results of the experimental and field
studies conducted by Leclaire and Bridge (2001), it
can be calculated that the average height of dunes
was 72.5 cm (25 cm % 2.9), and a maximum of >1.3 m
(0.45 x2.9). The factor of 2.9 is also used by Iepli and
Ghinassi (2015) to estimate the mean height of the
dunes based on the cross-set thickness. On the other
hand, the factor between 6—10 is used to determine
the formative flow depth (Leclaire and Bridge 2001),
averaging 8 (Sujan ez al. 2020). Thus, the mean flow
depth for the cross-beds analysed was in the range of
1.5-2.5 m.

The overbank facies, including fills of abandoned
channels, occur sporadically in the form of thin lenses
of lignite or clay, and they are known only from bore-
holes (Widera 2007). In addition, neither the strat-
ification characteristic of point bars (typical of me-
andering river) nor deep channels (w/t <15) incising
into overbank sediments (anastomosing river) were
documented. Considering the above results of the fa-
cies analysis and the palacogeography of the research
area in the early Neogene, it can be concluded that
the sand-dominated braided rivers flowed over vast
alluvial plains, generally towards the west (Piwocki
et al. 2004; Gibbard and Lewin 2016). An additional
argument for the environment of a braided river sys-
tem is the impoverishment of the clay fraction and
the white colour of most sediments (Text-figs 3 and
4). This means that the Kozmin Formation accumu-
lated on a relatively steeply sloped and well-drained
depositional surface. Under relatively long-lasting
oxidative conditions, the organic matter originally
dispersed in the sediment was not preserved (Kraus
and Hasiotis 2006). In contrast, when the ground-
water level was close to the depositional surface, or-

ganic matter could form palaeosol horizons, even in
the form of lignite layers at their top (Davies-Vollum
and Kraus 2001).

Grey Clays Member (lower Poznan Formation)
General characteristics

The Grey Clays Member, constituting a lower
part of the Poznan Formation (see Text-fig. 2), mainly
consists of the MPLS-1, as well as siliciclastics that
split or cover it locally (Text-figs 5 and 6). The maxi-
mum thickness of this seam is nearly 20 m in the areas
where lignite deposits occur and less than 3 m outside
of them, while the siliciclastics are up to 2—5 m thick.
The MPLS-1 will be characterised briefly first mac-
ropetrographically, palynologically, and geochemi-
cally. Subsequently, the sandy interbeddings will be
examined in sedimentological detail. The so-called
‘grey clays’, which are occasionally present at the
roof of the MPLS-1, will also be discussed.

Macropetrographical characteristics of the MPLS-1

The MPLS-1 from the Konin Basin is charac-
terised by the predominance of the following litho-
type associations: xylodetritic, detroxylitic, and de-
tritic (Widera 2012, 2016b). All the portions of the
MPLS-1 presented herein in a graphical form (pho-
tographs and sedimentary logs; Text-figs 3—6) con-
sist solely of them. However, xylitic, weathered and
fusitic lithotype associations occur occasionally in
most of the studied lignite opencasts. For example, in
the case of the same section from which samples for
palynological and geochemical analyses were taken,
the share of individual lithotype associations was as
follows: xylodetritic — 58, detritic — 22, detroxylitic
— 16 and weathered — 3 vol.% (Widera et al. 2021).
Among them, it was easy to distinguish individual
lithotypes which are characterised by a specific tex-
ture and structure. Thus, the most common lithotype
consisted of xylodetritic lignite with a massive and
fractured structure. Other lignite lithotypes occurred
much more irregularly within the MPLS-1 from the
Konin Basin (Kasinski et al. 2010; Widera 2012).

The xylodetritic lithotype association is attributed
to the Myricaceae—Cyrillaceae swamp (Teichmiiller
1958, 1989; Diessel 1992; Marki¢ and Sachsenhofer
1997; Kolcon and Sachsenhofer 1999). Under the con-
ditions of relatively high groundwater table, the de-
tritic association was created in a treeless reed marsh,
fen, or open water (Teichmiiller 1958, 1989). In other
words, the detritic lignite was predominantly formed
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section VI

Text-fig. 5. Siliciclastics interbedding the lignite seam (MPLS-1) mined in the Tomistawice lignite opencast. A, B — Broad view of the exam-

ined sediments. C — Sedimentary log of the section VI analysed in detail (modified from Chomiak 2020a); note trough cross-stratification in

the middle part of the section that is a record of filling the crevasse-splay distributary channel (not the dunes) parallel to the flow direction; for
its location see Text-fig. SB. For explanation of facies codes see Table 1, and for other explanations see Text-fig. 3.

from reed-like vegetation, sedges, and aquatic plants
(Ticleanu et al. 1999; Marki€ et al. 2001). In a drier
environment, but with a high groundwater table, con-
ditions allowed the mire to be overgrown by hydro-
philic woody vegetation. Such a type of mire is called
a swamp forest or Taxodium—Nyssa swamp, which
provides the parental material for the creation of a
detroxylitic lithotype association (Teichmiiller 1958,
1989; Marki¢ and Sachsenhofer 1997, Kolcon and
Sachsenhofer 1999; Ticleanu et al. 1999; Marki¢ et
al. 2001; Widera 2012, 2016b). On the other hand, the
presence of the weathered lignite within the MPLS-1
proves that there was a water deficit in its upper beds
during the mid-Miocene mire development. Thus, the
uppermost layers of fresh peat, lying above the ground-
water table, were subjected to oxidation processes,
hence resulting in their pale colour (Widera 2016b;
Kus and Misz-Kennan 2017; Widera et al. 2021).

Palynological characteristics of the MPLS-1

The section from the Adamow opencast is char-
acterised by the presence of 84 fossil species of an-
giosperm pollen, 26 gymnosperm pollen species,
12 species of plant spores, and 13 species of non-pol-
len palynomorphs that belong to algae. In general, the
listed palynological spectrum represents wetlands
(shrub bogs with Ericaceae as well as swamp and
riparian forests) and mesophytic forests (Worobiec et

al. 2021). In the case of the section from the J6zwin
IIB, 74 angiosperm taxa, 21 gymnosperm taxa, and
10 spore taxa were identified. Nyssa, Taxodium/
Glyptostrobus, and Ericaceae were most clearly
marked in peat-forming vegetation. Moreover, silici-
clastic interbedding and palynological cyclicity were
documented in the section described (Stodkowska
and Widera 2021). It is worth noting that there was
a marked reduction in the number of thermophilous
taxa upwards in both described sections (Worobiec et
al. 2021; Stodkowska and Widera 2021).

A modern analogue of the mid-Miocene mires
from the Adaméw opencast may be the pocosins in
the southeastern USA, extending from Florida to
Virginia (Worobiec et al. 2021). Most likely, the mires
were located further from the river channels and at a
higher morphological position. Therefore, these arcas
were flooded occasionally. On the contrary, the terri-
tory of the Jozwin IIB opencast was situated in close
proximity to the mid-Miocene active river channels
as evidenced by the siliciclastic interbeddings typi-
cal of crevasse splays that are characterised below.
The estimated mean annual temperature (MAT) for
the sections interpreted were in the ranges of 15.7—
18.0°C and 15.7-20.5°C, respectively (Worobiec et
al. 2021; Stodkowska and Widera 2021). The MAT
values obtained for the MPLS-1 are consistent with
those for its stratigraphic equivalents from other ar-
eas of Poland (Kasinski et al. 2010; Worobiec et al.
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section VII

@ section VI

Text-fig. 6. Siliciclastics interbedding the lignite seam (MPLS-1) mined in the Jozwin IIB lignite opencast. A — Broad view of the examined

sediments. B — Close-up view of the siliciclastics (section VII) typical of the crevasse-splay microdelta; note plane cross-stratification in the

middle part of the section and deformation of the deposits. C — Sedimentary log of the section VII analysed in detail. D — More detailed view

of deformations (brittle and ductile) in the foreset of the crevasse-splay microdelta; for its location and close-up view see Text-fig. 6A, B,
respectively. For explanation of facies codes see Table 1, and for other explanations see Text-fig. 3.

2008; Kasinski and Stodkowska 2016) and Germany
(Utescher et al. 2009). At that time, the mean an-
nual precipitation was in the range of 800—1300 mm
(Ivanov and Worobiec 2017). Thus, a climate similar
to the mid-Miocene climate in central Poland cur-
rently prevails in the southern and southeastern USA
(Barnes 1991), as well as in coastal areas of eastern
China and in southern China (Utescher et al. 2009).
Taking into account all palynological data, it may be
assumed that the MPLS-1 was formed during and
shortly after the last peak of the MMCO, that is, its
accumulation continued at a time when the global
and regional tendency towards cooling and seasonal-
ity was clearly marked (Widera et al. 2021).

Geochemical characteristics of the MPLS-1

The basic bulk geochemical data obtained for de-
tritic lignite and xylites from the MPLS-1 are slightly
to very different. The average total carbon (TC) con-
tents were between 45.9 wt.% for detritic lignite and
46.2 wt% for xylites. In the case of the total sul-
fur (TS) contents, the average values were 1.0 and
1.2 wt.%, respectively. The average total organic car-
bon (TOC) contents were 45.5 wt.% for detritic lignite
and 43.8 wt.% for xylites, while the average total in-
organic carbon (TIC) contents were 0.4 and 2.4 wt.%,
respectively. The average ash yields, obtained from
geochemical analyses (55 samples), were 20.0 wt.%
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for detritic lignite and 5.3 wt.% for xylites (Bechtel et
al. 2019, 2020). However, the ash yield for the entire
MPLS-1 the Konin Basin (based on 266 samples) was
in the range of 9.7-17.6 wt.% on average (Chomiak
2020b). These ashes contained on average ~50 wt.%
of SiO, and over 30 wt.% of CaO (Chomiak and
Widera 2020). On the other hand, the average 8'3C of
TOC values were -25.6 %o and -25.0 %o for xylites. In
general, the obtained §'*C values slightly decreased
upwards in the MPLS-1 (Bechtel ef al. 2019, 2020).
The results of geochemical studies allowed the
classification of the MPLS-1 as an ortho-lignite
(ECE-UN 1998) and a humic low-rank lignite B
(ASTM D 388:2005). This was additionally sup-
ported by the low mean values of the reflectance
coefficient (less than 0.3%) determined on euulmi-
nite B (Kwiecinska and Wagner 2001). On the other
hand, the investigated lignites were classified as me-
dium-ash (1020 wt.%), while the ashes produced
from the burning of the MPLS-1 represented the
calcium-rich type (>10 wt.% of CaO) (Vassilev et
al. 1997; Wagner et al. 2019; Chomiak and Widera
2020). A slight general tendency towards lower §!3C
of TOC values from the floor to the seam roof may be
additional evidence of peat accumulation during the
climate cooling (Liicke et al. 1999). This relationship
was also true for the MPLS-1 and was consistent with
the results of palynological studies presented above.

Facies description of siliciclastics related to the
MPLS-1

For facies analysis, two sandy bodies that oc-
curred in the MPLS-1 were selected for this paper.
The first one was derived from the Tomistawice
opencast (Text-fig. 5), and the second from the
Jozwin IIB opencast (Text-fig. 6). In these two
examples, the siliciclastic lithosomes were lens-
shaped, up to 1.4-2 m thick, and up to 400-550 m
long along the exploitation walls (Text-figs 5A, B
and 6A). Nevertheless, their facies were very diverse.
In the first case, the sediments were usually charac-
terised by massive structure, although in some parts
of the sandy body various sedimentary structures
had been identified. The best example is where the
siliciclastics were separated by a 20 cm thick layer
of lignite (Text-fig. 5C). Both large-scale and small-
scale stratifications (facies GCh, Sh, SCh, St, SCt,
Sp, and Sr) were found there. Moreover, some small-
scale facies typical of 2-D and 3-D dunes (Sp an St,
respectively) were up to 14 cm thick, averaging 11
cm. None of these facies were disturbed. On the con-
trary, the second example covered the sandy body

which contained a great number of plastic and brit-
tle deformations (Text-fig. 6B—D). The lowermost
and upper parts of section VII were made up of de-
formed, horizontally laminated sands — facies Shd,
while its uppermost facies were undeformed — facies
Sm, Sh, St, and Sr. However, the most diagnostic
part was its middle portion where the strongly de-
formed lamination of sands and carbonaceous sands
(facies Spd and SCpd) dipped steeply at an angle in
the range of 15-25° (Text-fig. 6C, D). Locally, the
‘grey clays’ rest on top of the MPLS-1 (see Text-fig.
2, borehole TM-18).

Facies interpretation of siliciclastics related to the
MPLS-1

The occurrence of the siliciclastics within the
coal seam, in the interpreted case within the MPLS-
1, was usually associated with floods in the mire
areas. In addition, the lens-like geometry of the en-
tire sand bodies and facies associations pointed to
crevasse splays that may have been accumulated in
various depositional sub-environments (e.g., Horne
et al. 1978; Guion 1984; McCabe 1984; Flores 1986;
Farrell 2001; Zielinski 2014; Widera 2020). Thus, the
deposits of the first crevasse splay described above
(Text-fig. 5) were deposited on the surface of the
mire with a relatively low groundwater table (Widera
2016a; Widera et al. 2017b; Chomiak 2020a). Using
the factor of 2.9 (Leclaire and Bridge 2001; Iepli and
Ghinassi 2015), the average height of the small-scale
dunes was calculated at ~32 cm (11 cm x 2.9) and
a maximum of >40 c¢cm (14 cm x 2.9). On the other
hand, the mean formative flow depth (for the factor
6—-10; Leclaire and Bridge 2001) was within the range
of 66—110 cm. This interpretation was confirmed by
the similarity of these facies to those of other cre-
vasse-splay sediments also deposited on the flood-
plains, but outside the mires (Ggbica and Sokotowski
2001; Burns et al. 2017).

The formation of the sediments shown in Text-
fig. 6 should be explained in a different way. The ma-
jority of these deposits accumulated in a lake as evi-
denced by steeply dipping (up to 25°) foresets of the
so-called ‘prograding splay deposits’. Simply put, the
interpreted sediments are typical of a crevasse-splay
microdelta (e.g., Teisseyre 1985; Bristow et al. 1999;
Michaelsen et al. 2000; Rajchl et al. 2008; Zielinski
2014). On the other hand, the plastic and brittle de-
formations were generated post-depositionally due to
mid-Miocene tectonic movements in the study area
(Text-fig. 6B—D; Chomiak et al. 2019; Wachocki et
al. 2020).
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Finally, the presence of the crevasse-splay depos-
its within the MPLS-1 proves that this mid-Miocene
mire was developed in the close proximity of active
river channels. Such forms of overbank accumulation
(crevasse splays) are known almost exclusively from
the depositional environments of meandering and
anastomosing rivers (e.g., Allen 1965; Bridge 2003;
Zielinski 2014). Nevertheless, it should be noted that
several examples of crevasse splays have also been
described from braided rivers as summarised by
Bristow et al. (1999). In any case, the determination
of the river type (most likely, meandering or anas-
tomosing) remains an unsolved research problem
(Widera 2016a; Widera et al. 2017b, 2021; Chomiak
2020a). This is due to the simple fact that the channel
sediments had not been exposed so far.

In contrast, the aforementioned ‘grey clays’
should be interpreted as having formed during the
final stage of the development of the mid-Miocene
mires, when organic accumulation (peat) was re-
placed by mineral deposition (clays with xylites).
Hence, the MPLS-1 and the overlying ‘grey clays’
were joined together into the Grey Clays Member
(Piwocki and Ziembinska-Tworzydto 1997).

Wielkopolska Member (upper Poznan Formation)
General characteristics

The upper portion of the Poznan Formation,
namely the Wielkopolska Member, is the youngest
Neogene lithostratigraphical unit in central Poland.
Due to Pleistocene erosion and glaciotectonics, its
thickness ranges from 0 to over 50 m, with an av-
erage of 20 m. Hence, sediments of this member
were not drilled in all boreholes in the study area
(cf. Text-fig. 2). It is the most lignite-poor and mud-
rich (>95 vol.%) Neogene sedimentary succession in
central Poland (Widera 2013a; Widera et al. 2017a).
These generally fine-grained deposits can be di-
vided into overbank muds and sandy-muddy chan-
nel fillings. Therefore, both channel and overbank
sediments will be described and interpreted below in
order to reconstruct the environment of their deposi-
tion. All characterised facies come from the Jozwin
IIB opencast (Text-fig. 7).

Facies description

The description of the channel facies presented
herein is based on the data from the largest palaco-
channels identified so far within the Wielkopolska
Member. These primary palacochannels are wide, in

the range of 46—150 m, and their fillings are 5-12 m
thick. They are cut into the muds and occasionally
also into the underlying MPLS-1 to a depth of ~4 m
(Text-fig. 7). At the base of the primary channels
cross-stratified sandy facies dominate at large scale
— facies St, Sp, Sh, and SCt. In the case of St and Sp
facies, they are 15-40 cm thick, averaging ~30 cm.
Generally, the content of mud, silt or clay increases
from the base to the top of the channel fillings —
sandy-muddy facies SMt, Mm, SMp, Ym, TSh, Mt,
Mh, and MSh (Text-fig. 7A—C, G). This is also true
for the heterolithic bedding, which is flaser (Sf),
wavy (Sw), and lenticular/nodular (Sn), and where the
mud content increases towards the top (Text-fig. 7E,
F). The secondary channels (up to 30 m wide and
up to 3 m thick), cut into the primary ones in their
middle and upper parts (Text-fig. 7), and consist of
sandwiched muddy — Mt, sandy — St, Se, and sandy-
muddy facies — TSt, SMe (Text-fig. 7D, G). On the
other hand, the muddy sediments that surround and
cover the palacochannel fillings described above are
predominantly massive and sedimentary structures
(e.g., horizontal lamination, erosive cuts, etc.) occur
sporadically. The most characteristic feature is their
colour variation from blue to red. Moreover, thin gray
to black layers can sometimes be observed among
them (Text-fig. 7H).

Facies interpretation

The channel facies are typical of high and low
water stages. This is evidenced by the presence of
stratification at large and small scales. The calculated
flow power is between 2.5 to 21 W m™2 (Zielinski and
Widera 2020). Using the above-mentioned formulas
by Leclaire and Bridge (2001), the average height
of the dunes was calculated at ~0.9 m, with a max-
imum of ~1,2 m. The palacodepth was estimated at
~1.8-3 m; however, Zielinski and Widera (2020) give
values up to 4 m using other formulas. The facies
sequence allowed us to conclude that the majority
of the palaeochannel deposits were formed under
low-energy and relatively long-lasting flow condi-
tions, when the flow was weakening, or the water
was almost stagnating. Then, deposition from sus-
pension prevailed over bedload accumulation lead-
ing to the formation of clay, mud, and muddy-sandy
facies, as well as the heterolithic bedding (Reineck
and Singh 1980; Martin 2000; Maciaszek et al. 2019).
On the contrary, the facies cross-stratified at a large
scale were created during short-term flood events.
This was evidenced by the enrichment of sands with
mud (Text-fig. 7B, C), often in the form of mud balls
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overbank
deposits

lignite seam

(1st Mid-Polish Lignite Seam)

A fining-up - erosional contact

Text-fig. 7. Synthetic sedimentary log and sandy-muddy facies representing primary channel and overbank sediments within the Wielkopolska

Member (upper Poznan Formation) from the J6zwin IIB opencast. A — Erosional contact between the MPLS-1 and the channel-fill deposits;

note trough cross-stratification and channel lag at the base. B — Sandy-muddy trough cross-stratification overlain by muddy layer. C — Ripple

cross-stratification. D — Secondary channels filled with mud and sandy silt. E — Heterolithic bedding (flaser and wavy) covered by clayey layer.

F — Heterolithic bedding (lenticular, nodular). G — Sandwiched filling of secondary muddy and sandy channels. H — Multi-coloured overbank
muds with a palaeosol horizon.

(Widera et al. 2017a, 2019b). The cross-sectional ge-
ometry of the primary and secondary palacochan-
nels (the aspect ratio width/thickness in the range of
5-15 and 15-30, respectively) indicated their lack of
or limited lateral migration (Zielinski and Widera
2020).

In the case of the primary palaeochannels, their
banks were stabilised by strongly cohesive muds
that have been interpreted as overbank sediments.
This opinion was supported by the occurrence of
organic-rich palaeosol horizons (Text-fig. 7C), in-
cluding lignite beds within the mud-dominated suc-
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cession (Piwocki et al. 2004; Widera 2007; Urbanski
and Widera 2016; Maciaszek et al. 2020). Moreover,
the varied colours of these muds pointed to repeated
changes in the oxidation and reduction conditions,
caused by fluctuations in the groundwater table
(Davies-Vollum and Kraus 2001). Additionally, tak-
ing into account the reconstructed multichannel
pattern in the Jozwin IIB opencast area (cf. Widera
et al. 2019b, 2021; Maciaszek et al. 2020), the river
type should be classified as anastomosing (Smith and
Smith 1980; Nadon 1994; Makaske 2001; Gibling
2006; North et al. 2007; Zielinski 2014). Finally, it
can be said that the Wielkopolska Member predomi-
nantly accumulated in low-gradient and well-drained
sedimentary basins. The overbank areas were cov-
ered with water during the occasional but huge
floods. Then, the majority of mud-laden floodwaters
drained back into the river channels during the fall-
ing stage (cf. Widera et al. 2019b). Thus, in long-
term periods between the floods, the sediments were
above the groundwater table and exposed to intense
weathering. This is supported by the presence of
multi-coloured muds as interpreted above. Of course,
not always and not every part of the overbank zone
was well drained. In such a situation, organic-rich
palaeosols developed (cf. Text-fig. 7H).

DISCUSSION
Evolution of palaeoriver systems

The results of the sedimentological analysis pre-
sented above, supported by other data in the case
of the MPLS-1, imply terrestrial, mainly fluvial pa-
lacoenvironments for all the studied siliciclastics.
Therefore, taking into account the views on the palae-
ogeography of the Alpine-Carpathian foreland (and
the Sudetes) in the Neogene, new models for the de-
velopment of fluvial systems in central Poland can be
proposed. According to the lithostratigraphic division
of the Neogene in the study area, three palacoenvi-
ronmental models were created, which are character-
ised and discussed in this contribution. They include
the following sedimentary successions: sub-lignite,
lignite-bearing (i.e., the MPLS-1 with accompanying
siliciclastics), and over-lignite (Text-fig. 8).

The first model corresponds to the depositional
environment of the sub-lignite sediments classified
as the Kozmin Formation (cf. Text-figs 2 and 8A).
The topography of the sedimentary basin, cover-
ing extensive territories of the European Lowlands
(Vinken 1988; Gibbard and Lewin 2016), was rel-

atively steep and well-drained. As proven by field
observations (Figs 3, 4), sediments characteristic of
the environment of a braided river developed before
~15 Ma (Text-fig. 8A).

Then, the lignite-rich Grey Clays Member (lower
part of the Poznan Formation) accumulated (cf. Text-
figs 2 and 8B). Around the last peak of the MMCO
(~15 Ma) siliciclastic deposition gave way to or-
ganic deposition, that is, peat (Text-figs 5 and 6).
The low-lying mires from which the MPLS-1 was
formed, most likely developed in the area with a more
sloping topography in the vicinity of a meandering
river (Horne et al. 1978), and in the flatter areas in the
vicinity of an anastomosing river (Flores and Hanley
1984). However, the coexistence of these two fluvial
styles (meandering and anastomosing) may also have
been possible (Text-fig. 8B; Flores 1986; Widera et
al. 2021).

Finally, after ~13.8 Ma, the mud-dominated
Wielkopolska Member (upper part of the Poznan
Formation) began to accumulate (cf. Text-figs 2 and
8C). In the areas with lignite deposits from the Konin
Basin, the channel sandy-muddy sediments, and the
overbank muddy ones (Text-fig. 7), as well as the
channel pattern (Maciaszek et al. 2020, their fig. 8),
are typical of anastomosing or anastomosing-to-
meandering rivers as interpreted above. In this case,
it can be assumed that outside the areas of lignite
deposit (located in local tectonic depressions — gra-
bens) and in the marginal parts of the sedimentary
basin, the river system could have been meandering
(Text-fig. 8C).

Tectonic and climatic changes

The boundaries between the three main lithostrati-
graphical units from the study area are mostly sedimen-
tary, but sharp. This means that the above-discussed
corresponding depositional palaeoenvironments
changed suddenly from a geological point of view.
Therefore, the question of whether the main cause of
these changes was tectonic or climate-driven arises.

After the late Oligocene uplift (Krzywiec 2006;
Jarosinski et al. 2009), the entire area of central
Poland began to subside at the turn of the Oligocene/
Miocene. In general, the depositional surface was
well-drained, and the rivers flowed westward to the
North Sea Basin (Standke et al. 1993; Piwocki et al.
2004; Gibbard and Lewin 2016). At that time, i.e.,
during the early and lower parts of middle Miocene,
an overall trend of increasing temperature was ob-
served persisting into the MMCO. The mean annual
precipitation (MAP) was high then, exceeding 1000
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Text-fig. 8. New conceptual models for the main Neogene fluvial systems from the Konin Basin in central Poland. A — Braided river system.
B — Meandering and/or anastomosing river system. C — Anastomosing or anastomosing-to-meandering river system.

mm (Mosbrugger et al. 2005). This resulted in the such tectono-climatic conditions, the braided style
fact that the river flow in the relatively high-slope of the fluvial system dominated in most of the Polish
area of central Poland was even and intense. Under Lowlands (Text-fig. 8A).
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Strong tectonic and palacogeographic events took
place in the Western Carpathians, as well as both in
their foreland and back-arc territories around 15 Ma
(Plasienka et al. 1997; Fodor et al. 1999; Krzywiec
2001; Kovac et al. 2007; Andreucci et al. 2013;
Smigielski et al. 2016; Sujan et al. 2021). The pro-
nounced transgression (early Badenian) occurred
then, for example, in the Carpathian Foredeep and the
Pannonian Basin Systems (Oszczypko 2006; Kovac
et al. 2017a, b; Sant et al. 2019). The warm oceanic
waters in the northernmost branch of the Central
Paratethys (i.e., in the Carpathian Foredeep) addition-
ally increased the temperature and humidity in the
foreland of the Polish Carpathians (Text-fig. 8B). This
latest MMCO peak is reflected by slight increases
in temperature (MAT) and precipitation (MAP) re-
cords both globally (Zachos et al. 2001), as well as in
other European basins (Schneider 1992; Planderova
et al. 1993; Béhme 2003; Mosbrugger et al. 2005;
Hernandez-Ballarin and Pelaez-Campomanes 2017,
Holcova et al. 2018; Utescher et al. 2009, 2021)
and the Konin Basin studied here (Stodkowska and
Widera 2021; Worobiec et al. 2021). In the latter case,
the accumulation of the MPLS-1 started at the time
of this climatic optimum (~15 Ma) and continued
(max. 0.8 Ma) when the temperature began to decline
(Widera et al. 2021). The outline of the sedimen-
tary basin of the Poznan Formation was also formed
at that time. In general, the accommodation space
and sediment supply ratio were very limited. Due to
greater tectonic subsidence of the central part of this
basin, including the lignite-rich grabens, than that
of its marginal parts, it became poorly-drained (cf.
Gawthorpe and Leeder 2000). Therefore, with rela-
tively high MAP (up to 1300-1500 mm) and MAT
(up to 15.7-20.5°C) in the study area (Widera et al.
2021), as well as a low slope of the depositional sur-
face, low-lying mires developed intensively, and were
subsequently transformed into the MPLS-1. The ex-
ception was the territories of tectonic grabens, where
the accommodation rate in relation to the sediment
supply ratio was ~1.0, but both were several times
greater than in the surrounding areas. Most likely,
the mentioned mires existed in the overbank zone
of the anastomosing and/or meandering river sys-
tems that also flowed westward to the North Sea
Basin (Text-fig. 8B; Piwocki et al. 2004; Gibbard and
Lewin 2016).

The Mi3b global cooling event terminated the
MMCO sensu Boéhme (2003). This corresponded
closely to the glaciation of eastern Antarctica (Zachos
et al. 2001; Bruch et al. 2007), as well as to the abrupt
deceleration in cooling of the Tatry Mountains

(Smigielski et al. 2016). In the Carpathian Foredeep,
the Badenian Salinity Crisis commenced at that
time (~13.8 Ma) as dated radiometrically (Bukowski
et al. 2010; de Leeuw et al. 2010). The event was
caused by the tectonic movements of the Carpathians
(Oszczypko 2006), which closed the gateway connec-
tion with the Mediterranean Sea Basin (Kovac et al.
2007, 2017b; Sant et al. 2019), and the MAT was able
to drop by even over 7°C (Béhme 2003; Peryt 2006).
The Langhian/Serravalian (early/late Badenian)
boundary also correlated well with the intensification
of volcanic phenomena (stratovolcanoes) and the be-
ginning of the accelerated subsidence of some basins
(grabens or half-grabens) in the Carpathian back-arc
area (Kovac et al. 2007). Nevertheless, the rapid el-
evation of the Alpine-Carpathian mountain chains
caused a climatic gradient between their foreland and
back-arc basins. This has been well documented pal-
ynologically and paleontologically (Planderova et al.
1993; Bohme 2003; Holcova et al. 2018; Dolakova et
al. 2021). Thus, under conditions of both global and
regional cooling, the reduction of air humidity and the
increased seasonality of the climate in the foreland
of the Alpine-Carpathian orogenic belt, including
the Konin Basin area, increased over time (Piwocki
and Ziembinska-Tworzydto 1997, Mosbrugger ef al.
2005; Stodkowska and Kasinski 2016; Utescher et al.
2021). At that time (after ~13.8 Ma), the slow tectonic
subsidence of the sedimentary basin continued in
central Poland, and the rivers flowed to one or more
endorheic ‘terminal floodplain’ basins with a cen-
tripetal drainage pattern (Czapowski and Kasinski
2002; Widera 2013a; Widera et al. 2017a, 2019b).
The sandy-muddy channel deposits with a low aspect
ratio (w/t <15) and the dominant muddy overbank
sediments (with palaeosol horizons and thin layers
of lignite) were characteristic of an anastomosing
river system existing in a drier climate than when the
MPLS-1 was accumulating (cf. Text-figs 7 and 8C).
Summing up, it should be stated that the research
results obtained in this contribution have allowed us
to clearly answer the question posed at the begin-
ning of this section. In the foreland of the Polish
Carpathians, the morphological type of the river was
primarily controlled by tectonics. For example, ~15
Ma the climatic conditions changed slightly, but the
fluvial style and deposits changed dramatically in the
Konin Basin, that is, from a braided to anastomosing
and/or meandering style (cf. Text-fig. 8A and 8B). In
contrast to the Alpine-Carpathian area, slow lower-
ing movements continued in its foreland ~13.8 Ma.
Therefore, the anastomosing (and/or meandering)
fluvial style also continued at that time. However,
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the lithology of the sediments changed rapidly then,
especially in the overbank river zone (from lignite to
mud), which can be convincingly explained by abrupt
climatic fluctuations (cf. Text-fig. 8B and 8C).

CONCLUSIONS

The Neogene of central Poland (Konin Basin)
is divided into three lithostratigraphical units that
encompass three depositional palacoenvironments.
They have been evaluated in the foreland of the
Polish Carpathians, which form the north-western
part of the Alpine-Carpathian orogenic belt. The ac-
tivity of the latter, resulting from global and regional
plate tectonics, also influenced the development of
sedimentary basins in the foreland areas.

At the same time, there were also significant cli-
matic fluctuations especially in the middle Miocene
(around the MMCO). These regional climatic changes,
were further enhanced by the tectonics of the Alpine-
Carpathian orogen, superimposed on global climatic
fluctuations. Nevertheless, this study sheds new light
on the role of tectonics and climate in the Neogene
deposition in the lignite-rich Konin Basin.

The first depositional palacoenvironment in-
cludes sediments that underlie the MPLS-1 (i.e.,
Kozmin Formation) and were formed before ~15 Ma.
These predominantly sandy (>83 vol.%) deposits ex-
emplify a braided type river system. Then, as the
accommodation rate increased due to the tectonic
lowering of the Polish part of the Carpathian foreland
and with favourable climatic conditions, mires (later
transformed into the MPLS-1) began to develop in-
tensively in central Poland.

This boundary (~15 Ma) correlated well, among
others, with the transgression of the Central Para-
tethys to the area of the Carpathian Foredeep and the
last peak of the MMCO. Based on the presence of
crevasse-splay sediments within the MPLS-1, sup-
ported by the results of macropetrographic, palyno-
logical, and geochemical studies, it was found that
the Grey Clay Member (lower Poznan Formation)
accumulated in an anastomosing and/or meandering
river environment. However, the determination of
which fluvial style dominated during the MPLS-1
deposition requires further research.

Finally, the Wielkopolska Member (upper Poznan
Formation) was formed under similar tectonic condi-
tions, but in a significantly different climate. The be-
ginning of its accumulation (~13.8 Ma) corresponded
closely to the uplift of the Alpine-Carpathian moun-
tain chains and the start of the Badenian Salinity

Crisis in the Carpathian Foredeep, of course, caused
by the tectonic interruption of the connection with the
warm waters of the Mediterranean Sea Basin. Hence,
under the conditions of progressive cooling and sea-
sonality of the climate, mainly muds (>95 vol.%) were
accumulated in the environment of an anastomosing
or anastomosing-to-meandering river system.

Acknowledgements

The authors warmly thank Anna Wysocka (Warsaw Uni-
versity, Poland) and Michal Sujan (Comenius University in
Bratislava, Slovakia) for their very constructive and detailed re-
views. We would also like to thank Piotr Luczynski (University
of Warsaw, Poland) for his editorial efforts. This study is fi-
nancially supported by the National Science Centre (Poland)
through grant no. 2017/27/B/ST10/00001 (to MW).

REFERENCES

Allen, J.R.L. 1965. A review of the origin and characteristics of
recent alluvial sediments. Sedimentology, 5, 89—191.

Allen, J.R.L. 1983. Studies in fluviatile sedimentation: Bars,
Bar-complexes and sandstone sheets (low sinuosity braid-
ed streams) in the Brownstones (L. Devonian), Welsh Bor-
ders. Sedimentary Geology, 33, 237-293.

Andreucci, B., Castelluccio A., Jankowski, L., Mazzoli S.,
Szaniawski R. and Zattin M. 2013. Burial and exhumation
history of the Polish Outer Carpathians: Discriminating
the role of thrusting and post-thrusting extension. 7ectono-
physics, 608, 866—883.

ASTM D 388:2005. Standard Classification of Coals by Rank.
American Society for Testing and Materials.

Barnes, BV. 1991. Deciduous forests of North America. In:
Rohrig, E., Ulrich, B. (Eds), Temperate deciduous forests.
Ecosystems of the World 7, 219-344. Elsevier; Amsterdam.

Bechtel, A., Widera, M. and Woszczyk, M. 2019. Composition
of lipids from the First Lusatian lignite seam of the Ko-
nin Basin (Poland): relationships with vegetation, climate
and carbon cycling during the mid-Miocene Climatic Opti-
mum. Organic Geochemistry, 138, 103908.

Bechtel, A., Widera, M., Liicke, A., GroB, D. and Woszczyk, M.
2020. Petrological and geochemical characteristics of xylites
from the First Lusatian lignite seam (Konin Basin, Poland):
implications for floral sources, decomposition and environ-
mental conditions. Organic Geochemistry, 147, 104052.

Bohme, M. 2003. The Miocene Climatic Optimum: evidence
from ectothermic vertebrates of Central Europe. Palaeoge-
ography, Palaeoclimatology, Palaeoecology, 195, 389-401.

Bridge, J.S. 1993. Description and interpretation of fluvial de-
posits. Sedimentology, 40, 801-810.



N

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

NEOGENE FLUVIAL ENVIRONMENTS IN CENTRAL POLAND 537

Bridge, J.S. 2003. Rivers and Floodplains; Forms, Processes,
and Sedimentary Record: Massachusetts. Blackwell Pub-
lishing; Malden.

Bristow, C.S. and Best, J.L. 1993. Braided rivers: perspectives
and problems. In: Best, J.L. and Bristow, C.S. (Eds), Braided
Rivers. Geological Society, London, Special Publications,
75, 1-11.

Bristow, C.S., Skelly, R.L. and Ethridge, F.G. 1999. Crevasse
splays from the rapidly aggrading, sand-bed, braided Nio-
brara River, Nebraska: effect of base-level rise. Sedimen-
tology, 46, 1029-1047.

Bruch, A.A., Uhl, D. and Mosbrugger, V. 2007. Miocene cli-
mate in Europe-Patterns and evolution. A first synthesis of
NECLIME. Palaeogeography, Palaeoclimatology, Palae-
oecology, 253, 1-7.

Bukowski, K., de Leeuw, A., Gonera, M., Kuiper, K.F., Krzy-
wiec, P. and Peryt, D. 2010. Badenian tuffite levels within
the Carpathian orogenic front (Gdow-Bochnia area, South-
ern Poland): radio-isotopic dating and strati graphic posi-
tion. Geological Quarterly, 54, 449—464.

Bukowski, K., Sant, K., Pilarz, M., Kuiper, K. and Garecka, M.
2018. Radio-isotopic age and biostratigraphic position of a
lower Badenian tuffite from the western Polish Carpathian
Foredeep Basin (Cieszyn area). Geological Quarterly, 62,
303-318.

Burns, C., Mountney, N.P., Hodgson, D.M. and Colombera, L.
2017. Anatomy and dimensions of fluvial crevasse-splay
deposits: Examples from the Cretaceous Castlegate Sand-
stone and Neslen Formation, Utah, U.S.A. Sedimentary
Geology, 351, 21-35.

Chomiak, L. 2020a. Architecture, sedimentology and deposi-
tional model for the formation of crevasse splays within a
lignite seam at the Tomistawice opencast mine near Konin
in central Poland. Geologos, 26, 18-32.

Chomiak, L. 2020b. Variation of lignite ash in vertical and hor-
izontal sections of mining walls in the Konin Lignite Mine,
central Poland. Geology, Geophysics and Environment, 46,
17-28.

Chomiak, L., Maciaszek, P., Wachocki, R., Widera, M. and
Zielinski, T. 2019. Seismically-induced soft-sediment
deformation in crevasse-splay microdelta deposits (Mid-
dle Miocene, central Poland). Geological Quarterly, 63,
162-1717.

Chomiak, L., Urbanski, P. and Widera, M. 2020. Geologi-
cal record of the lacustrine stage in the evolution of the
Mid-Miocene mire — the Tomistawice lignite opencast near
Konin in central Poland. Przeglgd Geologiczny, 68, 526—
534. [In Polish with English summary]

Chomiak, L. and Widera, M. 2020. A comparative study of
the oxide and elemental composition of ash from lignite
burned at various temperatures — Konin Lignite Mine, cen-
tral Poland. Gospodarka Surowcami Mineralnymi — Miner-
al Resources Management, 36, 145—-160.

Colombera, L., Arévalo, O.J. and Mountney, N.P. 2017. Fluvial-
system response to climate change: The Paleocene—Eocene
Tremp Group, Pyrenees, Spain. Global and Planetary
Change, 157, 1-17.

Czapowski, G. and Kasinski, J.R. 2002. Facies and conditions
of deposition of the Poznan formation. Przeglgd Geologic-
zny, 50, 256-257. [In Polish]

Dadlez, R., Marek, S. and Pokorski, J. (Eds) 2000. Geolog-
ical map of Poland without Cenozoic deposits at a scale
1:1,000,000. Polish Geological Institute; Warsaw.

Davies-Vollum, K.S. and Kraus, M.J. 2001. A relationship be-
tween alluvial backswamps and avulsion cycles: an exam-
ple from the Willwood Formation of the Bighorn Basin,
Wyoming. Sedimentary Geology, 140, 235-245.

De Leeuw, A., Bukowski, K., Krijgsman, W. and Kuiper, K.F.
2010. Age of the Badenian salinity crisis; impact of Mio-
cene climate variability on the circum-Mediterranean re-
gion. Geology, 38, 715-718.

Diessel, C. 1992. Coal-Bearing Depositional Systems, 721 pp.
Springer-Verlag; Berlin.

Dolékova, N., Kovacova, M. and Utescher, T. 2021. Vegetation
and climate changes during the Miocene climatic optimum
and Miocene climatic transition in the northwestern part of
Central Paratethys. Geological Journal, 56, 729-743.

ECE-UN, 1998. International classification of in-seam coals.
ECE-UN Geneva, UN; New York.

Farrell, K.M. 2001. Geomorphology, facies architecture, and
high-resolution, non-marine sequence stratigraphy in avul-
sion deposits, Cumberland Marshes, Saskatchewan. Sedi-
mentary Geology, 139, 93—150.

Fielding, C.R. 2006. Upper flow regime sheets, lenses and scour
fills: extending the range of architectural elements for fluvial
sediment bodies. Sedimentary Geology, 190, 227-240.

Flores, R.M. 1986. Styles of coal deposition in Tertiary alluvi-
al deposits, Powder River Basin, Montana and Wyoming.
In: Lyons, P.C., Rice, C.L. (Eds), Paleoenvironmental and
Tectonic Controls in Coal-forming Basins of the United
States. Geological Society of America, Special Paper 210,
79-104.

Flores, R.M. and Hanley, J.H. 1984. Anastomosed and associ-
ated coal-bearing fluvial deposits: Upper Tongue Member,
Paleocene Fort Union Formation, northern Powder River
Basin, Wyoming, U.S.A. In: Rahmani, R.A., Flores, R.M.
(Eds), Sedimentology of coal and coal-bearing sequences.
International Association of Sedimentologists, Special Pub-
lications, 7, 85-104.

Fodor, L., Csontos, L., Bada, G., Gyorfi, 1. and Benkovics,
L. 1999. Tertiary tectonic evolution of the Pannonian ba-
sin system and neighbouring orogens: a new synthesis of
paleostress data. In: Durand, B., Jolivet, L., Horvath, F.,
Seranne, M. (Eds), The Mediterranean Basins: Tertiary
Extension within the Alpine Orogen. Geological Society,
London, Special Publications, 156, 295-334.



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

538 MAREK WIDERA ET AL.

Gawthorpe, R.L. and Leeder, M.R. 2000. Tectono-sedimentary
evolution of active extensional basins. Basin Research, 12,
195-218.

Ggebica, P. and Sokotowski, T. 2001. Sedimentological inter-
pretation of crevasse splays formed during the extreme
1997 flood in the upper Vistula river valley (South Poland).
Annales Societatis Geologorum Poloniae, 71, 53—62.

Ghibaudo, G. 1992. Subaqueous sediment gravity flow depos-
its: practical criteria for their field description and classifi-
cation. Sedimentology, 39, 423-454.

Gibbard, P.L. and Lewin, J. 2016. Filling the North Sea Basin:
Cenozoic sediment sources and river styles. Geologica Bel-
gica, 19,201-217.

Gibling, M.R. 2006. Width and thickness of channel bodies and
valley fills in the geological record: a literature compila-
tion and classification. Journal of Sedimentary Research,
76, 731-770.

Golonka, J. 2004. Plate tectonic evolution of the southern mar-
gin of Eurasia in the Mesozoic and Cenozoic. Tectonophys-
ics, 381, 235-273.

Grimm, K., Grimm, M., Huss, M., Jansen, F., Priifert, A., Giirs,
K., Lietzow, A., Ritzkowski, S., Standke, G., Blumensten-
gel, H., Biilow, W., Hottenrot, M., Doppler, G., Heissig, K.,
Reichenbacher, B. and Schwerd, K. 2002. Tertiary. In: Ger-
man Stratigraphic Commission (Ed.), Stratigraphic Table
of Germany 2002.

Guion, P.D. 1984. Crevasse splay deposits and roof-rock qual-
ity in the Threequarters Seam (Carboniferous) in the East
Midlands Coalfield, U.K. Sedimentology of Coal and
Coal-bearing Sequences. In: Rahmani, R.A., Flores, R.M.
(Eds), Sedimentology of coal and coal-bearing sequen-
ces. International Association of Sedimentologists, Special
Publications, 7, 291-308.

Gusterhuber, J., Dunkl, I., Hinsch, R., Linzer, H.-G. and Sach-
senhofer, R. 2012. Neogene uplift and erosion in the Alpine
Foreland Basin (Upper Austria and Salzburg). Geologica
Carpathica, 63, 295-305.

Hernandez-Ballarin, V. and Pelaez-Campomanes, P. 2017. Im-
pact of global climate in the diversity patterns of middle
Miocene rodents from the Madrid Basin (Spain). Palaeo-
geography, Palaeoclimatology, Palaeoecology, 472, 108—
118.

Holcova, K., Dolakova, N., Nehyba, S. and Vacek, F. 2018.
Timing of Langhian bioevents in the Carpathian Foredeep
and northern Pannonian Basin in relation to oceanographic,
tectonic and climatic processes. Geological Quarterly, 62,
3-17.

Horne, J.C., Ferm, J.C., Caruccio, F.T. and Baganz, B.P. 1978.
Depositional models in coal exploration and mine planning
in Appalachian Region. American Association of Petro-
leum Geologists Bulletin, 62,2379-2411.

Ielpi, A. and Ghinassi, M. 2015. Planview style and palae-
odrainage of Torridonian channel belts: applecross forma-

tion, Stoer Peninsula, Scotland. Sedimentary Geology, 325,
1-16.

Ivanov, D. and Worobiec, E. 2017. Middle Miocene (Badenian)
vegetation and climate dynamics in Bulgaria and Poland
based on pollen data. Palaeogeography, Palaeoclimato-
logy, Palaeoecology, 467, 83-94.

Jankowski, L. and Margielewski, W. 2015. Tectonic position of
the Roztocze region in the light of the evolution history of
the Carpathian Foredeep. Biuletyn Panstwowego Instytutu
Geologicznego, 462, 7-28. [In Polish with English sum-
mary]

Jankowski, L. and Wysocka, A. 2019. Occurrence of clastic in-
jectites in the Oligocene strata of the Carpathians and their
significance in unravelling the Paleogene and Neogene
evolution of the Carpathian orogeny (Poland, Ukraine and
Romania). Geological Quarterly, 63, 106—125.

Janssen, R., Doppler, G., Grimm, K., Grimm, M., Haas, U.,
Hiss, M., Kothe, A., Radtke, G., Reichenbacher, B., Salam-
on, M., Standke, G., Teipel, U., Thomas, M., Uffenorde, H.,
Wielandt-Schuster, U. and Subkommission Tertidr-Stratigra-
phie 2018. Das Tertidr in der Stratigraphischen Tabelle von
Deutschland 2016/The Tertiary in the Stratigraphic Table
of Germany 2016 (STG 2016). Deutschen Gesellschaft fiir
Geowissenschafien (German Journal of Geosciences), 169,
267-294.

Jarosinski, M., Poprawa, P. and Ziegler, P.A. 2009. Cenozoic
dynamic evolution of the Polish Platform. Geological Quar-
terly, 53, 3-26.

Karnkowski, P.H. 1980. The paleotectonic of platform cover in
the Wielkopolska. Przeglqd Geologiczny, 28, 146—151. [In
Polish with English summary]

Kasinski, J.R. 1989. Lacustrine sedimentary sequences in the
Polish Miocene lignite-bearing basins — Facies distribution
and sedimentary development. Palaeogeography, Palaeo-
climatology, Palaeoecology, 70, 287-304.

Kasinski, J.R., Piwocki, M., Swadowska, E. and Ziembinska-
Tworzydto, M. 2010. Lignite of the Polish Lowlands Mio-
cene: characteristics on a base of selected profiles. Biuletyn
Panstwowego Instytutu Geologicznego, 439, 99-153. [In
Polish with English summary]

Kasinski, J.R. and Stodkowska, B. 2016. Factors controlling
Cenozoic anthracogenesis in the Polish Lowlands. Geolo-
gical Quarterly, 60, 959-974.

Kley, J. and Voigt, T. 2008. Late Cretaceous intraplate thrusting
in central Europe: effect of Africa-Iberia-Europe conver-
gence, not Alpine collision. Geology, 36, 839-842.

Kolcon, I. and Sachsenhofer, R.F. 1999. Petrography, palyno-
logy and depositional environments of the early Miocene
Oberdorf lignite seam (Styrian Basin, Austria). Interna-
tional Journal of Coal Geology, 41, 275-308.

Kova¢, M., Andreyeva-Grigorovich, A., Bajraktarevi¢, Z.,
Brzobohaty, R., Filipescu, S., Fodor, L., Harzhauser, M.,
Nagymarosy, A., Oszczypko, N., Paveli¢, D., Rogl, F.,



N

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

NEOGENE FLUVIAL ENVIRONMENTS IN CENTRAL POLAND 539

Safti¢, B., Sliva, I’. and Studencka, B. 2007. Badenian
evolution of the Central Paratethys Sea: paleogeography,
climate and eustatic sea-level changes. Geologica Carpa-
thica, 58, 579—-606.

Kova¢, M., Marton, E., Oszczypko, N., Vojtko, R., Hok, J.,
Kralikova, S., Plasienka, D., Kluéiar, T., Hudackova, N.
and Oszczypko-Clowes, M. 2017a. Neogene palacogeo-
graphy and basin evolution of the Western Carpathians,
Northern Pannonian domain and adjoining areas. Global
and Planetary Change, 155, 133-154.

Kovaé, M., Hudackova, N., Halasova, E., Kovacova, M., Hol-
cova, K., Oszczypko-Clowes, M., Baldi, K., Less, G.,
Nagymarosy, A., Ruman, A., Kluciar, T. and Jamrich,M.
2017b. The Central Paratethys palacoceanography: a water
circulation model based on microfossil proxies, climate,
and changes of depositional environment. Acta Geologica
Slovaca, 9, 75-114.

Kraus, M.J. and Hasiotis, S.T. 2006. Significance of different
modes of rhizolith preservation to interpreting paleoenvi-
ronmental and paleohydrologic settings: examples from
Paleogene paleosols, Bighorn Basin, Wyoming, U.S.A.
Journal of Sedimentary Research, 76, 633—-646.

Krzywiec, P. 2001. Contrasting tectonic and sedimentary his-
tory of the central and eastern parts of the Polish Carpa-
thian foredeep basin — results of seismic data interpretation.
Marine and Petroleum Geology, 18, 13-38.

Krzywiec, P. 2006. Structural inversion of the Pomeranian and
Kuiavian segments of the Mid-Polish Trough — lateral var-
iations in timing and structural style. Geological Quarterly,
50, 151-168.

Kus, J. and Misz-Kennan, M. 2017. Coal weathering and lab-
oratory (artificial) coal oxidation. International Journal of’
Coal Geology, 171, 12-36.

Kwiecinska, B. and Wagner, M. 1997. Classification of quali-
tative features of brown coal from Polish deposits accord-
ing to petrographical, chemical and technological criteria.
Wydawnictwo Centrum PPGSMIE Polskiej Akademii
Nauk; Krakow. [In Polish with English summary]

Kwiecinska, B. and Wagner, M. 2001. Application of reflectance
in natural and technological classification of brown coal
(lignite), 99 pp. Wydawnictwo Akademii Goérniczo-Hut-
niczej; Krakow. [In Polish with English summary]

Leclair, S.F. and Bridge, J.S. 2001. Quantitative interpretation
of sedimentary structures formed by river dunes. Journal of
Sedimentary Research, 71, 713-716.

Liicke, A., Helle, G., Schleser, G.H., Figueiral, 1., Mosbrugger,
V., Jones, T.P. and Rowe, N.P. 1999. Environmental history
of the German lower Rhine embayment during the Mid-
dle Miocene as reflected by carbon isotope in brown coal.
Palaeogeography, Palaeoclimatology, Palaeoecology, 154,
339-352.

Mach, K., Sykorova, 1., Konzalova, M. and Oplustil, S. 2013.
Effect of relative lake-level changes in mire-lake system on

the petrographic and floristic compositions of a coal seam,
in the Most Basin (Miocene), Czech Republic. Internation-
al Journal of Coal Geology, 105, 120-136.

Maciaszek, P., Chomiak, L., Wachocki, R. and Widera, M.
2019. The interpretive significance of ripple-derived sedi-
mentary structures within the late Neogene fluvial succes-
sion, central Poland. Geologos, 25, 1-13.

Maciaszek, P., Chomiak, L., Urbanski, P. and Widera, M. 2020.
New insights into the genesis of the “Poznan Clays” — upper
Neogene of Poland. Civil and Environmental Engineering
Reports, 30, 18-32.

Makaske, B. 2001. Anastomosing rivers: a review of their clas-
sification, origin and sedimentary products. Earth-Science
Reviews, 53, 149-196.

Markic, M. and Sachsenhofer, R.F. 1997. Petrographic compo-
sition and depositional environments of the Pliocene Ve-
lenje lignite seam (Slovenia). International Journal of Coal
Geology, 33, 229-254.

Marki¢, M., Zavsek, S., Pezdic¢, J., Skaberne, D. and Kocevar,
M. 2001. Macropetrographic Characterization of the Velenje
Lignite (Slovenia). Acta Universitatis Carolinae, Geologica,
45, 81-97.

Martin, A.J. 2000. Flaser and wavy bedding in ephemeral
streams: a modern and an ancient example. Sedimentary
Geology, 136, 1-5.

McCabe, P.J. 1984. Depositional models of coal and coal-bear-
ing strata. In: Rahmani, R.A., Flores, R.M. (Eds), Sedimen-
tology of Coal and Coal-Bearing Sequences. International
Association of Sedimentologists, Special Publications, 7,
13-42.

McCabe, P. and Parrish, J. 1992. Tectonic and climatic controls
on the distribution and quality of Cretaceous coals. Geolo-
gical Society of America, Special Publications, 267, 1-15.

Miall, A.D. 1977. A review of the braided-river depositional
environment. Earth-Science Reviews, 13, 1-62.

Miall, A.D. 1996. The Geology of Fluvial Deposits, xvi + 582 pp.
Springer-Verlag; Berlin.

Michaelsen, P., Henderson, R.A., Crosdale, P.J. and Mikkelsen,
S.0. 2000. Facies architecture and depositional dynamics of
the Upper Permian Rangal Coal Measures, Bowen Basin,
Australia. Journal of Sedimentary Research, 70, 879-895.

Michon, L., van Balen, R.T., Merle, O. and Pagnier, H. 2003.
The Cenozoic evolution of the Roer Valley rift system in-
tegrated at European scale. Tectonophysics, 367, 101-126.

Mosbrugger, V., Utescher, T. and Dilcher, D. 2005. Cenozoic con-
tinental climatic evolution of Central Europe. Proceedings of
the National Academy of Sciences, 102, 14964—14969.

Nadon, G.C. 1994. The genesis and recognition of anastomosed
fluvial deposits: data from the St. Mary River Formation,
southwestern Alberta, Canada. Journal of Sedimentary Re-
search, 64, 451-463.

North, C.P., Nanson, G.C. and Fagan, S.D. 2007. Recognition
of the sedimentary architecture of dryland anabranching



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

540 MAREK WIDERA ET AL.

(anastomosing) rivers. Journal of Sedimentary Research,
77, 925-938.

Novak, A., Babek, O. and Kapusta J. 2017. Late Quaternary
tectonic switching of siliciclastic provenance in the strike-
slip-dominated foreland of the Western Carpathians; Upper
Morava Basin, Bohemian Massif. Sedimentary Geology,
355, 58-74.

Oszczypko, N. 2006. Late Jurassic—Miocene evolution of the
Outer Carpathian fold-and-thrust belt and its foredeep ba-
sin (Western Carpathians, Poland). Geological Quarterly,
50, 169-194.

Peryt, T.M. 2006. The beginning, development and termination
of the Middle Miocene Badenian salinity crisis in Central
Paratethys. Sedimentary Geology, 188-189, 379-396.

Peryt, T. and Piwocki, M. (Eds) 2004. Polish Geology 1, Stra-
tigraphy 3a, Cenozoic—Paleogene, Neogene, 368 pp. Polish
Geological Institute; Warszawa. [In Polish]

Pharaoh, T. 1999. Palacozoic terranes and their lithospheric
boundaries within the Trans-European Suture Zone, a re-
view. Tectonophysics, 314, 17-41.

Piwocki, M., Badura, J. and Przybylski, B. 2004. Neogene. In:
Peryt, T. and Piwocki, M. (Eds), Polish Geology 1, Stratig-
raphy 3a, Cenozoic—Paleogene, Neogene, 71-133. Polish
Geological Institute; Warszawa. [In Polish]

Piwocki, M. and Ziembinska-Tworzydto, M. 1997. Neogene of
the Polish Lowlands — lithostratigraphy and pollen-spore
zones. Geological Quarterly, 41, 21-40.

Planderova, E., Ziembinska-Tworzydto, M., Grabowska, I.,
Kohlman-Adamska, A., Konzalova, M., Nagy, E., Rylova,
T., Sadowska, A., Stodkowska, B., Stuchlik, L., Syabryaj,
S., Wazynska, H. and Zdrazilkova, N. 1993. On paleoflo-
ristic and paleoclimatic changes during the Neogene of
Eastern and Central Europe on the basis of palynologi-
cal research. In: Paleofloristic and paleoclimatic changes
during Cretaceous and Tertiary. Proceedings of the Inter-
national Symposium, 119—129. Geological Institute of Dio-
nyz Star; Bratislava.

Plasienka, D., Grecula, P, Putis, M., Hovorka, D. and Kovac,
M. 1997. Evolution and structure of the Western Carpath-
ians: an overview. In: Grecula, P. Hovorka, D., Puti§ M.
(Eds), Geological Evolution of the Western Carpathians,
1-24. Mineralia Slovaca Monograph; Bratislava.

Rajchl, M., Uli¢ny, D., Grygar, R. and Mach, K. 2009. Evolu-
tion of basin architecture in an incipient continental rift:
the Cenozoic Most Basin, Eger Graben (Central Europe).
Basin Research, 21, 269-294.

Rajchl, M., Uli¢ny, D. and Mach, K. 2008. Interplay between
tectonics and compaction in a rift-margin, lacustrine delta
system: Miocene of the Eger Graben, Czech Republic. Sedi-
mentology, 55, 1419-1447.

Reineck, H.E. and Singh, I1.B. 1980. Depositional Sedimentary
Environments. Springer-Verlag; Berlin.

Sant, K., Palcu, D.V., Turco, E., Di Stefano, A., Baldassini, N.,

Kouwenhoven, T., Kuiper, K.F. and Krijgsman, W. 2019.
The mid-Langhian flooding in the eastern Central Para-
tethys: integrated stratigraphic data from the Transylvanian
Basin and SE Carpathian Foredeep. International Journal
of Earth Sciences, 108, 2209-2232.

Schifer, A. and Utescher, T. 2014. Origin, sediment fill, and
sequence stratigraphy of the Cenozoic Lower Rhine Ba-
sin (Germany) interpreted from well logs. Zeitschrift der
Deutschen Gesellschaft fiir Geowissenschaften (German
Journal of Geosciences), 165, 287-314.

Schifer, A., Utescher, T., Klett, M. and Valdivia-Manchego,
M. 2005. The Cenozoic Lower Rhine Basin — rifting, sedi-
mentation, and cyclic stratigraphy. International Journal of
Earth Sciences, 94, 621-639.

Schmid, S.M., Bernoulli, D., Fiigenschuh, B., Matenco, L.,
Schefer, S., Schuster, R., Tischler, M. and Ustaszewski, K.
2008. The Alpine-Carpathian-Dinaridic orogenic system:
correlation and evolution of tectonic units. Swiss Journal
of Geosciences, 101, 139-183.

Schneider, W. 1992. Floral successions in Miocene swamps and
bogs of central Europe. Zeitschrift fiir Geologische Wissen-
schafien, 20, 555-570.

Shepard, F.P. 1954. Nomenclature based on sand-silt-clay ra-
tios. Journal of Sedimentary Research, 24, 151-158.

Shukla, U.K. 2009. Sedimentation model of gravel-dominated
alluvial piedmont fan, Ganga Plain. India. International
Journal of Earth Sciences, 98, 443—459.

Sijp, W.P., von der Heydt, A.S., Dijkstra, H.A., Flogel, S.,
Douglas, P.M.J. and Bijl, P.K. 2014. The role of ocean gate-
ways on cooling climate on long time scales. Global and
Planetary Change, 119, 1-22.

Stodkowska, B. and Kasinski, J.R. 2016. Paleogene and Neo-
gene — a time of dynamic changes of climate. Przeglgd
Geologiczny, 64, 15-25. [In Polish with English sum-
mary]

Stodkowska, B. and Widera, M. 2021. Vegetation response
to environmental changes based on the palynological re-
search of the Middle Miocene lignite in the Jozwin 1IB
opencast mine (Konin region, central Poland). Annales So-
cietatis Geologorum Poloniae, 91, in press. doi: 10.14241/
asgp.2021.07

Smith, D.G. and Smith, N.D. 1980. Sedimentation in anastomo-
sed river systems: examples from alluvial valleys near Banff,
Alberta. Journal of Sedimentary Research, 50, 157—164.

Standke, G., Rascher, J. and Strauss, C. 1993. Relative sea-
level fluctuations and brown coal formations around the
Early—Middle Miocene boundary in the Lusatian Brown
Coal District. Geologische Rundschau (International
Journal of Earth Sciences), 82, 295-305.

Smigielski, M., Sinclair, H.D., Stuart, F.M., Persano, C. and
Krzywiec, P. 2016. Exhumation history of the Tatry Moun-
tains, Western Carpathians, constrained by low-tempera-
ture thermochronology. Tectonics, 35, 187-207.



N

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

NEOGENE FLUVIAL ENVIRONMENTS IN CENTRAL POLAND 541

Sujan, M., Braucher, R., Tibensky, M., Fordinal, K., Rybar, S.
and Kovac, M. 2020. Effects of spatially variable accom-
modation rate on channel belt distribution in an alluvial
sequence: Authigenic 10Be/9Be-based Bayesian age-depth
models applied to the upper Miocene Volkovce Fm. (north-
ern Pannonian Basin System, Slovakia). Sedimentary Geo-
logy, 397, 105566.

gujan, M., Kovac, M., Hok, J., Sujan, M., Braucher, R., Rybar,
S. and de Leeuw, A. 2017. Late Miocene fluvial distribu-
tary system in the northern Danube Basin (Pannonian Basin
System): depositional processes, stratigraphic architecture
and controlling factors of the Piestany Member (Volkovce
Formation). Geological Quarterly, 61, 521-548.

gujan, M., Rybar, S., Kova¢, M., Bielik, M., Majcin, D., Minar,
J., Plasienka, D., Novakova, P., and Kotulova, J. 2021. The
polyphase rifting and inversion of the Danube Basin re-
vised. Global and Planetary Change, 196, 103375.

Teichmiiller, M. 1958. Rekonstruktion verschiedener Moor-
typen des Hauptflozes der Niederrheinischen Braunkohle.
Fortschritte in der Geologie von Rheinland und Westfalen,
2, 599-612.

Teichmiiller, M. 1989. The genesis of coal from the viewpoint of
coal petrology. International Journal of Coal Geology, 12,
1-87.

Teisseyre, A.K. 1985. Recent overbank deposits of the Sudetic
valleys, SW Poland. Part I: general environmental charac-
teristics (with examples from the upper River Bobr drain-
age basin). Geologica Sudetica, 20, 113—195.

Ticleanu, N., Scradeanu, D., Popa, M., Milutinovici, S., Popa,
R., Preda, I., Ticleanu, M., Savu, C., Diaconita, D., Barus,
T., Petrescu, 1., Dinulescu, C. and Maftei, R. 1999. The re-
lation between the lithotypes of Pliocene coals from Olte-
nia and their main quality characteristics. Bulletin of the
Czech Geological Survey, 74, 169-174.

Urbanski, P. and Widera, M. 2016. Geology of lignite deposits
in the south-western Wielkopolska region. Przeglgd Geo-
logiczny, 64, 791-798. [In Polish with English summary]

Utescher, T., Ashraf, A.R., Kern, A.K. and Mosbrugger, V. 2021.
Diversity patterns in microfloras recovered from Miocene
brown coals of the lower Rhine Basin reveal distinct cou-
pling of the structure of the peat-forming vegetation and
continental climate variability. Geological Journal, 56,
768-785.

Utescher, T., Mosbrugger, V., Ivanov, D. and Dilcher, D.L. 20009.
Present-day climatic equivalents of European Cenozoic cli-
mates. Earth and Planetary Science Letters, 284, 544-552.

Van Asselen, S. 2011. The contribution of peat compaction to
total basin subsidence: implications for the provision of ac-
commodation space in organic-rich deltas. Basin Research,
23,239-255.

Vassilev, S.V.,, Kitano, K. and Vassileva, C.G. 1997. Relations
between ash yield and chemical and mineral composition
of coals. Fuel, 76, 3-8.

Vinken, R. (compiler) 1988. The Northwest European Tertiary
basin, results of the IGCP Project No. 124. Geologisches
Jahrbuch, A 100.

Wachocki, R., Chomiak, L. and Widera, M. 2020. Tectonic
and sedimentary deformational structures within the first
Mid-Polish lignite seam — Konin Basin, central Poland. /OP
Conference Series: Earth and Environmental Science, 609,
012019.

Wagner, M. 1984. Clay kaolinite (paratonstein) rocks from the
Betchatéw brown coal deposit. Kwartalnik Geologiczny,
25, 111-120. [In Polish with English summary]

Wagner, M., Bielowicz, B. and Misiak, J. 2019. Analysis of the
occurrence of critical elements and raw materials in Pol-
ish lignite deposits with particular emphasis on coal ashes.
In: 2" International Conference on the Sustainable Energy
and Environmental Development. /OP Conference Series:
Earth and Environmental Science, 214, 012026.

Wang, S., Shao, L., Wang, D., Hilton, J., Guo, B. and Lu, J.
2020. Controls on accumulation of anomalously thick
coals: Implications for sequence stratigraphic analysis.
Sedimentology, 67,991-1013.

Widera, M. 2007. Lithostratigraphy and palaeotectonics of the
sub-Pleistocene Cenozoic of Wielkopolska, 224 p. Adam
Mickiewicz University Press; Poznan. [In Polish with En-
glish summary]

Widera, M. 2010. The morphology of fossil pebbles as a tool
for determining their transport processes (Kozmin South
lignite open-cast pit, central Poland). Annales Societatis
Geologorum Poloniae, 80, 315-325.

Widera, M. 2012. Macroscopic lithotype characterisation of the
Ist Middle-Polish (1st Lusatian) Lignite Seam in the Mio-
cene of central Poland. Geologos, 18, 1-11.

Widera, M. 2013a. Sand- and mud-filled fluvial palacochan-
nels in the Wielkopolska Member of the Neogene Poznan
Formation, central Poland. Annales Societatis Geologorum
Poloniae, 83, 19-28.

Widera, M. 2013b. Changes of the lignite seam architecture — a
case study from Polish lignite deposits. International Jour-
nal of Coal Geology, 114, 60-73.

Widera, M. 2015. Compaction of lignite: a review of methods
and results. Acta Geologica Polonica, 65, 367-368.

Widera, M. 2016a. Depositional environments of overbank sed-
imentation in the lignite-bearing Grey Clays Member: new
evidence from Middle Miocene deposits of central Poland.
Sedimentary Geology, 335, 150-165.

Widera, M. 2016b. An overview of lithotype associations form-
ing the exploited lignite seams in Poland. Geologos, 22,
213-225.

Widera, M. 2018. Tectonic and glaciotectonic deformations in
the areas of Polish lignite deposits. Civil and Environmen-
tal Engineering Reports, 28, 182—193.

Widera, M. 2019. What can be learned about the deposition and
compaction of peat from the Miocene lignite seam exposed



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

542 MAREK WIDERA ET AL.

in the Chlapowo Cliff on the Polish coast of the Baltic Sea?
Geology, Geophysics and Environment, 45, 111-119.

Widera, M. 2020. Slump folds within the mid-Miocene cre-
vasse-splay deposits: a unique example from the Tomista-
wice lignite opencast in central Poland. Geological Quar-
terly, 64, 711-722.

Widera, M., Bechtel, A., Chomiak, L., Maciaszek, P., Stod-
kowska, B., Wachocki, R., Worobiec, E., Worobiec, G. and
Zielinski, T. 2021. Palacoenvironmental reconstruction of
the Konin Basin (central Poland) during lignite accumu-
lation linked to the Mid-Miocene Climate Optimum. Pa-
laeogeography, Palaeoclimatology, Palaeoecology, 568,
110307.

Widera, M., Chomiak, L., Gradecki, D. and Wachocki, R. 2017b.
Crevasse splay deposits from the Miocene of central Poland
near Konin. Przeglgd Geologiczny, 65, 251-258. [In Polish
with English summary]

Widera, M., Chomiak, L. and Zielinski, T. 2019b. Sedimentary
facies, processes and paleochannel pattern of an anasto-
mosing river system: an example from the Upper Neogene
of Central Poland. Journal of Sedimentary Research, 89,
487-507.

Widera, M., Cwikliaski, W. and Karman, R. 2008. Cenozoic tec-
tonic evolution of the Poznan-Olesnica Fault Zone, central-
western Poland. Acta Geologica Polonica, 58, 455-471.

Widera, M., Jachna-Filipczuk, G., Kozula, R. and Mazurek,
S. 2007. From peat bog to lignite seam: a new method to
calculate the consolidation coefficient of lignite seams,
Wielkopolska region in central Poland. International Jour-
nal of Earth Sciences, 96, 947-955.

Widera, M. and Kita, A. 2007. Paleogene marginal marine sedi-
mentation in central-western Poland. Geological Quarterly,
51, 79-90.

Widera, M., Kowalska, E. and Fortuna, M. 2017a. A Miocene
anastomosing river system in the area of Konin Lignite
Mine, central Poland. Annales Societatis Geologorum Po-
loniae, 87, 157-168.

Widera, M., Stawikowski, W. and US$cinowicz, G. 2019a. Pa-

Manuscript submitted: 15" March 2021
Revised version accepted: 25" May 2021

leogene—Neogene tectonic evolution of the lignite-rich
Szamotuty Graben. Acta Geologica Polonica, 69,387-401.

Worobiec, E., Widera, M., Worobiec, G. and Kurdziel, B. 2021.
Middle Miocene palynoflora from the Adamow lignite de-
posit, central Poland. Palynology, 45, 59-71.

Worobiec, G, Worobiec, E. and Kasinski, J.R. 2008. Plant as-
semblages of the drill cores from the Neogene Ruja lignite
deposit near Legnica (Lower Silesia, Poland). Acta Palae-
obotanica, 48, 191-275.

Wysocka, A., Radwanski, A., Gorka, M., Babel, M., Radwan-
ska, U. and Ztotnik, M. 2016. The Middle Miocene of the
Fore-Carpathian Basin (Poland, Ukraine and Moldova).
Acta Geologica Polonica, 66,351-401.

Zachos, J., Pagani, M., Sloan, L., Thomas, E. and Billups, K.
2001. Trends, rhythms, and aberrations in global climate 65
Ma to present. Science, 292, 686—-693.

Zachos, J.C., Dickens, G.R. and Zeebe, R.E. 2008. An early
Cenozoic perspective on greenhouse warming and carbon-
cycle dynamics. Nature, 451, 279-283.

Zagwijn, W.H. and Hager, H. 1987. Correlations of conti-
nental and marine Neogene deposits in the south-eastern
Netherlands and the Lower Rhine District. Mededelingen
van de werkgroep voor tertiaire en kwartaire geologie,
24, 59-78.

Ziegler, P.A. and Dézes, P. 2007. Cenozoic uplift of Variscan
massifs in the Alpine foreland: Timing and controlling
mechanisms. Global and Planetary Change, 58, 237-269.

Zielinski, T. 2014. Sedimentology. River and lake deposits, 594
p- Adam Mickiewicz University Press; Poznan. [In Polish]

Zielinski, T. and Widera, M. 2020. Anastomosing-to-meander-
ing transitional river in sedimentary record: A case study
from the Neogene of central Poland. Sedimentary Geology,
404, 105677.

Zelazniewicz, A., Aleksandrowski, P., Bula, Z., Karnkowski,
P.H., Konon, A., Oszczypko, N., Slaczka, A., Zaba, J. and
Zytko, K. 2011. Tectonic subdivision of Poland, 60 p. The
Committee of Geological Sciences of the Polish Academy
of Sciences; Wroctaw. [In Polish]





