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Abstract: This article focuses on a newly identified set of crevasse splays in the lignite-bearing Miocene of Poland.
The sand bodies studied are situated within the First Mid-Polish Lignite Seam (MPLS-1) in the Tomistawice
opencast mine, located near Konin in central Poland. The sand bodies form an alluvial complex of four superposed
crevasse splays, separated by lignite layers, 0.1-0.8 m thick. They are considered to be overbank lateral splays,
emplaced laterally by a fluvial channel, rather than its terminal splays. Their combined thickness reaches ~5 m,
their length is <0.6 km and width <0.4 km, and their total area is ~0.1 km?. Nearly half of the sediments examined
are subaerial deposits, while the rest are typical of crevasse-splay microdeltas, accumulated in a floodplain
subaqueous environment. The sand bodies with local clay lenses are both underlain and overlain by, as well as
interbedded with a range of lignite lithotypes, representing various sub-environments of a mid-Miocene mire
(backswamp) realm. The estimated time span for the formation of the entire-crevasse-splay complex, recording
four short-term floods, is at least 48 kyr. The crevasse-splay complex is one of the best developed in lignite/coal
successions worldwide. However, it poses a major technical obstacle to mining activity in the Konin Lignite Mine.
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INTRODUCTION
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Crevasse splays are typical overbank (extra-channel) de-
posits, present in all alluvial systems, particularly common
on the floodplains of meandering and anastomosing riv-
ers (Makaske, 2001; Miall, 2006; Boggs, 2012; Zielinski,
2014). They form adjacent to the margins of river channels,
when the natural levees are locally breached by floodwa-
ter. The accumulation of sediments, mainly sand, takes
place during the initial stage of a flood. Coarser sediment
fractions (medium and fine sands) are deposited closer to
the river channel, in the proximal zone of spill-out, while
finer fractions (if present) tend to be deposited farther away,
in the distal zone of the floodplain (e.g., Smith ef al., 1989;
Bristow et al., 1999; Burns et al., 2017, 2019).

Crevasse-splay sand bodies vary widely in size, shape
and thickness. They can cover an area from hundreds of
m? to over 20 km?, being >10 km long and >5 km wide.
Complexes of multiple crevasse-splays with compensation-
al stacking may have an areal extent of more than 220 km?
(Rahman et al., 2022a). Their shape in plan view may be
lobate or dendritic, while in cross-section they are always
wedge- and/or lens-shaped. The thickness of crevasse-splay

sand bodies also can vary over a wide range, from a few cm
to over 20 m (O’Brien and Welles, 1986; Mjos ef al., 1993;
Farrell, 2001; Bridge, 2003; Miall, 2006; Cahoon et al.,
2011; Gulliford et al., 2014, 2017; Millard et al., 2017;
Rahman et al., 2022b).

The deposits of crevasse-splay complexes on an outcrop
scale may resemble those of the terminal splays, formed
at the downstream mouths of rivers in dry to hyper-arid
or humid to tropical environments, such as the modern in-
land Okavango Delta in Botswana or the fluvial Kosi Fan
in India (e.g., Fisher et al., 2008; Chakraborty et al., 2010;
Horner et al., 2018). However, such ‘inland deltas’ are vir-
tually dominated by terminal splays and their regional-scale
depositional settings are different from those in the present
case. The area of terminal splays is much larger (>2.7 km?)
than that of the lateral splays in the Miocene lignite depos-
its, in central Poland (generally <0.63 km? and ~0.1 km?
in the present case). The relatively small lignite deposits
in Poland occur patchily between the palacochannels of an
anabranching distributive fluvial system. Solitary or com-
plex clinothemic crevasse-splay sand bodies occur on either
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side of the peat-forming floodplain palaeo-lakes (Widera
et al., 2022, 2023). Unfortunately, the lignite-devoid chan-
nel-belt sand bodies are little exposed, as they are carefully
circumvented by mining activity as being non-economic.

The deposition of crevasse splays has been studied ex-
tensively in modern fluvial and deltaic environments (e.g.,
Zwolinski, 1985, 1992; Cloyd et al., 1990; Reading and
Collinson, 1996; Baeteman et al., 1999; Bristow et al., 1999;
Szponar, 2000; Farrell, 2001; Gebica and Sokotowski, 2001,
2002; Makaske, 2001; Bos et al., 2009, 2012; Kordowski
et al., 2014; Lepre, 2017). Crevasse splays have also been
documented in the rock record in coal-barren (e.g., Kraus
and Wells, 1999; Burns et al., 2017, 2019; Gulliford et al.,
2017; Rahman et al., 2022a, b) and coal/lignite-bearing suc-
cessions (e.g., Horne et al., 1978; Flores, 1981; Guion, 1984,
Fielding, 1984; Flores and Hanley, 1984; McCabe, 1984;
Jorgensen and Fielding, 1996; Diessel et al., 2000; Davies-
Vollum and Kraus, 2001; Bridge, 2003; Rajchl and Uli¢ny,
2005; Rajchl et al., 2008; Davies-Vollum et al., 2012).

Ancient crevasse splays in Polish coal-bearing succes-
sions have been documented from the Carboniferous of the
Upper Silesia Coal Basin, including the Brynéw Brickyard
in Katowice (Brzyski ef al., 1976) and coal-mine explora-
tion boreholes (e.g., Gradzinski et al., 1995, 2005; Doktor,
2007; Kedzior et al., 2007; Kedzior, 2016). Crevasses and
crevasse splays have been recognized also in the outcrops
and mining galleries of the Namurian in the Lower Silesia
Walbrzych Coal Basin (Nemec, 1984); in the Sottykéw out-
crop of the Lower Cretaceous, near Skarzysko-Kamienna
in central Poland (Pienkowski, 2004a, b); and in the lig-
nite-bearing Miocene successions in the Polish Lowlands
(Kasinski, 1986, 1989; Kramarska et al., 2015). The open-
cast study area of the ‘Tomistawice’ lignite deposit (Fig. 1)
is the second Polish site of the lignite-bearing Miocene,
where crevasse-splay sediments were uncovered in 2015
(Widera, 2016a, 2017; Widera et al., 2017a; Chomiak,
2020). The opencast lignite mines, based on shallow bore-
holes, have carefully avoided non-economic clastic de-
posits, but as the mining activity expanded laterally, they
inevitably began to encounter such materials. Some of
them, such as the local crevasse splays, were unexpected.
In the last few years (2018-2021), several crevasse splays
became available for direct observation in the opencasts
(Jozwin 1IB, Tomistawice) of the Konin Lignite Mine
(Chomiak et al., 2019; Wachocki et al., 2020; Widera, 2020,
Dziamara et al., 2022, 2023; Widera et al., 2022, 2023).
It seemed that the limiting of lignite mining in the Konin
region would prohibit exposure of any additional crevasse
splays of scientific interest. However, the crevasse-splay
complex described here was encountered unexpectedly in
a floodplain setting in mid-2022.

The main goal of the present study is to introduce the read-
er to the stratigraphic and depositional architecture of this
crevasse-splay complex, the best developed, not only in the
lignite-bearing Miocene of Poland, but perhaps worldwide.
The study-specific aims were: (i) to map the shape, size and
thickness of the crevasse-splay complex in cross-sectional
and plan view; (ii) to characterize sedimentologically its
component facies and the accompanying lignite lithotypes;
(iii) to estimate the time span for accumulation of the entire

complex; and (iv) to discuss the environmental formative
conditions and uniqueness of the complex studied on both
Polish and global scales.

GEOLOGICAL SETTING

The Tomistawice lignite opencast mine, operating
on a lignite deposit of the same name, is located ~30 km
north-northeast of the town of Konin, in central Poland.
The SSE-NNW elongation of this deposit is consistent
with the lowering of the Mesozoic top and the orientation
of the hosting tectonic graben (Fig. 1). The present study
area is in its middle part and covers the fault-bounded,
shallow graben, up to 20-30 m in depth. Tectonically,
the graben is in the northeast territory of the Konin
Elevation (Widera, 1998, 2022), which constitutes the cen-
tral part of the Mogilno Trough and the middle segment
of the Szczecin-Miechéw Synclinorium (Zelazniewicz
et al., 2011). The ‘Tomistawice’ lignite deposit with the
crevasse-splay sand bodies studied is in the central part of
an extensive mid-Miocene sedimentary basin, with an area
of > 70,000 km? (cf. Widera, 2021).

The oldest rocks drilled in the study area are marls and
calcareous sandstones of Late Cretaceous age, representing
the top of the Mesozoic succession (Dadlez et al., 2000).
They are strongly fractured and locally faulted (Fig. 2).
The Cenozoic succession is discontinuous, containing long-
term stratigraphic gaps. These hiatuses, related to the region-
al tectonic uplift and periodical predominance of erosion in
central Poland, formed over three main time intervals: the
latest Cretaceous—latest Eocene, the late Oligocene, and
the late early Pliocene—early Pleistocene. The Paleogene is
represented exclusively by marine glauconite sands of early
Oligocene age (Fig. 2; Widera, 2021).

In the area of the ‘Tomistawice’ lignite deposit, the
Neogene comprises the Kozmin Formation (lower-mid-
dle Miocene), overlain by the Poznan Formation (middle
Miocene—lowest Pliocene). The Kozmin Formation con-
sists mainly of fluvial sands, coaly (carbonaceous) sands,
and thin (<I m thick) lignite lenses. These sediments under-
lie the First Mid-Polish Lignite Seam (MPLS-1), mined in
the Tomistawice opencast (Figs 2, 3) and containing the cre-
vasse-splay complex studied. The Poznan Formation tradi-
tionally is divided into the lower Grey Clay Member and
the upper Wielkopolska Member (Piwocki and Ziembinska-
Tworzydlo, 1997; Widera, 2007). This first lithostratigraph-
ic member is complete, while the second member was
strongly eroded in the Pleistocene in the study area of the
‘Tomistawice’ deposit (Fig. 2), although it is present as rel-
ics in other areas. In general, the Poznan Formation here
comprises the MPLS-1 (up to 11.8 m thick, mean 6.9 m),
enveloping the crevasse-splay complex (up to 5 m thick),
with the remnant so-called ‘grey clay’ and ‘green clay’ and
‘flamy clay’ on top (see Appendix).

The origin of the Grey Clay Member is associated with
the mid-Miocene palustrine environment, that is, a mire-
lake system (Kasinski, 1986, 1989; Piwocki and Ziembinska-
Tworzydlo, 1997; Widera, 2007; Chomiak et al., 2020).
The Wielkopolska Member accumulated between the late
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Fig. 1.

Location map and simplified stratigraphy of the study area. A. The ‘Tomistawice’ lignite deposit in central Poland. B. Northern

part of the Tomistawice opencast with outcropping crevasse-splay sediments. C. Generalized chrono- and lithostratigraphy in the area of

the ‘Tomistawice’ lignite deposit. Note the location of the geological cross-section A—B in Figure 1A, as well as the geological cross-sec-
tions C-D and E-F, and sections I-1II, examined in detail in Figure 1B.

mid-Miocene and the earliest early Pliocene. Its origin is
related to an anastomosing (Widera, 2013a; Widera ef al.,
2017b, 2019; Maciaszek et al., 2020) or transitional anasto-
mosing-to-meandering river system (Zielinski and Widera,
2020; Kedzior et al., 2021).

The Cenozoic succession in the study area terminates
upwards with mostly glaciogenic sediments of Quaternary
age. Owing to Pleistocene erosional and glaciotectonic pro-
cesses, they are very diverse in terms of thickness, ranging
from 35 to 60 m. The Pleistocene glacial, fluvioglacial and
glaciolacustrine sediments consist of tills, sands and grav-
els, as well as muds (Figs 2, 3; Widera, 2017; Widera et al.,
2017a). They are covered with a thin (<1-1.5 m) layer of
Holocene sediments, including sands and muds of surface
streams, locally peat, and above everything the modern soil
horizon.

MATERIALS AND METHODS

Fieldwork in the Tomistawice opencast was conducted in
mid-2022 (June—September), with the laboratory analyses
carried out in the second half of the same year. The exam-
ined sands, positioned between two benches of the exploit-
ed lignite seam (MPLS-1), were visible both in plan view
and in cross-section (Figs 3, 4). In the latter case, they were
available for direct observations over a distance of >200 m
in a north—south direction, where they had a total thickness
of 4-5 m. Three vertical sections (I-III) along the wall of
this exposure were selected for further detailed sedimento-
logical analyses (Figs 1B, 4).

The general geology of the study area is presented here on
the basis of geological cross-section A—B, which was con-
structed using data from four deep boreholes (Figs 1A, 2).
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Fig. 2.

Geological cross-section A—B through the middle part of the Tomistawice lignite opencast, depicting the lithology and stratig-

raphy of the study area. For the location of the line of cross-section A-B, see Figure 1A and for detailed chrono- and lithostratigraphy, see

Figure 1C.

Fig. 3.
(MPLS-1).

On the other hand, the cross-sections (C-D, E-F) through
the sandy complex investigated, as well as thickness and
structural maps of it, were constructed, using information
from nine deep and 20 shallow boreholes (Figs 1B, 5, 6;
Tab. 1). The deep boreholes come from older documenta-
tion of lignite reserves in the ‘Tomistawice’ deposit, while
the shallow ones were made by the Konin Lignite Mine in
early 2022 to determine the extent and thickness of the up-
per bench of the MPLS-1. This relatively thin (up to 1.7 m)
lignite bench was selectively mined.

Broad eastward view, showing the outcropping top of the examined sandy complex within the First Mid-Polish Lignite Seam

The sandy deposits along the outcrop sections stud-
ied in detail were described by applying the facies code
of Miall (1977). For the accompanying lignite layers,
the lithotype codification proposed by Widera (2012,
2016b) was used (Tab. 2; Figs 7-9). All deposits and sedi-
mentary structures were documented photographically and
20 measurements of palaeotransport directions were based
on planar cross-stratified beds (Fig. 7B); 34 samples also
were collected for grain-size and organic content (burnt at
550 °C) analyses in the laboratory at the Institute of Geology,
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Fig. 4.

General view of the sandy deposits exposed at the mining front. A. Broad view of the outcrop, looking towards the southwest.

B-D. The sections I-IIL, studied in detail. For their location, see Figure 1B.

the Adam Mickiewicz University in Poznan, Poland
(Figs 8, 9). The investigated sands were interpreted us-
ing standard facies analysis (e.g., Gradzinski et al., 1976;
Miall, 1977, 2006; Allen, 1982; Bridge, 2003; Boggs,
2012; Zielinski, 2014), while the well-known origi-
nal model of Teichmiiller (1958, 1989) was applied for
the characterization of lignite lithotypes.

The deposition time of the bulk sandy complex was
estimated indirectly. To achieve this specific goal, the
well-known accumulation time of the Main Seam from
the Lower Rhine Basin (Zagwijn and Hager, 1987) and
the peat-to-lignite compaction ratios for this German seam
(Hager et al., 1981) and for the MPLS-1 in the Konin
Basin (Widera et al., 2007; Widera, 2015) were compared
appropriately (Fig. 10).

RESULTS

General description of the sandy complex

The sand bodies within the MPLS-1 are shown in two
geological cross-sections, C-D and E—F, that are nearly me-
ridional and latitudinal, respectively, and hence perpendic-
ular to each other (Figs 1B, 5). The sandy complex consists

of two sand bodies, the lower one being longer and thicker.
It is up to 0.6 km wide and 0.4 km long, and 3.5 m thick in
boreholes BT-1, BT-2, and T-42. However, the total thick-
ness, including lignite and clay interbeds, reaches 6.5 m in
borehole BT-2 (Tab. 1). In general, the sand bodies are con-
vex upwards in cross-section C-D, and dipping eastwards
and slightly concave upwards in cross-section E-F (Fig. 5).

In plan view, the complex studied is multi-fingered in
shape but has similar dimensions (~0.6 x 0.4 km) along
the extent of the above-described cross-sections (Figs 5, 6).
Vertical sections I-1III are characterized in more detail be-
low. The total thickness of the sand bodies exceeds 4 m in
the vicinity of borehole BT-2, but presumably exceeds 5 m
between boreholes T-118 and BT-2, in the most proximal
zone of the crevasse splays, where they were partly eroded
by a Pleistocene subglacial channel (Fig. 6A). The struc-
tural map of the top of the interseam sands shows that this
palaeosurface is slightly inclined, both to the south and
the north, as well as to the east (Fig. 6B). This is consist-
ent with the evidence from the geological cross-sections
and the thickness distribution of the sands, confirming
that the sediments were transported and deposited gener-
ally towards the eastern sector, with a slight deviation to
the north (cf. Figs 5, 6).
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Table 1

Basic parameters of the studied sands, used for the prepara-
tion of the cross-sections and thickness and structural maps
that are shown in Figures 5, 6. For the location of the
boreholes, see Figures 1B, 6.

Elevation Elevation Thickness
Borehole of interseam | of interseam | of interseam
number sand base sand top sands
[ma.s.l.] [m]
Deep boreholes
BT-1 56.1 59.6 3.5
60.2 61.5 1.3
BT-2 59.5% 60.2* 0.7*
55.0 58.5 3.5
BTS 55.9% 56.7* 0.8%*
52.7 54.7 2.0
58.6 59.6 1.0
BT-6 57.8% 58.6* 0.8%
553 57.2 1.9
D-10 - - -
T-42 52.8 56.3 35
T-118 - - -
60.1* 60.5* 0.4*
MC-171 58.5 60.1 1.8
56.3 58.1 1.6
MC-176 - - -
Shallow boreholes
T-1a 54.8 56.1 1.3
T-2a 55.2 56.9 1.7
T-4a 543 55.8 1.5
T-5a 53.3 54.5 1.2
T-6a - - -
T-7a 53.8 543 0.5
T-8a - - -
TWG-1 57.4 60.4 3.0
TWG-2 55.9 58.8 2.9
TWG-3 55.0 57.2 2.2
TWG-4 54.4 57.3 2.9
TWG-5 <54.8 56.3 >1.5
TWG-6 <55.5 58.0 >2.5
59.7* 61.2% 1.5%
TWG-7
<57.7 59.7 >2.0
T-1b <59.0 60.2 >1.2
T-2b <57.2 58.9 >1.7
T-3b <60.2 62.7 >2.5
T-4b <57.2 58.7 >1.5
T-5b <56.5 57.8 >1.3
T-6b <56.4 57.4 >1.0

*Concerns the clay layer within the crevasse-splay complex.

Description of the studied sections

The vertical sections I-III of the sandy complex are locat-
ed along the western exploitation wall of the Tomistawice
opencast (Figs 1B, 4). The sections are spaced at ~50 m
along a straight-line mining wall, with geographic co-ordi-
nates from 52°28°11.5"'N to 18°30°48.3"’E. These sections
include both the interseam sands with lignite interbeds and
the lower and upper benches of the MPLS-1 with a clay
interlayer. The sandy complex, together with lignite in-
tercalations, has a thickness ranging from 4.3 to 4.8 m
(Figs 4B-D, 7).

In the vicinity of the examined sections, the sand bod-
ies are underlain by the main, lower lignite bench, which is
4.9-5.1 m thick. The upper lignite bench, overlying the sand
bodies, is only ~1.5 m thick (Fig. 7). This bench contains
a thin (up to 30 cm) interlayer of clay. The sand bodies of
the complex are separated by three layers of lignite, with
a total thickness of 1-1.2 m in all three sections. It should
be noted that only two sand bodies were identified in the
boreholes, mainly owing to wet drilling, while detailed
field studies (sections I-III) allowed recognition of as many
as four sandy units (see Figs 5, 7). This discrepancy also
could be due to the amalgamation of sand bodies (van
Toorenenburg et al., 2016; Burns et al., 2019; Colombera
and Mountney, 2021; Rahman et al., 2022a, b; and other
references therein).

Facies associations

In this paper, the siliciclastic sediments are divided into
two main facies groups, on the basis of their textural and
structural characteristics. They are categorized as subaerial
and subaqueous facies associations and are described and
interpreted in this order below. In general, the first facies
association is represented by the deposits of the two middle
sand bodies, while the second facies association includes
deposits of the lowest and highest sand bodies (Fig. 7).

Subaerial facies

Description: This set of facies forms the subaerial sand
bodies but contributes also to the subaqueous ones in the
sections studied. The subaerial association comprises the
following sandy-coaly and sandy facies: SCh, Sh, SCm,
and Sm (Figs 7B, 8; Tab. 2). Sands and coaly sands with
massive structure (facies SCm and Sm) predominate. The
sands are well to very well sorted and fine-grained, with
grain sizes ranging from 0.13 to 0.19 mm (average 0.15 mm).
No vertical grading of grain-size fractions was recognized in
the massive sand beds.

Most of these facies contain concentrations of plant de-
tritus (0.2-3.7 wt.%, average 1.6 wt.%), as well as the roots
of bushy or woody vegetation. The facies are thus coaly
(carbonaceous) and are characterized by massive struc-
ture or planar horizontal stratification (Figs 7B, 8). Small
amounts (<1 wt.%) of organic matter were found in samples
T12-T16 and T19-T22 (Fig. 8).

Interpretation: The horizontally stratified coaly sands and
sands (facies SCh, Sh; Tab. 2) can be interpreted as deposited
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Fig. 5.  Geological cross-sections through the sand bodies with-
in the MPLS-1. A. The cross-section C—D with upwardly convex
sandy sediments. B. The cross-section E-F with sandy sediments,
generally dipping to the east. For the location of both cross-sec-
tional lines, see Figure 1B.

over the entire surface of the successive crevasse-splays.
The water spread as a sheet flow during the formation of
these facies, with sand transported as an upper-stage plane
bed (McKee et al., 1967; Gradzinski et al., 1976; Miall, 1977,
Allen, 1982, 1984; Bridge, 2003; Zielinski, 2014; and other
references therein). The attribution of massive sands (facies
SCm, Sm) to rapid dumping from a hyperconcentrated flow
(e.g., Pierson, 2005; Nemec, 2009) may seem misleading
and hence needs to be clarified briefly.

Only traces of small-scale cross-stratification struc-
tures were found within the dominantly massive sands in

Fig. 6. Sandy complex shown in plan view. A. Thickness map
of the interseam sands with isopachs every 1 m. B. Structural map
of the complex top with structure contours in m a.s.l. For borehole
data, see Table 1; note the location of the geological cross-sections
C-D and E-F, and sections I-III, examined in detail.

the present case (see Appendix). However, such structures
are known from the massive sands of a crevasse splay in
the southern segment of the Tomistawice opencast (Widera,
2016a; Widera et al., 2017a; Chomiak, 2020). These mas-
sive sands thus involved at least transient tractional deposi-
tion, with the migration of ripples and small dunes. The lack
of stratification in the massive sands could be due to their
good sorting and/or pedogenic processes. The bioturbation,
caused by the roots of peat-forming vegetation, may have
obscured, disturbed or destroyed the original stratification
(e.g., Miall, 2006; Boggs, 2012; Gulliford ef al., 2014).
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Fig.7. Representative sections of the sandy sediments in the Tomistawice lignite opencast. A. General view of the sand bodies within
the MPLS-1. B. Sedimentary logs of sections I-III, analyzed in detail. For their locations, see Figures 1B, 6; for an explanation of facies
and lithotypes codes, see Table 2.
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Table 2

Codification of sandy facies (Miall, 1977) and lignite litho-
types (Widera, 2012, 2016b), used in this paper. *Facies
codes used in the Appendix only.

Sand facies
Code Description
Sm sand with massive structure
SCm coaly (carbonaceous) sand with massive structure
Sh horizontally laminated sand
Sh(d) deformed horizontally laminated sand
SCh horizontally laminated coaly (carbonaceous) sand
SCh(d) | deformed horizontally laminated coaly sand
Sp sand with planar cross-stratification
SCp coaly sand with planar cross-stratification
St* trough cross-stratified sand
SCt* trough cross-stratified coaly (carbonaceous) sand
Sr* ripple cross-laminated sand

Lignite lithotypes
DLm detritic lignite with massive structure
XDLm | xylodetritic lignite with massive structure
DXLm | detroxylitic lignite with massive structure
Subaqueous facies

Description: Planar cross-stratified sands and coaly sands
(facies Sp, SCp; Tab. 2) occur within the lowest and high-
est splay sand bodies, where they persist at two levels over
a distance of >200 m, including the studied sections (Figs
7B, 8C, 9). Both levels involve fine-grained sand with
grain sizes ranging from 0.14 to 0.17 mm (average 0.16
mm). The stratification is inclined at angles of 10-35° to-
wards the ESE (mean resultant azimuth in the range of
110-125°) at the lower level, and towards the NNE (mean
azimuth in the range of 20—-65°) at the upper level. The bulk
thickness of facies SCp and Sp at each level is between
30 and 90 cm (Fig. 7B).

The lower level of facies SCp and Sp is characterized
by slight upwards coarsening (from 0.14 to 0.15 mm; sam-
ples T5-T8), whereas the opposite is the case at the upper
level, where the grain size is fining upwards (from 0.17 to
0.15 mm; samples T26-T29 and T30-T34; Dziamara ef al.,
2023). It is also worth noting that the SCh(d) and Sh(d) faci-
es in section III seem to be related genetically to the overly-
ing facies Sp and SCp (Figs 7B, 8C; Table 2). Soft-sediment
deformation includes, among other types, load casts, ball-
and-pillow structures, and flame structures up to 3-5 cm
high (Fig. 8C).

Interpretation: Facies SCp and Sp differ only in their or-
ganic matter content, with their textural and structural fea-
tures the same, which allows the grouping of them as one
facies set. Owing to their planar cross-stratification, large
lateral spread (>200 m), and their similar dip angles (up
to 35°), and direction of lamination dip (~115° and ~30°,
respectively), these facies should be considered as the

Fig. 8 Examples of the sandy facies and accompanying lignite
lithotypes in section III. Note the locations of the samples analyzed
for grain size and organic content; for the location of the photos,
see Figure 7B; for an explanation of facies and lithotypes codes,
see Table 2.
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Fig. 9. Planar cross-stratified coaly sand, typical of the crevasse-splay microdelta in section I. A. Broad view of the microdelta sed-
iments. B. Corresponding line-drawing for Figure 9A. C, D. Detailed view of the microdelta sediments, marked in Figure 9B. Note
the location of the samples analyzed for grain size and organic content; for the location of the photos, see Figure 7B; for an explanation
of facies and lithotypes codes, see Table 2.

rock record of two crevasse splays of similar genesis (cf.  existed (see the interpretation of lignite lithotypes below)
Figs 7B, 8C, 9). In other words, the interpreted facies (SCp,  on the surface of the mid-Miocene mire in the study area
Sp) are typical of the delta’s ‘prograding splay deposits’  (Widera, 2016a, b, 2022; Widera et al., 2017a; Chomiak
(e.g., Bristow et al., 1999; Michaelsen et al., 2000; Zielinski, et al., 2020; Dziamara et al., 2022, 2023). Considering
2014), accumulated in shallow lakes or ponds that certainly  their small size (<<l km?) and genetic relationship with



A NEW CREVASSE-SPLAY COMPLEX IN THE MIOCENE OF POLAND 11

the crevasse splays, the depositional forms represented
by the SCp and Sp facies can be termed subdeltas (Mjos
et al., 1993), lacustrine (micro)deltas (Tye and Coleman,
1989; Morozova and Smith, 2000; Rajchl and Uli¢ny, 2005;
Rajchl et al., 2008; Davies-Vollum et al., 2012; Wang et al.,
2020), crevasse deltas (Gradzinski et al., 2005; Kedzior
etal.,2007; Jerrett et al., 2016), crevasses with deltas (Lewin
et al., 2017), or crevasse-splay microdeltas (Teisseyre, 1985;
Zwolinski, 1985, 1992; Zielinski, 2014; Chomiak et al.,
2019; Wachocki et al., 2020; Widera et al., 2022, 2023; and
other references therein).

The slight coarsening-upwards and fining-upwards of
grain sizes in the lower and upper microdelta deposits,
respectively, may have several causes. The first case may
take place during an increase in water-flow energy, result-
ing in a prograding crevasse splay (Fielding, 1984), with
the supply of increasingly coarser grains from the crevasse
channel being a result of the natural levee erosion (Gebica
and Sokotowski, 2001) or the progradation of the splay into
the lake or pond (Davies-Vollum et al., 2012). On the other
hand, the fining-upwards trend is believed to be more com-
mon in crevasse-splay sediments and is interpreted as re-
cording a weakening of water-flow energy (e.g., Jorgensen
and Fielding, 1996; Farrell, 2001; Burns et al., 2017;
Widera et al., 2023). However, both trends (upwards-fining
and -coarsening) are also possible, i.e., prograding and ret-
rograding crevasse-splay microdeltas (e.g., Bristow ef al.,
1999; Makaske, 2001; Mach et al., 2013; Jerrett et al., 2016;
Wang et al., 2020).

The complete delta sequence, including the crevasse-splay
microdelta, consists of three parts, namely the topset, foreset,
and bottomset, corresponding to the delta plain, delta front,
and prodelta, respectively (e.g., Gradzinski et al., 1976;
Easterbrook, 1999; Rajchl and Uli¢ny, 2005; Boggs, 2012;
Zielinski, 2014; and other references therein). The topset
layers perhaps are only those that are horizontally stratified
and lie above the interpreted SCp and Sp facies, the upper
microdelta sediments in sections I and III (Figs 7B, 9A, B).
The planar cross-stratified coaly sands and sands (SCp, Sp)
represent the foreset beds. Only the SCh(d) facies can be
considered to represent the bottomset layers with certain-
ty. This is the only observed case, where all sets of facies
(SCh(d), Sh(d), and SCp, Sp) continue to form large-scale
tangential cross-stratification together (Fig. 8C; Tab. 2).
On the other hand, the small-scale soft-sediment deforma-
tions of the bottomset laminae can be interpreted as a re-
sult of reversed density gradients or unequal loading (e.g.,
Anketell and Dzutynski, 1968; Allen, 1982; Chomiak ef al.,
2019). In this case, they were most likely produced syn-dep-
ositionally by ripples, migrating on liquefied, heterolithic
deposits (sands vs coaly sands; see Fig. 8C), and therefore
an unstable substrate (Anketell ef al., 1970; and other papers
of these authors).

Lignite lithotype association

Description: The lignite lithotypes that are positioned above
and below, as well as within the crevasse-splay complex,
are as follows: DLm — detritic lignite with a massive struc-
ture, XDLm — xylodetritic lignite with a massive structure,
and DXLm — detroxylitic lignite with a massive structure.

Fig.10. Simplified sketch, showing the method of estimating the
accumulation time of the MPLS-1 in the Konin Basin by compar-
ison with the Main Seam in the Lower Rhine Basin (data obtained
from Hager et al., 1981; Zagwijn and Hager, 1987; Piwocki, 1992;
Widera et al., 2007, 2021a; Widera, 2013, 2015; Chomiak, 2020).
Note that the assumed accumulation rate of peat (4r) is the same,
while the peat-to-lignite compaction ratios (Cr) are different in
both cases; for other explanations, see the text.

The same lithotypes also separate the sand bodies, although
the thickest layer of lignite (DXLm) occurs in all sections
that were studied in detail, where it has a thickness of
0.6-0.9 m. The thickness of the thinner lignite beds (XDLm,
DLm) ranges from 0.1 to 0.4 m (Figs 7B, 8, 9A, B; Tab. 2).
The detroxylitic lignite with a massive structure (DXLm)
contains paradoxically more xylites (i.e., fossilized wood
remains >1 cm in size) than detrital matrix (i.e., fine-grad-
ed plant detritus <l cm in size). In xylodetritic lignite with
a massive structure (XDLm), on the other hand, the opposite
is true and xylites predominate over plant detritus. However,
over 90% of the detritic lignite consists of a detrital matrix,
while up to 10 vol.% may consist of xylites, other litho-
types or mineral admixtures — the so-called 10% rule’ (cf.
Kwiecinska and Wagner, 1997; Marki¢ and Sachsenhofer,
1997; Ticleanu et al., 1999; Widera, 2012, 2016b, 2021,
2022; and other references therein).
Interpretation: The DXLm is typical of wet-forest swamp
depositional environments, which are known as Taxodium—
Nyssa swamps (Teichmiiller, 1958; 1989). The occurrence
of such hydrophilic trees in this lithotype (e.g., Stodkowska
and Widera, 2021, 2022; Worobiec et al., 2021, 2022) may
indicate that the water table was relatively high, above the
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depositional surface. The water table was slightly lower at
the time of XDLm formation. Then, bushy peat-forming
vegetation dominated, creating a Myricaceae-Cyrillaceae
swamp (Teichmiiller, 1958, 1989).

The environment of DLm deposition seems to be of par-
ticular importance within the association of lignite litho-
types. It is interpreted as having occurred within a fen or
open water, that is, a lake or pond, existing in the mire
area. Teichmiiller (1958, 1989) compared this type of mire
to modern treeless reed marshes, dominated by herbaceous
vegetation, such as reeds, sedges, ferns, and aquatic plants
(Kwiecinska and Wagner, 1997; Marki¢ and Sachsenhofer,
1997; Ticleanu et al., 1999; Mach et al., 2013; and other
references therein). Thus, a large part of the peat, which
then transformed into detritic lignite (DLm), was accumu-
lated in shallow lakes/ponds that were usually <2 m deep
(e.g., Flores, 1981; Tye and Coleman, 1989; Diessel et al.,
2000; Bos et al., 2009; Chomiak et al., 2020; Widera et al.,
2021a). This value is the mean maximum water depth for
rooted aquatic vegetation (especially Nuphar, Nymphaea,
Potamogeton, Myriophyllum, Ceratophyllum, etc.) in the
littoral zone of the lake/pond (e.g., Ktosowski et al., 2011).
This is true for both modern and ancient shallow-water
environments. Thus, the above statement further supports
the view that water stagnated on the surface of the mid-Mio-
cene mires in central Poland and that the crevasse-splay sed-
iments subsequently were deposited on these as microdeltas.

Accumulation time of the crevasse-splay complex

It is commonly accepted that the time of deposition of
a crevasse-splay element lasts from a few days to several
years (e.g., Kraus and Wells, 1999; Lepre, 2017). The inter-
val given is negligible in relation to the formation time of
lignite seams worldwide. For example, the accumulation
of the youngest, world-famous Quaternary lignite in the
Philippi peatland (Greece) must have occurred over <700
kyr (cf. Christianis et al., 1998 and Widera, 2021), while
the Main Seam in the Lower Rhine Basin (Germany) was
built up over ~6 Myr (Zagwijn and Hager, 1987). Owing
to the lack of other methods for calculating the formation
time of the crevasse-splay complex studied in this paper,
the former will be estimated indirectly by determining
the accumulation time of three lignite beds, separating the
successive splays (see Figs 4, 5, 7, 8). To this end, it can
be assumed that the total age of these lignites (1.2 m thick
in section I; Fig. 7B) approximates the age of the entire
sand-body complex, including hiatuses in crevasse-splay
deposition.

As mentioned above, the Main Seam (Lower Rhine
Basin, Germany), with a maximum thickness of 101 m, was
formed in ~6 Myr (Zagwijn and Hager, 1987). This means
that I m of this seam would have been formed during over
~60 kyr. It is worth adding that the maximum thickness of
the First Mid-Polish Lignite Seam (MPLS-1; Konin Basin,
Poland) is only 19.8 m (Piwocki, 1992; Widera, 2013b).
It should be assumed here that the rate of peat accumu-
lation was the same, while the deposition time of 1 m of
both seams was not the same, since they had different peat-
to-lignite compaction ratios (Fig. 10). They were ~3.0 for

the Lower Rhine lignites and ~2.0 for the Konin lignites (cf.
Hager et al., 1981; Widera et al., 2007; Widera, 2015; and
other references therein). Simple calculations showed that
1 m of the MPLS-1 had been deposited by ~40 ka (Chomiak,
2020; Widera et al., 2021a), while 1.2 m of lignite (three
thin layers in total) was generated over 48 kyr. Thus, at
the current stage of research, it can be concluded that the
crevasse-splay complex studied could have accumulated
during >48 kyr.

DISCUSSION

Environmental conditions of the crevasse-splay
complex formation

The First Mid-Miocene Lignite Seam (MPLS-1), contain-
ing the investigated crevasse-splay complex, was deposited
during ~15.1-14.3 Ma. This means that its formation be-
gan at the time of the last peak of the Mid-Miocene Climate
Optimum and continued relatively shortly after it (Widera et
al., 2021a, b). On the basis of recent palynological analyses
from the Konin Basin, it was determined that the mean an-
nual temperature at the time was within the range of 15.7—
20.5 °C, and the mean annual precipitation from 1,300 mm
to 1,500 mm. Therefore, it can be concluded that the climate
was warm-temperate and humid with progressive cooling,
drying, and seasonality during accumulation of the MPLS-
1 (Stodkowska and Widera, 2021, 2022; Worobiec et al.,
2021, 2022). This trend also is confirmed by geochemical
studies of the same lignite seam in the study area (Bechtel
et al., 2019, 2020).

The aforementioned progressive seasonality of the cli-
mate at the time of formation of the MPLS-1 resulted, among
other conditions, in periodically increased precipitation,
which led to floods. This is confirmed by the crevasse-splay
sediments studied, but also by the clay layers within the
lignite seam (see Figs 7A, 9A, B; Chomiak ef al., 2020).
Obviously, the floods came from the nearby channels of riv-
ers that flowed around the mid-Miocene low-lying mires.
This statement is confirmed by the occurrence of sandy sed-
iments of numerous crevasse splays, which were accumu-
lated in almost opposite directions, i.e., towards the axial
zone of the current ‘Tomistawice’ lignite deposit (Chomiak
et al., 2020). Therefore, the mire, from which this lignite de-
posit was created, can be called a backswamp (e.g., Flores,
1981; Flores and Hanley, 1984; McCabe, 1984; Diessel
et al., 2000; Davies-Vollum and Kraus, 2001; Chomiak
et al., 2019; and other references therein).

Uniqueness of the crevasse-splay complex

Exposures of crevasse-splay deposits in the rock record
are rare in relation to modern sedimentary environments,
especially those found in hard coal or lignite successions.
The exceptions are the crevasse splays, known from the
Konin Basin in central Poland. This is due to the fact that
in recent years, more marginal parts of the deposits have
been exploited (even selectively), where the lignite seams
are thinner and often interbedded with sands (Widera et al.,
2022). So far, in the Tomistawice and Patnéw IIB opencasts,
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managed by the Konin Lignite Mine, sediments of at least
six crevasse splays have been described, where in two cas-
es these splays were superposed (Widera, 2016a, 2020;
Widera et al., 2017a, 2023; Chomiak et al., 2019; Chomiak,
2020; Wachocki et al., 2020; Dziamara et al., 2022, 2023).
They represent subaerial and subaqueous types, as well
as deformed and undeformed subtypes of crevasse splays
(Widera et al., 2023).

To the best of the knowledge of the present authors,
the complex studied in this paper (up to 4.8 m thick in the
field and 6.5 m thick in boreholes) is one of the best devel-
oped, as described in Polish and world literature. First, it
consists of four (locally five, as documented during supple-
mentary studies in August and September 2022) superposed
splay elements. Second, the deposition of these splays
most likely resulted from various crevasse channels cutting
the natural levee. Third, the deposition took place at least
twice in a shallow lake or pond, located on the surface of
the mid-Miocene backswamp. And fourth, for the first time
in the history of the Konin Lignite Mine, the upper lignite
bench and the sands of the crevasse-splay complex were
exploited selectively. Ultimately, the lignite was sent to
the power plant for the production of electricity, while
the sands were deposited on the internal dumps of the
Tomistawice opencast.

CONCLUSIONS

A sandy complex at the Tomistawice lignite opencast
(central Poland) comprises four splay horizons in vertical
sequence, which are separated by thin (0.1-0.8 m) lay-
ers of lignite. This has been observed only quite rarely in
the rock record, especially in natural and man-made expo-
sures. Hence, the available borehole data and direct field
observations allowed the authors to carry out a detailed sed-
imentological analysis of the complex studied.

The sediments are mainly fine-grained, coaly sands and
only occasionally comprise sands without any admixture of
other fractions and organic matter. These generally sandy
deposits were identified within the First Mid-Polish Lignite
Seam (MPLS-1) and were accumulated in subaerial and
subaqueous conditions, as indicated by their characteristic
structural features. In the first case, they are horizontally
stratified sands (SCh, Sh facies), which are typical for sheet
flows, but massive sands (SCm, Sm facies) predominate and
are interpreted as the result of strong bioturbation of the sed-
iments by the roots of peat-forming vegetation.

The second case is characterized by two well-developed
and widely spread planar cross-stratification sets (SCp, Sp)
and also locally by facies SCh, Sh(d) and SCh(d). Their lam-
ination is steeply dipping (up to 35°) in different directions
(115°, 30°) and is recognized as representing the prograding
splay deposits that are typical of deltas. These sediments
were combined with two crevasse-splay microdeltas that
were formed in shallow lakes/ponds, existing on the surface
of a mid-Miocene backswamp.

Calculations, based on the estimated age of the lignite
interbeds (a total of 1.2 m in thickness), revealed that the
complex studied could have been created over 48 kyr.

On the other hand, the presence of four superposed splay
elements, representing the records of successive floods,
is proof of the increasing seasonality, which followed
the last peak of the mid-Miocene Climate Optimum. The
sandy crevasse-splay complex, investigated in this paper, is
the best developed, so far identified in the entire lignite-bear-
ing Miocene of Poland.
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Appendix

Examples of cross-stratified facies at various scales within the sandy complex examined (A, B),
as well as ‘grey clay’ — Grey Clay Member; ‘green clay’ and ‘flamy clay’ — Wielkopolska Member (C),
documented during supplementary field research in August and September 2022. For an explanation of facies codes,
see Table 2.
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