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Abstract

In the examined part of central Poland, there are numerous kettle-hole basins filled 
with mineral and biogenic sediments of the Eemian Interglacial and Early Weichselian. 
These basins are located in varied geological and geomorphological locations with 
variable thicknesses of the sediments and deposits. The infillings were investigated 
by lithological and palaeobotanic methods. Lithology of the biogenic sediments is 
diverse, primarily gyttja and peat, but also organic silt. A number of the documented 
sites contain a record of environmental changes throughout the glacial-interglacial 
cycle from the end of the Warta Stadial (Saalian) to Early Weichselian. Local geological, 
geomorphological and hydrological conditions influenced the possibility of continuous 
peat-lake accumulation and the timing of the completion of this accumulation. Biogenic 
sediments are covered with the Middle and Late Weichselian mineral sediments which 
indicate climatic changes and are the main reason for rapid and synchronic degradation 
of kettle-hole infillings.
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1.  Introduction

Small, closed depressions are characteristic features 
of morainic uplands in the Odranian (Saalian) 
glaciated area in central Poland. In this area, there 
are numerous kettle-hole basins filled with mineral 
and biogenic sediments of the Eemian Interglacial 
and the Early Weichselian age (e.g. Klatkowa, 
1990; Roman, 2016). These basins are located in 
varied geological and geomorphological locations 
(morainic uplands, flat morainic watersheds, denuda-
tional valleys and glaciofluvial terraces). Sediments 
in many sites record environmental transformations 
that occurred since the end of the Warta Stadial 
(Saalian), through continuous successions of the 
Eemian Interglacial and Early Weichselian. This 
area was subsequently under periglacial conditions 
during the last glacial stage (Dylik, 1956), which 
led to extensive transformations of the landscape, 
including existing kettle-hole basins. Occasionally, 
accumulation of biogenic sediments occurred in the 
kettle-hole basins also during the Late Weichselian 
and the Holocene (cf. Twardy et al., 2010; Majecka 
et al., 2016).

Selected sites contain kettle-hole basins that 
were developed in glacial formations of the Late 
Warta Stadial age and formed a lake district during 
the last interglacial. Previous geological survey in 
the north-eastern part of the Łódź Upland suggested 
that these basins are steep-slope and deep (to 16 m) 
kettle-holes, e.g., in the Żabieniec mire (Twardy et 
al., 2010). The kettle-holes are filled with glacial and 
interstadial biogenic sediments, mineral sediments 
(mainly periglacial) and mineral-biogenic sediments 
of interim intervals. As displayed by past correlations 
of lithological sections (Klatkowa, 1990), a substrate 
of the infillings is composed either of glacial till or 
glaciofluvial sandy and gravelly series of the Warta 
Stadial. The kettle-hole sediments are underlain by 
silt with sand accumulated at the termination of the 
Warta Stadial; accumulation of biogenic sediments 
had begun in some of the kettle holes at the same 
time (Klatkowa, 1990). A lithology of the biogenic 
series is diverse: lake sediments, peat and silt, and 
the deposition ended in the Plenivistulian.

Small, closed depressions are usually a few 
meters deep today, but their buried bottoms 
are located much deeper. Their surface infilling 
is composed generally of mineral deposits accumu-
lated in a cold climate of the Upper Plenivistulian  
(Late Pleniglacial: see Marks et al., in press). Occa-
sionally biogenic accumulation in such depressions 
occurred also in the Holocene. However, infillings 
of these basins contain organic and mineral-organic 
series of the Eemian and Early Weichselian) ages. 
Such depressions were documented not only in the 
Polish Lowlands (Klatkowa, 1990; Kupryjanowicz, 
2008; Rychel et al., 2014; Roman, 2016), but also in 
Belarus, Lithuania and Germany (Litt et al., 1996; 
Kisielienė, 1999; Savchenko & Pavlovskaya, 1999; 
Kühl & Litt, 2003; Šeirienė et al., 2014; Börner et 
al., 2017).

Field studies were conducted in the Łódź 
Upland in central Poland, several dozen kilometres 
to the south of the line of the Last Glacial 
Maximum ice sheet limit (Fig. 1). The study area 
is predominated by glacial deposits of the Warta 
Stadial of the Odranian Glaciation (cf. Klatkowa, 
1990; Turkowska, 2006; Marks et al., 2016).

The objective of this study was to reconstruct 
landscape transformation in a watershed area 
of central Poland during the Eemian and Early 
Weichselian, based on lithological and palynological 
analysis of organic deposits inside the selected post-
Saalian kettle-holes.

2.  Study area

Investigations were carried out at four sites in the 
Łódź Upland: Józefów, Rogów, Pieńki Bielańskie 
and Żabieniec. The latter (Żabieniec) has already 
been described earlier (Twardy et al., 2010; Majecka, 
2014; Majecka et al., 2016) and serves here as 
a reference site. Geological and paleobotanical 
studies have been performed previously at Józefów, 
where four kettle holes filled with mineral and 
biogenic sediments were examined (Dylik, 1963, 
1967; Klajnert, 1965; Sobolewska, 1966). These 
geomorphologic features were interpreted by Dylik 
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(1963, 1967) as relics of fossil pingos. Recently,  
a new sediment core has been collected from one of 
these kettle holes. The Rogów site is located in the 
watershed area of the Mroga River to the west and 
the Rawka River in the southeast, composed of till 
and glaciofluvial sand with gravel. The Żabieniec 
site is located in the watershed area between the 
Mrożyca River in the west and the Mroga River in 
the east. It is composed of a melt-out basin with 
a number of smaller, oval kettle holes around  
a peatland basin of the Żabieniec mire in the 
centre. A fossil depression at southern Żabieniec 
with the Eemian and Early Weichselian deposits is 
located in the southern part of Żabieniec site. The 
Pieńki Bielańskie site is located to the north of 
the Żabieniec site and is separated from it by end 
moraines, accompanied by an extensive patch of 
glaciofluvial sediments and underlain by a till of the 
Warta Stadial.

3.  Materials and methods

Field work was initiated in 2015 and involved 
manual and mechanical drillings at each site, 
accompanied by sampling of mineral and biogenic 
deposits. Sediment cores with intact structures 
were collected from organic formations by means 
of geoprobe sampling (Majecka et al., 2016). We 
focused mainly on the lithology of sediments 
and the geomorphology of kettle holes; pollen 
analysis determined appropriate ages for the 
infillings. We present selected profiles from the 
sites where biogenic sediments were documented. 
Results of palynological examinations carried out 
for the biogenic sediments from the section B at 
Józefów made in the 1960s are compared with the 
2012–2014 results from the southern Żabieniec 
site (Ż.Pd. core; Majecka, 2014). Preliminary 
palynological examination of the JO-1 core con-
firmed the Eemian-Early Weichselian age. Local 
pollen assemblage zones identified at Józefów by 
Sobolewska (1966) were correlated with pollen 

phases of Jessen & Milthers (1928). L PAZ from 
the southern Żabieniec (Majecka, 2014) were 
correlated with L PAZ at Józefów, and with regional 
pollen assemblage zones of Mamakowa (1989; 
Table 1).

From Józefów (JO-1 core) and southern 
Żabieniec (Ż.Pd. core) every second 3-cm or 5-cm-
thick sediment slice was collected for geochemical 
analyses. Sediment samples were dried at 105oC 
and homogenized. A relative content of organic 
matter was determined by the loss on ignition (LOI), 
with combustion at 550 oC for 4 h, following the 
protocol described by (Heiri et al., 2001). Calcium 
carbonate (CaCO3) content was estimated using 
the volumetric method with a use of the Scheibler 
apparatus (Woszczyk & Szczepaniak, 2008). Upper 
layer of organic deposits from both cores was dated 
with radiocarbon conventional bulk-sediment 
method. Neither OSL method nor TL dating 
method was used in the research sites.
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Figure 1. a) Location of the study sites in Poland. b) Lo-
cation of the study sites in the northern part of the Łódź 
Upland in relation to the extents of the ice sheets.
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4.  Lithology, geochemical  
 properties and  
 palynological analysis

A core 7.20 m long was collected from sediments of 
the kettle-hole infilling at Józefów C (JO-1). This 
core contained a continuous 5.3 m-thick series of 
organic silt, gyttja and peat (Figs 2, 3). Lake deposits 

and peat were documented at Rogów: these deposits 
are set on top of the Saalian till and covered with 
mineral periglacial formations (Fig. 2; Majecka et 
al., in press). Such sequence of biogenic deposits 
(total thickness of about 4.1 m) were of Eemian-
Vistulian age on the basis of palynological analysis. 
A series of biogenic sediments was identified in  
a kettle-hole basin at Pieńki Bielańskie, composed 
of mineral-organic mud with gyttja interbeds and 
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Figure 2. a) Geological cross-section of the South 
Żabieniec depression; Warta Stadial: 1 – glacial till,  
2 – glaciofluvial sand, 3 – mineral silt, 4 – mineral-
organic silt; Eemian Interglacial and Early Vistulian:  
5 – organic silt (with peat and gyttja), 6 – peat,  
7a – deluvial silt and fine sand, 7b – mineral-organic 
silt; Plenivistulian and Late Vistulian: 8 – mineral silt 
rebbeded with sand, 9 – vari-grained sand, 10 – cobble 
horizon, 11 – fine sand, 12 – recent soil with humus.  
b) Geological cross-section of the Józefów site  
(JO-1 core); Wartanian: 1 – glacial silty sand,  
2 – glaciofluvial sand and gravel, 3 – glaciofluvial sand, 
4 – sand with admixture silt, 5 – sand and mineral-
organic silt, 6 – mineral-organic silt, 7 – fine sand; 
Eemian Interglacial and Early Vistulian: 8 – gyttja,  
9 – peat; Plenivistulian and Late Vistulian: 10 – mineral 
silt with organic material, 11 – deluvial sand and silt,  
12 – vari-grained sand with silt and gravel, 13 – recent 
soil with humus. c) Geological cross section of the 
Rogów site; Warta Stadial: 1 – glacial till, 2 – glacial 
sand and gravel, 3 – glaciofluvial sand, 4 – sand with 
silt, 5 – mineral silt, 6 – fine sand, 7 – mineral-organic 
silt, 8 – sand; Eemian Interglacial and Early Vistulian: 
9 – gyttja and organic silt, 10 – deluvial silt and fine 
sand; Plenivistulian and Late Vistulian: 11 – mineral 
silt rebbeded with sand, 12 – vari-grained sand,  
13 – recent soil horizon.
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peat at the top (total thickness 1.75 m). Organic 
sediments are covered with sand and sandy silt, and 
were preliminarily ascribed to the Eemian and Early 
Weichselian (Majecka et al., in press). A few basins 
with biogenic sediments were documented at the 
reference site Żabieniec. A core 10.8 m thick was 
collected at Southern Żabieniec (Ż.Pd) (Figs 2, 3) 
and it was analyzed for pollen. Biogenic sediments 
are underlain by a glacial till and comprise the 
interval since the termination of the Saalian to the 
Early Weichselian (Table 1).

So far, the best recognized sections come from 
southern Żabieniec (Ż.Pd) and Józefów (JO-1) 
sites. In both cases, similar organic matter content 
in lithological records indicates dominant role of 

allochtonic mineral deposition to the kettle-holes. 
High content of organic matter is connected with 
peat sedimentation, whereas minimal share of 
organic matter in the Early Weichselian is due to 
deposition of silt with admixture of sand.

A bottom part of the Ż.Pd core (depth 10.8–
7.52 m) is predominated by mineral silt and fine 
and coarse sand, with admixture of CaCO3 (Fig. 3) 
and less than 10% of organic matter. The overlaying 
sequence (depth 7.52–4.40 m) starts with lake silt, 
then passes into clayey gyttja, compacted peat, silt 
with fine detritus and terminates with sand. Such 
variability is indicated by an abrupt increase in LOI 
(from 8 to 74 %) and CaCO3 (from 0 to 18 %). 
These sediments are covered by vari-grained sands 
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Figure 3. a) Lithology and content of the organic matter (LOI) and calcium carbonate (CaCO3) of the southern 
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with wood detritus, 4 – silt with fine detritus, dark grey, 5 – varigrained sand, 6 – silt without detritus and with an 
admixture sand, 7 – mid-grained sand, 8 – fine-grained sand, 9 – organic silt, black. b) Lithology and content of 
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with admixture of silt and pieces of peat (depth 4.4–
0.0 m). There is 22 % of organic matter content in 
these sediments, although it is >50 % at 3.2–2.8 m 
depth. This upper layer of organic deposits was 
subjected to radiocarbon dating, but the result of 
dating (24 200±350 BP yrs (lab. no. LOD 1183)) 
is inconsistent with the results of palynological 
analysis (Majecka, 2014). 

A bottom part of the JO-1 core (depth 
7.2–6.6 m) represents fine silt (organic matter 
1.73–5.58 %), overlain at 6.6–5.9 m depth by 
fine-detrital gyttja (Fig. 3), compatible with an 
abrupt increase in LOI (from 5 to 73 %) and 
CaCO3 (from 0.6 to 2.7 %). At 5.9–5.0 m depth  
a medium decomposed peat with plant fragments 
was found. The average content of organic matter 

was 62 %, except for three layers (each about  
2 cm-thick) at 5.72, 5.51 and 5.26 m depths, rich in 
organic matter (above 80 %). A core at 5.0–2.2 m 
depth is represented by mineral-organic silt with 
admixture of sand, organic matter content from 
0.03 to 19.9 % and CaCO3 content <1 %. At 2.2–
1.7 m depth, a decomposed peat occurred (LOI 
up to 94 %). Result of radiocarbon dating of peat 
from top of this layer is 23500±400 BP yrs. (lab. 
No. MKL-3704), but it is incompatible with the 
pollen analysis made on sediments from Józefów. 
In the upper part of the core JO-1, there was fine-
grained sand with organic material (LOI decreased 
to 4.2  %). 

Eleven LPAZ were distinguished based on 
palynological analysis of the South Żabieniec core 

Table 1. Correlation of pollen assemblage zones from South Żabieniec and Józefów sites with regional biostratigraphy model.

CLIMATO-
STRATIGRAPHY

Local Pollen Assemblage Zones
(L PAZ)

Regional Pollen Assemblage Zones 
(R PAZ)

South Żabieniec (Ż.Pd)
(Majecka, 2014)

Józefów
(Sobolewska, 1966, 

Dylik, 1967)

Central Poland
(Mamakowa, 1989)

Weichselian
(Vistulian)

EV5

Ż.Pd-11 Pinus-Betula EV4

? EV3

Ż.Pd-10 Pinus
Amersfoort b
Pinus-Picea

EV2b

Ż.Pd-9 Betula-NAP
Amersfoort a

Betula
EV2a

Ż.Pd-8
NAP-Betula-Betula nana i

EV1

Eemian

Ż.Pd-7
Pinus-Picea-Betula-NAP

E7

gh
Ż.Pd-6

Alnus-Picea-Abies
E6

Ż.Pd-5
Carpinus-Corylus-Alnus-Picea

E5

Ż.Pd-4
Corylus-Quercus-Tilia-Alnus

f E4

?
e E3

d
E2

Ż.Pd-3 Betula-Pinus E1

Saalian
(Odranian)

Ż.Pd-2 Pinus-Betula
LG MPG

Ż.Pd-1 NAP
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(Majecka, 2014; Table 1): two of the Warta Cold 
Period, five of the Eemian Interglacial (phases E1 to 
E7) and four of the Early Weichselian.

The kettle-hole section at Józefów was represent-
ed by gyttja, compressed and loose peat, and sandy 
gyttja, with a total thickness of 1.6 m (Sobolewska, 
1966; Dylik, 1967). Biogenic sediments were 
underlain by till and clay with pebbles. Based 
on palynological analysis the bottom part of the 
biogenic sediments was correlated with the Eemian 
Interglacial, while the upper part was correlated 
with the Amersfoort Interstadial. Lithology of 
the biogenic sediments of the kettle-hole section 
Józefów B was slightly different from the one 
mentioned above. The peat, dated at the Eemian 
Interglacial according to Dylik (1967), was covered 
by clay, two beds of peaty silt and peat interlayered 
with gravel. According to Dylik (1967) and 
Zagwijn (1996), they correspond to the Amersfoort 
Interstadial.

5.  Interpretation and  
 discussion
In central Poland, approximately 60 sites with 
Eemian and Early Weichselian formations were 
recorded (Roman, 2016), some of them represented 
by deep and small kettle-holes at morainic 
uplands (Klatkowa, 1990). The present study 
was conducted in a part of the Łódź Upland, with  
a notably varied relief and kettle-holes located close 
to each other. The lake and peatland formation 
started in morphometrically similar kettle-holes 
at the end of the Warta Stadial or at the beginning 
of the Eemian Interglacial, depending on the size 
and depth of buried ice (Klatkowa, 1990). The 
termination of the biogenic deposition occurred 
mostly at the end of the Eemian or in the Early 
Weichselian, and occasionally also at the beginning 
of the Plenivistulian (Klatkowa, 1990; Roman, 
2016). It was determined by local morphological 
and hydrogeological conditions, as well as induced 
by erosion that could incorporate non-drained 
basins into systems of denudation valleys, and 

often removed a part of the kettle-hole infillings 
(Klatkowa, 1990, 1996; Majecka, 2014).

Biogenic sediments at Józefów and Żabieniec 
were correlated with each other. As a consequence, 
it affected the stratigraphical positioning of the 
underlying and overlying mineral layers. These sites 
indicated diversified pollen-induced subdivision 
of the Eemian Interglacial, and an important 
dis tinction at the beginning of the Weichselian 
(Table 1). The stratigraphic setting of the pollen 
zone “i” at Józefów was repeatedly discussed by 
palynologists. It is located at the boundary of 
the Eemian Interglacial and Weichselian as dis-
tinguished by Andersen (1961) and Zagwijn (1961). 
Based on palynological premises of forest vegetation, 
Środoń (1967) recognized the horizon “i” as the 
last stage of interglacial succession. It was moved to 
the first stage of the Early Weichselian succession 
at Imbramowice in southwestern Poland (Table 1), 
corresponding to R PAZ EV1 (Mamakowa, 1989).

A substrate of the kettle-hole and its catchment 
is composed of a till at Żabieniec and of glaciofluvial 
sand with gravel at Józefów. The kettle hole at 
Żabieniec is smaller and the lake accumulation 
seems to have been more stable during a warm 
period of the Eemian, but mineral matter and 
calcium carbonate contents were high during 
the colder phases of the Early Weichselian due to 
increased denudation of the surrounding slopes. At 
Józefów C the share of peat was higher and frequent 
changes in peat-gyttja accumulation occurred, 
presumably due to changing water conditions in the 
basin.

Gyttja of the Early Weichselian and the Eemian 
Interglacial at Józefów B is covered with sand and 
gravel (Dylik, 1967), and with a subsequent layer of 
peat and gyttja. The biogenic sediments underwent 
deformation during development and degradation 
of a pingo, initiated after the deposition of the 

“upper” peat (Early Weichselian), but before the 
Last Glacial Maximum, so most likely in the Lower 
Plenivistulian (Dylik, 1967). Highly compressed 
layers of peat and gyttja are known from previously 
examined sections (Sobolewska, 1966; Dylik, 
1967) and found in the JO-1 core, thus possibly 
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confirming the post-depositional impact on 
biogenic sediments. 

Lake deposition at Southern Żabieniec started 
at the end of the Warta Stadial and terminated later 
than at Józefów. The sediments lack features of 
high compression, therefore, no post-depositional 
processes occurred at this site and the biogenic series 
of the Early Weichselian was capped with deluvial 
sand. 

The most complete section of the examined 
period in the Łódź Upland was examined at 
Zgierz-Rudniki, where the site is located at the 
accumulation part of the denudation valley 
(Klatkowa, 1990). There are biogenic sediments at 
this site indicating the Eemian and two interstadials 
of the Early Weichselian (Jastrzębska-Mamełka, 
1985), covered with mineral silt deposited in 
periglacial conditions. In northeastern Poland,  
a group of two melt-out kettle-holes was found, 
filled with biogenic sediments of the Eemian 
and the Early Weichselian (Rychel et al., 2014; 
Woronko et al., 2017). The original forms were 
remodelled at that site by subsequent intensive 
denudation, indicating more advanced periglacial 
climate during the Weichselian towards the 
northeast (cf. Marks et al., 2016, in press).

6.  Conclusions

Biogenic sediments predominate infillings of many 
kettle-holes on morainic uplands in central Poland. 
Regardless of their geological and geomorphological 
location, their deposition is mainly limited to the 
Eemian Interglacial and the Early Weichselian . 

There are considerable lithological differences in 
the substrate of the biogenic deposits, either glacial 
or mineral lacustrine ones. The lithology of the 
biogenic sediments is also diverse, primarily gyttja 
and peat, but also organic silt. Even in kettle-holes 
located in similar geomorphological conditions 
and in close proximity to one another, different 
sediments were deposited. It depended on the 
kettle-hole depth, lithology of the catchment and 
water supply. The thicknesses of the sediments of 
the Eemian interglacial and the Early Weichselian 
are also quite varied in the examined sections. Local 
geological, geomorphological and hydrological 
conditions influenced peat-gyttja deposition and its 
time of termination. 

Climatic shifts in the Middle and Late 
Weichselian in central Europe were the main reason 
for rapid and synchronic degradation of kettle-hole 
infillings. But periglacial processes at several sites led 
to deformation of biogenic sediments. Therefore, 
the present results are an input to research on 
climate change during the last interglacial/glacial 
transition in central Europe.
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