
1. Introduction

Issues of deposition and palaeogeographical re-
constructions of the Pliocene/Pleistocene transition 
in central Poland have been studied for almost one 

hundred years. Despite these research efforts, many 
questions remain unanswered and the age of the 
stratigraphic units distinguished still is being re-
vised (compare Bujak et al., 2016; Marks et al., 2016). 
A precise dating of lower Pleistocene deposits, as 
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Deposits formed between the Neogene/Pleistocene transition and into the Early Pleistocene have been studied, mainly 
on the basis of drillings and at rare, small outcrops in the lowland part of Polish territory. At the Bełchatów lignite mine 
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data presented by other authors. For that reason, it can be seen as an overview of current knowledge of lowermost Pleis-
tocene deposits at Bełchatów, where exploitation of the Quaternary overburden has just been completed. The results 
of cartographic work, sedimentological, mineralogical and palynological analyses as well as assessment of sand grain 
morphology have been considered. All of these studies have allowed the distinction of three Lower Pleistocene series, 
i.e., the Łękińsko, Faustynów and Krzaki series. These were laid down in fluvial environments between the end of the 
Pliocene up to the advance of the first Scandinavian ice sheet on central Poland. The following environmental features 
have been interpreted: phases of river incision and aggradation, changes of river channel patterns, source sediments for 
alluvia, rates of aeolian supply to rivers and roles of fluvial systems in morphological and geological development of 
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by sinuous rivers in boreal forest and open forest environments. The Neogene substratum was the source of the allu-
vium. The younger series (Krzaki) formed mainly in a braided river setting, under conditions of progressive climatic 
cooling. Over time, a gradual increase of aeolian supply to the fluvial system can be noted; initially, silt and sand were 
laid down, followed by sand only during cold desert conditions. These fluvio-periglacial conditions are identified in the 
foreground of the advance of the oldest ice sheet into this part of central Poland. The series studied have been compared 
with other fluvial successions which accumulated in the Kleszczów Graben during subsequent glaciations so as to doc-
ument general changes in fluvial systems as reactions to climatic evolution. Thus, a palaeoenvironmental scenario has 
emerged which could be considered to be characteristic of central Poland during the Early Pleistocene. 
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well as an evaluation of climatic changes at the time 
are fraught with difficulties. In this respect, the best 
chronostratigraphic data derive from those deposits 
that represent continuous and long-lasting records 
such as marine and lacustrine facies, whereas the 
chronostratigraphic and biostratigraphic role of flu-
vial strata are severely limited. A good example of 
these are the critical studies by Donders et al. (2007) 
and Kemna & Westerhoff (2007) of chronostrati-
graphic units that had been subdivided by Zagwijn 
(1960, 1992) in continental successions of northwest 
Europe. Fluvial sedimentary records are fragmen-
tary only, because they contain numerous hiatuses. 
Diachronic alluvial deposits can be present at the 
same hypsometric levels due to lateral migration of 
river channels. Organic matter is relatively rare in 
such facies. Moreover, it is frequently redeposited 
and therefore useless for biostratigraphic analyses. 
On the other hand, fluvial successions are good ar-
chives for palaeoenvironmental (including palae-
oclimatic) data. As such, they can be treated as a 
supplementary tool for chronostratigraphic studies. 

During the Pliocene and Early Pleistocene fluvi-
al sedimentation prevailed in central Poland. Lacus-
trine deposits have been found only at some sites, 
for example at Wólka Ligęzowska in the Mazovian 
Lowland. A palynological study of this succession 
(Winter, 2015) has enabled the distinction of depos-
its of Pliocene (both Zanclean and Piacenzian) and 
earliest Pleistocene (most likely Praetiglian) age. 
This site is important because it facilitates correla-
tion of other sections of Neogene/Quaternary age 
in this part of Poland.

Glacial and glaciofluvial erosion removed Low-
er Pleistocene deposits over large areas, but those 
that are preserved usually have a thick Pleistocene 
cover. Outcrops with Lower Pleistocene successions 
are extremely rare. For these reasons, field obser-

vations of oldest Quaternary deposits are limited; 
in such circumstances, it is quite normal that most 
data derive from boreholes and that lithological 
data are incomplete (compare Marks et al., 2016).

A unique opportunity presented itself to study 
Neogene and Lower Quaternary deposits at the 
large (3 × 12 km) opencast Bełchatów mine to a 
depth of c. 200 metres below ground level. The site 
studied is located within a tectonic graben. Its sedi-
mentary infill encompasses numerous series of var-
ious facies, origin and age. They have been the sub-
ject of interest of numerous researchers, both Polish 
and foreign. Tens of studies have been published 
to date. Sedimentary successions have been doc-
umented both vertically and laterally since 1977, 
as outcrops at the mine progressed. In this way, 
a three-dimensional, spatial geological structure 
could be studied. 

It is significant that one of the first Polish stud-
ies of preglacial (lower Pleistocene) deposits were 
conducted in areas neighbouring the Kleszczów 
Graben, i.e., the vicinity of Piotrków Trybunalski 
and Szczerców (Lewiński, 1928; Premik, 1930). In 
the 1960s, the graben sector was extensively drilled 
for future brown coal exploitation. Baraniecka & 
Sarnacka (1971) attempted to determine the pregla-
cial units in the area. Studying the successions that 
cropped out at the mine, Krzyszkowski & Szuchnik 
(1995) subdivided the oldest Pleistocene deposits in 
the Kleszczów Graben into the Łękińsko Series. As 
a result of successive exploitation the next fluvial 
deposits above the Łękińsko Series were exposed 
(Fig. 1); these were named the Krzaki Series and 
preliminary studies of them were published by 
Goździk et al. (2010). 

Now that the removal of Quaternary deposits 
at Bełchatów has been completed, the time is right 
for a recapitulation of previous research, both pub-

Fig. 1. Sketch of the Bełchatów lignite mine and extent of Pleistocene fluvial series. 
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lished and unpublished. Added are our own recent 
studies. The aim of the present paper is to provide 
a detailed description of lowermost Pleistocene 
deposits and their palaeoenvironmental interpre-
tation and stratigraphic location with reference to 
the Neogene and Quaternary succession within the 
Kleszczów Graben. We have tried to find palaeoen-
vironmental features of a wider-than-local scale. 
Our goal in the present study is to determine mutu-
al relationships of lithostratigraphic units, both ver-
tical and lateral. In this way, not only depositional, 
but also erosional processes during the Early Pleis-
tocene could be reconstructed. 

2. Geological setting

The Kleszczów Graben is located in the transi-
tional area of the Małopolska Upland and the cen-
tral Polish Lowlands. Brown coal is exploited at the 
Bełchatów open cast mine. Jurassic and Cretaceous 
rocks constitute the basement of Cenozoic strata 
within the graben and its surrounding areas (Bier-
nat, 1971; Kossowski, 1974; Czarnecki et al., 1992). 
The upper surface of the Mesozoic basement gen-
erally has a northward dip from 220 to 160 m a.s.l. 
(Biernat, 1971). It is dissected by the Kleszczów Gra-
ben of a westerly-easterly orientation and a depth of 
nearly 500 m. The graben lies diagonally to the main 
tectonic units, i.e., the Łódź Trough and the Fore-Su-
detic Monocline. Cenozoic development of the gra-
ben resulted in valley incision towards the subsiding 
depression. Fluvial erosion acted most intensively in 
a direction concordant with the strike of lithostrati-
graphic units. They are represented by a relatively 
homogeneous rock spectrum which meant that Ne-
ogene deposits are only slightly differentiated both 
in terms of sand mineralogy and gravel petrogra-
phy. This issue will be discussed below.

The Neogene infilling of the Kleszczów Graben 
has been subdivided into four informal stratigraph-
ic units, so-called complexes: Sub-coal, Coal, Clay-
ey-coal and Clayey-sandy (Czarnecki et al., 1992). 
The main part of the Sub-coal Complex is of fluvi-
al origin and is Early Miocene age (Krzyszkowski, 
1993), more precisely Eggenburgian/Burdigalian 
(Szynkiewicz, 2000). The Coal Complex formed in a 
mire environment, while its uppermost parts pres-
ent lacustrine carbonaceous deposition (Czarnecki 
et al., 1992; Krzyszkowski, 1993). The age of this 
complex is Ottangian, Karpatian and early Bade-
nian/Langhian (Szynkiewicz, 2000). Mire, lacus-
trine and fluvial deposits have been found in the 
next Clayey-coal Complex (Krzyszkowski & Win-
ter, 1996). Stratigraphically, this complex is dated 

as Badenian, Sarmatian and likely early Pannonian, 
i.e. from Langhian up to Tortonian (Szynkiewicz, 
2000). 

Stratigraphic interpretation of the uppermost 
Clayey-sandy Complex appears less straightfor-
ward. Studies by Stuchlik et al. (1990) and Stuch-
lik & Szynkiewicz (1998) suggest that these strata 
formed during the Late Miocene. These are so-called 
‘brown sands’ which underlie Quaternary depos-
its at Bełchatów. Krzyszkowski & Szuchnik (1995) 
studied the organic beds in the top part of the Clay-
ey-sandy Complex and noted that it was difficult 
to correlate the pollen assemblage from these beds 
with Pliocene spectra of other Polish sites. Those au-
thors found some similarities to Late Pliocene (cool 
phase C of Reuverian, sensu Zagwijn) in northwest 
Europe. Krzyszkowski & Winter (1996) and Winter 
(2015) ascertained that the pollen spectrum from 
organic deposits in the Kleszczów Graben revealed 
parallels to peat beds from the uppermost Neogene 
fluvial series of Middle and Late Miocene age. 

The formation of the Kleszczów Graben began 
in the Early Miocene. Sedimentary infill of the gra-
ben has been divided into three structural units 
(Gotowała & Hałuszczak, 2002). The lower of these 
comprises Lower and Middle Miocene deposits. An 
unconformity (erosive) surface forms its top. It has 
been dated as Late Miocene. The middle structural 
unit involves the time span between the Late Mio-
cene and Pleistocene, up to the Odranian (Saalian). 
It is characterised by relatively well-developed 
deformational structures (Gotowała & Hałuszczak, 
2002). The contact with the upper structural unit 
is also erosional. Generally, this part of the succes-
sion, dated as Saalian to Holocene, is undisturbed. 
The deposits discussed in the present paper belong 
to the middle structural unit. Referring in part to 
Krzyszkowski’s (1992) subdivision, three zones 
have been distinguished with the context of tec-
tonic pattern: southern, middle and northern. In 
the southern zone, a synclinal fold has been found 
(Krzyszkowski, 1992; Gotowała & Hałuszczak, 
2002). Westwards it adjoins the brachyanticline 
(Fig. 2) that formed over the Dębina salt diapir. 
The northern zone comprises a palaeovalley which 
was recognised in drillings prior to mining oper-
ations (Baraniecka & Sarnacka, 1971). It is at least 
1 km wide and even up to 150 m deep. Czarnecki 
& Kuszneruk (1993) documented large fossil land-
slides within it. The palaeovalley floor reaches the 
Mesozoic basement and the thick infill comprises 
sands with gravelly-bouldery intrabeds (Baraniec-
ka & Sarnacka, 1971; Krzyszkowski, 1992). This 
erosional incision was linked to a glacial period 
because the palaeovalley infill contains abundant 
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Scandinavian erratics (Krzyszkowski, 1994 and 
personal observations). This part of the graben in-
fill is evidently younger than the deposits studied 
by us. The middle zone is the broadest one and 
can be differentiated into two distinct parts. In the 
western part, the top of Neogene deposits is nearly 
horizontal and overlying Pleistocene deposits are 
undeformed. In the eastern part, lower Pleistocene 
deposits are rare because they underwent erosion 
(Fig. 1). However, in some places the Neogene/

Pleistocene transition has been found at the same 
altitude and deposits rest horizontally. To con-
clude, these facts prove that locally in the middle 
part of the mine, as well as far to the west (except 
for the salt diapir zone), deposits did not undergo 
any tectonic movements and are undeformed and 
in situ. Moreover, there are no features to suggest 
synsedimentary tectonic activity within the alluvia 
studied. In fact, lower Pleistocene and younger de-
posits are folded in the southern part of the mine, 

Fig. 2. Synthetic cross section through the Lower Pleistocene series studied. 

Table 1. Lithostratigraphy of Quaternary deposits at the Bełchatów browncoal mine.

Lithostratigraphy Origin Chronostratigraphy
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Holocene/MIS 1
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Aleksandrów Series lacustrine Eemian/Mikulinian/MIS 5
Rogowiec and Czubata Góra Series glacial and 

glaciofluvial

M
id

dl
e

Odranian/Saalian/Dnieper/MIS 6–10

Chojny Series fluvial
Żłobnica Series lacustrine Mazovian/Holsteinian/Likhvinian/MIS 11
unnamed series glacial and 

glaciofluvial
Sanian 2/Elsterian/Okian/MIS 12

Czyżów Series fluvial 
lacustrine Ferdynandovian/Cromerian IV/Muchkapian?/MIS 13–15
glaciofluvial Sanian 1?/ Glacial C?/Donian?/MIS 16?

Kuców Series glacial
Folwark Series glacial and 

glaciofluvial
Krzaki Series fluvial 
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y

Nidanian?/Dorst?/MIS 22?
pavement erosion
Faustynów Series fluvial
Łękińsko Series fluvial
western 
sector

middle 
sector

eastern 
sector

Clayey-sandy Complex fluvial and 
lacustrine

Neogene
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but these deformations arose distinctly later, i.e., 
immediately prior to the Odranian/Saalian (end of 
middle Pleistocene). 

The presence of Lower Pleistocene deposits in 
the Kleszczów Graben was first hypothesised by 
Baraniecka & Sarnacka (1971). They distinguished 
thick fluvial deposits that filled the above-men-
tioned palaeovalley in the northern part of the mine 
and stratigraphically identified them as the Cromer-
ian Interglacial. However, new data obtained later 
have led to a revision of this aspect. Krzyszkowski 
(1994) stated that the deposits were of glaciofluvi-
al origin. Subsequent studies proved that the series 
mentioned contained deposits of various age and 
genesis.

In the eastern part of the Bełchatów mine 
Krzyszkowski & Szuchnik (1995) identified the 
lower Pleistocene alluvium as the Łękińsko Series, 
overlying the Neogene Clayey-sandy Complex. 
With ongoing exploitation, in the middle part of 
the mine, other fluvial deposits cropped out above 
the Neogene Clayey-sandy Complex. Their lithol-
ogy differed from that of previously distinguished 
units, so these deposits have been named the Krza-
ki succession (Goździk, 1999). Four units (K1, K2, K3 
and K4) have been recognised. The lowest one (K1) 
is thin and of small lateral extent. The subsequent 
three units (K2, K3 and K4) are thicker and can be 
traced to the middle and western part of the mine 
(Goździk, 2001; Goździk et al., 2010). With time, it 
was noted that two distinct fluvial series existed 
within this succession. The characteristics of these 
deposits are presented below. 

An assemblage of subsequent glacial and inter-
glacial series overlies the Krzaki succession. Three 
lower till horizons are divided by glaciofluvial de-
posits, each of them attaining between a few to a 
dozen metres in thickness (Goździk, 2001). Two 
tills belong to the lithostratigraphic units of the Sa-
nian 1 Glaciation (Glacial C), i.e., the Folwark and 
Kuców Series (Table 1). Organic deposits of the 
Ferdynandovian Interglacial (Cromerian IV) over-
lie the till of the Kuców Series (Krzyszkowski et al., 
1996). The top of the third till forms a depression 
that is filled with lacustrine deposits of the Mazovi-
an (Holsteinian) Interglacial, the so-called Żłobnica 
Series (Balwierz et al., 2008). The next parts of the 
succession are as follows: the fluvial Chojny Series, 
glacial Rogowiec Series, glaciofluvial Czubata Góra 
Series, lacustrine Aleksandrów Series (Eemian) and 
fluvial Piaski Series (Weichselian) (Table 1). In this 
Pleistocene stratigraphic model, the Krzaki succes-
sion can be regarded as the oldest deposit that is 
synchronous with the onset of the first advance of a 
Scandinavian ice sheet into central Poland. 

3. Methods

The deposits studied were documented by the 
authors over a dozen of years (1998 to 2014). The 
faces at the mine were mapped on a yearly basis 
so as to determine vertical and lateral relationships 
of fluvial lithosomes. In this way, a 3-D pattern of 
the series studied could be worked out. In total, 18 
vertical profiles have been researched in detail, ap-
plying standard sedimentological analysis.Texture, 
structure, thickness, shape, extent of deposition-
al bodies (lithofacies), as well as contacts between 
them, have been assessed. Lithofacies have been 
labelled using Miall (1978) codes, with some modi-
fications (Zieliński & Pisarska-Jamroży, 2012). Ori-
entation of cross laminae and erosive surfaces have 
been measured in order to estimate palaeoflow di-
rection and, implicitly, patterns of ancient rivers, an 
important feature in palaeoclimatic interpretations. 

Tens of samples have been collected from all 
series studied. These have been sieved to prepare 
material for morphoscopic and mineralogical anal-
yses of sand-sized grains. Roundness has been 
scored using Krumbein (1941) scale; the morpho-
scopic method relied on Cailleux (1942). Under 
optical microscope three principal types of grains 
shaped in different environments have been dis-
tinguished: 1. unworn (non-usés in French) – NU, 
derived from physical weathering, 2. blunt shin-
ing (émoussé-luisant) – EL, from water abrasion, 3. 
round-matt (rond-mat) – RM, from aeolian abrasion. 
Included in the RM group are only well-rounded 
grains, although some grains with lower roundness 
also indicate aeolian abrasion. The modification of 
parent Cailleux method involves the distinction of 
grains with a roundness ratio of < 0.7 as blunt matt 
(émoussé-mat) – the EM group (Goździk et al., 2010). 
Moreover, in the case of some grains their surface is 
partly matt, partly shiny (i.e. derived from aeolian 
as well as water environment) which is why they 
have been subdivided as grains of transitional ori-
gin – the T group. In the present study, RM and EL 
grains are the most important. EL grains, as derived 
from long-lasting water abrasion, are typical of 
Neogene deposits. On the other hand, Pleistocene 
periglacial conditions resulted in a high frequency 
of RM grains with aeolian abrasion (Cailleux, 1942; 
Goździk, 1980). 

The heavy mineral analysis has been performed 
on grains of 0.125–0.25 mm in size and high-densi-
ty minerals (> 2.8 g cm–3) separated. The percentage 
of each heavy mineral has been calculated from a 
sample of 300–2100 (700 on average) grains (both 
transparent and opaque). Non-transparent miner als 
have been identified under a petrographic micro-
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scope and binocular. Fourteen heavy minerals have 
been identified in the samples analysed. For further 
interpretation they have been divided into three 
groups within the context of resistance to weather-
ing: highly resistant (andalusite, kyanite, rutile, sil-
limanite, staurolite, topaz, tourmaline and zircon), 
moderately resistant (epidote and garnet) and un-
resistant (amphibole and pyroxene). Heavy mineral 
analysis has turned out to be an effective method to 
evaluate the mineralogical maturity of sands. A pre-
dominance of highly resistant minerals has proved 
long-lasting, multiple redeposition, i.e., indicative of 
Neogene and lower Pleistocene deposits. 

Additionally, the sand samples have been an-
alysed in terms of feldspar presence. Each sample 
contained at least 300 grains of 0.8-1.0 mm in size. 
They have been examined under the binocular. This 
analysis has enabled to detect a northerly source of 
these sediments, i.e., a glacial supply of Scandina-
vian origin. 

Our petrographic analysis of gravels has played 
a similar role. At least 300 clasts coarser than 1 cm 
have been examined. The following rock types 
have been found: white quartz, quartzite, dark ly-
dite, other siliceous rocks, sandstones, igneous and 
metamorphic rocks. Quartz, lydite and quartzites, 
as the most resistant types, are typical of local Mes-
ozoic (mainly Cretaceous) bedrock. On the other 
hand, igneous and metamorphic rocks (Scandina-
vian erratics) are good indicators of glacial supply. 

4. Lower Pleistocene deposits and their 
Neogene substratum

4.1. Neogene deposits

Neogene deposits comprise the substratum of 
the Pleistocene succession in the Kleszczów Graben. 
The so-called Clayey-sandy Complex (Czarnecki et 
al., 1992) is the uppermost lithostratigraphic unit 
of Neogene age. Palynological studies by Winter 
(Krzyszkowski & Winter, 1996; Winter, 2015) have 
proved that its sedimentation finished during the 
Middle-Late Miocene. An extensive hiatus sepa-
rates Neogene from Quaternary deposits. Denuda-
tion prevailed, which is recorded by the large-scale 
erosive surface with a distinct pavement. 

All Neogene series are characterised by the pres-
ence of resistant heavy minerals. The frequency of 
tourmaline (average and minimum-maximum 37% 
and 18–53%, respectively) and kyanite (31%, 10–
53%) are the highest; slightly lower are staurolite 
(12%, 7–21%), rutile (6%, 0.5–16%) and zircon (6%, 

0.3–25%). The admixture of less resistant minerals 
(garnet and epidote) is low. Generally, the percent-
age of heavy minerals in Neogene deposits is stable, 
which results from the fact that their content in par-
ent rocks, i.e., Cretaceous sands and sandstones, is 
nearly the same (Goździk et al., 2010). This view is 
in agreement with mineralogical analyses by Pękala 
& Hycnar (2011) of rocks from the Mesozoic/Ceno-
zoic contact zone in the Kleszczów Graben. Quartz 
is nearly the single light mineral in Neogene com-
plexes. No feldspars, excluding weathered inclu-
sions within quartz grains, have been found. 

The morphology of sand-sized quartz grains 
is also extremely stable within Neogene depos-
its. Rounded shiny grains are almost exclusive-
ly present. The degree of roundness shows only 
small deviations from an average 0.516 within all 
successions. Similar values have been noted from 
Cretaceous sands in the vicinity of the Kleszczów 
Graben. This feature points to Cretaceous rocks as 
source of Neogene deposits (Goździk et al., 2010). 

4.2. Lower Pleistocene alluvia accumulated 
prior to ice sheet advance to central 
Poland 

4.2.1. Łękińsko Series 
The Quaternary succession starts with deposits 

that have been noted in three sectors of the Beł-
chatów mine.

The eastern sector. In this zone Krzyszkowski 
& Szuchnik (1995) documented the Łękińsko Series 
(Figs. 1, 2), the base of which was found at an alti-
tude of 152–155 m a.s.l. It has a relatively limited 
thickness of 1–2 (maximum 5) metres. The Łękińsko 
Series contains coarse- and medium-grained sands 
with an admixture of organic detritus, silt, humic 
silt and peat. The sands form horizontally strati-
fied, rarely cross stratified, beds: the channel river 
facies. Silty-organic layers have been recognised as 
overbank facies. Krzyszkowski (1996) interpreted 
that the environment in which the Łękińsko Series 
formed was a meandering river. The limited thick-
ness and reduced lateral extent of these deposits re-
sulted from further erosion, mainly by glacial melt-
waters that formed deep fossil valleys (Fig. 2). A 
palynological analysis of organic beds has revealed 
cool Pleistocene floras. Krzyszkowski & Szuchnik 
(1995) evidenced that the heavy-mineral spectrum 
was nearly the same as in Neogene deposits, only 
some increase of garnet frequency and sand-grain 
roundness was noted. They concluded that there 
was no hiatus between the Neogene Clayey-sandy 
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Complex and the Pleistocene Łękińsko Series. 
However, palynological studies (Krzyszkowski & 
Winter, 1996; Winter, 2015) argue against this view. 
Moreover, we have found evident erosive surface 
between mentioned units. Krzyszkowski & Szuch-
nik (1995) noted an increase of sand-grain round-
ness in the Łękińsko Series in comparison to the 
Neogene substratum. 

The middle sector. A fluvial unit has been dis-
tinguished at a similar altitude in the middle part 
of the Bełchatów mine (Goździk, 1999). Its base is 
located at 150 m a.s.l. and the thickness attained is 
4 m (Fig. 2). The lateral extent of deposits is small 
due to subsequent erosion. This unit starts from 
a large-scale erosive surface with a layer of mas-
sive gravel Gm at the base (Fig. 3A). Horizontally 
laminated humic silt FCh and sand Sh, sand with 
planar cross stratification Sp, and peat C predom-
inate. Frequent silt clasts are typical. A relatively 
high-energy channel coexisted with the floodplain 
where silt settled in oxbows evolving to mires with 
peat accretion. These features allow to interpret the 
sedimentary environment as a wandering river, i.e., 
a fluvial system transitional between the meander-
ing and braided end members (Miall, 1996; Burge 
& Lapointe, 2005). Significantly, wandering rivers 
frequently develop in catchments with extensive 
vegetation cover (Nanson & Knighton, 1996; Bee-

chie et al., 2006). The abundant presence of humic 
silt and peat beds in this unit confirms such an in-
terpretation. It is worth noting that abundant silty 
clasts dispersed within the beds were derived from 
the floodplain. Thus, we interpret that this palaeo-
channel had a sinuous pattern and migrated on the 
valley floor due to lateral erosion. 

Palynological analyses of peat, performed by Z. 
Janczyk-Kopikowa, have proved that organic ac-
cretion took place in an environment of Pleistocene 
boreal forest (Goździk, 2001). The heavy mineral 
assemblage is similar to that of the Neogene. Light 
minerals, predominantly quartz and lacking feld-
spars, are also typical of Neogene deposits. More-
over, the morphology of quartz grains is nearly the 
same as in pre-Pleistocene substratum; only a slight 
increase of rounding and a small admixture of matt 
grains have been noted (Fig. 4). 

The western sector. The Dębina salt diapir is 
located in the western part of the mine (Fig. 1). Its 
movement resulted in brachyanticline formation 
mainly following the Early Miocene and prior to 
the Quaternary, but also during the Pleistocene 
(Hałuszczak, 2004). The successions that crop out 
within the brachyanticline suggest a complex de-
velopment of this structure with some erosional 
and depositional phases. During the Early Pleisto-

Fig. 4. Morphology of quartz sand grains. EL 
– rounded, shiny grains (water abrasion); 
RM – well-rounded, matt grains (aeolian 
abrasion); EM+T+NU – other grains (de-
rived from another environment than 
aeolian or aquatic, or partially abraded 
in these both environments). There is a 
clear tendency for the oldest series to be 
rich in EL-type grains, whereas young-
er series display an increased content of 
RM-type grains.
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cene a fossil valley was incised into irresistant Ne-
ogene sands. 

The first phase of sedimentation is represent-
ed by a 5.5-m-thick unit (Fig. 5). Its base is the 
large-scale erosive surface. Lower sandy-gravelly 
beds pass upwards into interstratified fine-/medi-
um-grained sands and sandy silts. The frequency 
of fine-grained beds increases upwards. Sandy and 
silty-sandy sheet-like beds (Sh, FSh) coexist with 
sandy infills of large channel-like structures. Chan-
nel-like beds are approximately 2 m thick. Sandy 
and sandy-silty, fining-up infills exhibit low-angle 
inclined stratification Si concordant to erosive bases 
(Fig. 5B). We interpret these as epsilon cross stratifi-
cation, i.e., structures derived from point bars (Gib-
ling & Rust, 1993). Sheet-like beds are identified to 
have been formed on the floodplain. Silts settled 
from suspension in flood basins, whereas sandy 
intrabeds record the prograding crevasse splays 
(Farrell, 2001; Bridge, 2003). In summary, we asso-
ciate these deposits with an environment of a me-

andering river, where the channel with point bars 
adjoined a well-developed floodplain. 

Heavy mineral assemblages of these deposits 
and of the Neogene substratum are similar; resistant 
minerals predominate. The content of tourmaline is 
nearly the same, while the percentage of staurolite, 
zircon and topaz increases in the unit analysed. The 
highest frequency increase has been noted for gar-
net, which becomes the dominant mineral towards 
the top of the succession. This tendency is concom-
itant with a decrease of kyanite. Within the group 
of light minerals white quartz comprises over 90% 
and the frequency of siliceous rock fragments is not 
higher than a few percent. Feldspars are lacking. 
Sand-sized grains are predominantly rounded and 
shiny ones (EL), similar to the Neogene substratum. 
On the other hand, a new, atypical feature has been 
noted; there is some admixture of well-rounded 
matt grains (RM). 

Deposits documented in these three sectors show 
significant resemblances. They are located at similar 
altitudes. Although the base of the fluvial interval 

Fig. 5. Photograph (A) and sketch (B) of deposits that crop out in the westerly portion of the mine, in the vicinity of a 
salt diapir brachyanticline. For location see Fig. 1; for description see text.
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in the western sector is situated c. 5 m higher than 
the base of the others (Fig. 2), this minor difference 
could have resulted from upward movement of the 
neighbouring salt diapir. Lithological features of 
these deposits are closely comparable. They formed 
in sinuous rivers (meandering and wandering) un-
der conditions of a cool climate (boreal forest and 
forest-steppe). The mineral content of the sands 
is similar to that of the Neogene substratum, as is 
sand-grain morphology. All these features justify 
recognition of these deposits as lateral equivalents 
of the Łękińsko Series. Deposition of these strata 
was not synchronous; the sinuous river shifted its 
channel on the graben floor and deposited alluvia 
in various zones during several time intervals. 

4.2.2. Faustynów Series
In the western part of the mine, deposits of the 

Łękińsko Series have an erosive top that is capped 
by the pavement (Fig. 5B). Gravels are represented 
mainly by very well-rounded quartz (79%), fol-
lowed by lydite (9%) and siliceous rocks (8%). A 
rare petrographic group comprises rounded quartz-

ites (2.5%) and angular sandstones (1.5%). The very 
good rounding of quartz and lydite clasts resulted 
from long-lived abrasion during former redeposi-
tion. This part of succession has an increased zir-
con content, whereas there is less tourmaline than 
in underlying and overlying levels. Zircon is one 
of the most resistant minerals and has a very high 
density, while tourmaline is also resistant, but of a 
lower density. In our opinion the high zircon per-
centage can be explained by its density. Long-last-
ing redeposition led to increased concentration of 
this mineral. 

The deposits attain 7 m in thickness. The per-
centage of sand-sized lithofacies is slightly higher 
than in the underlying unit. Sandy, sandy-silty and 
sandy-gravelly sheet beds prevail, whereas the fre-
quency of channel structures is slightly lower. They 
are also thinner and their widths greater. We inter-
pret the sedimentary environment as a meandering 
river. However, the palaeochannel was shallower 
and palaeoflows were of a slightly higher energy. 
The light mineral assemblage of sands consists prac-
tically of quartz alone, with a small admixture of 

Table 2. General characteristics and interpretation of Lower Pleistocene deposits studied. For comparison, also the up-
permost Neogene complex is presented. Rocks and minerals of secondary frequency are listed in brackets.

Series Lithology Mineralogy and petrography Sand-grain morpho-
logy [%] Fluvial environment

Krzaki:
middle and 
upper part

sands, sandy 
silt in the top; 
gradational 
base

sands:
light minerals: quartz, (1-2% of feldspars)

80 < RM < 95
0 < EL < 10
5 < EM,T,NU < 20

deep braided river 
followed by shallow 
abandoned flows, 
aeolian supply, flu-
vio-periglacial

Krzaki:
lower part

sands, gravelly 
sand, silt; 
erosive base

gravels: quartz, lydite, (quartzite, sili-
ceous rocks)
sands:
light minerals: quartz, (siliceous grains)

20 < RM < 85
0 < EL < 55
10 < EM,T,NU < 40

wandering river,
intensive aeolian 
supply of sand and 
dust, fluvio-perigla-
cial

Faustynów sands, silty 
sand, gravelly 
sand;
erosive base

gravels: quartz, (lydite, siliceous rocks, 
quartzite, sandstone)
sands:
light minerals: only quartz;
heavy minerals: tourmaline, staurolite, 
kyanite, (garnet, zircon, topaz)

35 < RM < 50
0 < EL < 45
10 < EM,T,NU < 55

meandering river, 
flow energy higher 
than in Łękińsko 
Series

Łękińsko:
western seg-
ment

sands, silty 
sand;
erosive base

sands:
light minerals: only quartz;
heavy minerals: tourmaline, staurolite, 
garnet, (zircon, topaz)

10 < RM < 20
45 < EL < 60
30 < EM,T,NU < 40

meandering river

Łękińsko:
eastern and 
middle seg-
ment

sands, organic 
silt, peat, grav-
elly sand;
erosive base

sands:
light minerals: quartz, (siliceous grains 
sporadically);
heavy minerals: tourmaline, kyanite, 
garnet, staurolite, (rutile, zircon)

10 < RM < 30
55 < EL < 95
0 < EM,T,NU < 30

meandering or wan-
dering river

Clayey-sandy
Complex

sands, silt, clay sands:
light minerals: only quartz;
heavy minerals: tourmaline, kyanite, 
(staurolite, rutile, zircon)

RM = 0
80 < EL < 100
0 < EM,T,NU < 20

low-energy river and 
lake
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siliceous rock fragments. Feldspars were not found. 
In terms of quartz grain morphology we found an 
evidently higher frequency of rounded matt grains 
(RM) (Fig. 4).

These deposits show mineralogical and grain 
morphological features that are distinctly different 
from those of the Łękińsko Series (Table 2). On this 
basis, we consider this fluvial interval to be a sep-
arate lithostratigraphic unit, the Faustynów Series. 
It is also worth noting that sedimentological differ-
ences are minor and the rocks and minerals typi-
cal of Scandinavian ice sheets are still missing from 
these deposits. 

4.3. Lower Pleistocene alluvia formed during 
the first ice sheet advance to central 
Poland (Krzaki Series)

Distinct erosive surfaces with a pavement trun-
cate the deposits discussed above. Extensive erosion 
formed a new palaeovalley which in some places is 
incised more deeply than the base of Łękińsko Se-
ries. It is filled with deposits of up to 24 m thick, usu-
ally around 20 m. Their top is erosive, which means 
that the original thickness was even greater. The 
best-preserved alluvium represents the wide, axial 
zone of the palaeovalley (Fig. 2). The deposits of the 
marginal valley zones can be studied only locally 

because they were cleared by erosional processes 
during younger Pleistocene times. Only a fragment 
of the eastern palaeovalley slope remained close to 
the southern margin of the Kleszczów Graben. The 
western slope has been observed in the vicinity of 
the Dębina salt diapir (Fig. 1). Glaciotectonic, and 
partially tectonic, movements during the middle 
Pleistocene (Bruj & Krysiak, 2009) led to significant 
deformations of deposits in the most westerly part 
of the palaeovalley. No distinct erosive surfaces 
have been noted within the succession studied. The 
contacts between the successive portions, presented 
below, are gradational. Sedimentation took place in 
a continuous fashion; however, substantial changes 
of lithological features can be traced within the suc-
cession, i.e., the fluvial sedimentary environment 
was varied. 

The initial, mainly erosive phase of palaeo-
valley development is recorded in gravelly and 
sandy-gravelly beds of lesser thickness (approxi-
mately 1 m, locally 3 m) (Fig. 3D). The gravels con-
tain almost exclusively local rocks; Scandinavian 
material is extremely rare. It seems that the first ice 
sheet advance is recorded in a thin, discontinuous 
glacial cover, or more likely, the ice sheet margin 
reached only the neighbouring area (Goździk, 2001; 
Goździk et al., 2010). The hypothetical extent of the 
oldest glaciations (Nidanian, Dorst) is delineated 
immediately to the south of the Kleszczów Graben 
(Marks et al., 2016). 

Fig. 6. Lower part of the Krzaki Series. Pack-
age of sandy-silty rhythmites; the result 
of overbank sedimentation of a wander-
ing river. The spade is 1.2 m long. 
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The lower part of the succession measures c. 10 
m in thickness and is composed of intercalating 
sandy, sandy-silty and sandy-gravelly beds. More 
often the sands are medium grained; however, in 
the basal part coarse-grained sands are abundant. 
The sands exhibit trough and tabular cross strati-
fications (St, Sp). There are large, up to 1.1-m-wide 
troughs, infilled with sand Se, but these are rare 
(Fig. 3B). Sandy-gravelly beds are of sheet shape 
and massive structure (SGm). Cross strata repre-
sent uni- or bimodal distributions with mean vec-
tors in the 305–345o range (Fig. 3B, D). Fine-grained, 
sandy-silty beds are horizontally laminated (SFh). 
In some of them humic detritus has been noted. 
Peat intercalations have been found sporadically in 
the basal part of the succession. Extensive packages 
(up to 2.5–3.0 m thick) of sandy-silty laminites have 
been found in the marginal zones of palaeovalley 
fill (Fig. 6). Lenticular sand bodies are horizontal-
ly, wavy or ripple laminated. They are intercalated 
with silty-sand lenses or more continuous sheets 
of silt. Amongst sand grains quartz predominates, 
with a low percentage (admixture) of siliceous 
rocks. Feldspars are absent. The frequency of EL 
(rounded and shiny) grains diminishes upsection 
and RM (well-rounded and matt) increases simul-
taneously (Fig. 4). 

We interpret these deposits as recording two 
fluvial subenvironments. Cross-stratified sands and 
gravelly sands (St, SGt) derived from deep river 
channels. The depth of these palaeoflows is estimat-
ed to have been 1.8–1.9 m (see Saunderson & Jop-
ling, 1980; Bridge, 2003; Villard & Church, 2005 for 
palaeohydraulic formulas). Discharges were char-
acterised by large floods which formed thick, chan-
nel-like structures Se (compare Hjellbakk, 1997; 
Pisarska-Jamroży et al., 2010). Another lithofaci-
es association SGm, Sp, FSh is represented by thin 
beds that reflect deposition in a shallow secondary 
channel. Relatively intensive flows during short-

lived flood pulses aggraded sandy gravels on the 
upper plane bed (SGm), while waning flows result-
ed in progradation of sandy foreset bars (Sp) and 
later in channel abandonment (FSh). The thickness 
of Sp beds shows that these secondary channels 
were not deeper than 0.5 m. Discharges highly fluc-
tuated which is proved by frequent alternation of 
texturally different beds. In the marginal part of the 
palaeovalley another fluvial subenvironment has 
been recorded; here overbank deposition of low-en-
ergy sheetflows alternating with standing waters 
took place. Packages of sandy-silty laminites were 
formed. The identification of these subfacies (deep 
and shallow channels, together with floodplain) 
suggests sandy-gravelly sedimentation in a few 
channels of low sinuosity (proved by low spread of 
palaeoflows and the presence of foreset bars), while 
fine-grained sandy-silty deposits formed in the 
overbank zone. This architecture points to a fluvial 
environment that was characterised by features of 
both braided and meandering rivers. Such a transi-
tional (wandering) fluvial system is represented by 
intermediate attributes: low channel sinuosity, low 
braiding index (two or three channels), channel sed-
imentation derived from braid bars and extensive 
floodplain with fine-grained accretion (Brierley, 
1996; Amsler et al., 2005; Rice et al., 2009). 

The middle part of the succession is up to 15 m 
thick. It is characterised by a low lithological varia-
bility. Medium- and coarse-grained sands of trough 
cross stratification St build this unit almost exclu-
sively (Figs. 3C, 7). The cross bed thickness ranges 
between 10 and 30 cm. Organic admixtures have 
not been found. RM grains prevail; the frequency of 
other types is up to 20%. EL-type grains are either 
lacking or quite sporadic. It is worth noting that the 
feldspar percentage is low (1–2%), albeit stable in 
all samples. This is a characteristic feature, because 
feldspars are absent from the older deposits (lower-
most Pleistocene and Neogene). This is the first part 

Fig. 7. Middle part of the Krzaki Series. Both 
texture and structure of deposits are ho-
mogeneous; these are medium-/coarse-
grained sands with trough cross strati-
fication. The record of sinuous dunes 
developed in relatively deep channel 
with rapid flows. Perennial braided riv-
er alluvium.
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of the Kleszczów Graben succession in which these 
minerals appear. 

The predominance of St crossbeds points to a 
deposition that took place in the way of prograda-
tion and burial of sinuous (3D) dunes, the average 
height of which was 30–60 cm (Harms & Fahne-
stock, 1965; Bridge, 2003). They are typical of deep 
parts of braided channels with relatively fast cur-
rents (Perez-Arlucea et al., 2000). The increasing 
frequency of matt (RM) grains, leading to their ul-
timate predominance, is interpreted to be the result 
of long-lasting aeolian redeposition and supply of 
the fluvial system by wind. Environmental condi-
tions promoted aeolian transport at that time. The 
absence of organic matter in this unit proves that 
there was no vegetation cover, or a very sparse one. 
Moreover, the sands, locally with fine gravels but 
without silt sizes, are typical sediments that were 
redeposited on sand-type deserts, also in cold re-
gions. The characteristic presence of feldspars 
in these deposits suggests that the ice sheet had 
reached central Poland, but the low content im-
plies that, at the time, it had not got as far as the 
Kleszczów Graben. It would appear that the feld-
spar grains were supplied by winds. 

The upper part of the succession exists only lo-
cally, in places where later erosion was weak. De-
posits are relatively fine. Medium- and fine-grained 
sands show ripple cross lamination (Sr), less often 
horizontal stratification (Sh) or trough and tabular 
cross stratification (St, Sp) (Fig. 3D). Small-scale 
sandy-silty rhythmites have been found (Fig. 3E). 
Frequent sandy-silty rhythmites Sh/SFh, developed 
in sheet beds, are attributed to overbank areas be-
tween the shallow braided channels. A similar 
rhythmic development of alternating sandy and 
silty sheets in overbank facies of braided fluvial 
systems has been noted from Pleistocene and older 
sedimentary successions elsewhere (Goździk, 1995; 
Zieliński & Goździk, 2001; Therrien, 2006; Łanczont 
et al., 2010; Zieliński et al., 2015). Ashley & Hamil-
ton (1993) acknowledged that such rhythmites were 
characteristic fluvio-periglacial deposits, i.e., over-
bank facies of braided rivers under conditions of 
considerable aeolian supply. Organic detritus has 
been noted in one thin silt layer. Sand-sized quartz 
grains show the same morphology as in the middle 
part of the succession (Fig. 4) and feldspar frequen-
cy is also similar. 

These deposits document a decrease in energy 
of the fluvial environment. St and Sp lithofacies are 
interpreted as having been derived from a river 
channel which was shallower in comparison with 
palaeochannels from deposits beneath, which is 
corroborated by the lesser thickness of cross beds. 

The high frequency of rippled sand beds Sr indi-
cates lower flow velocities. Sandy-silty rhythmites, 
developed in sheet beds, are attributed to overbank 
areas between the shallow braided channels. Sim-
ilarities of mineralogy and grain morphology of 
sand suggest that the alluvium of the middle part of 
the succession as the source for fluvial redeposition 
or/and aeolian supply was still active. 

Characteristic features of the fluvial succession 
studied that differentiate these deposits from all 
underlying ones, allow the distinction of individ-
ual lithostratigraphic unit (Table 2). These depos-
its comprise the Krzaki Series, as established by 
Goździk (1999). They formed in a braided river 
environment on the foreground of the advancing 
Scandinavian ice sheet. The river flowed from SSE 
to NNW (Fig. 8). The units examined in the present 
study are equivalents of units K2, K3 and K4 of pre-
vious papers (Goździk, 1999, 2001; Goździk et al., 
2010). 

5. Discussion

5.1. The series studied as archives of 
Early Pleistocene and Early/Middle 
Pleistocene transition

Observations made along extensive outcrops at 
Bełchatów have enabled the recognition of several 
Pleistocene fluvial series within the Kleszczów Gra-
ben, as outlined in dozens of previous papers. In 
particular, the series of Middle and Late Pleistocene 
age were studied in detail. Up to the present study 
only one of these was interpreted as a Lower Pleis-

Fig. 8. The Krzaki Series. Total distribution of dip azi-
muths from cross-stratified beds. The grey arrow sig-
nifies the mean direction of river palaeoflow. 
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tocene fluvial deposit, i.e., the so-called Łękińsko 
Series (Krzyszkowski & Szuchnik, 1995). Our re-
search supplements the characteristics of these de-
posits on the basis of new excavations. Moreover, a 
new Lower Pleistocene fluvial series is established 
here, the Faustynów Series, which directly overlies 
the Łękińsko one. Both units were deposited prior 
to the first ice sheet advance into central Poland. In 
our opinion, other deposits (Krzaki Series) are syn-
chronous with the oldest ice sheet advance. Thus, 
new data have been obtained on the development 
of fluvial systems in this part of Poland during the 
Early Pleistocene. 

During the Neogene, when the tectonic gra-
ben came into existence, infill derived from three 
basic sedimentary systems: fluvial, lacustrine and 
backswamp (Hałuszczak, 1987; Krzyszkowski & 
Winter, 1996). Their role varied during the forma-
tion of successive sedimentary complexes. Ever 
since deposition of the youngest Neogene levels, 
the Clayey-sandy Complex, the fluvial system be-
came predominant. Small lakes were present only 
locally, due to a halt of subsidence within the gra-
ben. An extensive hiatus exists between the Neo-
gene and Pleistocene series. The ‘quiescent’ tectonic 
conditions are confirmed by the flat, wide bottom 
of the palaeovalley in which Łękińsko Series accu-
mulated. Only along the western margin, close to 
brachyanticline, does the base of this series lies ap-
proximately 5 m higher, as a result of modest uplift.

Although the non-glacial part of the Pleistocene 
in central Poland was of long duration, the depos-
its of this time interval are only sporadically pre-
served. Most often, these are erosive lags and allu-
via which prove that this area was formed mainly 
by river systems. The relatively limited thickness 
of fluvial deposits in the Kleszczów Graben results 
not only from later Pleistocene erosional processes 
but also from primary environmental conditions. 
The map of the sub-Quaternary basement (Szmidt, 
2012) shows that the part of the Kleszczów Graben 
studied lies in the axial zone of a large, SSE–NNW 
oriented trough (azimuth approximately 3400). Ge-
ological data enable a general palaeomorphological 
reconstruction of the preglacial valley; it must have 
been at least 5 km wide with its bottom at c. 150 
m a.s.l. (Fig. 2). Long-term fluvial activity formed a 
relatively flat bottom. Erosional activity of the pal-
aeoriver catchment led to incision of a few tens of 
metres deep into the upland rocks in a southeast-
erly direction from the site studied. In our opinion, 
it is of great importance that the studied reach of 
the preglacial valley overlaps with the transitional 
zone between denuded (Małopolska Upland) and 

aggraded areas (southern Wielkopolska Lowland), 
where the Kleszczów Graben is located. 

On the central Polish lowlands, i.e., the area 
which is situated lower and to the north of the 
one studied here, the cover of preglacial deposits 
is thicker. For example, in the southern Mazowsze 
Lowland, in the lower reach of the present-day 
Pilica River, the fluvial series of Early Pleistocene 
age reaches thicknesses of up to 30 m (Makowska, 
2015). Some lakes, albeit never numerous, existed 
there. Lacustrine deposits play a significant role 
as archives for stratigraphic and palaeoclimatic re-
searches of Pliocene and Early Pleistocene in central 
Poland (Winter, 2015). It is much more difficult to 
interpret the stratigraphy of Lower Pleistocene flu-
vial deposits, even when they are thick and contain 
organic oxbow facies, because such sedimentary 
records are only fragmentary. For example, Winter 
(2015, p. 95) noted that “determining of absolute 
age (…) only on the base of palynological analy-
ses is questionable”. It appears that in the light of 
recent studies of lower Pleistocene deposits (Ma-
kowska, 2015; Winter, 2015; Bujak et al., 2016), that 
for the Ponurzyca succession “which was a key 
site for the Lower Pleistocene (Baraniecka, 1991), 
the stratigraphical setting of the deposits remains 
open” (Marks et al., 2016, p. 409). 

Palynological studies of the Łękińsko Series 
from the Kleszczów Graben have documented a bo-
real type of vegetation during the Early Pleistocene 
(Krzyszkowski & Szuchnik, 1995; Goździk, 2001; 
Winter, 2015). Krzyszkowski & Szuchnik (1995) in-
terpreted that sedimentation during the Neogene/
Quaternary transition was continuous, which is 
why they qualified the Łękińsko Series as lower-
most Pleistocene (Pretiglian). In fact, a substantial 
hiatus between Neogene and Pleistocene deposits 
has been found in this succession (Krzyszkowski & 
Winter, 1996; Winter, 2015). Winter (2015, p. 93) not-
ed for the Łękińsko Series: “In view of fact that some 
diachronic cool floras are similar in Pleistocene, the 
stratigraphic assessment of studied deposits is im-
possible”. It is postulated in the present study that 
the Łękińsko and Faustynów Series formed prior to 
the first ice sheet advance into central Poland. This 
observation is based on the position of deposits 
within the successions studied as well as on miner-
alogical and morphological features of sand-sized 
grains. Our analysis shows significant similarities 
between Neogene and Lower Pleistocene deposits. 
Glacial-derived elements are lacking. The Łękińsko 
Series is characterised by a small (albeit crucial for 
environmental interpretation) frequency of round 
matt sand grains (RM) that is atypical of Neogene 
deposits. Their admixture increases in the overlying 



 Evolution of Early Pleistocene fluvial systems in central Poland prior to the first ice sheet advance 103

Faustynów Series (Fig. 4). This feature suggests that 
the aeolian system started gradually to act together 
with the fluvial one. The precise stratigraphic iden-
tification of the onset of aeolian activity is quite dif-
ficult. Probably it began during accumulation of the 
Faustynów Series, or immediately prior to it. This is 
the first sign of aeolian processes in the study area. 
Typical aeolian sediments (e.g., cover sands) have 
not been found in this part of the sedimentary suc-
cession. The beginning of accumulation of the Krza-
ki and Faustynów series is difficult to determine. In 
our opinion the Faustynów Series, the deposition of 
which was accompanied by increasing aeolian ac-
tivity, formed in a period of major climatic changes, 
i.e., during the so-called Early-to-Middle Pleisto-
cene Transition (EMPT) (Head & Gibbard, 2015). 

The sedimentation of the Łękińsko and 
Faustynów series was followed by intensive ero-
sional processes forming the valley, together with a 
pavement cover on its bottom. It is concluded that 
the final phase of incision and the onset of fluvial 
infill were climatically controlled. This conclusion 
matches the views presented by Gao et al. (2007), 
Vandenberghe (2008), Lewin & Gibbard (2010) and 
Cordier et al. (2014) that large-scale river incision 
was a characteristic process for climatic turns to 
glaciations. In the Kleszczów Graben the glacial 
climatic deterioration resulted in a distinct change 
of the fluvial system. The former meandering riv-
er pattern evolved into a braided one; in this sed-
imentary environment the Krzaki Series was laid 
down. During that time the study area was located 
on the foreground of the advancing ice sheet, likely 
of Nidanian/Dorst (MIS 22) age. Clear evidence of 
the direct presence of the next ice sheet in the study 
area is the till that overlies the erosive surface above 
the Krzaki Series (Goździk, 1999). Most probably it 
was the ice sheet of Sanian 1 age (Glacial C, MIS 16) 
that extended far to the south on Polish territory. 
As a final note, it should be acknowledged that the 
main environmental change, i.e., the change from 
a fluvial system to glacial one (or the end of sedi-
mentation of the Krzaki Series) occurred during the 
transition from Early to Middle Pleistocene.

5.2. Comparison of the Krzaki Series with 
other fluvial series at Bełchatów 

In an attempt to understand the changing palae-
oenvironmental conditions during the Early Pleisto-
cene better within in the context of later Pleistocene 
stages, various series of fluvial origin are compared 
here. These series formed prior to the first ice sheet 
advance (discussed in detail above) and are of 

Middle and Late Pleistocene age: the Czyżów Se-
ries (Krzyszkowski, 1991), Chojny Series (Goździk, 
1980,1986; Hałuszczak, 1982; Brodzikowski, 1987; 
Krzyszkowski & Nita, 1995; Zieliński & Goździk, 
2001) and Piaski Series (Goździk, 1980, 1995; 
Goździk & Krzyszkowski, 1987; Krzyszkowski, 
1990; Goździk & Zieliński, 1996; Kasse et al., 1998). 
Their stratigraphic positions are shown in Table 1. 

A clear similarity between the Krzaki Series and 
the underlying Łękińsko Series is seen in the context 
of sand grain mineralogy. Quartz has been noted al-
most exclusively there, with a minor admixture of 
siliceous rocks. This feature results from the fact that 
palaeovalleys of both series had the same course. 
Thus, deposits of the Łękińsko Series were subject 
to erosion and became the main source of accumu-
lation of the lower part of the Krzaki Series. Some 
feldspars appear only in the middle and upper part 
of the Krzaki Series. This feature may be expected 
as a result of aeolian supply from the oldest glacial 
deposits that underwent deflation. In terms of the 
characteristics mentioned, the Łękińsko and Krzaki 
Series are evidently different from the succeeding 
ones, the Middle and Upper Pleistocene fluvial se-
ries of the Kleszczów Graben. The younger alluvia 
contain feldspars in significant percentages and an 
especially high content is noted in their lower parts. 
This can be linked to the fact that glacial deposits 
became the main source for the next phases of flu-
vial redeposition. 

In the lower part of the Krzaki Series, sandy-silty 
rhythmites have been found, with some organic 
matter in their silty layers. Analogous rhythmites 
have been noted previously in the middle parts of 
the Czyżów and Chojny Series and in the lower part 
of the Piaski Series. Moreover, in the lower parts of 
all series mentioned the same tendency is typical, 
namely an upward increase in the frequency of 
well-rounded and matt grains (RM). This illustrates 
an intensification of aeolian activity in the course of 
fluvial sedimentation. 

The middle part of the Krzaki Series shows con-
siderable similarities to the upper part of the Cho-
jny and Piaski Series and perhaps to the uppermost 
part of the Czyżów Series. All these units consist 
of sands and their lithofacies associations, predom-
inantly in thick cross beds, point to a relatively 
deep, perennial braided river environment. Almost 
all grains are well rounded and their surfaces are 
matt (RM grains abraded by aeolian transport). 
This indicates that the fluvial system was substan-
tially supplied by wind at that time. Aeolian pro-
cesses were promoted by the absence or paucity of 
a vegetation cover, which is proved by the lack of 
organic matter in the middle part of the Krzaki Se-
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ries, similar to coeval portions of the Chojny and 
Piaski series which were traced over long distances 
from the Bełchatów mine. Other important features 
have been noted in the synchronous upper parts of 
the Chojny and Piaski series or on the surrounding 
plains. These are: ventifacts in deflation pavements 
and aeolian cover sands and sand wedges (Goździk 
1980, 1992). They all commonly occur in central Po-
land and are linked to a polar desert environment 
(Goździk, 1973; Murton et al., 2000). A comparison 
of the three fluvial series excavated at Bełchatów 
leads to the conclusion that each of them formed 
under similarly severe climatic conditions.

In summary, our comparison of the Krzaki Series 
with other fluvial units shows the following facts 
that can be used as a basis for some general inferenc-
es. Only few features of the Krzaki Series are close 
enough to those of the Neogene substratum (Table 
2). Upsection, these deposits become increasingly 
more closely similar to overlying Pleistocene series 
in terms of lithofacies architecture, sand grain mor-
phology and mineralogy. Based on our research, 
the nature and evolution of the fluvial system in 
which the Krzaki Series formed are compatible with 
those that occurred later in the Middle and Late 
Pleistocene. During successive glaciations the fluvi-
al system was still active and coexisted with other 
systems (predominantly glacial and secondarily la-
custrine one) in the way of complex relationships. 
In our opinion, these relationships changed both 
in time and space in a non-random, cyclic manner. 
This issue will be the subject of another study. 

6. Conclusions

The opencast Bełchatów pit in central Poland 
is an extraordinary locality where strata of nearly 
the entire Quaternary time span are preserved, in-
cluding those of Early Pleistocene age. Three litho-
stratigraphic units comprise the sedimentary re-
cord during the early Pleistocene, i.e., the Łękińsko, 
Faustynów and Krzaki Series, all of which are of 
fluvial origin. 

The Łękińsko and Faustynów Series show nu-
merous similar lithological features and represent 
palaeoenvironmental links with the underlying Ne-
ogene deposits. These Lower Pleistocene and Neo-
gene alluvia are characterised by nearly the same 
spectrum of heavy minerals: tourmaline, staurolite 
and kyanite predominate, with significant admix-
tures of zircon. Sand-sized quartz grains are blunt 
shining (EL-type derived from transport by water). 
These prove that Neogene deposits were the source 
material for the lowest Pleistocene alluvia. They fill 

deep palaeovalleys and each series starts from a 
pavement at the base. Sedimentological analysis in-
dicates that the Łękińsko and Faustynów series ac-
cumulated in an environment of sinuous, meander-
ing rivers with silty-organic deposition in oxbows 
on the floodplain. Palynological analyses illustrate 
boreal forest and forest-steppe in the catchment 
during formation of the Łękińsko Series.

The upper Krzaki Series represents evident 
change of palaeoenvironmental conditions. First, 
the new palaeovalley was incised. Lithological 
features document the evolution of the fluvial en-
vironment from a transitional (wandering) river to 
relatively deep, perennial, braided system followed 
by shallow channels with decreasing discharges. 
The river flowed from SSE to NNW. The analy-
sis of sand grain morphology (a predominance of 
round and matt grains of RM type) documents the 
increased aeolian supply to fluvial system at that 
time. The lack of humic layers confirms formation 
during severe climatic conditions. We identify the 
Krzaki Series as a record of a fluvioperiglacial envi-
ronment in the foreground of the first Scandinavian 
ice sheet that advanced to central Poland. 

Comparison of the series studied with young-
er fluvial deposits (of Middle and Late Pleistocene 
age) shows a lot of analogues. Against this back-
ground a model of repetitive climate-driven sedi-
mentary cycles can be determined; these will be the 
subject of another study. 
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