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We de scribe unique forms of sin u ous ridges found only in Polesie, Po land, de scribed from elesewhere in the world as
palaeochannels and in verted flu vial chan nels. Sin u ous ridges doc u mented in Polesia rep re sent two ge netic types: gla cial
forms and in verted flu vial chan nels. The ex am ples de scribed of in verted flu vial chan nels are the only ones of this type doc u -
mented in Po land. They formed at the tran si tion be tween the Vistulian and Ho lo cene, as a re sult of de po si tion of fine-grained
sed i ments in fos sil subglacial troughs. As a re sult of cli ma tic changes and warm ing as the Vistulian gave way to the Ho lo -
cene, the ice sheet cov er ing the floodplains in the area thawed, and pos i tive forms were formed from the de pos its that had
ac cu mu lated in chan nels in the ice. An im por tant fac tor in ten si fy ing the pro cess of in verted flu vial chan nel for ma tion in
Polesie was the me chan i cal prop er ties of the rocks. Un der spe cific cli ma tic and geo log i cal con di tions, with a high wa ter con -
tent, the car bon ate rocks build ing the sub-Qua ter nary sub strate were sub ject to swell ing. This re sulted in the up ward push ing 
of de pos its ac cu mu lated in the troughs and the even tual for ma tion of sin u ous ridges. Our re sults re veal new mech a nisms
and con sid ers new fac tors in the for ma tion of sin u ous ridges of in verted flu vial chan nel type, which can be ap plied at a plan e -
tary scale.
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INTRODUCTION

Dur ing the prep a ra tion of the De tailed Geo log i cal Map of
Po land (ab bre vi ated as SMGP be low, from the Szczegó³owa
Mapa Geologiczna Polski), on the Ostrów Lubelski (Krawczyk,
2023a, b), Orzechów Nowy (Krawczyk, 2023a, b), £êczna
(Krawczyk and Kucharska, 2023a, b) and Sawin (Kucharska,
2025a, b) sheets, very un usual land forms were ob served in the
study area. These were char ac ter is tic sin u ous ridges, ori ented
in N–S, NW–SE and NE–SW di rec tions. The Dig i tal Ter rain
Model (DTM) im age showed that many of these iso lated forms
are ar ranged in chains up to sev eral tens of kilo metres long
(Fig. 1). Ini tial palaeogeographic anal y sis and DTM sug gested
that many of them may be in verted chan nels (e.g., LeConte,
1880; Pain and Ollier, 1995; Pain et al., 2007; Wil liams et al.,
2007; Zaki et al., 2021) as op posed to gla cial fis sures, which are 
very sim i lar in ap pear ance.

Ridge forms in Polesie had al ready been ob served dur ing
ear lier re search, es pe cially dur ing prep a ra tion of the SMGP in
1997–2017 (Fig. 1). How ever, these forms had not been fully
stud ied. The au thors of in di vid ual SMGP map sheets fo cused

on in di vid ual forms, most of ten found within a sin gle SMGP
sheet, ig nor ing their broader palaeogeographic con text. Their
geo log i cal struc ture, age and or i gin were in ter preted in var i ous
ways. They were most of ten con sid ered as postglacial forms
from the Mid dle Pol ish Gla ci ation or as fluvioperiglacial de pos -
its from the Vistulian Gla ci ation, of ten with dif fer ent or i gins or
ages within a sin gle study (Liszkowski, 1979a, b; Stochlak,
1979a, b; Buraczyñski and Wojtanowicz, 1981a, b, 1982a, b,
1987a, b; Harasimiuk et al., 2017). Many of the smaller or less
dis tinct forms were omit ted from the maps (Fig. 1).

In Po land, only two au thors: Maruszczak (1974a, b) and
Liszkowski (1979a, b), at tempted to ex plain the age and or i gin
of these un usual sin u ous ridges found in Polesie. Maruszczak
(1974a, b) was the first to draw at ten tion to them. He de scribed
them as a ‘pe cu liar va ri ety of kem-type forms’ and linked their
or i gin to the move ment of wa ter over the stag nant ice sheet dur -
ing the gla ci ation of the Oder River. Liszkowski (1979a, b)
study ing their sed i men tary char ac ter is tics and the di rec tions of
sed i ment trans port, de scribed the sin u ous ridges as
fluvioperiglacial de pos its from the Odranian gla ci ation. Ac cord -
ing to Liszkowski (1979a, b), rivers flowed from the south, over
the sur face of the ice sheet, carv ing out their chan nels, in which
sed i ments were de pos ited. As a re sult of the melt ing of the ice,
pos i tive land forms were cre ated, which Liszkowski (1979a, b)
de scribed as ‘pseudokemic ridges’. These two au thors never
re turned to this is sue in their later stud ies.
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Forms of sin u ous ridges in ter preted as in verted flu vial chan -
nels and in verted chan nels have been known and doc u mented
since the 19th cen tury. Whit ney (1865) de scribed ‘old river
beds’ in Cal i for nia, which now form hill tops. His re search on in -
verted chan nels was con tin ued by LeConte (1880, 1886).

To day, there is a wealth of lit er a ture de scrib ing in verted
chan nels (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; Wil liams et al., 2007, 2021; Ollier and
Scheth, 2008; Beresford-Jones et al., 2009; Bristow et al.,
2009; Cuevas Martínez et al., 2010; Smith et al., 2010; Cas et
al., 2011; Lucchitta, 2011; Foix et al., 2012; Gi rard et al., 2012;
Bell and Wil liam son, 2013; Butt and Bristow, 2013; Doc tor et
al., 2014; Mor gan et al., 2014; Keller and Mor gan, 2016; Mat ter
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).

Re cent stud ies of the Mars sur face have re vealed the ex is -
tence of sin u ous ridges that closely re sem ble those doc u -
mented on Earth. Cur rently, a great deal of re search on sin u ous 
ridges, and in verted chan nels in par tic u lar, is be ing con ducted
on Earth in or der to draw con clu sions about the or i gin of the
forms dis cov ered on Mars (e.g., Wil liams and Edgett, 2005;
Pain et al, 2007; Wil liams et al., 2007, 2009, 2011, 2018; Clarke 
and Stoker, 2011; Mor gan et al., 2014; Matsubara et al., 2015;
Jacobsen and Burr, 2017; Hayden et al., 2019; Zaki et al., 2021,  
2022). There fore, the gen e sis of these types of forms has once
again be come the sub ject of wider sci en tific in ter est.

The main fac tors con trib ut ing to the for ma tion of in verted
chan nels are fill ing of the chan nel with sed i ment, its ce men ta -
tion, and sub se quent ex hu ma tion of chan nel sed i ments as a
pos i tive form (e.g., Pain et al., 2007; Wil liams et al., 2009;
Hayden et al., 2019; Zaki et al., 2021). Chan nel fill ing usu ally
oc curs dur ing flu vial sed i men ta tion (e.g., Schuster et al., 2005;
Wil liams et al., 2007; Zaki et al., 2018, 2020, 2021), but it can
also oc cur as a re sult of chan nel fill ing with vol ca nic lava (Sias,
2002; Cuevas Martínez et al., 2010; Bell and Wil liam son, 2013;
Zaki et al., 2021). Ce men ta tion oc curs as a re sult of chem i cal
re ac tions, in clud ing ce men ta tion by CaCO3, SiO2, and Fe com -
pounds (e.g., Aref, 2003; Worden and Bur ley, 2003; Wil liams et
al., 2007, 2009). Ce men ta tion may also oc cur as a re sult of
burial of sed i ments and their lithification deep within the Earth’s
crust (e.g., Wil liams et al., 2007, 2011). An other pro cess of in -
verted chan nel for ma tion is the cre ation of an ero sion-re sis tant
ar mour on the sur face of the sed i ment fill ing the chan nel, most
com monly from coarse-grained sed i ments (e.g., Pain and
Ollier, 1995; Marchetti et al., 2005; Lucchitta, 2011). Palaeo -
channels have re cently been doc u mented on the Atacama
Desert in Chile, where palaeochannel de pos its were filled with
evaporites (Wil liams et al., 2021).

The ex hu ma tion of de pos its fill ing the palaeochannel may
re sult from wa ter ero sion (e.g., Maizels, 1990; Wil liams et al.,
2007, 2011, 2021; Zaki et al., 2018), ae olian ero sion (e.g.,
Bristow et al., 2009; Zaki et al, 2018), tec tonic ex hu ma tion (e.g., 
Hill et al., 2003; Foix et al., 2012, 2018) and deg ra da tion of the
chan nel sur round ings, such as com pac tion or burn ing of or -
ganic sed i ments such as peats (Gumbricht et al., 2004; Smith
et al., 2010). For in verted chan nels to form, many of these fac -
tors must co ex ist.
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Fig. 1. Dis tri bu tion of sin u ous ridges in Polesie, tak ing into ac count the gen e sis shown on SMGP maps made in 1979–2017
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A de tailed in ven tory of in verted chan nels oc cur ring world -
wide was car ried out by Zaki et al. (2021). Based on an anal y sis
of the avail able global lit er a ture, sat el lite im age stud ies and
DTM, Zaki et al. (2021) made an in ven tory of over 100 dif fer ent
in verted chan nels, di vid ing them into cat e go ries ac cord ing to
their gen e sis as:

– Chan nel fill ce men ta tion – which were formed by the ce -
men ta tion of de pos its fill ing the chan nel and its sub se -
quent ex hu ma tion.

– Chan nel fill lithification – which were formed by the
lithification of de pos its deep be low the sur face and were
then ex humed by tec tonic move ments and ero sion.

– Fill ing by vol ca nic ma te ri als – where in verted chan nels
were formed by fill ing the chan nel with vol ca nic lava and
then its ex hu ma tion.

– Chan nel sur face ar mour ing – which was formed by ce -
men ta tion of the chan nel sur face through chem i cal pro -
cesses or the for ma tion of a so-called ar mour of re sis -
tant sed i ments, e.g., gravel and boul ders. Its sur round -
ings were de graded, and the ar mour pro tected the chan -
nel from ero sion.

The 4 types of in verted chan nels listed above can not, we
con sider, ex plain the forms stud ied in Polesie. De spite their
sim i lar ity to the forms de scribed from else where in the world,
the sin u ous ridges found in Polesie were formed dif fer ently.

In this pa per, we de scribe the types of in verted chan nels
found at Polesie, and dis cuss the pro cesses that caused their
for ma tion.

STUDY AREA

The study area is lo cated in east ern Po land, in Polesie, in
the mid dle Wieprz River ba sin, at the junc tion of four
macroregions: South ern Podlasie Low lands, West ern Polesie,
Volhyn Polesie and Lublin Up land. The cen tral part of the area
is oc cu pied by an ex ten sive plain at an al ti tude of ~160–170 m
a.s.l., cut by the Wieprz River val ley and its trib u tar ies, be long -
ing to the £êczna-W³odawa Lakeland and Dorohucza De pres -
sion mesoregions. This flat ter rain is sur rounded by ar eas lo -
cated over 200 m a.s.l.: the Lubartów Heights, W³odawa
Heights, Uhrusk Hills, Che³m Hills and Œwidnik Pla teau (Fig. 2).

Geo log i cally, the study area is lo cated in a zone of high-ly -
ing Up per Cre ta ceous strata (Maastrichtian), mainly com pris ing 
chalk, marl, opoka and, as well as gaize and Paleogene cal car -
e ous gaize. Opoka rocks are com posed mainly of cal cium car -
bon ate and organogenic sil ica, while gaize rocks are si li ceous
rocks com posed mainly of de tri tal quartz and organogenic sil -
ica. These strata un der lie flat ar eas at al ti tudes of
140–160 m a.s.l., and hilly ar eas at nearly 200 m a.s.l., and are
com monly ex posed at the sur face. The chalk rocks are over lain 
by a thin layer of Qua ter nary de pos its rang ing from sev eral to
sev eral tens of metres in thick ness. Only lo cally, in ar eas of
deep ero sion, does the thick ness of Qua ter nary de pos its ex -
ceed 100 m. The Qua ter nary suc ces sion com prises mainly
river, river-floodplain and ae olian de pos its from the Mid dle and
North ern Pol ish Gla ci ation. There are also gla cial and glacio -
fluvial de pos its from the last gla ci ation, Sanian 2 (Elsterian),
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Fig. 2. Lo ca tion of the study area with sin u ous ridges marked
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whose ice sheet cov ered the area in ques tion. These com prise
thin cov ers of gla cial clay, gla cial sand and flu vio gla cial de pos -
its, as well as silts, sands and grav els of postglacial forms such
as kames, eskers and ter mi nal mo raines.

MATERIALS AND METHODS

Ar chi val geo log i cal doc u men ta tion, in clud ing geo log i cal
pho to graphs, bore hole de scrip tions, geo phys i cal sur vey re sults 
and palynological stud ies were ana lysed. Within the bound aries 
of the sheets of the De tailed Geo log i cal Map of Po land that we
mapped, field ob ser va tions were con ducted, a num ber of shal -
low bore holes were drilled by hand and 3 me chan i cally, ERT
(Elec tri cal Re sis tiv ity To mog ra phy) geo phys i cal sur veys were
car ried out as well as lab o ra tory work and palynological and nu -
mer i cal age dat ing by the OSL (Op ti cally Stim u lated Lu mi nes -
cence) method (Fig. 3). This work ex tended over the fol low ing
SMGP sheets: Lubartów sheet (Kucharska and Krawczyk,
2023a, b), £êczna sheet (Krawczyk and Kucharska, 2023a, b),
Orzechów Nowy sheet (Kucharska, 2023a, b), Ostrów Lubelski
sheet (Krawczyk, 2023a, b) and Sawin sheet (Kucharska,
2025a, b).

Sev eral forms from the study area, lo cated within the SMGP 
sheets we mapped, were se lected for closer anal y sis. These in -
cluded forms from se quences E, F, I and K as well as W3 and
Y1 (Fig. 3 and see be low for ex pla na tion of no ta tion). For the re -
main ing forms, only morphometric anal y ses and in some cases
other in ves ti ga tions were con ducted.

MORPHOMETRICS OF THE FORMS STUDIED

A thor ough DTM anal y sis was car ried out, as well as field
sur veys from which all forms of sin u ous ridge were cat a logued
(Fig. 3). Each form was given its in di vid ual code, which con -
sisted of a cap i tal let ter of the al pha bet and an Arabic nu meral
e.g., F1. Forms that we con sid ered were part of a sin gle se -
quence had the same let ter des ig na tion and were given an other 
Arabic nu meral e.g., F1–F5. Num ber ing be gan with the north -
ern most form. A morphometry of all in di vid ual ridge forms was
pre pared (Ta ble 1). For the morphometric anal y sis, the rel a tive
height of the form (above the sur round ing area) at the high est
point was mea sured. The width of the form was mea sured at 6
lo ca tions. Based on this, the arith me tic mean, and stan dard de -
vi a tion (?) were cal cu lated for the width pa ram e ter. The length
of the in di vid ual forms (along their axis) was also mea sured.
The mor phol ogy of the in di vid ual forms was ana lysed by cre at -
ing cross-sec tions at se lected char ac ter is tic lo ca tions (Fig. 4).

For the morphometric anal y ses, a DTM de vel oped as part
of the ISOK pro ject (IT Coun try Pro tec tion Sys tem) was used.
The DTM was cre ated on the ba sis of el e va tion data col lected in 
the form of a point cloud, ob tained us ing the Air borne La ser
Scan ning (ALS) method.

DATING OF THE DEPOSITS

To de ter mine the age of sedimention, 15 nu mer i cal age
anal y ses were car ried out us ing the OSL (Op ti cally Stim u lated
Lu mi nes cence) method per formed at the LumiDatis lab o ra tory
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Fig. 3. Map doc u ment ing the tech niques used for this study
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in Toruñ. Equiv a lent dose mea sure ments were per formed us -
ing the stan dard SAR OSL (Sin gle Aliquot Re gen er a tive Dose
Op ti cally Stim u lated Lu mi nes cence) method (Krawczyk,
2023a; Krawczyk and Kucharska, 2023a; Kucharska, 2023a;
Pochocka-Szwarc, 2023; ¯arski, 2023).

Ad di tion ally, palynological and palynostratigraphic stud ies
were per formed. Ar chi val re search (Janczyk-Kopikowa, 1981)
and new re search that was car ried out as part of the SMGP
map ping ex er cise (Krawczyk, 2023a; Krawczyk and Kuchar -
ska, 2023a; Kucharska, 2023a) were used. Organogenic de -
pos its which had plant taxa in their com po si tion were stud ied.
The study ma te rial came from hand and me chan i cal drill ing.

GEOPHYSICAL SURVEYS

Geo phys i cal sur veys per formed for the SMGP im ple men ta -
tion were used for depth pro fil ing (Pacanowski 2021; Krawczyk
and Kamiñski, 2024). As part of the work, nine Elec tri cal Re sis -
tiv ity To mog ra phy (ERT) pro files were made trans verse to the
ridge long axes (Pacanowski, 2021; Krawczyk and Kamiñski,
2024), where a gra di ent mea sure ment sys tem was used
(Fig. 3). Electrofusion tests were car ried out us ing the Roll
Along method with elec trode spac ing at 10 m in ter vals – mov ing 
suc ces sive ca bles to the front of the pro file, which al lowed for
lon ger, con tin u ous pro files. A set of ca bles on spools con tain ing 
21 leads was used. The sur vey data was ana lysed us ing
Res2DINV soft ware. Char ac ter is tic ridges pre-des ig nated as
in verted flu vial chan nels from se quences F, E and G, as well as
ridges W and Y, whose struc ture could in di cate a post-gla cial
or i gin, were se lected for the geo phys i cal sur vey. The re search
was aimed at iden ti fy ing not only the depth struc ture be neath
the forms in ques tion, but also that of the ar eas in the vi cin ity of
the ridges. We aimed to better con strain the bound ary be tween
Cre ta ceous and Paleogene rocks and Pleis to cene de pos its.
The pro fil ing reached a depth of ~150 m at its deep est point in
ERT cross-sec tions 1–6, and ~80 m in ERT cross-sec tions 7–9.

GEOLOGICAL STRUCTURE OF THE FORMS STUDIED

For anal y ses of geo log i cal struc ture of the ridge forms, we
used our own field work re sults, car ried out as part of up dat ing
four sheets of the De tailed Geo log i cal Map of Po land (SMGP)
at  1:50000 scale: the £êczna (Krawczyk and Kucharska,
2023a, b), Orzechów Nowy (Kucharska, 2023a, b), Ostrów
Lubelski (Krawczyk, 2023a, b) and Sawin (Kucharska 2025a, b) 
sheets. The su per fi cial ridge geo log i cal struc ture of the ridge
was re cog nised by dig ging shal low trenches and shal low man -
ual bore holes in ac ces si ble places, reach ing a max i mum depth
of ~4 m, and by de scrib ing nat u ral ex po sures. One hun dred
such doc u men ta tion points were made. The lithological vari a -
tion in the pro files of these bore holes and ex po sures was de -
scribed us ing a lithofacies code to iden tify in di vid ual sed i men -
tary changes, where: F – silt, S – sand, G – gravel, D – diami -
cton and com bi na tions of in di vid ual lithologies by e.g., FS –
sandy fines or SG – grav elly sands. Ad di tion ally, sed i ment
struc tures have been re corded: m – mas sive struc ture, h – hor i -
zon tal lam i na tion, f – flaser lam i na tion, t – trough cross-strat i fi -
ca tion (Zieliñski, 1995; Zieliñski and Pisarska-Jamro¿y, 2012).

Due to the lim ited ca pac ity and scope of the sub ject, the
most char ac ter is tic ridges in the study area were se lected for
the pi lot geo log i cal re con nais sance work. These were the ridge
se quences E, F, I and K as well as W3 and Y1.

On the ridges F2, F3 and I1, me chan i cal bore holes were
drilled: Kolechowice 2, Rozkopaczew 3 and Garbatówka 4
(Fig. 3).

Ar chi val pro files of geo log i cal bore holes were used to con -
strain the geo log i cal struc ture of the ridges and of the un der ly -
ing strata. These bore holes are Ostrów Lubelski, Rozlewnia
Wód Stol, Stara Wieœ-1, Krêpiec-13, Klarów-11, Œwierszczów
and Lublin 117 (names ac cord ing to Cen tral Geo log i cal Ar chive  
– CGA ar chives).

To de ter mine the gen e sis of the forms in ques tion, ar chi val
bore hole pro files were ana lysed for car bon ate rocks and rocks
con tain ing clay min er als. The me chan i cal prop er ties of the
rocks found in the study area may con trib ute to the spe cific con -
di tions for the for ma tion of the sin u ous ridges. An im por tant fac -
tor in flu enc ing the form of the sin u ous ridges is the phe nom e -
non of swell ing and shrink age of sed i ments due to wet ting and
dry ing. We con sid ered this fac tor for the Maastrichtian and
Paleogene, as well as the Pleis to cene, de pos its of the area.

RESULTS

MORPHOMETRICS OF THE FORMS STUDIED

The ridge forms un der in ves ti ga tion have spe cific ori en ta -
tions run ning N–S, NW–SE and NE–SW. Their ar range ment
re veals pat terns, such as that of forms F, which runs from
Ostrów Lubelski in the north to the vi cin ity of £êczna (Fig. 2). In
the east ern part of the area, the forms are more scat tered,
which does not al low them to be clearly con nected into co her ent 
pat terns.

Due to their rel a tively low rel a tive heights, the sin u ous
ridges are not very dis tinct and are poorly vis i ble in the ter rain.
Top o graphic maps also do not show their full shape, but only in -
di cate small hills, the dis tri bu tion of which does not al ways re -
veal a co her ent sys tem. This may have been the rea son for the
poor rec og ni tion of these forms in the past.

The sub se quent avail abil ity of dig i tal ter rain mod els al lowed 
thor ough anal y sis of the mor phol ogy of the study area and the
iden ti fi ca tion of in di vid ual mor pho log i cal forms. Thanks to the
use of el e va tion data char ac ter ised by a very high mea sure -
ment ac cu racy of sev eral tens of centi metres, sin u ous ridges
were iden ti fied and ana lysed (Fig. 4).

Based on the DTMs, the morphometries of 57 ridge forms in 
the study area were se lected and ana lysed. The re sults are
shown in Ta ble 1

These mea sure ments showed that the av er age height of
the forms is 3.6 m (Ta bles 1 and 2). The low est form is 0.4 m
(A5), and the high est is 8.2 m high (U3). The av er age width of
the forms is 235.5 m (stan dard de vi a tion is 52.21 m). The low -
est av er age form width is 69.6 m (A5), and the high est av er age
width is 584.1 m (K1). The av er age length of the forms is
3135.9 m. The short est form is 236.7 m long (L1), and the lon -
gest ex tends over a dis tance of 9346.0 m (F4).

DATING OF RIDGE DEPOSITS

To de ter mine the age of the de pos its of the forms se lected,
OSL dates were ob tained, as used in the mak ing of SMGP
maps (¯arski, 2023; Pochocka-Szwarc, 2023; Fig. 3), Ostrów
Lubelski (Krawczyk, 2023a, b), Orzechów Nowy (Kucharska,
2023a, b), £êczna (Krawczyk and Kucharska, 2023a, b), and
Sawin (Kucharska, 2025a, b).

Three OSL dates were ob tained from the F1 ridge: at point
3F, at a depth of 1.2 m, a date of 14.3 ±2 kyr was ob tained, and
south of point 3F, at a depth of 1.45 m, a date of 19.0 ±3 kyr was 
ob tained, and at a depth of 2.3 m, a date of 72.0 ±15 kyr was ob -
tained.
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The de pos its of ridge F3 were dated at point 12F, ob tain ing
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 dat ing re sults were ob tained for ridge F5,
from whose de pos its five dates were ob tained. At point 20F,
from a sam ple taken at a depth of 1.9 m, a date of 29.0 ±1.9 kyr
was ob tained. At point 23F, above or ganic de pos its, a date of
7.0 ±2.9 kyr was ob tained 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 sam ple
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 1I, a date of 13.8±2.7 kyr was ob tained
from a depth of 1.1 m. On ridge K1, a date of 91.0±14 kyr was
ob tained from a depth of 1.4 m.

All these dates in di cate sed i men ta tion through out the
Vistulian and early Ho lo cene (Ta ble 3). How ever, the ac cu mu la -
tion of re sults within the range of 12–19 thou sand years clearly
in di cates in creased sed i men ta tion in the late gla cial pe riod.

On ridge H2 at point 7H, a date of 210.0 ±50 kyr was ob -
tained at a depth of 1.0 m, in di cat ing sed i men ta tion dur ing the
Odranian gla ci ation or Mazovian inter gla cial pe riod. On the U3
ridge, a date of 180.0 ±30 kyr was ob tained from a depth of
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Fig. 4. Cross-sec tions through se lected sin u ous ridges
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T a  b l e  1

Mea sure ments of sin u ous ridge morphometry in the study area



1.0 m, and on the V1 ridge, a date of 200 ±60 kyr was ob tained.
These dates also in di cate sed i men ta tion dur ing the Odranian
gla ci ation or the Mazovian inter gla cial pe riod (Ta ble 3).

Palynological and ar chi val palynological stud ies have al -
lowed in di rect dat ing of de pos its found in de pres sions be neath
the ridges. In all three bore holes drilled dur ing our re search, lo -
cated on sin u ous ridges, de pos its con tain ing or ganic mat ter
were en coun tered.

In bore holes Rozkopaczew 3 at a depth of 9.2 m and
Garbatówka 4 at a depth of 3.9 m (Figs. 3 and 7) de pos its con -
tain ing or ganic mat ter were drilled. Pre lim i nary palynological
anal y sis showed that these be long to the sec ond half of the
Mazovian inter gla cial (Krawczyk, 2023a; Kucharska, 2023a). In 
the third bore hole, Kolechowice 2, no plant pol len was found,
and the de posit was clas si fied as of cold lake type (Krawczyk,
2023a, b).

In the Krêpiec-13 ar chive bore hole (Figs. 3 and 8), de pos its
found at depths rang ing from 8.9 m to 41.5 m are clas si fied as
be long ing to the Mazovian inter gla cial. The en tire pro file of lake
de pos its is con sid ered to be a stratotype pro file of this inter gla -
cial (Janczyk-Kopikowa, 1981; Krawczyk and Kucharska,
2023a, b).

GEOPHYSICAL SURVEYS

As part of the map ping for the SMGP, nine ERT cross-sec -
tions of the ridges were made (Fig. 3; Pacanowski, 2021;
Krawczyk and Kamiñski, 2024). These were sited along eight
sin u ous ridges (two ERT cross-sec tions were per formed on
ridge F2). The val ues ob tained in di cate the pres ence of zones
un der the ridges with clearly dif fer ent resistivities com pared to
the ad ja cent ar eas. These zones were most of ten U-shaped
de pres sions formed in the Qua ter nary sub soil. The re sis tiv ity of
the shal low sub soil, com posed mainly of marl, chalk and opoka, 
ranges from 20 to 40 Wm (Fig. 5).

On the F5 ridge, the ERT-1 geoelectric sec tion is lo cated, in
its south ern part, in the area of the Klarów-11 ar chi val bore hole. 
The re sis tiv ity dis tri bu tion pat tern shows lit tle vari a tion (Fig. 5).
Un der the ax ial part of the ridge, a zone of in creased re sis tiv ity
(~100 Wm) is faintly vis i ble at a depth of ~40–60 m. Sim i lar
zones of in creased re sis tiv ity can be ob served at depths of
~50–100 m in its east ern and west ern parts. The Klarów-11
bore hole pro file doc u ments the pres ence of very thick (>80 m)
clayey and silty de pos its in this area, whose re sis tiv ity pa ram e -
ters are sim i lar to those of the Cre ta ceous strata be neath the
Qua ter nary de pos its. This con ver gence of re sis tiv ity pa ram e -
ters in this case may par tially ob scure the geo log i cal struc ture.

On the D1 ridge, an ERT-2 elec tri cal re sis tiv ity pro file was
made. This pro file doc u ments the oc cur rence of a well-de fined
U-shaped zone un der the ridge with high re sis tiv ity (close to
200 Wm) to >20 m depth and less well-de fined to >50 m depth
(Fig. 5). The width of this zone is ~125 m.

The ERT-3 cross-sec tion is lo cated in the cen tral part of the
F4 ridge. Here, a zone of in creased re sis tiv ity (over 100 Wm) is
marked un der the ridge over a width of ~400 m in the west ern
part to a depth of ~45 m and in the east ern part to a depth of
55 m (Fig. 5).

An ERT-4 cross-sec tion was lo cated on ridge E4. Over a
dis tance of ~130 m, its pro file shows a zone with sig nif i cantly in -
creased resistivities (Fig. 5). To a depth of 35.0 m, resistivities
range from 100 Wm to >200 Wm. The high est re sis tiv ity val ues
of ~250 Wm in this zone were re corded in its cen tral part. Be low
this zone, to a depth of ~80 m, there is a de crease in re sis tiv ity
from 10 to 60 Wm. To a depth of ~100 m, re sis tiv ity in creases
again to  ~100 Wm.

Two cross-sec tions were made on the north ern part of the
ridge F2: ERT-5 and ERT-6. In the ERT-5 cross-sec tion, a de -
pres sion reach ing >100 m and nearly 350 m wide is clearly vis i -
ble un der the ridge (Fig. 5). The de pres sion is marked by in -
creased re sis tiv ity to >100 Wm. The ERT-6 cross-sec tion
shows a de pres sion ~380 m wide with sig nif i cantly higher re sis -
tiv ity than the sur round ing area. It reaches a depth of ~60 m
(Fig. 5).

On the F3 ridge, the ERT-7 cross-sec tion was made across
the south ern part of the ridge, in the area of the Rozkopaczew 3
bore hole. Un der the ridge, there is a clear de pres sion filled by
de pos its with re sis tiv ity val ues ex ceed ing 100 Wm (Fig. 6). The
chalk sub strate at this lo ca tion is char ac ter ised by re sis tiv ity val -
ues within the range of 20 Wm. Due to in fra struc ture (roads,
build ings), the ERT-7 se quence could not be lon ger than
400 m; there fore, the mea sure ments did not reach the bot tom
of the de pres sion. The de pres sion may ex ceed a depth of
100 m.

An ERT-8 cross-sec tion was made on the W3 ridge. Here, a 
very high U-shaped zone of high re sis tiv ity up to >400 Wm, and
lo cally up to >600 Wm, is clearly vis i ble (Fig. 6). This zone ex -
tends to a depth of ~30 m. Such high re sis tiv ity can be as so ci -
ated with dry, coarse-grained de pos its such as sand, gravel and 
boul ders. This sed i men tary li thol ogy may in di cate a post-gla cial 
or i gin of the W3 form.

A sim i lar sit u a tion to that on ridge W3 oc curs on ridge Y1.
Here, an ERT-9 cross-sec tion was made. Very high re sis tiv ity
val ues of over 600 Wm to a depth of ~40 m in di cate that the
ridge and the chan nel are filled with coarse-grained de pos its,
which may also in di cate the gla cial or i gin of the Y1 form (Fig. 6).

Geo phys i cal sur veys in the ridge ar eas al lowed for the sep -
a ra tion of Maastrichtian and Paleogene strata from Qua ter nary
de pos its.  As shown by elec tri cal mea sure ments, U-shaped de -
pres sions oc cur be low all the ridges stud ied, as in di cated by
higher resistivities of 60–600 Wm, reach ing depths of
30–100 m. These de pres sions dif fer from the chalk sub strate,
resistivities of which range from 20 to 40 Wm (Pacanowski,
2021; Krawczyk and Kamiñski, 2024; Figs. 5 and 6). Such a dis -
tri bu tion of resistivities may cor rob o rate the pres ence of ero -
sional val leys be neath the sin u ous ridges ana lysed.

The re sis tiv ity dis tri bu tion in the W and Y forms and in the
de pres sions be neath them is ho mo ge neous and ranges be -
tween 400 and 600 Wm. The de pres sions reach a depth of
~30–40 m. This in di cates a ho mo ge neous geo log i cal struc ture
of the forms and de pres sions be neath them. They are com -
posed of coarse-grained de pos its such as sand, gravel and
boul ders. There fore, we as so ci ate these ridges with gla cial
forms.

In other forms of D, E, and F, clas si fied by the au thors as in -
verted flu vial chan nels, the re sis tiv ity dis tri bu tion in the ridges
and in the zones be low them ranges from 20 to 100 Wm. The re -
sis tiv ity dis tri bu tion doc u ments much deeper de pres sions than
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av er age (m) min (m) max (m)
stan dard 
de vi a tion 

s

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  

T a  b l e  2

Av er age val ues of sin u ous ridge morphometry mea sure ments
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in ridges W and Y, reach ing up to 100 m. Resistivities within the
range of 20–100 Wm in di cate that the de pres sions are filled with 
fine-grained de pos its such as sand, silt, clay and or ganic mat -
ter. Low resistivities may in di cate the pres ence of wa ter in the
de pos its.

GEOLOGICAL STRUCTURE OF THE FORMS STUDIED

Two ge netic types were iden ti fied among all the sin u ous
ridges stud ied: gla cial forms and in verted flu vial chan nels.
Some of the sin u ous ridges were clas si fied as gla cial forms at
the ini tial stage of the work. These are the W and Y forms. They
are com posed of coarse sed i men tary de pos its, sands and
grav els with interlayers of sand and silt, in di cat ing high vari abil -
ity in the sed i men ta tion dy nam ics. On their sur faces and in their
vi cin ity, gravel and boul ders rang ing from 5 to 20 cm across and 
flint cob bles up to 10 cm in size may be found. Here and there,
boul ders of north ern rocks with di am e ters of 0.5–1.0 m oc cur.
The de pos its in their up per part have a mas sive struc ture, with
hor i zon tal lay er ing be low. Lo cally, there is ev i dence of
post-depositional dis tur bance, with nor mal faults that may in di -
cate sed i men tary dis tur bances dur ing ice re treat. The high vari -
abil ity of grain size and sed i men tary struc ture in di cates sed i -
men ta tion in ice cracks.

The re main ing sin u ous ridges were clas si fied with high
prob a bil ity as in verted flu vial chan nels. Their doc u mented
geo log i cal fea tures in di cate a char ac ter is tic geo log i cal struc ture 
in di cat ing flu vial and lac us trine sed i men ta tion. The forms in
ques tion are mainly com posed of fine-grained de pos its (Ta -
ble 4). These com prise al ter nat ing lay ers of fine- and me -
dium-grained sands (S), silts and clays (F) or com bi na tions of

these lithologies: silty sands and silty clays (SF) and silts and
sandy silts (FS). No coarse-grained de pos its or north ern-sour -
ced grav els were ob served on the sur face of the forms. Lo cally,
sed i men tary interlayers with or ganic mat ter were found in the
de pos its (Ta ble 4). On the slopes of the ridges forms, faults
from sub si dence are lo cally en coun tered in the de pos its
(Liszkowski, 1979a).

On ridge F5, lay ers with a dis tinct or ganic con tent were pen -
e trated by hand drill ing (Ta ble 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). Sam ples for palynological
anal y sis were taken from these lay ers at points 21F and 23F.
Due to the poor pres er va tion of sporomorphs and their small
quan tity, palynological anal y sis did not al low the age of the sed i -
ment to be de ter mined. They only in di cated der i va tion of ma te -
rial from land and its redeposition (Krawczyk and Kucharska,
2023a).

Based on shal low drill ing, it was found that the U4 ridge has
a com pletely dif fer ent geo log i cal struc ture (Fig. 3). In the up per
part of the form, silty sands (SF), sandy silts (FS) and sands (S)
were found at al most all points to a depth of ~1.5 m. This is doc -
u mented by sam ple pro files at points 6U and 10U (Ta ble 4).
These de pos its con tain fine gravel or clay interlayers. Be low
them, there is gla cial clay (Dm), doc u mented at points 6U, 8U
and 10U, reach ing a depth of 3.0 m at point 8U. Ridge U4 re -
quires fur ther re search and anal y sis.

RESEARCH BOREHOLES

There are a few ar chi val bore holes on the ridges. These
doc u ment deep de pres sions lo cated un der the ridges (Fig. 7),
which were clas si fied by Kucharska et al. (2024) as subglacial
troughs. The troughs are filled with clastic de pos its, mostly
fine-grained: silt, fine-grained sand and me dium-grained sand
pre dom i nate. These troughs are in cised in Maastrichtian rocks.

As part of our own work, three ex plor atory bore holes were
drilled, lo cated on ridges F2, F3 and I1, to in ves ti gate the deep
geo log i cal struc ture. These showed the pres ence of de pres -
sions formed in Cre ta ceous (Maastrichtian) strata be neath the
ridges (Fig. 8). In two bore holes, Rozkopaczew 3 and Garba -
tówka 4, or ganic lay ers were drilled among fine-grained de pos -
its; they were sub jected to palynostratigraphic anal y sis
(Krawczyk, 2023a; Kucharska, 2023a). Palynological stud ies
al lowed de ter mi na tion of their age as Mazovian (Holsteinian). In 
the Kolechowice 2 bore holes, fine-grained sandy silt and silt de -
pos its were drilled to a depth of 18 m. Pre lim i nary palynological
anal y sis showed no sporomorphs that might al low ing es ti ma -
tion of their age (Krawczyk, 2023a). By anal ogy with the oc cur -
rence of or ganic de pos its in the bore holes Rozkopaczew 3 and
Garbatówka 4, we cor re lated these de pos its with the Mazovian
inter gla cial (Fig. 8). Above these lie river and lake de pos its we
clas si fied as of Odranian (Saalian) age, while the de pos its
form ing the sur face of the ridges be long to the Vistulian and
partly to the Ho lo cene.

EROSIONAL TROUGHS

By ana lys ing ar chi val geo log i cal bore holes, our own bore -
holes at Kolechowice 2, Rozkopaczew 3 and Garbatówka 4, as
well as ar chi val geo phys i cal stud ies (Paw³owska and Tracz,
1975) and new (Pacanowski, 2021; Krawczyk and Kamiñski,
2024), the oc cur rence of deep, rel a tively nar row de pres sions in
the form of ero sional troughs were found un der the ridge forms.
An anal y sis of the ero sional troughs in the study area was made 
by Kucharska et al. (2024); they may partly run along to day’s
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T a  b l e  3

Stra tig ra phy of the Qua ter nary (Lindner and Marks, 2008, mod i -
fied; Marks, 2023, mod i fied; ma rine iso tope stages – MIS)
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Fig. 5. ERT cross-sec tions made dur ing the im ple men ta tion of the SMGP (Pacanowski, 2021, mod i fied)



val ley de pres sions and partly over lap with the sur face ridges.
The trough de pres sions were in cised into Up per Cre ta ceous
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 I and K, marl with interlayers of chalk and
opoka (Buraczyñski and Wojtanowicz, 1981a, b; Kucharska,
2025a, b).

SWELLING

Our anal y sis of avail able ar chi val ma te ri als showed that the
de pos its form ing the ridges, as well as those oc cur ring in the
troughs be neath them, are mainly fine-grained sed i ments with a 
high pro por tion of clay. De pos its of this type have a high wa ter
re ten tion ca pac ity due to their clay par ti cles. The troughs, on the 
other hand, are eroded into car bon ate rocks, which are mainly
marl, chalk and opoka. Car bon ate rocks are there fore found in
the im me di ate vi cin ity of the ridges, both at the sur face or over -
lain by a thin clastic layer, as well as on the sides of the troughs
and in their sub strate (Kucharska et al., 2024; Figs. 7 and 8).

The lithologies most sus cep ti ble to swell ing are co he sive
and clay-rich, in par tic u lar with min er als of the smectite group.
The swell ing ca pac ity in creases with in creas ing clay con tent
(Myœliñska, 1996; Grabowska-Olszewska, 2004).

In the troughs ana lysed for which drill ing doc u men ta tion is
avail able, thick lay ers of clayey and silty de pos its were found
(Figs. 7 and 8).

Based on avail able data e.g., from drill ing in Krêpiec-13
(ridge C2), where a 19-m layer of diatomaceous earth was doc -
u mented, or in the Klarów-11 bore hole (ridge F5), where con -
tain ing a lot of cal cium car bon ate lake silts and clays with a
thick ness of over 70 m oc cur (Harasimiuk and Henkiel, 1980a,
b; Fig. 7), it can be as sumed that the sed i ments fill ing the
troughs have high wa ter ab sorp tion ca pac ity and, con se -
quently, are prone to strong swell ing and to be com ing more
plas tic. Such prop er ties of the lithologies fill ing the troughs and
of the sur round ing rocks cause them to be sus cep ti ble to
changes in vol ume and in ter nal struc ture un der the in flu ence of
chang ing hydrogeological con di tions.
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Fig. 6. ERT cross-sec tions ob tained dur ing SMGP reali sa tion (Krawczyk and Kamiñski, 2024, mod i fied)
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T a  b l e  4

Sim pli fied lithological de scrip tions of se lected doc u men ta tion points, shal low bore holes



Im por tant fac tor in flu enc ing swell ing are the hydrogeo -
logical con di tions and wa ter chem is try. We as sume that it is
highly likely that the wa ter was en riched in cal cium and car bon -
ate ions due to the sur round ing rocks, the con tent of which
could have been an ad di tional fac tor con trib ut ing to swell ing.

The sub-Qua ter nary bed rock in the study area also ex hib its
swell ing and shrink age prop er ties. These rocks are highly po -
rous and rich in cal cium car bon ate (CaCO3) and are also char -
ac ter ised by high wa ter ab sorp tion (Piniñska and Dziedzic,
2006). In ad di tion, the in crease in mois ture is fa voured by the
sil ica they con tain. This is a highly hy gro scopic com pound, i.e. it 
ab sorbs and binds wa ter in its struc ture. The pres ence of sil ica
causes in creased ab sorp tion of wa ter mol e cules by the rock,
while dur ing dry ing, this causes wa ter to be par tially re tained in -
side the rock ma trix through hydration.

The chalk and Paleogene rocks found in the study area are
char ac ter ised by high cal cium car bon ate con tents. Opoka rocks 
are the most re sis tant of all rock types found here. They con tain
on av er age ~62% CaCO3 and SiO2 in the range of 22 to 37%
(Harasimiuk, 1975). An im por tant fac tor in terms of rock
strength is the free sil ica (opal) con tent which, to gether with
sponge spicules, forms the rock skel e ton. Opoka rocks con tain
5–9% free sil ica (Kowalski, 1961). They are also char ac ter ised
by high po ros ity, rang ing from 40 to 45% (Harasimiuk, 1975).
Lime stones stud ied east of the study area have sim i lar po ros ity; 
in the east ern part of the Lublin Up land, they amount to 45%
(Bobrowska et al., 2022) and are higher than the av er age po -
ros ity value for lime stones, which is 39%. It is es ti mated that the
av er age po ros ity of the Up per Cre ta ceous rocks is very high,
rang ing from 30 to 50% (Dobrowolski, 2006).

Marl opokas are very sim i lar to opokas in terms of com po si -
tion and phys i cal prop er ties. They con tain slightly more cal cium 
car bon ate (~67%) and less sil ica (~24%; Harasimiuk, 1975).
Marls are char ac ter ised by an even higher cal cium car bon ate
con tent (66–73%) and a lower sil ica con tent (19–26%;
Harasimiuk, 1975).

Chalk has sig nif i cantly dif fer ent prop er ties, char ac ter ised by 
a high cal cium car bon ate con tent of over 90% and a rel a tively
high sil ica con tent (5–6%) as well as a low de gree of diagenesis 
(Harasimiuk, 1975), which makes it a very soft rock. Its com -
pres sive strength is low, and it may dis in te grate when wet
(Kowalski, 1961).

Stud ies of rock sam ples from the Che³mskie Hills area
(Fig. 2) showed that marls have the high est wa ter ab sorp tion by 
weight, while chalk has the low est: in marls, the re sults 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 sam ples ana lysed showed an in crease in vol ume
dur ing wa ter sat u ra tion; the high est was in chalk, which
reached 9%, while in marls it was 4–5% (Harasimiuk, 1975).

The strength pa ram e ters of the chalk rocks vary but are
gen er ally not high. They are low est for chalk and high est for
opoka and gaize. Sam ples from the Che³m Hills, tested in
air-dry con di tions, showed a strength not ex ceed ing 5.9 MPa
for chalk, and for opoka from 10.7 to 16.7 MPa, and lo cally up to 
19.6 MPa (Harasimiuk, 1975). Stud ies of Mio cene lime stones
from the east ern Lublin Up land showed com pres sive strength
rang ing from 9 MPa to 16 MPa (av er age 13 Mpa; Bobrowska et
al., 2022). The re sis tance of sam ples to uni ax ial com pres sion
de creases grad u ally with in creas ing wa ter con tent, while in a
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Fig. 7. In ferred gla cial trough cross-sec tions based on ar chi val bore hole pro files
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frozen state, the com pres sion test proved im pos si ble due to the 
dis so lu tion and de struc tion of rock sam ples (Bobrowska et al.,
2022).

At the cur rent stage of re search, no lab o ra tory anal y ses of
the swell ing sus cep ti bil ity of rocks oc cur ring in the study area
have been car ried out, nor have de tailed min eral com po si tion
stud ies of the de pos its been made. The in flu ence of this fac tor
was con sid ered only the o ret i cally, based on avail able geo log i -
cal bore hole pro files (Fig. 3) and ar chi val ma te ri als (e.g., Lisz -
kowski, 1979a, b; Harasimiuk and Henkiel, 1980a, b, Krawczyk, 
2023a, b; Krawczyk and Kucharska, 2023a, b; Buraczyñski and 
Wojtanowicz, 1981a, b; Kucharska, 2023a, b).

Fur ther re search will fo cus on de ter min ing the me chan i cal
prop er ties of the car bon ate rocks, as well as on the con tent of
clay min eral and CaCO3 con tents of the clastic de pos its.

DISCUSSION

Our re search has doc u mented a num ber of sin u ous ridge
forms. Sin u ous ridges in the study area can have var i ous or i -
gins. The first group con sists of postglacial forms cre ated within 
the ice sheet, such as fis sures, eskers and kames. The sec ond
group con sists of the in verted chan nels we have stud ied.

In pre vi ous stud ies, sin u ous ridges oc cur ring in Polesie
were con sid ered mainly as postglacial forms or com pris ing
fluvioperiglacial de pos its form ing dis tinct geo log i cal struc tures

(e.g., Liszkowski, 1979a, b; Stochlak, 1979a, b; Buraczyñski
and Wojtanowicz, 1981a, b, 1982a, b, 1987a, b; Harasimiuk et
al, 2017; ¯arski and Tekielska, 2023; Fig. 1). Many smaller or
less dis tinct forms were not in cluded in the stud ies as sep a rate
land forms (Liszkowski, 1979b; Harasimiuk and Henkiel, 1980b;
Buraczyñski and Wojtanowicz, 1981b, 1987b; Butrym et al.,
1982; Harasimiuk et al., 2017; Fig. 1).

Our de tailed DTM anal y sis, field work and re search iden ti -
fied the sin u ous ridges in the study area and showed that they
be long to two ge netic types: gla cial forms and in verted chan -
nels. The forms char ac ter ised by in verted chan nels are the only 
forms of this type found in Po land to date. We rule out their gla -
cial or i gin, and pro vide an in ter pre ta tion for their for ma tion.

Based on field stud ies and geo phys i cal sur veys, it was con -
cluded that forms W3 and Y1 show char ac ter is tics of post-gla -
cial forms. The data in di cate that the geo log i cal struc ture of the
ridge, to gether with the de pos its at its base form ing the trough
fill, are in te gral. This sug gests that the en tire struc ture was
formed dur ing a sin gle-stage pro cess. This in ter pre ta tion was
cor rob o rated by geo phys i cal sur veys (Fig. 6).

Ex am i na tion of the ridges from se quences E, F, I and K re -
vealed that they show char ac ter is tics of in verted chan nels and
are not gla cial forms, as in di cated by a num ber of doc u mented
fea tures. De spite their morphometric sim i lar i ties to gla cial
forms, cer tain dis tinc tive fea tures can be ob served in their
struc ture. The ridges are clearly flat-topped. Forms F cre ate a
dis tinct sys tem stretch ing for many kilo metres, re sem bling a
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Fig. 8. Gla cial trough di a grams based on new bore holes made for this study
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gently me an der ing river val ley. Anal y sis of the pro files of shal -
low bore holes drilled within these forms re veals a pat tern (Ta -
ble 4). The up per part com prises lithologies de pos ited in low-
 en ergy flow ing wa ters or in stand ing wa ters: silty sands and silty 
clays (SFm), sandy silts (FSm) and silts (Fm) with a mas sive
struc ture. Be low these, there is usu ally a suc ces sion of sandy
de pos its re flect ing flu vial sed i men ta tion: fine- and me -
dium-grained win nowed sands, in which hor i zon tal lay er ing
(Sh) and thin interlayers of clays (F), silts (F) and sandy silts
(FS) can lo cally be ob served, in di cat ing vari able flow dy nam ics.
Lo cally, fine gravel (G) oc curs as an ad mix ture in these de pos -
its. Be low the sands, res er voir sed i ments such as hor i zon tally
lay ered silt and silty sand (Fh) are found. In the pro files of some
bore holes, interlayers with or ganic mat ter oc cur. De spite the
pos i tive top o graphic form, the de pos its show char ac ter is tics of
lac us trine sed i ments with pe ri odic in flows. In the north-west ern
part of the study area, Liszkowski (1979a) found ev i dence of
south wards sed i men tary trans port in sev eral ex po sures. The
de pos its form ing the mor pho log i cal ridge main tain sed i men tary
con ti nu ity with the de pos its un der ly ing a given form. There is no
clear bound ary in the sed i men tary pro file at the mor pho log i cal
bound ary of the ridge. The de pos its oc cur ring above and be low
the level of the base of the ridge rep re sent a re cord of con tin u -
ous sed i men ta tion in a wa ter body.

The gla cial or i gin of the forms ana lysed was ruled out by the
nu mer i cal age dat ing of the sed i men tary de pos its form ing the
ridges. In one sam ple, the re sult in di cated that sed i men ta tion
ended in the early Ho lo cene; in 11 sam ples, the dat ing in di -
cated that sed i men ta tion con tin ued into the late Vistulian (late
gla cial), and in 3 sam ples, the dat ing in di cated sed i men ta tion in
the Odranian (Saalian) or Mazovian (Holsteinian). The sam -
pling depth was ~1.5 m, which sug gests the pos si bil ity of the ex -
is tence of forms youn ger than those in di cated by the dates ob -
tained.

The sec ond im por tant ev i dence for the non-gla cial na ture of 
the sin u ous ridges is pro vided by palaeogeographic and
palynostratigraphic stud ies, which are based on re cently es tab -
lished views show ing that the last ice sheet to com pletely cover
the study area was the Sanian 2 (Elsterian) ice sheet (e.g.,
Marks et al., 2018; Hrynowiecka et al., 2019; ¯arski and
Kucharska, 2020; Marks, 2023; ̄ arski et al., 2024). By study ing 
the biogenic de pos its found un der the sin u ous ridges, it was
pos si ble to con strain their or i gin.

The biogenic de pos its were dated us ing sam ples ob tained
from ero sional in ci sions lo cated un der sin u ous ridge forms. We
interpet these in ci sions as subglacial troughs. They are filled
with sec ond ary de pos its of var i ous or i gins and ages (clay, sand, 
silt and peat), which also ex cludes a fis sure or i gin for these
forms. We have doc u mented Mazovian (Holsteinian) inter gla -
cial de pos its the Rozkopaczew 3 bore hole on ridge F3 and
Garbatówka 4 bore hole (Krawczyk, 2023a; Kucharska, 2023a)
on ridge I1, as well as in the Krêpiec-13 bore hole on ridge C2
(Janczyk-Kopikowa, 1981), while lake de pos its in ter preted as of 
the Mazovian inter gla cial were found in the Klarów-11 bore hole
(Harasimiuk and Henkiel, 1980a, b) on ridge F5, lo cated in de -
pres sions be neath the sin u ous ridges, in di cate a youn ger age
of the forms than that of the inter gla cial. Above the lake suc ces -
sion stud ied, there are de pos its that do not show gla cial char ac -
ter is tics. Since no ice sheet oc cu pied the study area af ter the
Mazovian inter gla cial, the gla cial or i gin of some sin u ous ridge
forms, as sug gested by SMGP au thors (e.g., Liszkowski,
1979a, b; Stochlak, 1979a, b; Buraczyñski and Wojtanowicz,
1981a, b, 1982a, b, 1987a, b; Harasimiuk et al, 2017), should
be ex cluded.

The ar eas ad ja cent to the ridges are com posed of de pos its
sim i lar to or more re sis tant to ero sion than the ridges them -
selves. The pos si bil ity of re lief in ver sion caused by chem i cal
de nu da tion of chalk rocks in the vi cin ity of the forms was con -
sid ered. Chem i cal de nu da tion of ad ja cent ar eas could not have 
caused a lev el ling of 3–8 m, as this is the height of the forms de -
scribed, since the av er age rate of chem i cal de nu da tion of car -
bon ate rocks in this area is 10–22 mm/100 years (Œwieca,
2000; Maruszczak, 2001), which gives ~50 cm over the last
20,000 years.

Ex clud ing a gla cial or i gin for the sin u ous ridges E, F, I, K,
and pre sum ably C2 and oth ers, and excuding chem i cal de nu -
da tion, we in ter pret them as in verted chan nels and be low seek
to de ter mine the or i gin in terms of this pro cess. The start ing
point was the ex pe ri ence of sci en tists study ing sim i lar forms
around the world. It is known that the form of in verted chan nels
de pends on two main fac tors. The first is the ce men ta tion of
sed i men tary de pos its fill ing a pre vi ously formed chan nel. The
sec ond pro cess, fol low ing the first, is the ex hu ma tion of the
chan nel-fill, which leads to the fi nal for ma tion of the in verted
chan nels.

The fac tors caus ing the for ma tion of in verted chan nels as
de scribed by, e.g., Zaki et al. (2021), namely ce men ta tion and
ex hu ma tion of the ce mented de pos its, can not be trans posed to
the forms found in Polesie. The ridges un der study are com -
posed of fine-grained, loose, uncemented and unsilicified de -
pos its, which are not re sis tant to weath er ing, whether by wa ter
or wind ero sion. OSL dat ing in di cate their young age and sed i -
men ta tion at the end of the Vistulian. The pres er va tion and
palaeo ge ogra phy of the area also in di cate that these are young
forms and de pos its. Morphometric and DTM anal y ses show the 
dis tinc tive ness of these forms and the ab sence of ex ten sive
denudation. Fac tors con trib ut ing to the for ma tion of in verted
palaeochannels, such as vol ca nism (e.g., Cundari and Ollier,
1970; Biek et al., 2000; Sias, 2002), tec ton ics (e.g., Parry, 1996;
Hill et al., 2003) or the burn ing or de fla tion of ad ja cent or ganic de -
pos its (Ellery et al., 1989; Gumbricht et al., 2004; Smith et al.,
2010), should be ex cluded. Sed i men tary ce men ta tion and ar -
mour ing should also be ex cluded (e.g., Parry, 1996; Marchetti et 
al., 2005; Wil liams et al., 2021), as the Polesie forms do not
have a cover of re sis tant ‘ar mour’, and are not ce mented.

As shown by the above anal y sis of var i ous views on the for -
ma tion of sin u ous ridges and their spe cific va ri ety, in verted
chan nels, none of them can be di rectly ap plied to ex plain the
for ma tion of these forms in Polesie. We con clude that the forms 
dis cussed here (in par tic u lar the more thor oughly in ves ti gated
forms C2, D1, E, F, I and K) were cre ated with the par tic i pa tion
of wa ter and can be in ter preted as in verted flu vial chan nels.
Such forms can also be de scribed as a spe cific type of sig na -
ture of an aque ous landform.

 Be low we pro vide a hy poth e sis ex plain ing how these in -
verted flu vial chan nels were formed in Polesie.

We con sider that deeply cut subglacial troughs played a
very im por tant role in the for ma tion of the ridges, their cre ation
be ing linked to pre-Mazovian glaciations. Most likely, the
troughs were formed dur ing the South Pol ish glaciations, and
per haps even ear lier, dur ing the Narevian gla ci ation, as in di -
cated by the pres ence of gla cial clays from that in ter val in some
troughs (Lisicki, 2003; Kucharska et al., 2024; Fig. 9A).

Subglacial troughs, formed dur ing gla ci ation, were in cor po -
rated into the lo cal hy dro graphic net work and sub se quently
func tioned as flu vio gla cial drain age routes and as river val leys
and lakes (Fig. 9A; Kucharska et al., 2024). Within the troughs,
ero sional and sed i men tary pro cesses al ter nated. Af ter the re -
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treat of the last ice sheet, Sanian 2 (Elsterian), sed i men ta tion
be gan to dom i nate. The val ley de pres sions were grad u ally
infilled (Fig. 9B). Lac us trine sed i men ta tion dom i nated, as
shown by the fine-grained trough infill, such as fine-grained
sands, silts and clays, and or ganic de pos its. Lac us trine sed i -
men ta tion con tin ued in both inter gla cial and periglacial con di -
tions. Most likely, these lakes were of a flow-through na ture, as
in di cated by flu vial interlayers in the lake de pos its (Kucharska
et al., 2024).

Dur ing the periglacial con di tions of the Vistulian, per ma frost 
formed again (Fig. 9C). Dur ing warm ing pe ri ods, flow was pe ri -
od i cally ac ti vated, us ing the for mer wa ter ways. Fine-grained
sed i ments con tin ued to be de pos ited in the old val leys. As in di -
cated by the OSL dates ob tained, sed i men ta tion of ridge sed i -
ments con tin ued through out the Vistulian and the be gin ning of
the Ho lo cene (from ~91.0 to ~7.0 kyr BP). How ever, the con -
cen tra tion of age re sults within the range of 12–19 kyr clearly in -
di cates in creased sed i men ta tion in the late gla cial pe riod.
There fore, it can be as sumed that the fi nal for ma tion of the
ridges must have taken place at the end of the Vistulian or at the 
tran si tion from the Vistulian to the Ho lo cene.

In the Vistulian and at the be gin ning of the Ho lo cene, warm -
ing be came rapid, par tic u larly  be tween 14.3 and 12.8 ka BP,
which is iden ti fied with the BÝlling/AllerÝd in ter val, and then be -
tween 11.5 and 8.8 ka BP, i.e. af ter the Youn ger Dryas (Stan -
ford et al., 2010). These warm ings caused rapid melt ing of ice
sheets and a sharp rise in global sea lev els, which at their peak
could reach 250 cm/100 years (Lambeck et al., 2002; Stan ford
et al., 2010). In the study area, higher river ter race de pos its and
Vistulian mud cov ers oc cur at al ti tudes of 170–185 m a.s.l.,
while pres ent-day wa ter lev els in the val leys are at al ti tudes of
155–165 m a.s.l. This in di cates that, dur ing the Vistulian, the
val leys were lo cated at sig nif i cantly higher el e va tions than to -
day. In the Che³m Hills area dur ing this in ter val, un der
periglacial cli mate con di tions on ex ten sive lake-type
floodplains, the ac cu mu la tion of sandy-silty de pos its reached
an al ti tude of 190–195 m a.s.l. (Harasimiuk, 1975). The rapid

re lease of wa ter stored in ice sheets caused a very rapid rise in
wa ter lev els in ar eas close to melt ing ice sheets.  This was fa cil i -
tated by ex ten sive de pres sions, such as bas ins and troughs,
which, with per ma frost form ing an im per me able layer, be came
traps for the re leased wa ter. Ex ten sive floodplains were formed
in these ar eas, in clud ing in the study area. At the same time,
ero sional pro cesses be gan, and pre vi ously ac cu mu lated sed i -
ments were trans ported to de pres sions.

Dur ing the BÝlling/AllerÝd (Fig. 9D), an ex ten sive floodplain
formed in the study area. This is shown by the ex ten sive
fine-grained, thin-bed ded Vistulian lake-river (floodplain) de -
pos its found at the sur face (Harasimiuk et al., 2004; Krawczyk,
2023a, b; Kucharska, 2023a, b, 2025a, b; Krawczyk and
Kucharska, 2023a, b). Dur ing the brief Alleröd warm ing pe riod,
the av er age an nual tem per a ture in this re gion 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 con flu -
ence of var i ous fac tors that caused the for ma tion of such spe -
cific forms as those in the study area of Polesie, with a dif fer ent
struc ture from those known and de scribed in the lit er a ture. They 
can be di vided into two main groups.

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

The cool ing dur ing the Youn ger Dryas caused the
floodplains to freeze and form an ex ten sive ice cover. De spite
the for ma tion of the ice cover, wa ter flow did not cease com -
pletely, but con tin ued in the for mer river val leys, lo cally be neath
the ice sur face (Fig. 10A). Their dy nam ics were clearly weak -
ened com pared to those of ice-free con di tions. River cross-sec -
tion flow de creased, and ice jams and flow block ages could
form, which fa voured in creased sed i men ta tion. These fac tors
caused the chan nels carved in the ice cov ers to fill with
fine-grained sed i ments. It can not be ruled out that sed i men ta -
tion oc curred when the river sur faces were frozen and flow took
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Fig. 9. Di a gram of ero sional trough for ma tion and sub se quent infill

A – pre-Mazovian inter gla cial in ter val. For ma tion of subglacial troughs. Gla cial ero sion and gla cial and flu vial sed i men ta tion; B – inter gla cial
pe ri ods. Func tion ing of ero sion troughs as river val leys and lakes. De po si tion of river and lake sed i ments; C – Vistulian. Pe riod of periglacial

con di tions. For ma tion of per ma frost, pe ri odic ac ti va tion of flows along old val ley routes; D – Late Gla cial, BÝlling/AllerÝd. For ma tion of ex ten -
sive floodplains, de po si tion of fine-grained sed i ments
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place un der the ice. A mech a nism sim i lar to the for ma tion of en -
gla cial eskers oc curred, ex cept that it in volved river wa ter and
floodplain ice.

The sed i men ta tion of ridge de pos its ended mainly in the
Youn ger Dryas, i.e. 12.65–11.55 ka BP (Fig. 10B). Ice troughs
and, lo cally, ice tun nels were filled with fine-grained sed i ments,
which con stricted the flows un til they stopped com pletely.

An other rapid warm ing (pre-Bo real) be tween ~11.5 and
9.0 ka BP (Lambeck et al., 2002; Stan ford et al., 2010) caused
the fi nal melt ing of the Vistulian ice sheet, un block ing the north -
ward flow of wa ter, and in the study area, the melt ing of
floodplain ice and the dis ap pear ance of per ma frost
(Dobrowolski, 2006). The de pos its ac cu mu lated in ice troughs
formed pos i tive top o graphic fea tures – in verted flu vial chan nels
(Fig. 10C), caus ing a change in the river net work in the study
area.

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

The sec ond the ory that may ex plain the for ma tion of the sin -
u ous ridges as in verted flu vial chan nels is re lated to rock pa -
ram e ters such as swell ing and shrink age. The de pos its fill ing
the troughs are pre dom i nantly fine-grained, which are very sus -
cep ti ble to swell ing and as so ci ated ex pan sion. The car bon ate
rocks of the Maastrichtian sur round ing the troughs also have
spe cific swell ing prop er ties.

The BÝlling/AllerÝd warm ing, in ad di tion to its as so ci a tion
with the for ma tion of ex ten sive floodplains, also caused the par -
tial dis ap pear ance of per ma frost and an in crease in the ac tive
layer, but not its com plete dis ap pear ance (Dobrowolski, 2006).

The low er ing of the im per me able layer, which was the per -
ma frost zone, re sulted in the un block ing of fis sures through
which wa ter pen e trated deep into the rock mass (Dobrowolski,
2006). In the Youn ger Dryas there was a tem po rary slow ing
down of these pro cesses. Wa ter in fil tra tion was also fa voured
by the vi cin ity of subglacial troughs. The rocks of the Mid dle
Cre ta ceous: chalk, marls and opoka re ceived and stored large
quan ti ties of wa ter, which could not drain into the rock mass.
The spe cific prop er ties of the Up per Cre ta ceous rocks of the
study area meant that, de spite their high po ros ity and frac tur ing, 
these rocks have a low fil tra tion co ef fi cient of 10–7–10–11 m/s
(Dobrowolski, 2006). There fore, these rocks are con sid ered to
be al most im per me able and there is very lit tle un der ground
drain age of wa ter. It is as sumed that the zone of in fil tra tion

reaches up to 100 m at most in the chalk and marls and 150 m
in the opoka, and wa ter in fil trates only at the con tact of fault
zones (Dobrowolski, 2006). Un der these con di tions, the wa ters
oc cur ring in the Cre ta ceous rocks may have been tied up in the
near-sur face zone, reach ing from a few tens to ~100 m.

Large quan ti ties of wa ter caused a change in the rock struc -
ture, fol lowed by swell ing (Fig. 11A). The walls of the deep and
rel a tively nar row troughs, ex tend ing over many kilo metres,
were de formed and grad u ally nar rowed. The fine-grained
clastic (silty-plas tic) de pos its, which con sti tute the trough infills,
were also very sus cep ti ble to swell ing. They, too, be came very
heavily sat u rated with wa ter at this time, caus ing them to swell
and be come more plas tic. The more plas tic-prone de pos its fill -
ing the troughs were grad u ally pushed up wards. Along the
troughs an in ver sion of re lief oc curred, sin u ous ridges were
formed, which are the in verted flu vial chan nels (Fig. 11B). Af ter
the dis ap pear ance of the per ma frost, there was a par tial drain -
age of wa ter into the rock mass, as well as dry ing of the area,
due to the low er ing of the wa ter level. The spe cific pa ram e ters
of the car bon ate rocks meant that they no lon ger re turned to
their pre vi ous po si tion (Fig. 11C). This pro cess was strongly in -
flu enced by the pres ence of sil ica, which, as noted ear lier, to -
gether with the sponge spicules, forms the rock skel e ton; this,
af ter dry ing, caused an in crease in their strength.

Both of the groups of fac tors de scribed re late to the fi nal for -
ma tion of ridges in the study area, and their com mon driver is
cli mate change, which caused fluc tu a tions in wa ter lev els and
sig nif i cant tem per a ture changes.

We be lieve that the forms oc cur ring in Polesie arose as a
re sult of the in ter ac tion of the both groups of fac tors pre sented,
with their in ten sity vary ing over time. The gen e sis sug gested in
the first di a gram (Fig. 10) does not seem suf fi cient to ex plain
the for ma tion of these forms, since their oc cur rence has not
been re corded in other re gions of Po land, where sim i lar cli ma tic 
con di tions pre vailed at the end of the last gla ci ation.

In the case of the study area, the geo log i cal struc ture was of 
key im por tance. One of the char ac ter is tics of the study area is
the pres ence of car bon ate rocks in the sub-Qua ter nary bed -
rock, mainly marls, opoka and chalk. Over ly ing these is a rel a -
tively thin layer of Pleis to cene de pos its. Deep subglacial
troughs, now filled with fine-grained clastic de pos its, were in -
cised in the car bon ate rocks. These con di tions may have pro -
moted the for ma tion of the al ter na tive gen e sis shown in the
sec ond di a gram (Fig. 11), re lated to the lithological prop er ties
of the sub strate.
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Fig. 10. Di a gram of in verted flu vial chan nel for ma tion – first group of fac tors (ex pla na tions as for Fig. 9)

A – Youn ger Dryas. Cool ing, freez ing of floodplains, for ma tion of floodplain ice cov ers, con cen tra tion of flows in for mer river
chan nels, slow de cline of flow, in creased sed i men ta tion, fill ing of ice troughs with sed i ments; B – end of the Vistulian. Thaw -
ing of floodplains, dis ap pear ance of per ma frost; C – Ho lo cene. Thaw ing of floodplains, dis ap pear ance of per ma frost, for ma -
tion of in verted flu vial chan nels from de pos its ac cu mu lated in ice troughs
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The joint in ter ac tion of the two groups of fac tors cre ated
con di tions con du cive to the for ma tion of sin u ous ridges. We
can not de ter mine un equiv o cally which pro cess played the
dom i nant role. How ever, it is known that their in ten sity fluc tu -
ated at dif fer ent times dur ing the tran si tion from the Vistulian to
the Ho lo cene.

In the first group of fac tors, the sed i men ta tion fac tor was in -
di cated as the caus ative fac tor. In this hy poth e sis, the most im -
por tant is sue is the melt ing of the spill way ice and the de vel op -
ment of channelized flow, which al lowed the de po si tion of
sandy sed i ments, which then, af ter the ice melted, as sumed a
top o graph i cally pos i tive form. Sed i men ta tion took place in the
late Dryas, at a time when much of the wa ter was trapped on
the frozen floodplains.

In the sec ond group of fac tors, the most im por tant role was
played by the me chan i cal pa ram e ters of the rocks. From the
time of the BÝlling/AllerÝd warm ing, un til the be gin ning of the
Ho lo cene, there were rapid cli ma tic changes caus ing the re -
lease of large masses of wa ter and the dis ap pear ance of per -
ma frost. In fil tra tion of wa ter deep into the rock mass had a ma -
jor im pact on changes in the me chan i cal pa ram e ters of the bed -
rock and Qua ter nary de pos its fill ing the subglacial troughs.
Swell ing of the car bon ate rocks of the sub-Qua ter nary rock
mass was trig gered, which caused the subglacial troughs to
nar row. The fine-grained de pos its in the troughs, due to the
large amount of wa ter, be came more plas tic, swelled and, to -
gether with the de pos its ac cu mu lated in the ice troughs, pushed 
up wards.

he sur vey ma te rial de scribed was col lected as part of map -
ping work for the SMGP rather than to wards in ves ti gat ing the
struc ture and gen e sis of the ridge. There are many as pects to
be fur ther clar i fied, such as the geo log i cal struc ture of the U4
ridge, where gla cial clays have been doc u mented at the sur -
face, which may cor rob o rate the 2nd swell ing the ory or in di cate
that the en tire U4 struc ture has a post-gla cial gen e sis. A fur ther
phase of work is planned to carry out sedimentological stud ies
of the de pos its build ing the ridge and its vi cin ity. The
geotechnical pa ram e ters of the rocks build ing the sub soil in the
area of the ridges and the de pos its fill ing the troughs be neath
the ridges also need anal y sis. Anal y ses and sim u la tions of sed -
i men tary be hav iour un der the in flu ence of per ma frost and high
hu mid ity, es pe cially swell ing and shrink age, are planned.

CONCLUSIONS

We doc u ment the oc cur rence of many sin u ous ridge forms,
of two ge netic types, in the study area. The first type com prises
sin u ous ridges, which are post-gla cial forms; these in clude the
W3 and Y1 forms. The sec ond type are sin u ous ridges in ter -
preted as in verted flu vial chan nels and in clude forms C2, D1, I1, 
K1 and the se ries of forms E and F. The re main ing forms re -
quire fur ther de tailed study. Forms de fined as in verted flu vial
chan nels are so far the only ones of this type in Po land, and
prob a bly the only ones rec og nized in the world, with such an
atyp i cal geo log i cal struc ture.

Sin u ous ridges, which are post-gla cial forms (W3 and Y1)
are partly com posed of coarse clastic sand and gravel de pos its
with boul ders, in di cat ing high en ergy sed i men ta tion.

In verted flu vial chan nels are spe cific sig na tures of wa -
ter-formed land forms, and the de pos its that build them have
char ac ter is tics typ i cal of river-lake and lake-river sed i ments.
They com prise al ter nat ing silty de pos its with fine- and me -
dium-grained sands with out a silt frac tion. There are also or -
ganic-rich interbeds within these de pos its. There is sed i men tary 
con ti nu ity be tween the de pos its build ing the ridge to pog ra phy
and the sed i ments be low, with no clear sed i men tary bound ary
at the level of the mor pho log i cal bound ary of the ridge.

The dat ing of the de pos its which we con sider to be in verted
flu vial chan nels, in di cated a young age of sed i men ta tion
(Vistulian/Weichselian). Most dates are in the range of 12-19
kyr, putt ing this time in ter val in the Late Gla cial. The dates ob -
tained of 180–210 kyr BP from the H2, U3 and V1 ridges may
in di cate tem po rally ex tended sed i men ta tion of in di vid ual ridge
sed i ments. The older dates, how ever, do not ex clude ridge for -
ma tions at a later time, dur ing a sin gle ep i sode at the tran si tion
of the Vistulian to the Ho lo cene, as the method of sam pling only
al lowed time con straint on ma te rial at the sam pling level and not 
above it.

The geo phys i cal sur vey and geo log i cal drill ing car ried out,
as well as the anal y sis of ar chi val ma te ri als, showed that a very
im por tant el e ment in the cre ation of these forms are the de pres -
sions oc cur ring be neath them, and in the bed rock in which
these de pres sions were eroded. They have the char ac ter of
subglacial troughs, formed in chalky sub-Qua ter nary bed rock,
com posed of car bon ate rocks of the Maastrichtian. The de pres -
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Fig. 11. Di a gram of in verted flu vial chan nel for ma tion – sec ond group of fac tors (ex pla na tions as for Fig. 9)

A – BÝlling/AllerÝd. Par tial dis ap pear ance of per ma frost. Strong wa ter in fil tra tion into the rock mass. Ini ti a tion of swell ing
and up ward ex tru sion of trough de pos its; B – pre-Bo real pe riod. Low er ing of the im per me able per ma frost layer un til com -
plete dis ap pear ance. Strong wa ter in fil tra tion into the rock mass. Push ing of sed i ments up wards, for ma tion of in verted flu -
vial chan nels; C – Ho lo cene. Fi nal for ma tion of sin u ous ridges



sions oc cur be neath in verted flu vial chan nels and are of con sid -
er able depth. The deep est doc u mented de pres sion un der the
F5 ridge reaches a depth of over 85 m. The trough sed i men tary
infills are of var i ous ages, with fine-grained clastic de pos its such 
as silts, fine sands and clays pre dom i nat ing.

The doc u mented de pos its of the Mazovian inter gla cial in
the troughs clearly ex clude a post-gla cial gen e sis for the in -
verted flu vial chan nels.

The anal y ses car ried out showed that we have to be very
cau tious in clas si fy ing forms of sin u ous ridges as in verted chan -
nels, as there are also eskers, kames, cre vasses and flu vio gla -
cial forms in the post-gla cial area. With out depth pro fil ing anal y -
sis of the geo log i cal struc ture and ob tain ing ev i dence, such as
nu mer i cal dates and palynological spec tra, it can not be con clu -
sively es tab lished that a form rep re sents an in verted flu vial
chan nel.

The in verted flu vial chan nels oc cur ring in Polesie were
formed as the Vistulian gave way to the Ho lo cene, as so ci ated
with for mer subglacial troughs. The main rea son for their for ma -
tion was the rapid cli ma tic changes oc cur ring at the time.
Warm ing in the late Gla cial, dur ing the Bölling/Alleröd phase,
led to the for ma tion of ex ten sive floodplains, which par tially
froze dur ing the youn ger Dryas, form ing a wide sheet of
floodplain ice. Within it, in places of for mer river chan nels, wa ter
flow still per sisted and did not dis ap pear even be neath the ice
cover. Pro gres sive cool ing led to a weak en ing of flow and in -
creased sed i men ta tion. As a re sult, the river chan nels be came
filled with fine-grained sed i ments.

The next phase of warm ing, co in cid ing with the be gin ning of 
the Ho lo cene, re sulted in the com plete melt ing of the floodplain
ice and the trans for ma tion of sed i ment-filled chan nels into
ridges known as in verted flu vial chan nels. The sec ond group of
fac tors co-re spon si ble for the for ma tion of these struc tures was
the me chan i cal prop er ties of the rocks. These in cluded the
swell ing of car bon ate bed rock and the swell ing and push ing up -
wards of fine-grained de pos its ac cu mu lated in for mer
subglacial troughs. These pro cesses to gether con trib uted to
the for ma tion of the in verted flu vial chan nels. At the pres ent
stage of re search, how ever, it is dif fi cult to de ter mine un equiv o -
cally which of these fac tors played the dom i nant role in their for -
ma tion.
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