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Abstract: Two stratigraphically distinct main lignite seams have been mined in the Konin Basin (central Po-
land) for decades. These seams originated during two peaks of the Middle Miocene Climatic Optimum, when
widespread mires developed as backswamps in the vicinity of river channels. Weather fluctuations likely caused
frequent flooding, recorded within the lignite seams as siliciclastic lithosomes or high concentrations of mineral
matter in specific lignite layers (e.g., high ash yields). Facies analysis of selected sandy lithosomes in the opencast
lignite mines near the town of Konin (Lubstow, Jozwin 1IB, and Tomistawice) illustrates a wide range of sedi-
mentary facies and deformational structures. While some of these facies formed subaerially, others were deposited
under subaqueous conditions in shallow, ephemeral lakes on the surface of Middle Miocene mires. Nonetheless, all
the studied sediments are typical of crevasse splays or small lacustrine deltas, deposited near inferred meandering
and/or anastomosing river channels. Consequently, the subaerial facies are attributed to high-energy, relatively
short floods, whereas the subaqueous ones are linked to low-energy, slowly evolving regular floods. This hypothe-
sis relies on the relationship between the rate of rising water levels in the river channel and the adjacent mire area,
which is primarily controlled by the permeability of natural levee sediments.
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INTRODUCTION

The mineral matter present in coal of various ranks, in-
cluding lignite, is an integral part of explored and mined
seams. It occurs in the form of layers, lenses, veins, and clas-
tic dykes, and is also dispersed within the organic matter. In
the former case, the siliciclastic sediments are macroscopi-
cally visible in borehole cores as well as in underground and
opencast exposures. Within the organic matter, the clastic

content can be determined as ash yield by combusting coal
samples. The presence of mineral matter within a coal seam
reduces its quality — primarily the net calorific value — and
affects other geological and mining parameters, such as
the stripping ratio (e.g., Marki¢ and Sachsenhofer, 2010;
Flores and Moore, 2024). High concentrations of siliciclastic
material render the coal unsuitable for certain applications
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(e.g., in energy or chemical industries) or require selective
mining (e.g., Vessey and Bustin, 2000; Thomas, 2013; Mi-
chaelsen and Demberelsuren, 2024; Kedzior et al., 2025).

Studies of non-coal interlayers and the surrounding stra-
ta, including siliciclastic sediments, within global lignite
deposits are relatively common. Their identification relies
primarily on borehole and geophysical data (Marki¢ and
Sachsenhofer, 1997; Holdgate et al., 2002; Schéfer and
Utescher, 2014; Michaelsen and Demberelsuren, 2024,
and references therein), as well as surface outcrops (Rajchl
et al., 2008; Mach et al., 2013; Prinz et al., 2017, and refer-
ences therein). One notable exception is the Velenje Lignite
Mine in Slovenia, where such research was also conducted
underground (Marki¢ and Sachsenhofer, 2010).

The presence of siliciclastic sediments (mud, sand, and
gravel) within the lignite-dominated succession of the
study area has long been recognised, through both explo-
ration-stage research and subsequent mining (e.g., Widera,
2016; Chomiak et al., 2019; Dziamara et al., 2023; Widera et
al., 2024). In the opencast lignite mines of the Konin Basin,
the use of relatively shallow boreholes (ranging from sev-
eral tens of metres to around 280 m in depth) historically al-
lowed mining companies to avoid uneconomic, clastic-rich
lignite seams. However, as extraction expanded, encounter-
ing these sand-rich interbeds became inevitable. Converse-
ly, from a scientific perspective, their exposure has provided
excellent opportunities for sedimentological studies (e.g.,
Widera et al., 2023, 2024, 2026; Kasztelewicz et al., 2025).

Lignite in the Konin Basin has been extracted from 12
opencast mines, primarily for electricity generation. For
decades, mining targeted the axial, thickest parts of the
deposits where clastic interbeds were exceptionally rare.
However, as these central reserves neared depletion, op-
erations expanded into seam margins, containing frequent

Fig. 1.

siliciclastic interbeds (Naworyta and Urbanski, 2025). Ear-
ly sedimentological observations of these interbeds, such
as the sandy lithosome in the Lubstéw opencast mine (Fig.
1), were conducted prior to 2015 but remained unpublished.
A key turning point occurred in 2015 with the discovery of
a major sandy body in the Tomislawice opencast mine
(Widera, 2016, 2017). Subsequent investigations in the
Jozwin IIB and Tomislawice mines revealed further sub-
stantial sandy and clayey interbeds (Fig. 1; Chomiak et al.,
2019; Dziamara et al., 2023; Widera et al., 2024), which
have been interpreted as subaerial and subaqueous crevasse
splays (Widera et al., 2023).

The main aim of this study is to analyse the facies of se-
lected fine-grained sandy lithosomes, occurring within the
lignite seams exploited in the Konin Basin. This is achieved
through three secondary objectives: 1) the description and
interpretation of sedimentary and deformational facies,
2) the distinction between subaerial and subaqueous facies,
and 3) the formulation of two conceptual models for the for-
mation of crevasse splays and microdeltas during short- and
long-duration regular floods. Consequently, this study tests
the hypothesis that differences in sedimentary facies reflect
varying flood dynamics.

GEOLOGICAL SETTING

The examined sediments were exposed in the Lubstow,
Jozwin 1IB, and Tomislawice opencast lignite mines, near
Konin (Konin Basin) in central Poland (Fig. 1). All three
mines are located within fault-bounded tectonic grabens,
with depths ranging from several tens of metres (Jozwin 1B
and Tomistawice) to over 240 m (Lubstow). Their Mesozo-
ic basement comprises Upper Cretaceous rocks, primarily

Location maps. A. Poland on a map of Europe. B. Study area on a map of Poland. C. Location of the examined sections within

lignite opencast mines in the Konin Basin. Geographical coordinates of the sections: Lubstow — 52°22'54.8"N, 18°27'46.4"E; J6zwin 1IB
—52°24'13.2"N, 18°10'56.7"E; Tomistawice South — 52°27'06.3"N, 18°31'46.3"E; Tomistawice North — 52°28'20.7"N, 18°30'38.7"E.
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marls and carbonate sandstones (Ciuk and Grabowska, 1991;
Widera, 2021, 2024). The Cenozoic succession — which dif-
fers in lithology and lithostratigraphic completeness across
the studied areas — forms a continuous unit, ranging from
50 to over 280 m in thickness.

Due to a significant hiatus spanning the Paleocene to ear-
ly Oligocene — characterised by non-deposition and subse-
quent erosion, caused by tectonic uplift in central Poland
— the Paleogene in the Lubstow and Tomistawice areas is
represented exclusively by lower Oligocene (Rupelian) sed-
iments (Figs 2, 3, 4B). These deposits consist mainly of ma-
rine glauconitic sands and muds, ranging in thickness from
up to 1015 m in Tomistawice to over 130 m in Lubstow.
Conversely, no Paleogene sediments have been identified in
the area of the J6zwin IIB opencast mine, either in borehole
data or mine exposures (Figs 2, 4A).

The Neogene in the study area begins with terrestrial sedi-
ments deposited following the late Oligocene (Chattian) tec-
tonic uplift of the Polish Lowlands. Initially, subcoal sands
and carbonaceous (coaly) sands with lignite lenses (Rawicz
Formation) accumulated in the Lubstéw area. Peat accumu-
lation took place in this region during the latest phase of the
Early Miocene and the early Middle Miocene. This peat was
subsequently transformed into the lignite of the present 2™
Lusatian Lignite Seam (LLS-2), which reaches a maximum
thickness of 86.2 m at Lubstow. Lithostratigraphically, the
LLS-2 belongs to the Scinawa Formation (Fig. 2; Piwocki
and Ziembinska-Tworzydto, 1997; Widera, 2024). Based on
palynological data (Ciuk and Grabowska, 1991), the LLS-2
accumulated during the first peak of the Middle Miocene
Climatic Optimum (Zachos et al., 2001; Bruch et al., 2007),
under a warm, temperate to subtropical climate (Kasinski
and Stodkowska, 2016).

In the area of the Jozwin IIB and Tomistawice open-
cast mines, the subcoal sands and carbonaceous sands are
similar to those in the Lubstéw mine and are classified as
the Kozmin Formation (Fig. 2). Peat accumulated there
between 15.1 and 14.3 Ma, corresponding to the middle part
of the Middle Miocene (Widera et al., 2021a, b). It currently
forms the 1st Mid-Polish Lignite Seam (MPLS-1), which has
an average thickness of 6.8 m but locally exceeds 13.0 m
(Figs 3, 4; Wachocki et al., 2020; Widera, 2021). The MPLS-1
belongs to the lower part (Grey Clay Member) of the
Neogene Poznan Formation (Fig. 2; Piwocki and Ziembins-
ka-Tworzydlo, 1997; Widera and Klgsk, 2025). The MPLS-1
accumulated during the final peak of the Middle Miocene
Climatic Optimum (Zachos ef al., 2001; Bruch et al., 2007;
Kasinski and Stodkowska, 2016), under a warm-temperate
and humid climate (Stodkowska and Widera, 2021, 2022).

The LLS-2 and MPLS-1 are overlain by Neogene fluvial
and Quaternary glaciogenic sediments, ranging in thickness
from 40 to over 80 m (Figs 3, 4). The Neogene sequence
terminates with multicoloured muds (i.e., ‘green clays’
and ‘flaming clays”), which constitute the upper part of the
Poznan Formation, specifically the Wielkopolska Member
(Fig. 2; Piwocki and Ziembinska-Tworzydto, 1997; Widera
and Klesk, 2025). These muds represent sediments of a late
Neogene anastomosing (e.g., Widera et al., 2021b; Urbanski
et al., 2025) or anastomosing-to-meandering transitional
fluvial system (Zielinski and Widera, 2020; Kedzior ef al.,

Fig. 2.  Generalised lithostratigraphy of areas with mined lig-
nite seams in the Konin Basin. Note the approximate stratigraphic
position of the examined siliciclastic sediments within the lignite
seams; for explanations, see Figure 3.

2021). They are in turn overlain by glaciogenic Pleistocene
sediments (tills, gravels, sands, and muds), a thin cover of
Holocene alluvial sediments (<1.5 m thick), and modern
soil.

MATERIALS AND METHODS

The examined sandy lithosomes were positioned between
lignite benches of exploited lignite seams, i.e., LLS-2
at Lubstow and MPLS-1 at Jozwin 1IB and Tomistawice
(Fig. 2). In both cases, the lithosomes were easily acces-
sible for direct field observations over distances exceeding
0.5-1.0 km in various directions. The maximum thickness
of the siliciclastic interbeds exposed within LLS-2 and
MPLS-1 is around 4.8 m. In this study, four vertical sections
of these interlignite sediments were selected for detailed fa-
cies analysis. Fieldwork was carried out from 1995 to 2004 in
the Lubstéw opencast mine, and between 2015 and 2025
in the J6zwin IIB and Tomislawice mines.
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On the basis of data from several dozen boreholes,
three representative geological cross-sections through the
Cenozoic succession of the study areas were constructed
(Figs 3, 4). Boreholes at Jozwin IIB and Tomistawice gen-
erally reached depths of less than 100 m, whereas those
at Lubstow mostly exceeded 100 m, reaching a maximum
depth of >280 m. These borehole data, along with other
cartographic materials (e.g., mining maps), were obtained
from the geological archive of the Konin Lignite Mine at
Kleczew, near Konin.

All interlignite siliciclastic sediments were documented
photographically in the field (Figs 5-12). For all cross-strat-
ified sands (planar or trough), multiple palacoflow measure-
ments were taken. Hundreds of siliciclastic samples were
analysed for their granulometry, ash yield, and ash compo-
sition (e.g., Widera, 2016; Dziamara et al., 2023; Widera
et al., 2026), enabling a precise definition of the sediment
type. Consequently, for grain-size classes and subclasses, the
standard classification scheme of Wentworth (1922) was ap-
plied. For sand-silt—clay mixtures, the scheme of Folk (1974)
was used. For example, the term ‘muddy sand’ corresponds to
a sediment composed of over 50 wt% sand and under 50 wt%
silt and clay combined. Where fine-grained sediments con-
tain gravel-sized (>2 mm) intraclasts (rip-up clasts), the term
‘gravel’ or ‘gravelly’ was appended to the sediment name.

The examined siliciclastic sediments were classified and
interpreted using facies analysis of fluvial deposits, follow-
ing Miall (2006, 2022), Boggs (2012), and Zielinski (2014).
To simplify the description of facies identified in the field,

Fig. 3.

the coding system originally proposed by Miall (1977) for
clastic rocks was applied (Tab. 1). Most letter codes for
sedimentary textures and structures follow Miall (1977),
except for the code ‘M’, introduced for mud by Widera et al.
(2019). Facies coding follows a straightforward convention:
textural attributes are denoted by capital letters, whereas

Table 1

Textural and structural codes, used in this study to describe
sediment facies (after Miall, 1977, supplemented).
For descriptions and interpretations of the facies
associations see Table 2 and the text.

Facies code Facies texture

G gravel

S sand

M mud

C coal, carbonaceous

Facies structure

massive

horizontal (plane-parallel) lamination

planar cross-stratification

~|o |z |8

trough cross-stratification

ripple cross-lamination
deformed (folded, faulted, fractured, etc.)

Geological cross-section through the Lubstow lignite deposits (modified from Widera, 2021). Note the approximate stratigraphic

position of the examined sediments within the 2" Lusatian Lignite Seam (LLS-2).
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structural features are indicated by lowercase letters. For
moderate to well-sorted sediments, one or two capital let-
ters are typically used; for instance, ‘SC’ for coaly sand and
‘S’ for sand. Poorly sorted sediments are occasionally coded
using three capital letters, such as ‘GSM’ for sandy-muddy
gravel (Tab. 2).

Moreover, the terminology for sedimentary structures is

2022), Boggs (2012), and Collinson and Mountney (2019),
among others. Deformation structures — both ductile and
brittle — were classified primarily according to Dzutynski
and Walton (1965). In this paper, all such features (folds,
faults, fractures, etc.) are denoted by the lowercase letter
‘d’, and are described and interpreted in detail in the main
text (cf. Tabs 1, 2).

adopted from Collinson and Thompson (1982), Miall (2006,

Table 2

Brief descriptions and interpretations of the facies associations, distinguished within the lignite seams (LLS-2, MPLS-1)
in the Konin Basin. For facies codes see Table 1.

. Subaerial,
Facies o .
association subaqueous Description Interpretation
facies
up to ~1 m thick, with an erosional
subacrial: base; gravel-sized sandy-muddy clasts | sudden deposition occurred onto a flat surface in the over-
u ) (intraclasts, rip-up clasts) present bank/floodplain area from high- to low-density and turbulent
GSMm, SCm p-up P P £ Y
FA-1 SGMh ’S Ch > | within a sand and coaly sand matrix; flows (Farrell, 2001; Toonen et al., 2016; Lepre, 2017;
Sh. St ’S Ct > | facies change from massive through Rahman et al., 2022); unsorted sediments containing intrac-
c horizontally laminated to trough cross | lasts (rip-up clasts) were derived from the natural levee
-stratified
deposition occurred on the bottomset (i.e., the lower segment)
subaqueous: b 10 0.2 m thick. with a depositional of a crevasse-splay microdelta (lacustrine delta or prograding
Sh Sth ’ bg se: sﬁb-horizoﬁtall inCliII; od splay), with subaqueous deposition taking place via traction
FA-2 Sl\/’[h Sh, d) lami;‘nae' ductile de foi‘,mation (load and suspension (Zielinski, 2014); deformation resulted from
SCh (’d) ’ - ﬂe;me structures) present unstable density gradients or uneven sediment loading
’ p (Dzutynski and Walton, 1965; Moretti et al., 1999; Burns
etal.,2017)
0.5-1.5 m thick, with steeply dipping
laminae (up to 10-25°) and a . . .
subaqueous: denositional base: lateral extent deposition occurred on the foreset (i.e., the middle segment)
FA3 Sp Sci) ) ’ >3%07 500 m: palz’leo ransport directions of a crevasse-splay microdelta, dominated by subaqueous
S C’ (d) ’ rtuall con; tant over short distances: tractional processes (Bristow et al., 1999; Michaelsen et al.,
p Virtually constairz Over SAor > | 2000; Chomiak et al., 2019)
variable brecciation (brecciated to
non-brecciated)
deposition occurred on the topset (i.e., the upper segment) of
subaerial: 0.1-0.4 m thick, with a depositional a crevasse-splay microdelta, with accumulation taking place
St, SMt, base; displaying horizontal lamination, | above the water level of the lake (standing water); sedimen-
Sh, SMCh, massive structure, as well as ripple tation was driven mainly by tractional processes under upper-
FA-4 SCh, SCm, and trough cross-lamination; stratifi- to lower-flow regime conditions (Collinson and Thompson,
Sr, Sh(d), cation is frequently disrupted by roots 1982; Allen, 1984; Miall, 2006; Widera, 2016); subsequent
SCm(d), of peat-forming vegetation; partially brecciation was caused by hydraulic fracturing, triggered by
Sm(d) brecciated a sudden tectonic event (Obermeier et al., 2005; Owen et al.,
2011)
FAZS subaerial and/ | quartzitic sandstones with fossilised palaeosol horizon formed by freshwater silica dissolution and
or subaqueous | plant roots precipitation (Gorniak et al., 1996)
. . . deposition occurred across the entire splay surface (as flat
subaerial: Eglt{))agf' gll:ﬁ;kt’ tflvét}fla:;:l;os?c-al beds) and/or as migrating ripples and small dunes, with
Sm. Sh S ch |ofF A-3" similar facies occurylf Ad: accumulation taking place under fluctuating hydrodynamic
FA-6 S CI’n S’ LS Ct, com os; dof a set of alternatin fajcies conditions, transitioning between upper- and lower-flow
SMit 7Sr 7SCr ’ St arrl)d SME. up t0 0.6 m thick \iith an regimes (Allen, 1984; Miall, 2006; Zielinski, 2014); the facies
T erosional ba,tsep ’ displaying alternating trough cross-stratification (facies St and
SMt) are interpreted as crevasse-splay channel deposits
deposition occurred on the surface of the crevasse splay as
up to 0.5 m thick, with deformed a sedimentary breccia, with clasts derived from a natural
subaerial: structure (i.e. folded and faulted) and levee; folding is typical of slumping, whereas brecciation
FA-7 SCh(d), Sh(d), | an erosional base; clearly visible resulted from a debris flow during sediment dewatering as
SMh(d) laminated clasts contain variable folding transitioned into faulting; small normal and reverse
organic-matter content faults formed during the final stage of sedimentary breccia
formation (Alsop et al., 2017; Ko et al., 2017; Widera, 2017)
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Fig. 4.  Geological cross-sections through the J6zwin I1IB and Tomistawice lignite deposits (modified from Chomiak ef al., 2019; Widera
et al., 2026). Note the approximate stratigraphic position of the examined sediments within the 1st Mid-Polish Lignite Seam (MPLS-1).
For explanations, see Figure 3.

Fig. 5. Interlignite sediments in the Lubstow opencast mine. A, C. Photographic view of the outcrop sections. B, D. The corresponding
line-drawings of the siliciclastic sediments, shown in Figure 5A, C, respectively. Note the key (top-right corner), explaining the averaged
palaeoflow directions; for facies codes explanations, as well as descriptions and interpretations of the facies associations, see Tables 1 and 2.



SEDIMENTARY RECORD OF RIVER FLOODS IN THE MIDDLE MIOCENE LIGNITES 7

RESULTS

In this study, four presently inaccessible sections were in-
vestigated in detail within the opencast lignite mines of the
Konin Basin. These are, in sequence: Lubstéw (north-east-
ern face), Jozwin IIB (eastern face), Tomistawice South
(western face), and Tomistawice North (western face; see
Fig. 1). In all opencast mines, the sediments were accessi-
ble for direct observation, primarily in the exploitation face
or along dewatering canals over a distance of >1 km (e.g.,
Jozwin IIB opencast mine).

Lubstow section

Description: The siliciclastic sediments found within LLS-2
at Lubstéw represent four facies associations: FA-1 to FA-4
(Figs 5, 6). The latter three associations recur in superpo-
sition (Fig. 5). Most of the examined sediments are clearly
arranged in characteristic sequences of facies associations
FA-2, FA-3, and FA-4.

FA-1 overlies the lower bench of LLS-2 with an erosional
contact. At its base, it comprises massive to chaotic facies,
such as sandy-muddy gravel (GSMm) and carbonaceous
sand (SCm), which pass upwards into horizontally lami-
nated facies: gravelly-muddy sand (SGMh, with aligned
clasts), organic-rich, coaly sand (SCh), and sand (Sh)
(Fig. 5A, B). Clasts, ranging in length from several centi-
metres to over 10 cm, and up to 5 cm in width, occasionally

Fig. 6.  Special elements and (litho)facies, associated with interlignite sediments in the Lubstow opencast mine. A. Tree trunks with root
systems (stumps) in an upright position. B. Blocks of quartzite sandstones, stored in the internal dump. C. Details of quartzite sandstone
with visible fossilised plant roots. For explanations, see the text.

Fig.7. Interlignite sediments in the J6zwin IIB opencast mine. A. Photographic view of the outcrop section (modified from Chomiak et
al., 2019). B. The corresponding line-drawing of the siliciclastic sediments, shown in Figure 7A. For facies codes explanations, as well as
descriptions and interpretations of the facies associations, see Tables 1 and 2.
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Fig. 8.  Brittle and ductile deformation structures in the Jozwin
IIB opencast mine. A, E, F. Example of brittle deformation — tec-
tonic breccia. B-D. Example of ductile deformations — load casts
and flame structures (modified from Chomiak et al., 2019). Note
the superposition of brittle deformation over ductile deformation
in Figure 8B-D. For explanations, see the text.

contain numerous small, fossilised roots. The total thick-
ness of FA-1 along the lignite face ranges from 0 to ~1 m
(Fig. 5A, B).

Facies association FA-1 is overlain conformably by FA-
2, FA-3 and FA-4. Apart from minor lithological differenc-
es, this sequence of vertically stacked facies associations
(FA-2 to FA-4) is repeated twice within the examined sec-
tion. FA-2 consists of horizontally laminated sand (Sh)
or muddy sand (SMh). FA-3 comprises a single facies,
namely planar cross-stratified sand (Sp), whereas FA-4
includes trough cross-stratified sand (St) and muddy sand
(SMt), horizontally laminated sand (Sh), coaly-muddy
sand (SMCh), coaly sand (SCh), and massive coaly sand
(SCm) (Table 1). All three facies associations are composed

mainly of fine-grained sand, occasionally with an admix-
ture of a finer fraction (clay and silt) or organic matter.
Contacts between them (FA-2 to FA-4) are gradational (i.e.,
their bases are depositional; Fig. 5). Notably, facies Sp —
varying in thickness from 0.2 to 1.0 m — extends over a dis-
tance of ~600 m, with laminae dipping at angles of 10-25°.
Overall, the average palaeotransport direction was towards
the south—southwest (Fig. 5), while the total thickness of
FA-2 to FA-4 was 0.6-2.1 m.

In other parts of the Lubstow opencast mine, tree trunks

with root systems (stumps) and quartzitic sandstones
(FA-5) were observed (Fig. 6). Both are genetically related
to the examined interlignite sands. The trunks are preserved
in an upright growth position, with diameters exceeding
0.5 m (Fig. 6A). In situ, FA-5 has a lateral extent ranging
from 5 to >100 m and a thickness of up to 2 m, whereas
within the internal dump, the largest sandstone blocks of
FA-5 reach volumes of 5 to >20 m* (Fig. 6B; Wachocki et
al., 2025). Furthermore, the upper, more lithified parts of
these sandstones contain strongly fossilised plant roots (Fig.
60C).
Interpretation: In this study, FA-1 is interpreted as the
product of rapid sedimentation from gravity-driven turbu-
lent flows. Facies GSMm and SGMh most likely represent
fossilised fragments of turf (palacosols) preserved as clasts.
Consequently, these clasts can be classified as intraclasts or
rip-up clasts originating from the erosion of natural levees
during flooding. They were rapidly deposited from high- to
low-density flows, as indicated by the massive to poorly
laminated structure of the sediment, reflecting turbulent
and erosive flow dynamics (e.g., Farrell, 2001; Toonen
et al., 2016; Lepre, 2017; Rahman et al., 2022). Towards
the upper part of FA-1, intraclasts become progressively
less abundant, and massive facies transition into vaguely
horizontally stratified facies, such as SGMh, SCh, and Sh
(Fig. 5A, B). This shift reflects a transition to lower-ener-
gy, low-density sheetflows operating over a broader dep-
ositional surface. Facies Sh and SCh formed upper-flow-
regime plane beds (e.g., Allen, 1984; Miall, 2006; Zielinski,
2014).

FA-2, FA-3, and FA-4 form a distinct tripartite sequence,
interpreted as components of a small lacustrine delta or cre-
vasse-splay microdelta (e.g., Bristow et al., 1999; Michael-
sen et al., 2000; Chomiak et al., 2019). Its lower segment
(FA-2), represented by facies Sh and SMh, is interpreted
as a prodelta deposit that accumulated in a lake, formed on
the mire surface. FA-3 represents a middle-delta foreset.
This interpretation is supported by steeply dipping lami-
nae (up to 25°), the lateral persistence of facies Sp over
several hundred metres, and its gradational transition into
FA-2. Furthermore, along the exposure, palaeotransport
directions vary systematically (Fig. 5B, D); however, in-
dividual measurements were highly consistent over short
distances, which is linked to the lobate morphology of the
microdelta (Miall, 2006). FA-4 corresponds to the topset,
forming the upper part of the delta. Horizontally stratified
sands (Sh, SMCh, SCh) were deposited under subaerial
conditions during unconfined sheetflow across the entire
depositional surface (e.g., Allen, 1984; Farrell, 2001). The
massive coaly sands (SCm) resulted most likely from
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Fig. 9.

Interlignite sediments in the Tomistawice opencast mine, southern site. A, C. Close-up view of the outcrop sections display-

ing two facies associations FA-1 and FA-6. B, D. The corresponding line-drawings of the siliciclastic sediments shown in Figure 9A,

C, respectively. Note the channel-fill on the splay in Figure 9A, B and the sedimentary breccia in Figure 9C, D. For facies codes explana-
tions, as well as descriptions and interpretations of the facies associations, see Tables 1 and 2.

subsequent soil processes or are apparently massive due
to a high degree of sorting, despite being originally strat-
ified; however, this stratification is barely discernible in
the field (e.g., Chomiak et al., 2019). Conversely, facies
St and SMt record shallow, channelised flow and the mi-
gration of small dunes (e.g., Collinson and Thompson,
1982; Bristow et al., 1999; Widera, 2016; Collinson and
Mountney, 2019).

FA-5 represents unique rocks within the predominant-
ly fine-grained Paleogene—Neogene siliciclastic sediments
(and lignites) of the Polish Lowlands (Fig. 6B, C). These are
freshwater quartzitic sandstones, formed within a Miocene
palaecosol environment. The subcoal sands were cement-
ed by silica derived from the dissolution of quartz grains
within these deposits. This interpretation is supported by
the presence of organo-quartz aggregates — confirmed via
scanning electron microscopy (SEM) — occurring as authi-
genic quartz overgrowths. Consequently, the decomposition
of organic matter (i.e., plant roots; Fig. 6C) and local pH
fluctuations driven by organic acids induced the lithification
of the unconsolidated sediment, forming FA-5 (Gorniak et
al., 1996; Wachocki et al., 2025).

Jozwin IIB section

Description: The interlignite clastics, exposed in the
Jozwin IIB opencast mine, belong to MPLS-1. Four facies
associations were distinguished in this location, namely
FA-1 and FA-2 to FA-4 (Figs 7, 8). FA-1 at J6zwin IIB is
texturally and structurally similar to FA-1 identified at Lub-
stow (cf. Figs 5A, 5B, 7A, 7B). This association consists of
facies GSMm, Sm, and SGMh. Stratification is very poorly
defined, and the thickness of FA-1 varies from 20 to >40
cm where the top of the lower lignite bench has been erod-
ed. In contrast, the remaining facies associations (FA-2 to
FA-4) are exceptionally well exposed, with both sedimen-
tary and deformational structures clearly visible (Figs 7, 8).
FA-2 consists of both deformed horizontally laminated sand
(Sh(d)) and coaly sand (SCh(d)). FA-3 includes deformed
planar cross-stratified sand (Sp(d)) and coaly sand (SCp(d)).
FA-4 encompasses deformed horizontally laminated sand
(Sh(d)), massive coaly sand (SCm(d)), and massive sand
(Sm(d)), as well as undeformed massive sand (Sm), trough
cross-stratified sand (St), and ripple cross-laminated sand
(Sr). Together, FA-2 to FA-4 form a tripartite sequence
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Fig.10. Sedimentary breccia in the Tomistawice opencast mine,
southern site. A. Example of folding (slumping). B. Example of
faulting. For explanations, see the text.

matching that observed at Lubstow. However, these faci-
es associations — composed predominantly of fine-grained
sands — are distinguished by significant organic-matter en-
richment within certain laminae and, above all, by the pres-
ence of ductile and brittle deformations. Furthermore, the
transitions between FA-2, FA-3, and FA-4 are conformable,
showing no evidence of erosion (Figs 7, 8; Table 1).
Interpretation: The interlignite sediments interpreted at
Jozwin IIB are typical of an initial flooding phase (FA-1),
and the formation of a crevasse-splay microdelta (FA-2
to FA-4; Table 2), after a flooding river entered a shallow
overbank lake. Despite their strong similarity to sediments
described from the Lubstow opencast mine, sediments ex-
posed in the J6zwin IIB opencast mine rank among the most
intensely deformed siliciclastic sediments across all Polish
lignite deposits (Chomiak et al., 2019).

Ductile deformation structures, such as load casts and
flame structures, resulted from rheological differences
between adjacent layers (Fig. 8B-D). In general, they
formed due to unstable density gradients or uneven loading,
which triggered sediment liquefaction (e.g., Dzutynski and
Walton, 1965; Collinson and Thompson, 1982; Moretti et al.,

1999; Burns et al., 2017; Rahman et al., 2022). The breccia
observed at Jozwin IIB formed likely as a result of hydrau-
lic fracturing, driven by high pore-water pressure. Naturally,
this process requires significantly stronger seismic activity
than that needed to induce ductile deformation (e.g., Ober-
meier et al., 2005; Owen et al., 2011).

The triggering mechanism of the deformation structures
described within LLS-2 and MPLS-1 is likely linked to the
tectonic activity of the Konin Basin, or one of its numerous
grabens (Figs 3, 4; the Jozwin IIB opencast mine covers
the northernmost part of the Kleczew Graben) during the
Early and Middle Miocene (Widera, 2007, 2021). Conse-
quently, the development of these deformation structures
can be attributed to seismic activity. Specifically, the duc-
tile deformation structures were likely induced by weak
seismic shocks, whereas brittle deformation — expressed
through the formation of tectonic breccia — was subse-
quently superimposed on the ductile structures (Fig. 8).
The brecciation process was probably triggered by a rela-
tively strong tectonic shock (Chomiak et al., 2019; Wa-
chocki et al., 2025).

Tomislawice South section

Description: The interlignite sediments in this section
comprise three facies associations (FA-1, FA-6, and FA-7)
separated by a thin lignite layer, up to 40 cm thick
(Fig. 9). Notably, these predominantly fine-grained sands
with erosional basal contacts — previously interpreted
as crevasse-splay deposits — were the first of their kind to
be identified across all lignite opencast mines in Poland
(Widera, 2016).

FA-1, consisting of facies GSMm, SGMh, SCm, and SCh,
corresponds almost exactly to FA-1 at Lubstow and Jozwin
IIB. In this case, however, the most prominent feature is the
erosive incision into the top of the lower MPLS-1 bench,
reaching a depth of up to 0.5 m (Fig. 9A, B). FA-6 erosion-
ally overlies the aforementioned thin (up to 40 cm thick)
lignite layer and starts with coaly sands (facies SCm, SCt,
or SCr) and clean fine-grained sands (facies St or Sm), in
which lamination is locally visible.

Consequently, facies Sm and SCm dominate in the lower
part of FA-6 (Fig. 9). In its upper part, the alternating facies
—namely trough cross-stratified sands (St) and muddy sands
(SMt) — form a channel fill. Stratification in facies St and
SMt is inclined towards the ENE (Fig. 9B). The overlying
FA-7, comprising sedimentary breccia, is present only loc-
ally within the uppermost part of the interlignite succession
at the Tomistawice South section. It comprises deformed
(folded and faulted), horizontally laminated facies SCh(d),
Sh(d), and SMh(d) (Fig. 9C, D; Table 1). Internally laminat-
ed clasts vary in colour from white through grey to black
(Fig. 10). Both facies associations (FA-6 and FA-7) are pen-
etrated by fossilised tree roots originating from the upper
bench of MPLS-1 (Fig. 9).

Interpretation: FA-1 is texturally and structurally very
similar across all examined sections and should there-
fore be interpreted in the same manner. It represents rapid
deposition during the initial flooding phase (cf. the inter-
pretation of FA-1 in Table 2). In contrast, FA-6 and FA-7
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Fig. 11.

Interlignite sediments in the Tomislawice opencast mine, northern site. A, B. Panoramic views of the outcrop sections.

C. Close-up view of the outcrop section, displaying main facies associations: FA-1-FA-3, and FA-6. D. The corresponding line-drawing
of the sediments shown in Figure 11C. Note the repeated occurrence of facies sets in the section. For facies codes explanations, as well as
descriptions and interpretations of the facies associations, see Tables 1 and 2.

differ genetically from the facies associations, described
in the Lubstéw and Jozwin IIB sections and warrant closer
examination.

The lower part of FA-6 is interpreted as crevasse-splay
sediments, formed under subaerial conditions (Lepre, 2017).
Deposition initially occurred from tractional flow across the
entire depositional surface (facies SCh) or via flow, charac-
terised by rapid sediment dumping (facies Sm and SCm),
subsequently transitioning to flow depositing on small
dunes or ripples (facies St and Sr). Overall, a decrease in
flow energy is observed towards the top of these sediment
bodies (Collinson and Thompson, 1982; Allen, 1984; Mi-
all, 2006; Collinson and Mountney, 2019). In contrast, the

upper part of FA-6 (alternating facies St and SMt) represents
a crevasse-splay channel fill (Bristow et al., 1999; Burns
et al., 2017). Thus, the alternating occurrence of facies St
and SMt reflects energy fluctuations in the flowing water
(Fig. 9A, B; Miall, 1977; Allen, 1984; Bristow et al., 1999;
Widera, 2016).

FA-7 differs significantly from the other facies associa-
tions analysed in this study (Figs 9C, 9D, 10). It consists
of sedimentary breccia (FA-7), comprising horizontally
laminated heterolithics (originally natural levee sediments),
such as fine-grained sands and carbonaceous muddy sands,
that were subsequently deformed (facies SMh(d), SCh(d),
and Sh(d)). The deformed clasts resemble those within FA-1
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Fig.12. Non-deformational and deformational structures in the
Tomistawice opencast mine, northern site. A—C. Large- and small-
scale cross-stratification. D—G. Ductile (load casts and flame struc-
tures) and brittle (tectonic microbreccia) structures. For explana-
tions, see Table 1 and the text.

at Lubstéw and Jozwin 1IB (cf. Figs 5A, 5B, 7, 9A, 9B).
The presence of both folded and faulted structures within
the breccia suggests that the brecciation process was trig-
gered by a slump with ductile deformation, which rap-
idly transformed into a debris flow, characterised by brit-
tle deformation. Driven by sediment dewatering, folding
transitioned into faulting along small-scale synsedimentary
faults, including both normal and reverse types (Fig. 10A,
B). These structures provide evidence of local extension-
al and compressional conditions, affecting unlithified sed-
iments during the final stages of their deposition onto the
crevasse-splay surface (e.g., Alsop et al., 2017; Ko et al.,
2017; Widera, 2017).

Fig.13. Fossilisation of tree trunks in an upright position in
crevasse-splay sediments (modified after Brzyski et al., 1976;
Gradzinski and Doktor, 1995). A. Stages of tree trunks burial as
aresult of the depositional surface subsidence of the crevasse splay,
caused by compaction of the underlying peat/lignite. B. Location
of the tree growing on the top of the crevasse splay in relation to
the main river channel of the adjacent mire/backswamp. For expla-
nations, see Figure 14 and the text.

Tomislawice North section

Description: Three main facies associations (FA-1, FA-3,
and FA-6) were distinguished within the interlignite sedi-
ments, exposed at MPLS-1 in the Tomistawice opencast
mine. They are predominantly composed of fine-grained
sand and varying admixtures of organic matter. FA-1 oc-
curs only once, whereas FA-3 and FA-6 recur three times
throughout the analysed section (Fig. 11). Additionally, trac-
es of deformed FA-2 (up to 30 cm thick; cf. Fig. 12D-F)
and undeformed FA-4 were observed in the Tomistawice
North section (up to 10 cm thick; cf. Fig. 11C). These two
associations, characterised by limited thickness (FA-2 and
FA-4), are analogues to those, described and interpreted in
the Tomistawice and J6zwin IIB sections.

FA-1 comprises facies St and SCt, which occur only lo-
cally within the upper part of the examined section. This
association erosionally overlies a relatively thick (up to
0.8 m) lignite seam, underlies FA-3, and displays distinct
trough cross-stratification (Figs 11C, 11D, 12A, 12C). In con-
trast, FA-3 and FA-6 predominate and can be observed along
almost the entire exposure length (>300 m; Fig. 11A, B).
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Fig. 14. Conceptual model of subaerial facies formation during
a short flood. For explanations, see the text.

FA-3 includes planar cross-stratified sands (Sp) and coaly
sands (SCp) with depositional basal contacts, whereas fa-
cies Sh and SCh (locally also St and SCt) belong to FA-
6. The facies association FA-6 erosionally overlies FA-3.
Notably, the dip direction of the laminae within facies Sp
and SCp (FA-3) is remarkably consistent, ranging between
NNE and NE (Fig. 11C, D).

The interlignite sediments, described from the Tomista-
wice North section, contain sporadic, small-scale deforma-
tion structures of various types. These include load casts,
flame structures, and tectonic microbreccia (Fig. 12D-QG).
Interpretation: FA-1 can be linked to the initial phases of
individual flood events; thus, it consistently occurs in the
lowermost part of all crevasse-splay successions. A common
feature of this association is its distinctly erosional base. At
the Tomistawice North section, however, FA-1 differs from

Fig.15. Conceptual model of subaqueous facies formation during
a long, regular flood. For explanations, see the text.

the other examined sections by lacking rip-up clasts. This
can be explained by its position relative to the main river
channel — namely, within a more distal part of the crevasse
splay. Alternatively, the interpreted FA-1 (facies St and SCt)
may indicate channelised flow across the depositional sur-
face (e.g., Collinson and Thompson, 1982; Collinson and
Mountney, 2019).

FA-3 represents a well-developed middle segment of the
crevasse-splay microdelta, i.e., the foreset (Fig. 11B-D). In
contrast to facies Sp and SCp (FA-3), sediments typical of
the bottomset and topset (facies Sh, SMh, etc.) were iden-
tified only sporadically, as they either resemble the lower
layers of FA-3 or are frequently characterised by a massive
structure. In the latter case, this may be attributed to good
sediment sorting, laminar water flow, subsequent erosion,
or the destructive role of lignite-forming vegetation (e.g.,
Dziamara et al., 2023; Widera et al., 2024; Wachocki et al.,
2025).
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FA-6 is interpreted as the sedimentary record of relatively
high-energy flows across the entire splay surface. In other
words, facies Sh and SCh were deposited by sheetflows un-
der subaerial conditions. Consequently, these horizontally
laminated fine-grained sands formed under upper-flow-re-
gime conditions. Locally present facies St and SCt, howev-
er, indicate channelised flow (e.g., Allen, 1984; Miall, 2006;
Zielinski, 2014). This interpretation is supported by the fact
that the contact between the deposits of FA-6 and the un-
derlying facies associations is predominantly erosional (cf.
Figs 11C, 11D, 12B).

The deformation structures described above (i.e., from
the Tomislawice opencast mine) were interpreted alongside
the characterisation of similar features from the J6zwin IIB
opencast mine. They are presented in this paper solely to
demonstrate that such deformations occur at various scales
across different lignite opencast mines within the Konin
Basin (cf. Figs 8, 12D-G).

DISCUSSION

At least a few key issues that emerged during the research
warrant brief discussion. The most important of these are:
vertical tree trunks, subaerial versus subaqueous facies, and
short- versus long-duration river floods.

Vertical tree trunks

Root traces are common in the studied interlignite silici-
clastic sediments (see Figs 5, 6, 9, 11) and typically descend
from the base of the overlying lignite beds/benches. Tree
trunks, if preserved, occur almost exclusively within the
lignite beds. The sole exception consists of coalified tree
stumps (trunks with roots) found within the interlignite
sands in the Lubstéw opencast mine (see Fig. 6A). This rep-
resents a highly diagnostic feature that sheds light on the
accumulation of these sands.

The presence of tree trunks in a vertical (upright) position
within sediments or rocks is frequently described in geolog-
ical literature (e.g., Brzyski et al., 1976; Hamor-Vido ef al.,
2010; DiMichele and Falcon-Lang, 2011; Kus et al., 2020).
It is generally assumed that their preservation depended on
rapid burial — specifically before they decomposed or fell.
This process can be triggered by sudden events, such as
volcanic ash fall, aeolian deposition, river floods, or rapid
subsidence. Such conditions also include the formation of
crevasse splays on the surface of mires (backswamps) of
various ages, as has been convincingly explained, for in-
stance, in Carboniferous coal-bearing sediments in Upper
Silesia, Poland (Brzyski et al., 1976; Gradzinski and Doktor,
1995; see their fig. 15). As with the Carboniferous examples,
the mid-Miocene crevasse splays underwent rapid aggrada-
tion. This was driven by the compaction of the underlying
peat/lignite, which resulted in the creation of accommoda-
tion space (Gradzinski and Doktor, 1995; Michaelsen et al.,
2000; Rajchl et al., 2008; Mach et al., 2013; Oplustil et al.,
2014, 2024). It is worth noting that the average peat-to-lig-
nite compaction ratio for the entire LLS-2 is approximately
2.5 (Widera, 2015), whereas for its upper layers, this ratio

can exceed 7.0 (Widera, 2019). These significant differenc-
es in compaction ratios occur because the transformation of
peat into lignite is a cumulative and progressive process,
driven by increasing overburden pressure, moisture loss,
and the biochemical degradation of organic matter (Widera,
2015, 2024). Consequently, the degree of compaction varies
vertically, depending on burial depth, the geothermal gra-
dient, and structural loading history. This determines how
accommodation space was generated over time and implies
that compaction remains ongoing today at a steadily de-
creasing rate, although it was most intense, when the organ-
ic layers were still at the peat stage (Widera, 2019, 2021).
At that time, the loading of the peat surface by an overlying
sand layer caused substantial compaction, driven primarily
by the expulsion of pore water.

It is evident that both the trunks and roots (stumps) are
located approximately one-third of the way through the
thickness of the sandy lithosome (cf. Figs 6A, 13). This in-
dicates that these trees grew on top of the lower sand beds,
rather than on the roof of the underlying lignite bench. This
required a relatively long period of tree growth and a hiatus
in the deposition of the interlignite sands. The duration of
this hiatus in sand accumulation can be estimated as sever-
al decades, corresponding to the lifespan of the trees. This
confirms that the sands in question record two to three flood
events (cf. Figs 6A, 13), as documented elsewhere in the
Lubstow opencast mine (see Fig. 5SA, B). The best evidence
for an interruption in the accumulation of interlignite sands
is the presence of lignite layers occurring within them, such
as those found within MPLS-1 in the Tomistawice opencast
mine (cf. Figs 9, 11). The total duration of these gaps in the
deposition of crevasse-splay sands (i.e., the accumulation
time of intersand lignite layers) was previously estimated by
the authors at approximately 50 kyr (Widera et al., 2024).

Subaerial versus subaqueous facies

The examined interlignite siliciclastic facies, predom-
inantly fine-grained sands, were formed during overbank
flooding on the surface of a mid-Miocene mire (backswamp)
and are typical of crevasse splays and crevasses with deltas
(Lewin et al., 2016). They can be divided into those accu-
mulated under subaerial conditions and those formed in
subaqueous environments. More specifically, certain facies
developed in flowing water, whereas others were deposited
in standing water within shallow lakes across the mire (Tab.
2).

The facies associations distinguished in this study can be
grouped genetically and morphologically. FA-1 was identi-
fied in each examined section and was formed in a subaerial
environment. It represents a sedimentary record of natural
levee erosion and subsequent accumulation within the prox-
imal part of the crevasse splay during the initial stage of
flooding. FA-2 to FA-4 correspond to the three segments
of a crevasse-splay delta (or microdelta), namely the bot-
tomset, foreset, and topset. The bottomset and foreset were
deposited under subaqueous conditions, whereas the top-
set accumulated under subaerial conditions. FA-6 also de-
veloped in a subaerial environment, typical of crevasse
splays (Lewin ef al., 2016; Tab. 2).
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In contrast, FA-5 and FA-7 can be regarded as special
facies associations. FA-5 corresponds to freshwater quartz-
itic sandstones, associated with a palaeosol horizon, where-
as FA-7 represents a sedimentary breccia. Originally, the
sandstones consisted of loose sand grains deposited in sub-
aerial and/or subaqueous crevasse splays. In the case of the
sedimentary breccia, the layered sand—mud—organic sedi-
ment originated from a natural levee and was subsequently
deposited on top of the subaerial crevasse splay (FA-6)
via subaerial mass movements, specifically slumping and
debris flow (Tab. 2).

Short- versus long-duration river floods

In studies of crevasse splays in the rock record, the rate of
water-level rise in the river channel preceding a flood is sel-
dom considered. However, the flooding rate is of fundamen-
tal importance to the formation of subaerial (flowing water)
and subaqueous (standing water) facies linked to crevasse
splays and crevasse-splay deltas. Therefore, these signifi-
cantly different conditions of sediment accumulation in the
overbank areas of mid-Miocene rivers are likely associated
with variations in flood duration and intensity (Figs 14, 15).

In the case of mid-Miocene deposition linked to flood-
ing rivers, a decisive role was played by the hydraulic con-
ductivity (filtration coefficient) of the fine-grained sand that
predominantly formed the natural levees. This coefficient
ranges from 0.86 to 8.60 m/day (Pazdro and Kozerski,
1990), suggesting that flowing water required approximate-
ly from 6-58 to 12—116 days to seep through natural levees
50-100 m wide. Under such conditions, water breaching or
overtopping the natural levees, eroding them, and deposit-
ing crevasse splays onto the mire surface must have been as-
sociated with a relatively rapid water-level rise in the rivers
— exceeding the infiltration threshold. Moreover, most of the
subaerial facies described here accumulated under precisely
such conditions (Fig. 14).

Conversely, when the water-level rise in the river chan-
nels was slow (long-duration floods), the water had suffi-
cient time to infiltrate through the natural levees. This led
to a rise in the groundwater table across the mire, the ex-
pansion of ponds, and the formation of shallow lakes. These
lakes, forming standing bodies of water in the proximal part
of the mire (backswamp) near the river channel, received
sediment accumulation during floods in the form of cre-
vasse-splay microdeltas (Fig. 15).

CONCLUSIONS

Siliciclastic sediments, occurring in the exploited parts
of the lignite seams in the Konin Basin (central Poland),
provide invaluable insights into their deposition and, indi-
rectly, into the environment, in which the peat was formed
and subsequently transformed into lignite. The key findings
from this study are as follows:

In the vicinity of Konin, two stratigraphically distinct
mid-Miocene lignite seams (LLS-2 and MPLS-1) formed
on mires (backswamps) adjacent to river channels. During
floods, siliciclastic sediments — predominantly fine-grained

sands, often with a coaly admixture — accumulated on their
surfaces in the form of crevasse splays and crevasse-splay
microdeltas.

Within these crevasse splays and microdeltas, numerous
sedimentary facies can be distinguished. These formed un-
der both subaerial and subaqueous conditions, reflecting
hydrodynamic contrasts between rapidly and slowly rising
river floods and their expansion across the overbank area.
While crevasse splays are linked exclusively to water flow-
ing over the inundated floodplain, the crevasse-splay mi-
crodeltas formed primarily in standing water, such as shal-
low lakes, located in proximal parts of the mid-Miocene
mires. Although alternative explanations cannot be ruled
out, the consistent relationship between facies types and en-
vironmental conditions supports the validity of the concep-
tual models, presented in this study.

The examined siliciclastic sediments underwent syn- and
post-depositional deformation on various scales, encom-
passing both brittle (tectonic and sedimentary breccias)
and ductile (load casts and flame structures) features. These
deformation structures may indicate tectonic activity in the
study area during the mid-Miocene.

The study of fine-grained sands, often with an admixture
of organic matter, in the J6zwin IIB and Tomistawice open-
cast mines addresses a knowledge gap, regarding the gene-
sis of similar interlignite sediments, previously known from
the Lubstéw opencast mine. In effect, advances in sedimen-
tological research over the past decade have enabled this
study to clarify the origin of interlignite sediments, exposed
more than two decades ago.
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