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We describe unique forms of sinuous ridges found only in Polesie, Poland, described from elesewhere in the world as
palaeochannels and inverted fluvial channels. Sinuous ridges documented in Polesia represent two genetic types: glacial
forms and inverted fluvial channels. The examples described of inverted fluvial channels are the only ones of this type docu-
mented in Poland. They formed at the transition between the Vistulian and Holocene, as a result of deposition of fine-grained
sediments in fossil subglacial troughs. As a result of climatic changes and warming as the Vistulian gave way to the Holo-
cene, the ice sheet covering the floodplains in the area thawed, and positive forms were formed from the deposits that had
accumulated in channels in the ice. An important factor intensifying the process of inverted fluvial channel formation in
Polesie was the mechanical properties of the rocks. Under specific climatic and geological conditions, with a high water con-
tent, the carbonate rocks building the sub-Quaternary substrate were subject to swelling. This resulted in the upward pushing
of deposits accumulated in the troughs and the eventual formation of sinuous ridges. Our results reveal new mechanisms
and considers new factors in the formation of sinuous ridges of inverted fluvial channel type, which can be applied at a plane-
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tary scale.
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INTRODUCTION

During the preparation of the Detailed Geological Map of
Poland (abbreviated as SMGP below, from the Szczegdétowa
Mapa Geologiczna Polski), on the Ostrow Lubelski (Krawczyk,
2023a, b), Orzechow Nowy (Krawczyk, 2023a, b), teczna
(Krawczyk and Kucharska, 2023a, b) and Sawin (Kucharska,
2025a, b) sheets, very unusual landforms were observed in the
study area. These were characteristic sinuous ridges, oriented
in N-S, NW-SE and NE-SW directions. The Digital Terrain
Model (DTM) image showed that many of these isolated forms
are arranged in chains up to several tens of kilometres long
(Fig. 1). Initial palaeogeographic analysis and DTM suggested
that many of them may be inverted channels (e.g., LeConte,
1880; Pain and Ollier, 1995; Pain et al., 2007; Williams et al.,
2007; Zaki et al., 2021) as opposed to glacial fissures, which are
very similar in appearance.

Ridge forms in Polesie had already been observed during
earlier research, especially during preparation of the SMGP in
1997-2017 (Fig. 1). However, these forms had not been fully
studied. The authors of individual SMGP map sheets focused
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on individual forms, most often found within a single SMGP
sheet, ignoring their broader palaeogeographic context. Their
geological structure, age and origin were interpreted in various
ways. They were most often considered as postglacial forms
from the Middle Polish Glaciation or as fluvioperiglacial depos-
its from the Vistulian Glaciation, often with different origins or
ages within a single study (Liszkowski, 1979a, b; Stochlak,
1979a, b; Buraczynski and Wojtanowicz, 1981a, b, 1982a, b,
1987a, b; Harasimiuk et al., 2017). Many of the smaller or less
distinct forms were omitted from the maps (Fig. 1).

In Poland, only two authors: Maruszczak (1974a, b) and
Liszkowski (1979a, b), attempted to explain the age and origin
of these unusual sinuous ridges found in Polesie. Maruszczak
(1974a, b) was the first to draw attention to them. He described
them as a ‘peculiar variety of kem-type forms’ and linked their
origin to the movement of water over the stagnant ice sheet dur-
ing the glaciation of the Oder River. Liszkowski (1979a, b)
studying their sedimentary characteristics and the directions of
sediment transport, described the sinuous ridges as
fluvioperiglacial deposits from the Odranian glaciation. Accord-
ing to Liszkowski (1979a, b), rivers flowed from the south, over
the surface of the ice sheet, carving out their channels, in which
sediments were deposited. As a result of the melting of the ice,
positive landforms were created, which Liszkowski (1979a, b)
described as ‘pseudokemic ridges’. These two authors never
returned to this issue in their later studies.
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Fig. 1. Distribution of sinuous ridges in Polesie, taking into account the genesis shown on SMGP maps made in 1979-2017

Forms of sinuous ridges interpreted as inverted fluvial chan-
nels and inverted channels have been known and documented
since the 19th century. Whitney (1865) described ‘old river
beds’ in California, which now form hilltops. His research on in-
verted channels was continued by LeConte (1880, 1886).

Today, there is a wealth of literature describing inverted
channels (e.g., Maizels, 1990; Biek et al., 2000; Mohrig et al.,
2000; Aref, 2003; Schuster et al., 2005; Hou et al., 2007;
McQueen et al., 2007; Williams et al., 2007, 2021; Ollier and
Scheth, 2008; Beresford-Jones et al., 2009; Bristow et al.,
2009; Cuevas Martinez et al., 2010; Smith et al., 2010; Cas et
al., 2011; Lucchitta, 2011; Foix et al., 2012; Girard et al., 2012;
Bell and Williamson, 2013; Butt and Bristow, 2013; Doctor et
al., 2014; Morgan et al., 2014; Keller and Morgan, 2016; Matter
et al., 2016; Zaki and Giegengack, 2016; Giegengack and Zaki,
2017; Wang et al., 2017; Bussert et al., 2018; Foix et al., 2018;
Wang and Bhattacharya, 2018; Zaki et al., 2018, 2020; Ghosh
and Guchhait, 2019).

Recent studies of the Mars surface have revealed the exis-
tence of sinuous ridges that closely resemble those docu-
mented on Earth. Currently, a great deal of research on sinuous
ridges, and inverted channels in particular, is being conducted
on Earth in order to draw conclusions about the origin of the
forms discovered on Mars (e.g., Williams and Edgett, 2005;
Pain et al, 2007; Williams et al., 2007, 2009, 2011, 2018; Clarke
and Stoker, 2011; Morgan et al., 2014; Matsubara et al., 2015;
Jacobsen and Burr, 2017; Hayden et al., 2019; Zaki et al., 2021,
2022). Therefore, the genesis of these types of forms has once
again become the subject of wider scientific interest.

The main factors contributing to the formation of inverted
channels are filling of the channel with sediment, its cementa-
tion, and subsequent exhumation of channel sediments as a
positive form (e.g., Pain et al., 2007; Wiliams et al., 2009;
Hayden et al., 2019; Zaki et al., 2021). Channel filling usually
occurs during fluvial sedimentation (e.g., Schuster et al., 2005;
Williams et al., 2007; Zaki et al., 2018, 2020, 2021), but it can
also occur as a result of channel filling with volcanic lava (Sias,
2002; Cuevas Martinez et al., 2010; Bell and Williamson, 2013;
Zaki et al., 2021). Cementation occurs as a result of chemical
reactions, including cementation by CaCOj3, SiO,, and Fe com-
pounds (e.g., Aref, 2003; Worden and Burley, 2003; Williams et
al., 2007, 2009). Cementation may also occur as a result of
burial of sediments and their lithification deep within the Earth’s
crust (e.g., Williams et al., 2007, 2011). Another process of in-
verted channel formation is the creation of an erosion-resistant
armour on the surface of the sediment filling the channel, most
commonly from coarse-grained sediments (e.g., Pain and
Ollier, 1995; Marchetti et al., 2005; Lucchitta, 2011). Palaeo-
channels have recently been documented on the Atacama
Desert in Chile, where palaeochannel deposits were filled with
evaporites (Williams et al., 2021).

The exhumation of deposits filling the palaeochannel may
result from water erosion (e.g., Maizels, 1990; Williams et al.,
2007, 2011, 2021; Zaki et al., 2018), aeolian erosion (e.g.,
Bristow et al., 2009; Zaki et al, 2018), tectonic exhumation (e.g.,
Hill et al., 2003; Foix et al., 2012, 2018) and degradation of the
channel surroundings, such as compaction or burning of or-
ganic sediments such as peats (Gumbricht et al., 2004; Smith
et al., 2010). For inverted channels to form, many of these fac-
tors must coexist.
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Fig. 2. Location of the study area with sinuous ridges marked

A detailed inventory of inverted channels occurring world-
wide was carried out by Zaki et al. (2021). Based on an analysis
of the available global literature, satellite image studies and
DTM, Zaki et al. (2021) made an inventory of over 100 different
inverted channels, dividing them into categories according to
their genesis as:

— Channel fill cementation — which were formed by the ce-
mentation of deposits filling the channel and its subse-
quent exhumation.

— Channel fill lithification — which were formed by the
lithification of deposits deep below the surface and were
then exhumed by tectonic movements and erosion.

— Filling by volcanic materials — where inverted channels
were formed by filling the channel with volcanic lava and
then its exhumation.

— Channel surface armouring — which was formed by ce-
mentation of the channel surface through chemical pro-
cesses or the formation of a so-called armour of resis-
tant sediments, e.g., gravel and boulders. Its surround-
ings were degraded, and the armour protected the chan-
nel from erosion.

The 4 types of inverted channels listed above cannot, we
consider, explain the forms studied in Polesie. Despite their
similarity to the forms described from elsewhere in the world,
the sinuous ridges found in Polesie were formed differently.

In this paper, we describe the types of inverted channels
found at Polesie, and discuss the processes that caused their
formation.

STUDY AREA

The study area is located in eastern Poland, in Polesie, in
the middle Wieprz River basin, at the junction of four
macroregions: Southern Podlasie Lowlands, Western Polesie,
Volhyn Polesie and Lublin Upland. The central part of the area
is occupied by an extensive plain at an altitude of ~160—170 m
a.s.l., cut by the Wieprz River valley and its tributaries, belong-
ing to the teczna-Witodawa Lakeland and Dorohucza Depres-
sion mesoregions. This flat terrain is surrounded by areas lo-
cated over 200 m a.s.l.: the Lubartéw Heights, Witodawa
Heights, Uhrusk Hills, Chetm Hills and Swidnik Plateau (Fig. 2).

Geologically, the study area is located in a zone of high-ly-
ing Upper Cretaceous strata (Maastrichtian), mainly comprising
chalk, marl, opoka and, as well as gaize and Paleogene calcar-
eous gaize. Opoka rocks are composed mainly of calcium car-
bonate and organogenic silica, while gaize rocks are siliceous
rocks composed mainly of detrital quartz and organogenic sil-
ica. These strata underlie flat areas at altitudes of
140-160 m a.s.l., and hilly areas at nearly 200 m a.s.l., and are
commonly exposed at the surface. The chalk rocks are overlain
by a thin layer of Quaternary deposits ranging from several to
several tens of metres in thickness. Only locally, in areas of
deep erosion, does the thickness of Quaternary deposits ex-
ceed 100 m. The Quaternary succession comprises mainly
river, river-floodplain and aeolian deposits from the Middle and
Northern Polish Glaciation. There are also glacial and glacio-
fluvial deposits from the last glaciation, Sanian 2 (Elsterian),
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Fig. 3. Map documenting the techniques used for this study

whose ice sheet covered the area in question. These comprise
thin covers of glacial clay, glacial sand and fluvioglacial depos-
its, as well as silts, sands and gravels of postglacial forms such
as kames, eskers and terminal moraines.

MATERIALS AND METHODS

Archival geological documentation, including geological
photographs, borehole descriptions, geophysical survey results
and palynological studies were analysed. Within the boundaries
of the sheets of the Detailed Geological Map of Poland that we
mapped, field observations were conducted, a number of shal-
low boreholes were drilled by hand and 3 mechanically, ERT
(Electrical Resistivity Tomography) geophysical surveys were
carried out as well as laboratory work and palynological and nu-
merical age dating by the OSL (Optically Stimulated Lumines-
cence) method (Fig. 3). This work extended over the following
SMGP sheets: Lubartdow sheet (Kucharska and Krawczyk,
2023a, b), keczna sheet (Krawczyk and Kucharska, 2023a, b),
Orzechow Nowy sheet (Kucharska, 2023a, b), Ostréw Lubelski
sheet (Krawczyk, 2023a, b) and Sawin sheet (Kucharska,
20253, b).

Several forms from the study area, located within the SMGP
sheets we mapped, were selected for closer analysis. These in-
cluded forms from sequences E, F, | and K as well as W3 and
Y1 (Fig. 3 and see below for explanation of notation). For the re-
maining forms, only morphometric analyses and in some cases
other investigations were conducted.

MORPHOMETRICS OF THE FORMS STUDIED

A thorough DTM analysis was carried out, as well as field
surveys from which all forms of sinuous ridge were catalogued
(Fig. 3). Each form was given its individual code, which con-
sisted of a capital letter of the alphabet and an Arabic numeral
e.g., F1. Forms that we considered were part of a single se-
quence had the same letter designation and were given another
Arabic numeral e.g., F1-F5. Numbering began with the north-
ernmost form. A morphometry of all individual ridge forms was
prepared (Table 1). For the morphometric analysis, the relative
height of the form (above the surrounding area) at the highest
point was measured. The width of the form was measured at 6
locations. Based on this, the arithmetic mean, and standard de-
viation (?) were calculated for the width parameter. The length
of the individual forms (along their axis) was also measured.
The morphology of the individual forms was analysed by creat-
ing cross-sections at selected characteristic locations (Fig. 4).

For the morphometric analyses, a DTM developed as part
of the ISOK project (IT Country Protection System) was used.
The DTM was created on the basis of elevation data collected in
the form of a point cloud, obtained using the Airborne Laser
Scanning (ALS) method.

DATING OF THE DEPOSITS

To determine the age of sedimention, 15 numerical age
analyses were carried out using the OSL (Optically Stimulated
Luminescence) method performed at the LumiDatis laboratory
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in Torun. Equivalent dose measurements were performed us-
ing the standard SAR OSL (Single Aliquot Regenerative Dose
Optically Stimulated Luminescence) method (Krawczyk,
2023a; Krawczyk and Kucharska, 2023a; Kucharska, 2023a;
Pochocka-Szwarc, 2023; Zarski, 2023).

Additionally, palynological and palynostratigraphic studies
were performed. Archival research (Janczyk-Kopikowa, 1981)
and new research that was carried out as part of the SMGP
mapping exercise (Krawczyk, 2023a; Krawczyk and Kuchar-
ska, 2023a; Kucharska, 2023a) were used. Organogenic de-
posits which had plant taxa in their composition were studied.
The study material came from hand and mechanical drilling.

GEOPHYSICAL SURVEYS

Geophysical surveys performed for the SMGP implementa-
tion were used for depth profiling (Pacanowski 2021; Krawczyk
and Kaminski, 2024). As part of the work, nine Electrical Resis-
tivity Tomography (ERT) profiles were made transverse to the
ridge long axes (Pacanowski, 2021; Krawczyk and Kaminski,
2024), where a gradient measurement system was used
(Fig. 3). Electrofusion tests were carried out using the Roll
Along method with electrode spacing at 10 m intervals — moving
successive cables to the front of the profile, which allowed for
longer, continuous profiles. A set of cables on spools containing
21 leads was used. The survey data was analysed using
Res2DINV software. Characteristic ridges pre-designated as
inverted fluvial channels from sequences F, E and G, as well as
ridges W and Y, whose structure could indicate a post-glacial
origin, were selected for the geophysical survey. The research
was aimed at identifying not only the depth structure beneath
the forms in question, but also that of the areas in the vicinity of
the ridges. We aimed to better constrain the boundary between
Cretaceous and Paleogene rocks and Pleistocene deposits.
The profiling reached a depth of ~150 m at its deepest point in
ERT cross-sections 1-6, and ~80 min ERT cross-sections 7-9.

GEOLOGICAL STRUCTURE OF THE FORMS STUDIED

For analyses of geological structure of the ridge forms, we
used our own fieldwork results, carried out as part of updating
four sheets of the Detailed Geological Map of Poland (SMGP)
at 1:50000 scale: the teczna (Krawczyk and Kucharska,
2023a, b), Orzechow Nowy (Kucharska, 2023a, b), Ostrow
Lubelski (Krawczyk, 2023a, b) and Sawin (Kucharska 2025a, b)
sheets. The superficial ridge geological structure of the ridge
was recognised by digging shallow trenches and shallow man-
ual boreholes in accessible places, reaching a maximum depth
of ~4 m, and by describing natural exposures. One hundred
such documentation points were made. The lithological varia-
tion in the profiles of these boreholes and exposures was de-
scribed using a lithofacies code to identify individual sedimen-
tary changes, where: F —silt, S — sand, G — gravel, D — diami-
cton and combinations of individual lithologies by e.g., FS —
sandy fines or SG — gravelly sands. Additionally, sediment
structures have been recorded: m — massive structure, h — hori-
zontal lamination, f — flaser lamination, t — trough cross-stratifi-
cation (Zielinski, 1995; Zielinski and Pisarska-Jamrozy, 2012).

Due to the limited capacity and scope of the subject, the
most characteristic ridges in the study area were selected for
the pilot geological reconnaissance work. These were the ridge
sequences E, F, | and K as well as W3 and Y1.

On the ridges F2, F3 and 11, mechanical boreholes were
drilled: Kolechowice 2, Rozkopaczew 3 and Garbatowka 4

(Fig. 3).

Archival profiles of geological boreholes were used to con-
strain the geological structure of the ridges and of the underly-
ing strata. These boreholes are Ostréw Lubelski, Rozlewnia
Wod Stol, Stara Wies-1, Krepiec-13, Klaréw-11, Swierszczéw
and Lublin 117 (names according to Central Geological Archive
— CGA archives).

To determine the genesis of the forms in question, archival
borehole profiles were analysed for carbonate rocks and rocks
containing clay minerals. The mechanical properties of the
rocks found in the study area may contribute to the specific con-
ditions for the formation of the sinuous ridges. An important fac-
tor influencing the form of the sinuous ridges is the phenome-
non of swelling and shrinkage of sediments due to wetting and
drying. We considered this factor for the Maastrichtian and
Paleogene, as well as the Pleistocene, deposits of the area.

RESULTS

MORPHOMETRICS OF THE FORMS STUDIED

The ridge forms under investigation have specific orienta-
tions running N-S, NW-SE and NE-SW. Their arrangement
reveals patterns, such as that of forms F, which runs from
Ostrow Lubelski in the north to the vicinity of teczna (Fig. 2). In
the eastern part of the area, the forms are more scattered,
which does not allow them to be clearly connected into coherent
patterns.

Due to their relatively low relative heights, the sinuous
ridges are not very distinct and are poorly visible in the terrain.
Topographic maps also do not show their full shape, but only in-
dicate small hills, the distribution of which does not always re-
veal a coherent system. This may have been the reason for the
poor recognition of these forms in the past.

The subsequent availability of digital terrain models allowed
thorough analysis of the morphology of the study area and the
identification of individual morphological forms. Thanks to the
use of elevation data characterised by a very high measure-
ment accuracy of several tens of centimetres, sinuous ridges
were identified and analysed (Fig. 4).

Based on the DTMs, the morphometries of 57 ridge forms in
the study area were selected and analysed. The results are
shown in Table 1

These measurements showed that the average height of
the forms is 3.6 m (Tables 1 and 2). The lowest form is 0.4 m
(Ab), and the highest is 8.2 m high (U3). The average width of
the forms is 235.5 m (standard deviation is 52.21 m). The low-
est average form width is 69.6 m (A5), and the highest average
width is 584.1 m (K1). The average length of the forms is
3135.9 m. The shortest form is 236.7 m long (L1), and the lon-
gest extends over a distance of 9346.0 m (F4).

DATING OF RIDGE DEPOSITS

To determine the age of the deposits of the forms selected,
OSL dates were obtained, as used in the making of SMGP
maps (Zarski, 2023; Pochocka-Szwarc, 2023; Fig. 3), Ostrow
Lubelski (Krawczyk, 2023a, b), Orzechéw Nowy (Kucharska,
2023a, b), teczna (Krawczyk and Kucharska, 2023a, b), and
Sawin (Kucharska, 2025a, b).

Three OSL dates were obtained from the F1 ridge: at point
3F, at a depth of 1.2 m, a date of 14.3 £2 kyr was obtained, and
south of point 3F, at a depth of 1.45 m, a date of 19.0 £3 kyr was
obtained, and at a depth of 2.3 m, a date of 72.0 £15 kyr was ob-
tained.
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Fig. 4. Cross-sections through selected sinuous ridges

The deposits of ridge F3 were dated at point 12F, obtaining
a date of 13.5 2.2 kyr at a depth of 1.2 m, and those from ridge
F4 at a depth of 1.1 m yielded a date of 16.3 +3.3 kyr.

The best OSL dating results were obtained for ridge F5,
from whose deposits five dates were obtained. At point 20F,
from a sample taken at a depth of 1.9 m, a date of 29.0 £1.9 kyr
was obtained. At point 23F, above organic deposits, a date of
7.0 2.9 kyr was obtained at a depth of 1.0 m, and of
39.0 £11.3 kyr at a depth of 2.4 m. From point 28F, a sample
taken at a depth of 1.4 m yielded a date of 13.2 +2.8 kyr, and
one from a depth of 2.0 m gave a date of 16.3 +2.8 kyr.

On ridge I1, at point 11, a date of 13.8+2.7 kyr was obtained
from a depth of 1.1 m. On ridge K1, a date of 91.0+14 kyr was
obtained from a depth of 1.4 m.

All these dates indicate sedimentation throughout the
Vistulian and early Holocene (Table 3). However, the accumula-
tion of results within the range of 12—19 thousand years clearly
indicates increased sedimentation in the late glacial period.

On ridge H2 at point 7H, a date of 210.0 50 kyr was ob-
tained at a depth of 1.0 m, indicating sedimentation during the
Odranian glaciation or Mazovian interglacial period. On the U3
ridge, a date of 180.0 +30 kyr was obtained from a depth of
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Table 1
Measurements of sinuous ridge morphometry in the study area
Width (m)

Sirjuous measurement average standard height | length

ridge 1 5 3 4 5 5 sum width devi:’;\tion min | max (m) (m)
A1 69.8 78.4 86.1 78.4 88.4 83.3| 4844 80.7 6.1 69.8 88.4 1.1]11156.2
A2 95.0 83.4 88.7 79.5 81.7 99.6 | 527.9 88.0 73| 795 99.6 2.1[1509.3
A3 140.3| 113.2| 1184 66.0 65.0 93.5| 596.4 99.4 27.6| 65.0| 140.3 1.6| 8057
A4 69.9 66.1 76.0| 114.3 63.8 77.8| 4679 78.0 17.0] 63.8| 114.3 1.411422.0
A5 76.4 82.2 53.1 66.8 65.1 741 417.7 69.6 94| 531 82.2 0.4 45841
A6 70.8 80.4| 101.0 66.0 70.3 94.5| 483.0 80.5 13.1] 66.0| 101.0 1.711534.6
B1 99.1]| 104.0| 138.5| 126.1| 143.0| 145.1 755.8 126.0 18.3| 99.1| 145.1 1.7 34421

C1 281.9| 152.0| 2171 | 165.2| 151.4| 320.0| 1287.6 214.6 65.8| 151.4| 320.0 2.5(5888.4

Cc2 419.2| 2426 | 199.4| 277.3| 369.1| 515.3| 2022.9 337.2 108.8 | 199.4 | 515.3 0.9[3789.4

C3 144.9 | 192.8| 261.7 | 282.1| 297.2| 299.2| 1477.9 246.3 57.8| 144.9| 299.2 0.7[2154.0

C4 2025| 223.6| 143.5| 121.8| 145.2| 107.2| 943.8 157.3 41.9| 107.2 | 223.6 22(1722.8

D1 197.1| 153.1| 146.2| 135.8| 126.5| 138.0| 896.7 149.5 2291 126.5| 197.1 1.813377.7

E1 95.0| 128.5| 276.7| 301.1| 233.1| 191.9| 1226.3 204.4 74.5| 95.0| 3011 3.8[2445.5

E2 M.7] 1211| 129.6| 138.9| 1524 | 132.9| 786.6 131.1 129 1M11.7| 152.4 22| 4227

E3 239.9| 2229 | 363.9| 3471 | 227.6| 208.9| 1610.3 268.4 62.5| 208.9| 363.9 1.6 1819.0

E4 2284 | 184.0| 198.0| 235.7| 161.3| 213.6| 1221.0 203.5 25.7] 161.3| 235.7 2.3[3555.3

ES 113.5| 129.9| 133.1| 131.3 67.7 389| 6144 102.4 36.3| 38.9| 133.1 27| 683.2

E6 210.0| 1251 | 151.3| 108.4 | 127.1| 120.3| 8422 140.4 33.7] 108.4| 210.0 4.814100.1

F1 2346 | 337.8| 379.4| 448.8| 314.3| 318.5| 2033.4 338.9 65.3| 234.6 | 448.8 5.3[7339.0

F2 190.5| 227.9 97.1] 245.8| 301.5| 297.9| 1360.7 226.8 69.7| 97.1]| 301.5 5.4 |6 063.6

F3 2923 | 201.9| 101.8| 289.6| 274.7| 166.0| 1326.3 2211 71.0] 101.8| 292.3 6.1|7062.0
F4 2141 | 182.5| 326.9| 192.7| 289.5| 348.7 | 1554.4 259.1 65.6| 182.5| 348.7 6.2]9346.0
F5 306.1| 305.7| 293.6| 361.1| 2756 | 344.1| 1886.2 314.4 29.3| 275.6| 361.1 6.4 | 6303.5
G1 330.3| 326.7| 459.6| 269.5| 243.5| 285.2| 1914.8 319.1 69.8 | 243.5| 459.6 46117761
H1 356.8| 325.3| 306.6| 347.1| 337.4| 345.7| 2018.9 336.5 16.5| 306.6 | 356.8 4.8]11756.0
H2 347.6| 453.5| 585.8| 438.7| 338.5| 270.6| 2434.7 405.8 101.6 | 270.6 | 585.8 4.9]2548.2
H3 2142 | 299.2| 3254 | 387.9| 289.8| 165.7 | 1682.2 280.4 72.5] 165.7| 387.9 0.9[1885.9
1 206.5| 116.6 | 241.1| 264.2| 259.4| 256.4| 1344.2 224.0 51.7| 116.6 | 264.2 3.2[3496.7
J1 2753 | 2426 | 278.4| 277.0| 269.1| 260.1| 1602.5 267.1 12.6 | 242.6| 278.4 1.8 2398.5
J2 194.6 | 198.3| 175.6| 214.7| 1744 | 172.9| 1130.5 188.4 154 172.9| 214.7 1.3]11607.5
K1 477.9| 920.3| 641.6| 431.3| 423.8| 609.6 | 3504.5 584 .1 171.9 | 423.8| 920.3 4.2]17201.6
L1 173.5| 159.6 | 154.7| 156.9| 157.0| 154.9| 956.6 159.4 6.5| 154.7| 173.5 1.6 236.7

L2 123.1| 177.3| 186.0| 209.3| 290.0 | 309.3| 1295.0 215.8 64.9| 123.1| 309.3 5.6[1978.0

M1 180.5| 168.8| 121.6| 103.3 82.1| 1771 833.4 138.9 38.5| 82.1| 180.5 2.3[1604.3

N1 270.6 | 3755| 385.2| 356.0| 449.1| 390.9 | 2227.3 371.2 53.3 | 270.6 | 449.1 5.1[5242.5
01 343.4| 360.1| 359.6| 552.1| 5054 | 450.5| 2571.1 428.5 79.9 | 343.4| 5521 1.3 3696.5
P1 276.2| 311.4| 342.5| 238.6| 416.5| 432.2| 2017.4 336.2 70.1] 238.6 | 432.2 3.2(2916.4
Q1 156.2| 165.1| 165.2| 220.0| 101.5 99.1 907.1 151.2 41.5| 99.1| 220.0 3.2[1426.1
R1 115.2| 106.6| 104.5| 183.1| 189.9| 1214 | 820.7 136.8 35.6 | 104.5| 189.9 5.1[1742.2

R2 1234 | 104.2 93.4 93.9]| 131.0| 1534 | 699.3 116.6 21.7| 93.4| 1534 2.2(1298.7

S1 367.4| 267.8| 288.3| 306.5| 317.1| 228.7| 1775.8 296.0 42.9| 228.7 | 367.4 4.9]5028.0

™ 391.5| 250.2| 2452 | 2314 | 194.3| 228.2| 1540.8 256.8 62.8| 194.3| 391.5 6.3 |2 100.6

U1 141.8| 4734 | 5421 | 652.3| 645.9| 675.2| 3130.7 521.8 184.0 | 141.8| 675.2 5.7[5043.5

u2 364.6 | 373.7| 380.6| 472.9| 500.7 | 509.5| 2602.0 433.7 61.9| 364.6 | 509.5 6.6 | 3603.0

u3 307.6| 450.5| 461.6| 399.5| 504.8| 489.4| 2613.4 435.6 66.2 | 307.6 | 504.8 8.2]7938.0

U4 335.2| 456.2| 459.5| 2822 | 247.5| 296.9| 2077.5 346.3 83.0| 247.5| 459.5 4.2]3446.0

us 342.8| 457.3| 385.3| 447.3| 296.6| 416.6| 23459 391.0 57.0| 296.6 | 457.3 3.5[8420.3

uUé 228.9| 169.6| 819.8| 263.7| 283.9| 291.2| 2057.1 342.9 217.1| 169.6 | 819.8 3.1[5738.9

V1 377.4| 3614 | 365.1| 325.0| 2753| 269.6| 1973.8 329.0 43.1| 269.6 | 377.4 4.9]12482.0

W1 81.9 97.0 85.9| 138.0 82.9| 159.8| 645.5 107.6 30.3| 81.9| 159.8 3.1[2276.0
w2 93.1 47.2 68.9| 142.7| 134.5| 108.2| 594.6 99.1 33.9| 47.2| 1427 28| 6445
W3 95.2| 146.6| 200.4| 224.6| 185.8| 121.6| 974.2 162.4 453 | 95.2| 224.6 49143934
X1 2744 | 2953| 2341 210.9| 161.6| 151.8| 1328.1 2214 53.2| 151.8| 295.3 47| 854.3
X2 118.0 | 126.8| 147.2| 140.4| 131.3| 169.8| 833.5 138.9 16.7] 118.0| 169.8 3.1[1194.4
Y1 281.0| 301.3| 115.3| 192.1| 110.2 90.5| 1090.4 181.7 83.8] 90.5| 301.3 4.5]2953.6

Z1 160.6 | 143.5| 112.8 91.6| 166.3| 118.2| 793.0 132.2 26.8| 91.6| 166.3 7.8|1728.6

z2 161.8| 217.2| 229.5| 260.6| 258.2| 257.5| 1384.8 230.8 349 161.8| 260.6 5.7]1686.5
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1.0 m, and on the V1 ridge, a date of 200 +60 kyr was obtained.
These dates also indicate sedimentation during the Odranian
glaciation or the Mazovian interglacial period (Table 3).

Palynological and archival palynological studies have al-
lowed indirect dating of deposits found in depressions beneath
the ridges. In all three boreholes drilled during our research, lo-
cated on sinuous ridges, deposits containing organic matter
were encountered.

In boreholes Rozkopaczew 3 at a depth of 9.2 m and
Garbatéwka 4 at a depth of 3.9 m (Figs. 3 and 7) deposits con-
taining organic matter were drilled. Preliminary palynological
analysis showed that these belong to the second half of the
Mazovian interglacial (Krawczyk, 2023a; Kucharska, 2023a). In
the third borehole, Kolechowice 2, no plant pollen was found,
and the deposit was classified as of cold lake type (Krawczyk,
20233, b).

In the Krepiec-13 archive borehole (Figs. 3 and 8), deposits
found at depths ranging from 8.9 m to 41.5 m are classified as
belonging to the Mazovian interglacial. The entire profile of lake
deposits is considered to be a stratotype profile of this intergla-
cial (Janczyk-Kopikowa, 1981; Krawczyk and Kucharska,
2023a, b).

GEOPHYSICAL SURVEYS

As part of the mapping for the SMGP, nine ERT cross-sec-
tions of the ridges were made (Fig. 3; Pacanowski, 2021;
Krawczyk and Kaminski, 2024). These were sited along eight
sinuous ridges (two ERT cross-sections were performed on
ridge F2). The values obtained indicate the presence of zones
under the ridges with clearly different resistivities compared to
the adjacent areas. These zones were most often U-shaped
depressions formed in the Quaternary subsoil. The resistivity of
the shallow subsoil, composed mainly of marl, chalk and opoka,
ranges from 20 to 40 Om (Fig. 5).

On the F5ridge, the ERT-1 geoelectric section is located, in
its southern part, in the area of the Klaréw-11 archival borehole.
The resistivity distribution pattern shows little variation (Fig. 5).
Under the axial part of the ridge, a zone of increased resistivity
(~100 Qm) is faintly visible at a depth of ~40-60 m. Similar
zones of increased resistivity can be observed at depths of
~50-100 m in its eastern and western parts. The Klarow-11
borehole profile documents the presence of very thick (>80 m)
clayey and silty deposits in this area, whose resistivity parame-
ters are similar to those of the Cretaceous strata beneath the
Quaternary deposits. This convergence of resistivity parame-
ters in this case may partially obscure the geological structure.

On the D1 ridge, an ERT-2 electrical resistivity profile was
made. This profile documents the occurrence of a well-defined
U-shaped zone under the ridge with high resistivity (close to
200 Om) to >20 m depth and less well-defined to >50 m depth
(Fig. 5). The width of this zone is ~125 m.

The ERT-3 cross-section is located in the central part of the
F4 ridge. Here, a zone of increased resistivity (over 100 Om) is
marked under the ridge over a width of ~400 m in the western
part to a depth of ~45 m and in the eastern part to a depth of
55 m (Fig. 5).

An ERT-4 cross-section was located on ridge E4. Over a
distance of ~130 m, its profile shows a zone with significantly in-
creased resistivities (Fig. 5). To a depth of 35.0 m, resistivities
range from 100 Qm to >200 Qm. The highest resistivity values
of ~250 Qm in this zone were recorded in its central part. Below
this zone, to a depth of ~80 m, there is a decrease in resistivity
from 10 to 60 Om. To a depth of ~100 m, resistivity increases
againto ~100 Om.

Table 2

Average values of sinuous ridge morphometry measurements

standard
average (m) min (m) max (m) | deviation
(¢
form height 3.6 0.4 8.2
form width 235.5 38.9 920.3 52.2090
form length 3135.9 236.7 9346.0

Two cross-sections were made on the northern part of the
ridge F2: ERT-5 and ERT-6. In the ERT-5 cross-section, a de-
pression reaching >100 m and nearly 350 m wide is clearly visi-
ble under the ridge (Fig. 5). The depression is marked by in-
creased resistivity to >100 Om. The ERT-6 cross-section
shows a depression ~380 m wide with significantly higher resis-
tivity than the surrounding area. It reaches a depth of ~60 m
(Fig. 5).

On the F3 ridge, the ERT-7 cross-section was made across
the southern part of the ridge, in the area of the Rozkopaczew 3
borehole. Under the ridge, there is a clear depression filled by
deposits with resistivity values exceeding 100 Om (Fig. 6). The
chalk substrate at this location is characterised by resistivity val-
ues within the range of 20 Om. Due to infrastructure (roads,
buildings), the ERT-7 sequence could not be longer than
400 m; therefore, the measurements did not reach the bottom
of the depression. The depression may exceed a depth of
100 m.

An ERT-8 cross-section was made on the W3 ridge. Here, a
very high U-shaped zone of high resistivity up to >400 Om, and
locally up to >600 Qm, is clearly visible (Fig. 6). This zone ex-
tends to a depth of ~30 m. Such high resistivity can be associ-
ated with dry, coarse-grained deposits such as sand, gravel and
boulders. This sedimentary lithology may indicate a post-glacial
origin of the W3 form.

A similar situation to that on ridge W3 occurs on ridge Y1.
Here, an ERT-9 cross-section was made. Very high resistivity
values of over 600 Om to a depth of ~40 m indicate that the
ridge and the channel are filled with coarse-grained deposits,
which may also indicate the glacial origin of the Y1 form (Fig. 6).

Geophysical surveys in the ridge areas allowed for the sep-
aration of Maastrichtian and Paleogene strata from Quaternary
deposits. As shown by electrical measurements, U-shaped de-
pressions occur below all the ridges studied, as indicated by
higher resistivities of 60-600 OQm, reaching depths of
30-100 m. These depressions differ from the chalk substrate,
resistivities of which range from 20 to 40 Om (Pacanowski,
2021; Krawczyk and Kaminski, 2024; Figs. 5 and 6). Such a dis-
tribution of resistivities may corroborate the presence of ero-
sional valleys beneath the sinuous ridges analysed.

The resistivity distribution in the W and Y forms and in the
depressions beneath them is homogeneous and ranges be-
tween 400 and 600 QOm. The depressions reach a depth of
~30—-40 m. This indicates a homogeneous geological structure
of the forms and depressions beneath them. They are com-
posed of coarse-grained deposits such as sand, gravel and
boulders. Therefore, we associate these ridges with glacial
forms.

In other forms of D, E, and F, classified by the authors as in-
verted fluvial channels, the resistivity distribution in the ridges
and in the zones below them ranges from 20 to 100 Om. The re-
sistivity distribution documents much deeper depressions than
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Table 3

Stratigraphy of the Quaternary (Lindner and Marks, 2008, modi-
fied; Marks, 2023, modified; marine isotope stages — MIS)

. Age
Stratigraphy MIS kyr
Holocene 1
1,7
Younger Dryas
Allergd
Late Glacial Older Dryas
Balling
Oldest Dryas
15
Vistulian 2-5d
o | North Plenivistulian
S| Polish
> | Complex 70
Early
Vistulian
115
2 Eemian 5e
@
15}
ko] 129
@
% Middle QOdranian 6-10
Polish
Complex | Mazovian 11c
° 424
] Sanian 2 12
he]
= Ferdynandovian 13-15
- 621
South Sanian 1 16
Polish
Complex
— Podlasian 17-19(21) 774
g Nidanian 20(22)
o 900
— Augustovian 21-25(27)
Oldest Glaciation (Narevian) 26-28(30)

in ridges W and Y, reaching up to 100 m. Resistivities within the
range of 20—100 Om indicate that the depressions are filled with
fine-grained deposits such as sand, silt, clay and organic mat-
ter. Low resistivities may indicate the presence of water in the
deposits.

GEOLOGICAL STRUCTURE OF THE FORMS STUDIED

Two genetic types were identified among all the sinuous
ridges studied: glacial forms and inverted fluvial channels.
Some of the sinuous ridges were classified as glacial forms at
the initial stage of the work. These are the W and Y forms. They
are composed of coarse sedimentary deposits, sands and
gravels with interlayers of sand and silt, indicating high variabil-
ity in the sedimentation dynamics. On their surfaces and in their
vicinity, gravel and boulders ranging from 5 to 20 cm across and
flint cobbles up to 10 cm in size may be found. Here and there,
boulders of northern rocks with diameters of 0.5-1.0 m occur.
The deposits in their upper part have a massive structure, with
horizontal layering below. Locally, there is evidence of
post-depositional disturbance, with normal faults that may indi-
cate sedimentary disturbances during ice retreat. The high vari-
ability of grain size and sedimentary structure indicates sedi-
mentation in ice cracks.

The remaining sinuous ridges were classified with high
probability as inverted fluvial channels. Their documented
geological features indicate a characteristic geological structure
indicating fluvial and lacustrine sedimentation. The forms in
question are mainly composed of fine-grained deposits (Ta-
ble 4). These comprise alternating layers of fine- and me-
dium-grained sands (S), silts and clays (F) or combinations of

these lithologies: silty sands and silty clays (SF) and silts and
sandy silts (FS). No coarse-grained deposits or northern-sour-
ced gravels were observed on the surface of the forms. Locally,
sedimentary interlayers with organic matter were found in the
deposits (Table 4). On the slopes of the ridges forms, faults
from subsidence are locally encountered in the deposits
(Liszkowski, 1979a).

Onridge F5, layers with a distinct organic content were pen-
etrated by hand drilling (Table 4): at point 21F at a depth of
2.1-3.0 m, at point 22F at a depth of 1.7-2.2 m, at point 23F at a
depth of 2.5-3.9 m, at point 24F at a depth of 1.8—-3.0 m, at point
25F at a depth of 2.2-3.1 m (Fig. 3). Samples for palynological
analysis were taken from these layers at points 21F and 23F.
Due to the poor preservation of sporomorphs and their small
quantity, palynological analysis did not allow the age of the sedi-
ment to be determined. They only indicated derivation of mate-
rial from land and its redeposition (Krawczyk and Kucharska,
2023a).

Based on shallow drilling, it was found that the U4 ridge has
a completely different geological structure (Fig. 3). In the upper
part of the form, silty sands (SF), sandy silts (FS) and sands (S)
were found at almost all points to a depth of ~1.5 m. This is doc-
umented by sample profiles at points 6U and 10U (Table 4).
These deposits contain fine gravel or clay interlayers. Below
them, there is glacial clay (Dm), documented at points 6U, 8U
and 10U, reaching a depth of 3.0 m at point 8U. Ridge U4 re-
quires further research and analysis.

RESEARCH BOREHOLES

There are a few archival boreholes on the ridges. These
document deep depressions located under the ridges (Fig. 7),
which were classified by Kucharska et al. (2024) as subglacial
troughs. The troughs are filled with clastic deposits, mostly
fine-grained: silt, fine-grained sand and medium-grained sand
predominate. These troughs are incised in Maastrichtian rocks.

As part of our own work, three exploratory boreholes were
drilled, located on ridges F2, F3 and I1, to investigate the deep
geological structure. These showed the presence of depres-
sions formed in Cretaceous (Maastrichtian) strata beneath the
ridges (Fig. 8). In two boreholes, Rozkopaczew 3 and Garba-
téwka 4, organic layers were drilled among fine-grained depos-
its; they were subjected to palynostratigraphic analysis
(Krawczyk, 2023a; Kucharska, 2023a). Palynological studies
allowed determination of their age as Mazovian (Holsteinian). In
the Kolechowice 2 boreholes, fine-grained sandy silt and silt de-
posits were drilled to a depth of 18 m. Preliminary palynological
analysis showed no sporomorphs that might allowing estima-
tion of their age (Krawczyk, 2023a). By analogy with the occur-
rence of organic deposits in the boreholes Rozkopaczew 3 and
Garbatéwka 4, we correlated these deposits with the Mazovian
interglacial (Fig. 8). Above these lie river and lake deposits we
classified as of Odranian (Saalian) age, while the deposits
forming the surface of the ridges belong to the Vistulian and
partly to the Holocene.

EROSIONAL TROUGHS

By analysing archival geological boreholes, our own bore-
holes at Kolechowice 2, Rozkopaczew 3 and Garbatéwka 4, as
well as archival geophysical studies (Pawlowska and Tracz,
1975) and new (Pacanowski, 2021; Krawczyk and Kaminski,
2024), the occurrence of deep, relatively narrow depressions in
the form of erosional troughs were found under the ridge forms.
An analysis of the erosional troughs in the study area was made
by Kucharska et al. (2024); they may partly run along today’s
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Fig. 5. ERT cross-sections made during the implementation of the SMGP (Pacanowski, 2021, modified)
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Fig. 6. ERT cross-sections obtained during SMGP

valley depressions and partly overlap with the surface ridges.
The trough depressions were incised into Upper Cretaceous
strata of the Maastrichtian. In the area of ridges E and F, these
strata are mainly of chalk with interlayers of marl and opoka
(Liszkowski, 1979a, b; Harasimiuk and Henkiel, 1980a, b;
Krawczyk, 2023a, b; Krawczyk and Kucharska, 2023a, b), and
in the area of ridges | and K, marl with interlayers of chalk and
opoka (Buraczynski and Wojtanowicz, 1981a, b; Kucharska,
20253, b).

SWELLING

Our analysis of available archival materials showed that the
deposits forming the ridges, as well as those occurring in the
troughs beneath them, are mainly fine-grained sediments with a
high proportion of clay. Deposits of this type have a high water
retention capacity due to their clay particles. The troughs, on the
other hand, are eroded into carbonate rocks, which are mainly
marl, chalk and opoka. Carbonate rocks are therefore found in
the immediate vicinity of the ridges, both at the surface or over-
lain by a thin clastic layer, as well as on the sides of the troughs
and in their substrate (Kucharska et al., 2024; Figs. 7 and 8).

realisation (Krawczyk and Kaminski, 2024, modified)

The lithologies most susceptible to swelling are cohesive
and clay-rich, in particular with minerals of the smectite group.
The swelling capacity increases with increasing clay content
(Myslinska, 1996; Grabowska-Olszewska, 2004).

In the troughs analysed for which drilling documentation is
available, thick layers of clayey and silty deposits were found
(Figs. 7 and 8).

Based on available data e.g., from drilling in Krepiec-13
(ridge C2), where a 19-m layer of diatomaceous earth was doc-
umented, or in the Klaréw-11 borehole (ridge F5), where con-
taining a lot of calcium carbonate lake silts and clays with a
thickness of over 70 m occur (Harasimiuk and Henkiel, 1980a,
b; Fig. 7), it can be assumed that the sediments filling the
troughs have high water absorption capacity and, conse-
quently, are prone to strong swelling and to becoming more
plastic. Such properties of the lithologies filling the troughs and
of the surrounding rocks cause them to be susceptible to
changes in volume and internal structure under the influence of
changing hydrogeological conditions.
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Table 4
Simplified lithological descriptions of selected documentation points, shallow boreholes
Shallow Depth; Deposits Shallow Depth; Deposits
borehole (m) borehole (m)
0.0-1.0 Silts, massive structure, light brown 16F 0.0-1.5 Fine-grained sands, massive structure, yellow
1.0-1.2 Fine-grained sands and silts, massive structure, light brown 1.5-2.5 Fine-grained sands, horizontally stratification, yellow
1.2-2.0 Varied-grain sands, massive structure, light brown 0.0-1.5 Silst, massive structure, light brown
2B 2.0-2.3 Clayey sands with gravels, massive structure, yellow 18F 1.5-1.8 Calcareous silts with marl pebbles, light brown
2.3-3.2 Silty sands, massive structure, yellow 1.8-2.1 Fine- to medium-grained sands, massive structure, yellow
3.2-4.0 Sandy clays with gravels up to 2 cm, massive structure, light 0.0-11 Silts, massive structure, light yellow
grey 1.1-1.5 Sands with small gravels, massive structure, light yellow
4.2-4.6 Clayey silts, massive structure, grey-brown 19F 1.5-1.6 Sandy silts, massive structure, light brown
0.0-1.0 Silts, massive structure, light brown 1.6-2.2 Silts, massive structure, with sandy silts at the base, brown
1.0-1.7 Clayey sands with gravels, massive structure, yellow 2.2-2.3 | Silty sands, massive structure, brown
1.7-1.8 Silts, massive structure, yellow 0.0-1.6 Silts, massive structure, grey
1C 1.8-2.1 Fine-grained sands, massive structure, brown 1.6-2.1 Fine sands with rare gravels, yellow
2.1-31 Fine-grained sands with interbeds of silts with organic matter, 21F 2.1-2.3 | Silty sands, grey
yellow 2.3-25 Fine-grained sands, brown
3.1-3.3 Silts, massive structure, yellow 2.5-2.7 | Sandy silts, flaser lamination, brown
0.0-1.1 Silts, massive structure, yellow 2.7-3.0 | Sandy silts, brownish grey
1D 1.1-1.3 Varied-grain sands with gravels up to 2 cm, massive 0.0-1.5 Silts, massive structure, light yellow
structure, light brown_ 22F 1.5-1.7_| Fine-grained sands, massive structure, yellow
1.3-3.2 Clayey gravels, massive structure, rusty 1.7-2.2 | Silts, brown, with dispersed organic matter
0.0-0.5 Silts, clayey silts, massive structure, yellow 0.0-1.1 Silts, massive structure, light yellow
0.5-1.0 Clayey sands, massive structure, brown 1.1-1.4 | Silty sands, horizontal lamination, yellow
1.0-1.6 Varied-grain sands, slightly silty, single gravels 1-2 cm, 23F 1.4-19 Sandy silts, flaser lamination, yellow
1E massive structure, yellow-brown i 1.9-25 | Silts, massive structure, light-yellow
1.6-1.9 Sandy clays, single gravels at base, massive structure, yellow 2.5-3.0 [ Silts, flaser lamination, with dispersed organic matter, dark grey
1.9-2.0 Vaned—gram sand‘s, slightly silty, massive structure, yellow 3.0-3.9 Silts, humus silts, horizontal lamination, dark grey
2.0-2.3 Sandy silts, massive structure, grey 0.0-0.7 Silts, massive structure, yellow
2.3-2.7 Medium- and coarse-grained sands, massive structure, yellow 0.7-1.8 Fine-grained sands, massive structure, brown
0.0-1.2 Clayey sands, massive structure, light yellow 24F 1.8-2.1 Silts, massive structure, black
4E 1.2-2.4 Sandy clays with individual gravels 2—-3 cm, massive 21-3.0 Silty sands, massive structure, grey-black
structure, yellow 3.0-3.2 | Medium-grained sands, white
24-4.2 Clayey sands, massive structure, yellow-brown 0.0-0.4_|_Silts, massive structure, yellow
0.0-1.0 Clayey silts, massive structure, yellow 0.4-0.7 | Medium-grained silty sands, massive structure, light brown
6E 1.0-15 V.aned-g.raln sands, massive structure, y_ellow 07-11 Medium-grained sands, yellow
1.5-2.1 Fine-grained sands, massive structure, light brown 25F 1115 Sandy silts, brown
2.1-2.3 Fllne-gralneld sands, ma5§|ve structure, yellow 1522 Sandy silts, single grains of CaCOs, light grey
0.0-0.5 Silts, massive structure, light grey 2.2-3.1 | Fine-grained sands and medium-grained sands, with dispersed
7E 0.5-1.2 Sandy clays, massive structure, brown-yellow organic matter
1.2-2.2 Medium-grained sands, massive structure, yellow 0.0-1.7 | Silts, massive structure, with CaCOs crumbs at the bottom, yellow
0.0-0.5 Sandy clays with traces of lamination, yellow 1.7-2.2 | Silty sands, yellow
0.5-1.0 Fine- and medium-grained sands, massive structure, light 27F 2.2-2.5 | Sands with rare gravels, light brown
ygllow . . _ — 2.5-31 Silts, horizontal lamination, with dispersed organic matter
8E 1.0-1.3 Fine-grained, silty sands, streak-laminated with interbeds of 3133 Silty sands, grey
1398 glts,dgrelyllt—brov(:n i o rom T : - 0.0-0.5 Medium-grained sands, massive structure, yellow
o andy silts and silts, massive structure with traces ot organic 0.5-1.5 | Fine-grained sands, massive structure, light yellow
matter, grey-blue 11 - - - "
> - - 1.5-1.9 Fine-grained sands with small gravels, massive structure, yellow
0.0-0.5 Sandy silts, massive structure, light grey - - -
—— n - 1.9-2.2 Silts, massive structure, light grey
0.5-1.5 Clayey sands with interbeds of medium-grained sands, - —— -
9E ; " 0.0-1.2 | Silty sands with single gravels, massive structure, yellow
horizontally laminated, grey - - - -
n n - 3l 1.2-1.6 Fine-grained sands, massive structure, white
1.5-2.2 Medium-grained sands, massive structure, yellow - ~ — -
B - n 1.6-2.0 Clayey sands, fine-grained sands, massive structure, light brown
0.0-0.5 Silts, massive structure, light grey 0.0-12 = ined silt g - truct Tiaht b
0.5-0.6 Medium- and coarse-grained sands, massive structure, yellow — !ne-gra!ne STy San. 5, masswe Stuclre, I.g rown -
4K 1.2-2.4 Fine-grained sands with single gravels, massive structure, light brown
10E 0.6-1.1 Clayey sands, brown 24-26 | Sandy silt Ve struct
1.1-2.0 Silts, massive structure, light brown 0'0_0'7 Mar:j.y SIS, ma;slve; Jucure, grety § Tiantvell
2.0-25 Silty sands, massive structure, light grey 5K 0'773‘5 Ve - n:jm-grlalne dsanh S’. maislllve T n:(:. urﬁ, Igl. ﬁf OYIV
2F 0.0-2.3 Fine-grained sands, massive structure, yellow - arlec-grain sancs, NorizontaZy swafiication, 197 yerow
- - n 0.0-1.0 Silty sands, light brown
0.0-1.3 Sandy silts, massive structure, light grey - - n - -
1319 Vari o - T 6U 1.0-1.6 Medium-grained sands, light brown, with brown clayey inserts
4F - aried-grain sands, massive structure, yellow 1.6-2.1 Clays with crystalline gravels, grey-brown
1.9-2.3 Silts and clays with fine-grained sands layers, horizontally 0'0 2‘1 Cl th tall q .
laminated, grey-brown 8uU .0-2. ays with crystalline gravels, grey
0.0-0.9 Silts, massive structure, light brown 2.1-3.0 C.Iays Wl.th crystalline gravels and .chalk fragments, grey
0.9-12 Sandy silts, light brown 0.0-0.7 Flne-grglne_d sands ywth gravel_s, light b_rown
7F 1214 Fine-grained sands, yellow 10U 0.7-1.2 Cllays with interbedding of medium-grained sands, brown
1.4-24 Medium- and fine-grained sands, yellow 1.2-1.9 g'l'y sar?ds, brown_
0.0-1.0 Sandy silts, massive structure, brown 1.9-2.2 S_Iays with _crystallme gfaYe'Sv brown
1.0-1.5 Varied-grain sands with silts interbeds, horizontally laminated, 0.0-11 ”ts,’ massive structure, light grey
9F brown 12U 1.1-1.2 | Varied-grain sands, yellow
15-2.2 Fine-grained sands, massive structure, light yellow 1.2-2.2 | Sandy silts, massive structure, light grey ,
0.0-1.5 Fine-grained sands, slightly silty, massive structure, light 2.2-2.3 | Sandy silts with chalk pebbles, massive structure, light grey
yellow 0.0-0.6 | Sandy silts, massive structure, light brown
1F 1.5-2.0 Clayey sands with sands interbeds, yellow 0.6-0.7 Medium—gra!ned silty sands, massive structure, light brown
2.0-2.05 | Fine gravels, massive structure, yellow 0.7-1.0 | Medium-grained sands, yellow _
2.05-2.2 Varied-grain sands, massive structure, yellow 1.0-1.5 Cllayey san.ds/sandy clayls, massive structure, light brown
0.0-0.8 Fine-grained, silty sands, massive structure, yellow 15U 1.5-2.7 | Silts, massive structure, light grey _
08-1.0 Fine-grained sands, massive structure, yellow 2.7-35 Medlgm»gralned sapds, with organic substance traces at the top,
1.0-1.9 Clayey sands, massive structure, grey and yellow at the base massive structure, light grey
13F 1927 Silty sands, clayey sands, horizontally laminated, yellow 3.5-38 | Fine-grained sands, massive structure, yellow
2729 Clayey silts, massive structure, light grey 3.8-3.9 F!ne-gra!ned sands, silty, massive structure, yellow
2.9-3.0 Medium-grained sands, massive structure, light grey 3.9-42 | Fine-grained sands, massive structure, yellow
3.0-3.2 Clayey silts, massive structure, grey 0.0-0.7 Flne.—gralned. sands, massive ;tructure, Ilght. brown
3.2-3.3 Medium-grained sands, massive structure, light yellow 18U 0.7-1.1 | Medium-grained sands, massive structure, light brown
0.0-0.9 Clayey sands, massive structure, brown 1.1-2.3 Var!ed-gra!n sands, slllty, massive structure, !lght brown
0.9-1.0 Fine-grained sands, massive structure, white 0.0-1.0 Vaned-g_raln sands with small gravels, massive structure, yellow
14F 1014 Clayey sands, streak-laminated 19U 1.0-2.0 Sanlds Wlth. gravels, massive structure _ _
1421 Varied-grain sands, massive structure, light yellow 2.0-3.2 | Varied-grain sands, massive structure, with interlayers of grey silts
2.1-2.3 Fine-grained sands, massive structure, light yellow
0.0-0.5 Silts, massive structure, grey
0.5-1.1 Fine-grained, silty sands, massive structure, yellow
15F 1.1-1.6 Silts, massive structure, yellow-brown
1.6-1.7 Varied-grain sands with single gravels, massive structure,
light yellow
1.7-2.5 Silts, slightly laminated, yellow
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Important factor influencing swelling are the hydrogeo-
logical conditions and water chemistry. We assume that it is
highly likely that the water was enriched in calcium and carbon-
ate ions due to the surrounding rocks, the content of which
could have been an additional factor contributing to swelling.

The sub-Quaternary bedrock in the study area also exhibits
swelling and shrinkage properties. These rocks are highly po-
rous and rich in calcium carbonate (CaCO3) and are also char-
acterised by high water absorption (Pininska and Dziedzic,
2006). In addition, the increase in moisture is favoured by the
silica they contain. This is a highly hygroscopic compound, i.e. it
absorbs and binds water in its structure. The presence of silica
causes increased absorption of water molecules by the rock,
while during drying, this causes water to be partially retained in-
side the rock matrix through hydration.

The chalk and Paleogene rocks found in the study area are
characterised by high calcium carbonate contents. Opoka rocks
are the most resistant of all rock types found here. They contain
on average ~62% CaCOQOj3; and SiO, in the range of 22 to 37%
(Harasimiuk, 1975). An important factor in terms of rock
strength is the free silica (opal) content which, together with
sponge spicules, forms the rock skeleton. Opoka rocks contain
5-9% free silica (Kowalski, 1961). They are also characterised
by high porosity, ranging from 40 to 45% (Harasimiuk, 1975).
Limestones studied east of the study area have similar porosity;
in the eastern part of the Lublin Upland, they amount to 45%
(Bobrowska et al., 2022) and are higher than the average po-
rosity value for limestones, which is 39%. It is estimated that the
average porosity of the Upper Cretaceous rocks is very high,
ranging from 30 to 50% (Dobrowolski, 2006).

Marl opokas are very similar to opokas in terms of composi-
tion and physical properties. They contain slightly more calcium
carbonate (~67%) and less silica (~24%; Harasimiuk, 1975).
Marls are characterised by an even higher calcium carbonate
content (66-73%) and a lower silica content (19-26%;
Harasimiuk, 1975).

Chalk has significantly different properties, characterised by
a high calcium carbonate content of over 90% and a relatively
high silica content (5—-6%) as well as a low degree of diagenesis
(Harasimiuk, 1975), which makes it a very soft rock. Its com-
pressive strength is low, and it may disintegrate when wet
(Kowalski, 1961).

Studies of rock samples from the Chetmskie Hills area
(Fig. 2) showed that marls have the highest water absorption by
weight, while chalk has the lowest: in marls, the results were
25.16-28.98%, in opokas 20.52-27.10%, in marly opokas
20.92-25.95%, and in chalk 13.45-18.89% (Harasimiuk,
1975). The samples analysed showed an increase in volume
during water saturation; the highest was in chalk, which
reached 9%, while in marls it was 4-5% (Harasimiuk, 1975).

The strength parameters of the chalk rocks vary but are
generally not high. They are lowest for chalk and highest for
opoka and gaize. Samples from the Cheim Hills, tested in
air-dry conditions, showed a strength not exceeding 5.9 MPa
for chalk, and for opoka from 10.7 to 16.7 MPa, and locally up to
19.6 MPa (Harasimiuk, 1975). Studies of Miocene limestones
from the eastern Lublin Upland showed compressive strength
ranging from 9 MPa to 16 MPa (average 13 Mpa; Bobrowska et
al., 2022). The resistance of samples to uniaxial compression
decreases gradually with increasing water content, while in a
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frozen state, the compression test proved impossible due to the
dissolution and destruction of rock samples (Bobrowska et al.,
2022).

At the current stage of research, no laboratory analyses of
the swelling susceptibility of rocks occurring in the study area
have been carried out, nor have detailed mineral composition
studies of the deposits been made. The influence of this factor
was considered only theoretically, based on available geologi-
cal borehole profiles (Fig. 3) and archival materials (e.g., Lisz-
kowski, 1979a, b; Harasimiuk and Henkiel, 1980a, b, Krawczyk,
2023a, b; Krawczyk and Kucharska, 2023a, b; Buraczynski and
Wojtanowicz, 1981a, b; Kucharska, 2023a, b).

Further research will focus on determining the mechanical
properties of the carbonate rocks, as well as on the content of
clay mineral and CaCOj; contents of the clastic deposits.

DISCUSSION

Our research has documented a number of sinuous ridge
forms. Sinuous ridges in the study area can have various ori-
gins. The first group consists of postglacial forms created within
the ice sheet, such as fissures, eskers and kames. The second
group consists of the inverted channels we have studied.

In previous studies, sinuous ridges occurring in Polesie
were considered mainly as postglacial forms or comprising
fluvioperiglacial deposits forming distinct geological structures

(e.g., Liszkowski, 1979a, b; Stochlak, 1979a, b; Buraczynski
and Wojtanowicz, 1981a, b, 1982a, b, 1987a, b; Harasimiuk et
al, 2017; Zarski and Tekielska, 2023; Fig. 1). Many smaller or
less distinct forms were not included in the studies as separate
landforms (Liszkowski, 1979b; Harasimiuk and Henkiel, 1980b;
Buraczynski and Wojtanowicz, 1981b, 1987b; Butrym et al.,
1982; Harasimiuk et al., 2017; Fig. 1).

Our detailed DTM analysis, fieldwork and research identi-
fied the sinuous ridges in the study area and showed that they
belong to two genetic types: glacial forms and inverted chan-
nels. The forms characterised by inverted channels are the only
forms of this type found in Poland to date. We rule out their gla-
cial origin, and provide an interpretation for their formation.

Based on field studies and geophysical surveys, it was con-
cluded that forms W3 and Y1 show characteristics of post-gla-
cial forms. The data indicate that the geological structure of the
ridge, together with the deposits at its base forming the trough
fill, are integral. This suggests that the entire structure was
formed during a single-stage process. This interpretation was
corroborated by geophysical surveys (Fig. 6).

Examination of the ridges from sequences E, F, | and K re-
vealed that they show characteristics of inverted channels and
are not glacial forms, as indicated by a number of documented
features. Despite their morphometric similarities to glacial
forms, certain distinctive features can be observed in their
structure. The ridges are clearly flat-topped. Forms F create a
distinct system stretching for many kilometres, resembling a
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gently meandering river valley. Analysis of the profiles of shal-
low boreholes drilled within these forms reveals a pattern (Ta-
ble 4). The upper part comprises lithologies deposited in low-
energy flowing waters or in standing waters: silty sands and silty
clays (SFm), sandy silts (FSm) and silts (Fm) with a massive
structure. Below these, there is usually a succession of sandy
deposits reflecting fluvial sedimentation: fine- and me-
dium-grained winnowed sands, in which horizontal layering
(Sh) and thin interlayers of clays (F), silts (F) and sandy silts
(FS) can locally be observed, indicating variable flow dynamics.
Locally, fine gravel (G) occurs as an admixture in these depos-
its. Below the sands, reservoir sediments such as horizontally
layered silt and silty sand (Fh) are found. In the profiles of some
boreholes, interlayers with organic matter occur. Despite the
positive topographic form, the deposits show characteristics of
lacustrine sediments with periodic inflows. In the north-western
part of the study area, Liszkowski (1979a) found evidence of
southwards sedimentary transport in several exposures. The
deposits forming the morphological ridge maintain sedimentary
continuity with the deposits underlying a given form. There is no
clear boundary in the sedimentary profile at the morphological
boundary of the ridge. The deposits occurring above and below
the level of the base of the ridge represent a record of continu-
ous sedimentation in a water body.

The glacial origin of the forms analysed was ruled out by the
numerical age dating of the sedimentary deposits forming the
ridges. In one sample, the result indicated that sedimentation
ended in the early Holocene; in 11 samples, the dating indi-
cated that sedimentation continued into the late Vistulian (late
glacial), and in 3 samples, the dating indicated sedimentation in
the Odranian (Saalian) or Mazovian (Holsteinian). The sam-
pling depth was ~1.5 m, which suggests the possibility of the ex-
istence of forms younger than those indicated by the dates ob-
tained.

The second important evidence for the non-glacial nature of
the sinuous ridges is provided by palaeogeographic and
palynostratigraphic studies, which are based on recently estab-
lished views showing that the last ice sheet to completely cover
the study area was the Sanian 2 (Elsterian) ice sheet (e.g.,
Marks et al., 2018; Hrynowiecka et al., 2019; Zarski and
Kucharska, 2020; Marks, 2023; Zarski et al., 2024). By studying
the biogenic deposits found under the sinuous ridges, it was
possible to constrain their origin.

The biogenic deposits were dated using samples obtained
from erosional incisions located under sinuous ridge forms. We
interpet these incisions as subglacial troughs. They are filled
with secondary deposits of various origins and ages (clay, sand,
silt and peat), which also excludes a fissure origin for these
forms. We have documented Mazovian (Holsteinian) intergla-
cial deposits the Rozkopaczew 3 borehole on ridge F3 and
Garbatéwka 4 borehole (Krawczyk, 2023a; Kucharska, 2023a)
on ridge 11, as well as in the Krepiec-13 borehole on ridge C2
(Janczyk-Kopikowa, 1981), while lake deposits interpreted as of
the Mazovian interglacial were found in the Klaréw-11 borehole
(Harasimiuk and Henkiel, 1980a, b) on ridge F5, located in de-
pressions beneath the sinuous ridges, indicate a younger age
of the forms than that of the interglacial. Above the lake succes-
sion studied, there are deposits that do not show glacial charac-
teristics. Since no ice sheet occupied the study area after the
Mazovian interglacial, the glacial origin of some sinuous ridge
forms, as suggested by SMGP authors (e.g., Liszkowski,
1979a, b; Stochlak, 1979a, b; Buraczynski and Wojtanowicz,
1981a, b, 1982a, b, 1987a, b; Harasimiuk et al, 2017), should
be excluded.

The areas adjacent to the ridges are composed of deposits
similar to or more resistant to erosion than the ridges them-
selves. The possibility of relief inversion caused by chemical
denudation of chalk rocks in the vicinity of the forms was con-
sidered. Chemical denudation of adjacent areas could not have
caused a levelling of 3-8 m, as this is the height of the forms de-
scribed, since the average rate of chemical denudation of car-
bonate rocks in this area is 10—22 mm/100 years (Swieca,
2000; Maruszczak, 2001), which gives ~50 cm over the last
20,000 years.

Excluding a glacial origin for the sinuous ridges E, F, I, K,
and presumably C2 and others, and excuding chemical denu-
dation, we interpret them as inverted channels and below seek
to determine the origin in terms of this process. The starting
point was the experience of scientists studying similar forms
around the world. It is known that the form of inverted channels
depends on two main factors. The first is the cementation of
sedimentary deposits filling a previously formed channel. The
second process, following the first, is the exhumation of the
channel-fill, which leads to the final formation of the inverted
channels.

The factors causing the formation of inverted channels as
described by, e.g., Zaki et al. (2021), namely cementation and
exhumation of the cemented deposits, cannot be transposed to
the forms found in Polesie. The ridges under study are com-
posed of fine-grained, loose, uncemented and unsilicified de-
posits, which are not resistant to weathering, whether by water
or wind erosion. OSL dating indicate their young age and sedi-
mentation at the end of the Vistulian. The preservation and
palaeogeography of the area also indicate that these are young
forms and deposits. Morphometric and DTM analyses show the
distinctiveness of these forms and the absence of extensive
denudation. Factors contributing to the formation of inverted
palaeochannels, such as volcanism (e.g., Cundari and Ollier,
1970; Biek et al., 2000; Sias, 2002), tectonics (e.g., Parry, 1996;
Hill et al., 2003) or the burning or deflation of adjacent organic de-
posits (Ellery et al., 1989; Gumbricht et al., 2004; Smith et al.,
2010), should be excluded. Sedimentary cementation and ar-
mouring should also be excluded (e.g., Parry, 1996; Marchetti et
al., 2005; Williams et al., 2021), as the Polesie forms do not
have a cover of resistant ‘armour’, and are not cemented.

As shown by the above analysis of various views on the for-
mation of sinuous ridges and their specific variety, inverted
channels, none of them can be directly applied to explain the
formation of these forms in Polesie. We conclude that the forms
discussed here (in particular the more thoroughly investigated
forms C2, D1, E, F, | and K) were created with the participation
of water and can be interpreted as inverted fluvial channels.
Such forms can also be described as a specific type of signa-
ture of an aqueous landform.

Below we provide a hypothesis explaining how these in-
verted fluvial channels were formed in Polesie.

We consider that deeply cut subglacial troughs played a
very important role in the formation of the ridges, their creation
being linked to pre-Mazovian glaciations. Most likely, the
troughs were formed during the South Polish glaciations, and
perhaps even earlier, during the Narevian glaciation, as indi-
cated by the presence of glacial clays from that interval in some
troughs (Lisicki, 2003; Kucharska et al., 2024; Fig. 9A).

Subglacial troughs, formed during glaciation, were incorpo-
rated into the local hydrographic network and subsequently
functioned as fluvioglacial drainage routes and as river valleys
and lakes (Fig. 9A; Kucharska et al., 2024). Within the troughs,
erosional and sedimentary processes alternated. After the re-


https://www.govinfo.gov/content/pkg/GOVPUB-I29-PURL-gpo79287/pdf/GOVPUB-I29-PURL-gpo79287.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0715old.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0715old.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_skany/old/smgp0715old.jpg
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0716old.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_skany/old/smgp0716old.jpg
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/smgp0752.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_skany/smgp0752.jpg
https://doi.org/10.1080/00049187008702563
https://doi.org/10.1080/00049187008702563
https://doi.org/10.1111/j.1365-2028.1989.tb00924.x
https://doi.org/10.1002/esp.1008
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0750old.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_skany/old/smgp0750old.jpg
https://bazadata.pgi.gov.pl/data/smgp/arkusze_skany/smgp0751.jpg
https://www.tandfonline.com/doi/abs/10.1111/j.1440-0952.2003.01020.x
https://doi.org/10.7306/gq.1470
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/smgp0714.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/smgp0715.pdf
https://doi.org/10.7306/gq.1743
https://doi.org/10.7306/gq.1743
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0714old.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0714old.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0714old.pdf
https://bazadata.pgi.gov.pl/data/smgp/arkusze_skany/old/smgp0714old.jpg
https://doi.org/10.1130/2005.fld006(04)
https://doi.org/10.1130/2005.fld006(04)
https://doi.org/10.24425/agp.2023.145614
https://doi.org/ 10.1016/j.quantit.2016.07.043
https://rcin.org.pl/Content/1027/PDF/Wa51_3627_r2001-t73-z3_Przeg-Geogr.pdf
http://www.glaciologia.it/wp-content/uploads/FullText/full_text_25_2/06_GFDQ_25_2_Sias_135_148.pdf
https://doi.org/10.1016/j.pgeola.2010.06.002
https://doi.org/10.1016/j.pgeola.2010.06.002
https://bazadata.pgi.gov.pl/data/smgp/arkusze_skany/old/smgp0678old.jpg
https://bazadata.pgi.gov.pl/data/smgp/arkusze_txt/old/smgp0678old.pdf
https://doi.org/10.1016/j.geomorph.2021.107925
https://doi.org/10.1016/j.earscirev.2021.103561
https://bazadata.pgi.gov.pl/data/mgp200/txt/edycja2/mgp200txt41-edycja2.pdf
https://bazadata.pgi.gov.pl/data/mgp200/txt/edycja2/mgp200txt41-edycja2.pdf
https://doi.org/10.24425/agp.2024.150006

16 Mirostaw Krawczyk and Magdalena Kucharska / Geological Quarterly, 2025, 69, 42

(9]
P 5 .E
g

]7-'{—_{,&; glacial ice

i ice of frozen floodplains

1=

water permafrost

" fine-grained sediments - Vistulian

sediment filling the erosion valley i

—_—

swelling forces
water migration

- water-logged sediment

carbonate rocks

Fig. 9. Diagram of erosional trough formation and subsequent infill

A — pre-Mazovian interglacial interval. Formation of subglacial troughs. Glacial erosion and glacial and fluvial sedimentation; B — interglacial
periods. Functioning of erosion troughs as river valleys and lakes. Deposition of river and lake sediments; C — Vistulian. Period of periglacial

conditions. Formation of permafrost, periodic activation of flows along old valley routes; D — Late Glacial, Bglling/Allerad. Formation of exten-

sive floodplains, deposition of fine-grained sediments

treat of the last ice sheet, Sanian 2 (Elsterian), sedimentation
began to dominate. The valley depressions were gradually
infilled (Fig. 9B). Lacustrine sedimentation dominated, as
shown by the fine-grained trough infill, such as fine-grained
sands, silts and clays, and organic deposits. Lacustrine sedi-
mentation continued in both interglacial and periglacial condi-
tions. Most likely, these lakes were of a flow-through nature, as
indicated by fluvial interlayers in the lake deposits (Kucharska
et al., 2024).

During the periglacial conditions of the Vistulian, permafrost
formed again (Fig. 9C). During warming periods, flow was peri-
odically activated, using the former waterways. Fine-grained
sediments continued to be deposited in the old valleys. As indi-
cated by the OSL dates obtained, sedimentation of ridge sedi-
ments continued throughout the Vistulian and the beginning of
the Holocene (from ~91.0 to ~7.0 kyr BP). However, the con-
centration of age results within the range of 12—19 kyr clearly in-
dicates increased sedimentation in the late glacial period.
Therefore, it can be assumed that the final formation of the
ridges must have taken place at the end of the Vistulian or at the
transition from the Vistulian to the Holocene.

In the Vistulian and at the beginning of the Holocene, warm-
ing became rapid, particularly between 14.3 and 12.8 ka BP,
which is identified with the Bgalling/Allerad interval, and then be-
tween 11.5 and 8.8 ka BP, i.e. after the Younger Dryas (Stan-
ford et al., 2010). These warmings caused rapid melting of ice
sheets and a sharp rise in global sea levels, which at their peak
could reach 250 cm/100 years (Lambeck et al., 2002; Stanford
etal., 2010). In the study area, higher river terrace deposits and
Vistulian mud covers occur at altitudes of 170-185 m a.s.l,,
while present-day water levels in the valleys are at altitudes of
155-165 m a.s.l. This indicates that, during the Vistulian, the
valleys were located at significantly higher elevations than to-
day. In the Cheim Hills area during this interval, under
periglacial climate conditions on extensive lake-type
floodplains, the accumulation of sandy-silty deposits reached
an altitude of 190-195 m a.s.l. (Harasimiuk, 1975). The rapid

release of water stored in ice sheets caused a very rapid rise in
water levels in areas close to melting ice sheets. This was facili-
tated by extensive depressions, such as basins and troughs,
which, with permafrost forming an impermeable layer, became
traps for the released water. Extensive floodplains were formed
in these areas, including in the study area. At the same time,
erosional processes began, and previously accumulated sedi-
ments were transported to depressions.

During the Bglling/Allerad (Fig. 9D), an extensive floodplain
formed in the study area. This is shown by the extensive
fine-grained, thin-bedded Vistulian lake-river (floodplain) de-
posits found at the surface (Harasimiuk et al., 2004; Krawczyk,
2023a, b; Kucharska, 2023a, b, 2025a, b; Krawczyk and
Kucharska, 2023a, b). During the brief Alleréd warming period,
the average annual temperature in this region may have in-
creased by as much as 4.7°C, (Maruszczak, 1974a, b; Dobro-
wolski, 2006).

At the end of the Vistulian, there must have been a conflu-
ence of various factors that caused the formation of such spe-
cific forms as those in the study area of Polesie, with a different
structure from those known and described in the literature. They
can be divided into two main groups.

THE FIRST GROUP OF FACTORS CAUSING THE FORMATION
OF THE INVERTED FLUVIAL CHANNELS

The cooling during the Younger Dryas caused the
floodplains to freeze and form an extensive ice cover. Despite
the formation of the ice cover, water flow did not cease com-
pletely, but continued in the former river valleys, locally beneath
the ice surface (Fig. 10A). Their dynamics were clearly weak-
ened compared to those of ice-free conditions. River cross-sec-
tion flow decreased, and ice jams and flow blockages could
form, which favoured increased sedimentation. These factors
caused the channels carved in the ice covers to fill with
fine-grained sediments. It cannot be ruled out that sedimenta-
tion occurred when the river surfaces were frozen and flow took
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Fig. 10. Diagram of inverted fluvial channel formation — first group of factors (explanations as for Fig. 9)

A —Younger Dryas. Cooling, freezing of floodplains, formation of floodplain ice covers, concentration of flows in former river
channels, slow decline of flow, increased sedimentation, filling of ice troughs with sediments; B — end of the Vistulian. Thaw-
ing of floodplains, disappearance of permafrost; C — Holocene. Thawing of floodplains, disappearance of permafrost, forma-
tion of inverted fluvial channels from deposits accumulated in ice troughs

place under the ice. A mechanism similar to the formation of en-
glacial eskers occurred, except that it involved river water and
floodplain ice.

The sedimentation of ridge deposits ended mainly in the
Younger Dryas, i.e. 12.65—-11.55 ka BP (Fig. 10B). Ice troughs
and, locally, ice tunnels were filled with fine-grained sediments,
which constricted the flows until they stopped completely.

Another rapid warming (pre-Boreal) between ~11.5 and
9.0 ka BP (Lambeck et al., 2002; Stanford et al., 2010) caused
the final melting of the Vistulian ice sheet, unblocking the north-
ward flow of water, and in the study area, the melting of
floodplain ice and the disappearance of permafrost
(Dobrowolski, 2006). The deposits accumulated in ice troughs
formed positive topographic features — inverted fluvial channels
(Fig. 10C), causing a change in the river network in the study
area.

THE SECOND GROUP OF FACTORS CAUSING THE FORMATION
OF INVERTED FLUVIAL CHANNELS

The second theory that may explain the formation of the sin-
uous ridges as inverted fluvial channels is related to rock pa-
rameters such as swelling and shrinkage. The deposits filling
the troughs are predominantly fine-grained, which are very sus-
ceptible to swelling and associated expansion. The carbonate
rocks of the Maastrichtian surrounding the troughs also have
specific swelling properties.

The Bolling/Allergd warming, in addition to its association
with the formation of extensive floodplains, also caused the par-
tial disappearance of permafrost and an increase in the active
layer, but not its complete disappearance (Dobrowolski, 2006).

The lowering of the impermeable layer, which was the per-
mafrost zone, resulted in the unblocking of fissures through
which water penetrated deep into the rock mass (Dobrowolski,
2006). In the Younger Dryas there was a temporary slowing
down of these processes. Water infiltration was also favoured
by the vicinity of subglacial troughs. The rocks of the Middle
Cretaceous: chalk, marls and opoka received and stored large
quantities of water, which could not drain into the rock mass.
The specific properties of the Upper Cretaceous rocks of the
study area meant that, despite their high porosity and fracturing,
these rocks have a low filtration coefficient of 107107 m/s
(Dobrowolski, 2006). Therefore, these rocks are considered to
be almost impermeable and there is very little underground
drainage of water. It is assumed that the zone of infiltration

reaches up to 100 m at most in the chalk and marls and 150 m
in the opoka, and water infiltrates only at the contact of fault
zones (Dobrowolski, 2006). Under these conditions, the waters
occurring in the Cretaceous rocks may have been tied up in the
near-surface zone, reaching from a few tens to ~100 m.

Large quantities of water caused a change in the rock struc-
ture, followed by swelling (Fig. 11A). The walls of the deep and
relatively narrow troughs, extending over many kilometres,
were deformed and gradually narrowed. The fine-grained
clastic (silty-plastic) deposits, which constitute the trough infills,
were also very susceptible to swelling. They, too, became very
heavily saturated with water at this time, causing them to swell
and become more plastic. The more plastic-prone deposits fill-
ing the troughs were gradually pushed upwards. Along the
troughs an inversion of relief occurred, sinuous ridges were
formed, which are the inverted fluvial channels (Fig. 11B). After
the disappearance of the permafrost, there was a partial drain-
age of water into the rock mass, as well as drying of the area,
due to the lowering of the water level. The specific parameters
of the carbonate rocks meant that they no longer returned to
their previous position (Fig. 11C). This process was strongly in-
fluenced by the presence of silica, which, as noted earlier, to-
gether with the sponge spicules, forms the rock skeleton; this,
after drying, caused an increase in their strength.

Both of the groups of factors described relate to the final for-
mation of ridges in the study area, and their common driver is
climate change, which caused fluctuations in water levels and
significant temperature changes.

We believe that the forms occurring in Polesie arose as a
result of the interaction of the both groups of factors presented,
with their intensity varying over time. The genesis suggested in
the first diagram (Fig. 10) does not seem sufficient to explain
the formation of these forms, since their occurrence has not
been recorded in other regions of Poland, where similar climatic
conditions prevailed at the end of the last glaciation.

In the case of the study area, the geological structure was of
key importance. One of the characteristics of the study area is
the presence of carbonate rocks in the sub-Quaternary bed-
rock, mainly marls, opoka and chalk. Overlying these is a rela-
tively thin layer of Pleistocene deposits. Deep subglacial
troughs, now filled with fine-grained clastic deposits, were in-
cised in the carbonate rocks. These conditions may have pro-
moted the formation of the alternative genesis shown in the
second diagram (Fig. 11), related to the lithological properties
of the substrate.
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Fig. 11. Diagram of inverted fluvial channel formation — second group of factors (explanations as for Fig. 9)

A — Bolling/Allergd. Partial disappearance of permafrost. Strong water infiltration into the rock mass. Initiation of swelling
and upward extrusion of trough deposits; B — pre-Boreal period. Lowering of the impermeable permafrost layer until com-
plete disappearance. Strong water infiltration into the rock mass. Pushing of sediments upwards, formation of inverted flu-
vial channels; C — Holocene. Final formation of sinuous ridges

The joint interaction of the two groups of factors created
conditions conducive to the formation of sinuous ridges. We
cannot determine unequivocally which process played the
dominant role. However, it is known that their intensity fluctu-
ated at different times during the transition from the Vistulian to
the Holocene.

In the first group of factors, the sedimentation factor was in-
dicated as the causative factor. In this hypothesis, the most im-
portant issue is the melting of the spillway ice and the develop-
ment of channelized flow, which allowed the deposition of
sandy sediments, which then, after the ice melted, assumed a
topographically positive form. Sedimentation took place in the
late Dryas, at a time when much of the water was trapped on
the frozen floodplains.

In the second group of factors, the most important role was
played by the mechanical parameters of the rocks. From the
time of the Beglling/Allerad warming, until the beginning of the
Holocene, there were rapid climatic changes causing the re-
lease of large masses of water and the disappearance of per-
mafrost. Infiltration of water deep into the rock mass had a ma-
jorimpact on changes in the mechanical parameters of the bed-
rock and Quaternary deposits filing the subglacial troughs.
Swelling of the carbonate rocks of the sub-Quaternary rock
mass was triggered, which caused the subglacial troughs to
narrow. The fine-grained deposits in the troughs, due to the
large amount of water, became more plastic, swelled and, to-
gether with the deposits accumulated in the ice troughs, pushed
upwards.

he survey material described was collected as part of map-
ping work for the SMGP rather than towards investigating the
structure and genesis of the ridge. There are many aspects to
be further clarified, such as the geological structure of the U4
ridge, where glacial clays have been documented at the sur-
face, which may corroborate the 2nd swelling theory or indicate
that the entire U4 structure has a post-glacial genesis. A further
phase of work is planned to carry out sedimentological studies
of the deposits building the ridge and its vicinity. The
geotechnical parameters of the rocks building the subsoil in the
area of the ridges and the deposits filling the troughs beneath
the ridges also need analysis. Analyses and simulations of sed-
imentary behaviour under the influence of permafrost and high
humidity, especially swelling and shrinkage, are planned.

CONCLUSIONS

We document the occurrence of many sinuous ridge forms,
of two genetic types, in the study area. The first type comprises
sinuous ridges, which are post-glacial forms; these include the
W3 and Y1 forms. The second type are sinuous ridges inter-
preted as inverted fluvial channels and include forms C2, D1, I1,
K1 and the series of forms E and F. The remaining forms re-
quire further detailed study. Forms defined as inverted fluvial
channels are so far the only ones of this type in Poland, and
probably the only ones recognized in the world, with such an
atypical geological structure.

Sinuous ridges, which are post-glacial forms (W3 and Y1)
are partly composed of coarse clastic sand and gravel deposits
with boulders, indicating high energy sedimentation.

Inverted fluvial channels are specific signatures of wa-
ter-formed landforms, and the deposits that build them have
characteristics typical of river-lake and lake-river sediments.
They comprise alternating silty deposits with fine- and me-
dium-grained sands without a silt fraction. There are also or-
ganic-rich interbeds within these deposits. There is sedimentary
continuity between the deposits building the ridge topography
and the sediments below, with no clear sedimentary boundary
at the level of the morphological boundary of the ridge.

The dating of the deposits which we consider to be inverted
fluvial channels, indicated a young age of sedimentation
(Vistulian/Weichselian). Most dates are in the range of 12-19
kyr, putting this time interval in the Late Glacial. The dates ob-
tained of 180-210 kyr BP from the H2, U3 and V1 ridges may
indicate temporally extended sedimentation of individual ridge
sediments. The older dates, however, do not exclude ridge for-
mations at a later time, during a single episode at the transition
of the Vistulian to the Holocene, as the method of sampling only
allowed time constraint on material at the sampling level and not
above it.

The geophysical survey and geological drilling carried out,
as well as the analysis of archival materials, showed that a very
important element in the creation of these forms are the depres-
sions occurring beneath them, and in the bedrock in which
these depressions were eroded. They have the character of
subglacial troughs, formed in chalky sub-Quaternary bedrock,
composed of carbonate rocks of the Maastrichtian. The depres-
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sions occur beneath inverted fluvial channels and are of consid-
erable depth. The deepest documented depression under the
F5 ridge reaches a depth of over 85 m. The trough sedimentary
infills are of various ages, with fine-grained clastic deposits such
as silts, fine sands and clays predominating.

The documented deposits of the Mazovian interglacial in
the troughs clearly exclude a post-glacial genesis for the in-
verted fluvial channels.

The analyses carried out showed that we have to be very
cautious in classifying forms of sinuous ridges as inverted chan-
nels, as there are also eskers, kames, crevasses and fluviogla-
cial forms in the post-glacial area. Without depth profiling analy-
sis of the geological structure and obtaining evidence, such as
numerical dates and palynological spectra, it cannot be conclu-
sively established that a form represents an inverted fluvial
channel.

The inverted fluvial channels occurring in Polesie were
formed as the Vistulian gave way to the Holocene, associated
with former subglacial troughs. The main reason for their forma-
tion was the rapid climatic changes occurring at the time.
Warming in the late Glacial, during the Bdlling/Alleréd phase,
led to the formation of extensive floodplains, which partially
froze during the younger Dryas, forming a wide sheet of
floodplain ice. Within it, in places of former river channels, water
flow still persisted and did not disappear even beneath the ice
cover. Progressive cooling led to a weakening of flow and in-
creased sedimentation. As a result, the river channels became
filled with fine-grained sediments.

The next phase of warming, coinciding with the beginning of
the Holocene, resulted in the complete melting of the floodplain
ice and the transformation of sediment-filled channels into
ridges known as inverted fluvial channels. The second group of
factors co-responsible for the formation of these structures was
the mechanical properties of the rocks. These included the
swelling of carbonate bedrock and the swelling and pushing up-
wards of fine-grained deposits accumulated in former
subglacial troughs. These processes together contributed to
the formation of the inverted fluvial channels. At the present
stage of research, however, it is difficult to determine unequivo-
cally which of these factors played the dominant role in their for-
mation.
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