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An essential factor ensuring freedom of manoeuvre of land forces in lowland areas is the ability to cross water obstacles,
especially river channels. For heavy military vehicles to cross river beds, places need to be indentified where both the chan-
nel’s depth and the alluvial deposits’ resistance to dynamic loads enable safe passage. In the case of many Polish rivers cha-
racterized by a predominance of low water levels, the use of Motorized Floating Bridges to ferry armoured vehicles is
possible only in brief periods of high water level. Convenient places for crossing channels during low and medium states are
zones where sub-alluvial bedrock protrudes. These forms are made of load- and erosion-resistant lithologies. Since the pre-
sence of bedrock protrusions determines the morphodynamics of the floodplain, the specific relief, and the outcrop pattern of
the valley bottom, may indicate their location. In this study, we indicate specific features of the morphodynamics of river flo-
odplains in the Polish Lowlands, visible in the topographic relief of these forms, that may help identify sections of the riverbed
suitable for crossing by heavy military vehicles. Such recognition limits the amount of geological research needed, increases
the safety of river crossings, and allows for the optimal use of limited resources of specialist military technology (floating pon-
toon bridges). We describe research results from river valleys of different sizes in the Polish Lowlands. Geological and geo-
morphological mapping was carried out using remote sensing, drilling along channels, and bathymetric measurements.
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INTRODUCTION

Experience from the current armed conflict in Ukraine pro-
ves that the manoeuvering capabilities of land forces are still
key to achieving success at operational and tactical levels. One
of the basic problems in ensuring this is the ability to cross water
(Szelka, 2017; Madrzycki et al., 2019; Komornicki, 2021), bod-
ies of which usually act as natural defence lines. On the Euro-
pean Plain, they are, next to dense forests and swamps, the ba-
sic natural factor limiting the movement of heavy military vehi-
cles. Water obstacles also make it difficult to supply the
amounts of fuel and weapons necessary to effectively conduct
operational activities. From the point of view of the ability to ma-
noeuvre, the most important water bodies are rivers, long, lin-
ear forms which are difficult or impossible to bypass (Fig. 1). In
general, existing road or railway bridges in conditions of active
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conflict are not a safe place to cross river channels. It is com-
monly believed that these would be destroyed in the first hours
of a war by the enemy’s air attack capabilities and as a result of
our own delaying actions. The scale of the problem of forcing
riverbed crossings during land forces operations in NE Poland
can be illustrated by a map showing the density of the river net-
work in this area (Fig. 1).

Despite the significant development of military technology,
including the means of crossing rivers, relatively narrow sec-
ond- and third-order river channels also pose a significant ter-
rain obstacle for mechanized troops (Ostrowski and Utratna-
Zukowska, 2023). An example here was the unsuccessful at-
tempts to cross the Donets Siverskyi, Ukraine, river channel in
the first half of 2022. Several attempts to cross the channel,
which is only 30 m wide, by Russian battalion battle groups near
the town of Bilohorivka and Ukrainian troops in the area of
Izyum town ended in complete failure (Fig. 2). The river cross-
ing was unsuccessful because of the lithology and probably the
low density of the alluvium forming the bottom of the river chan-
nel. Despite the small depth and width of the river, crossing it
with heavy military vehicles required technical means such as
pontoon bridges. On a modern battlefield, in the absence of
complete air dominance of the side forcing the river, these are
very susceptible to destruction.
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Fig. 1A — hydrographic network of part of the Polish Lowland in the northeastern strategic
direction (on the base of MPHP10, part of the ISOK project); B — problem for modern
main battle tanks may be crossing even shallow streams a few metres in width

The problem of crossing water obstacles can only be par-
tially solved by using specialized crossing means, e.g. Motor-
ized Floating Bridges (MFB), which are at the disposal of the
European component of NATO troops. This is due to the spe-
cific nature of the rivers of the East European Plain. In most
cases, rivers in the Polish Lowland are characterized by very
high flow variability over the hydrological year (Stachy, 1970).
The use of crossing equipment is only possible in conditions of
high water levels in the channel, which in the case of the Polish
Lowlands are relatively brief and are associated with floods

(Ostrowski and Utratna-Zukowska, 2023; Fig. 3). This problem
is also aggravated by long-term hydrological low flows during
the summer months in recent years, in which the conditions
make forcing modern river channels extremely difficult. This ap-
plies especially to sections with a large thickness of modern
channel sediments, which dominate in the Eastern Strategic Di-
rection.

Under low water conditions, the accessibility of Polish Low-
land river channels may in many cases be limited, especially for
heavy military technology. The maximum wading depth for
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Fig. 2. An unsuccessful attempt to cross the Donets Siverskyi River near the town of Bilohorivka, May 11, 2022; rectangles mark
destroyed military equipment (General Staff of the Armed Forces of Ukraine; after Ostrowski and Utratna-Zukowska, 2023)

most types of Infantry Fighting Vehicles (IFVs) and main battle
tanks is 2.5 m. Rivers operating in conditions of large differ-
ences between extreme flows often have braided channels
overloaded with alluvia (Falkowski, 1971; Kozarski and Rot-
nicki, 1977; Mycielska-Dowgiatto, 1978; Szumanski, 1986).
Their bottoms are made of alluvium with varying degrees of rel-
ative density (i.e. of compaction) (Smaga, 2015). These are of-
ten loose sands with low resistance to static and dynamic loads,
which are also easily subject to thixotropy, because of their
thorough transformation (reworking) during floods (Falkowski,
2007; cf. Leopold et al., 1964). The channel bed deepens dur-
ing the passage of the flood wave and after this is quickly filled

with loose sediment. The location of flood reworking zones is of-
ten difficult to determine because, during high water flow, the ar-
rangement of streamlines may change significantly (see Falko-
wski et al., 2017).

Apart from the channel zones filled with poorly compacted
mineral deposits, in the Polish Lowland river valleys, some sec-
tions are difficult to cross because of the occurrence in their bot-
tom of organic soils — mainly peat or gyttja. High lithologi-
cal/morphogenetic variability of individual sections of such a
valley, including the occurrence of lacustrine sediments, re-
flects the diverse genesis of these forms (Falkowski, 1971,
1997; Mojski, 2005).
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Fig. 3. The possibility of using various crossing means on the example of a section
of the Bug River Valley in Matkinia; an example from the hydrological year 2022
(after Ostrowski and Utratna-Zukowska, 2023, modified)

The maximum wading depth for most types of IFVs and main battle tanks is 2.5 m

In the available literature, there are no studies devoted to
the methodology of identifying sections of riverbeds suitable for
crossing by military vehicles. Available publications mainly con-
cern technical issues and the logistics of crossings (e.g., Head-
quarters Department of the Army Commandant, US Marine
Corps, 1992; lyer, 2024).

Here, we analyse the specific morphodynamics of individual
sections of lowland river valleys to identify zones within their
channels that are convenient for crossing by heavy military ve-
hicles.

The examples described in the paper illustrate the complex
geological structure of river valley sections in the Polish Low-
lands, in areas shaped during the Middle Pleistocene and also
of young glacial relief.

A basic assumption is the existence of a relationship be-
tween the geological structure of the valley and the morpho-
dynamics of the floodplain surface. As previous studies have
shown (Falkowski, 1971), in alluvial sections of river valleys in
the Polish Lowland we can distinguish mature sections, with de-
veloped erosional bases filled with thick channel alluvia, and im-
mature sections, with an undeveloped erosional base. In the
second case, the sub-alluvial bedrock forms stable, morpholog-
ical forms (Falkowski, 2007), which may constitute fords: places
convenient for crossing the river (specific “geological bridges”;
Ostrowski, 2022). In conditions of low and moderate water lev-
els (i.e. during most of the hydrological year), the tops of such
forms are covered with a thin-layer of channel alluvium, which
makes their effective identification using remote sensing meth-
ods difficult or even impossible.

However, quick and effective identification of such places
can be carried out indirectly based on the features of the valley
bottom, especially the floodplain. The occurrence of a stable
level in the river channel that does not wash out during floods
significantly affects the flood water flows (Falkowski, 2007;
Falkowska and Falkowski, 2015; Ostrowski et al., 2021): the in-
ability to deepen the river channel during floods causes water to
enter the floodplain always at the same places (Fig. 4), resulting
in sets of characteristic erosional and depositional landforms

Sub-alluvial ™=
bedrock protrusion

Sub-alluvial St

bedrock protrusion

Fig. 4. Sub-alluvial bedrock protrusions’ influenceon
floodplain morphodynamics
(after Falkowska and Falkowski, 2015, changed)

Under low flow (discharges) conditions, the projections of the ero-
sion-resistant substrate are hidden under the alluvial layer. During
flood flows, when the energy of the flow increases, the substrate
ceiling is exposed, and its relief affects the system of the stream-
lines. The waters piled up on the substrate convexity invade the sur-
face of the floodplain in the same places each time, creating
associations of erosional and depositional forms there; A — middle
state; B — flood flow; ¢ — crevasse, cha — channel alluvia, cs — cre-
vasse splay, nl — natural levee
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Table 1
Details of the starting/source materials
Stulcliied Boreholes Figs. photo/imagery
River/valley | Stream | Vvalley .
ach ord length | Course Type/ Year/Date of | Resolution Reference
re rder [kr?ﬂ Diameter Number performance (m] Scale Type/Source
Rospuda/ Cased 9 (along the digital aerial imag- ’
MSi\év_legte 4 10 upper | boreholes/ |channel)+ 16 | 2022.05.04 0.25 1:5000 | €Y. natural colour Jabtonska
jsce- 90 mm in 3 sections (NRG) composi- et al. (2014)
Rospuda Lake tion/PZGiK*
digital satellite imag-
Cased e(r%hné\)tural colour
ia- ase composi- ;
Odra/Cedynia- | 10| fower | boreholes/ 461 a;%?]%lt)he 2025.01.20 - ~ | tions/Aitbus Image, F?'z%oa’gs)k'
Maxtar Technologies
(Google Earth Pro)
Orzyc/Grzebsk Cased b 38in g el imad” | Falkowsk
rzyc/Grzebsi ased bore- [ . ery, natural colour alkowska
-Janowo 3 15 UPPET | holes/90 mm 4 sections 2020.06.02 0.25 1:5000 (NRG) composi- (2015)
tion/PZGIK*
i upper | Cased bore- P Falkowski
Wira/Nidzica- | 3 35 | and | holes/90 mm | 28 archival in - - - - (1997,
g middle | + archival 2003, 2006)
Falkowska
45 (along the i
< : Cased bore- B/W aerial photo and
Suprasl 3 13 middle | h5les/90 mm chaa;gﬂﬁl?%r - - - IPZGiK* Falkowski
(1994)
o : Cased bore- Falkowski
Pilica 3 21 middle holes/90 mm — - — - (2010)
. Cased bore- 420 in the .
WistasAnnopol |4 250 | middle | holes/90 mm | channel + - - - - (;Oadgo‘g’gg;)
+ archival 142 archival ’
Cased bore- Ostrowski
Bug 2 27 lower holes/90 mm - — - - etal. (2022)

* — State Geodetic and Cartographic Resource (Panstwowy Zaséb Geodezyjny i Kartograficzny)

(Falkowski, 2007; Falkowska and Falkowski, 2015; Ostrowski
et al., 2021).

In sections of mature river valleys (Falkowski, 1971), which
have deeply cut erosional bases, such morphogenic flood wa-
ter features are not concentrated in particular sections of the
floodplains.

METHODOLOGY

Research into the relationship between the morphodyna-
mics of the valley floor and the occurrence of stable channel
bottom zones (acting as fords) convenient for crossing by
heavy military vehicles was carried out in the valleys of lowland
rivers of great geostrategic importance: Wista, Odra, Bug,
Suprasl, Orzyc, Wkra, Pilica, and Rospuda. As part of the field
research, geological mapping of the surface of the floodplain
and the channel zone, drilling boreholes in the river channel,
and sounding with a dynamic light probe were performed to as-
sess the relative density of alluvia. Additionally, in different hy-
drological conditions in the channel, a series of bathymetric
measurements were carried out using an echosounder coupled
with a Global Navigation Satellite Systems (GNSS) receiver op-
erating in the Real Time Kinematic (RTK) and Real Time Net-
work (RTN) modes, which allowed for the preparation of bathy-
metric and hypsometric maps.

The geomorphological features of the valley floor were
mapped based on remote sensing using aerial photos and sat-
ellite imagery and Digital Terrain Model (DTM) based on Air-

borne Laser Scanning (ALS). The spatial resolution of all mate-
rials analysed was >1 m.

The results of field and remote sensing research were jointly
analysed in the GIS database, which was the basis for formulat-
ing our conclusions. Details of the starting/source materials are
given in Table 1.

RESULTS

The valley sections studied are located in areas with differ-
ent degrees of landscape maturity. The area of young glacial re-
lief is represented by sections of the Rospuda and Odra valleys,
and sections of the Orzyc, Wkra, Suprasl, Pilica, Bug, and Wista
valleys represent the area formed in the Middle Pleistocene.

ROSPUDA RIVER VALLEY

Research was conducted on an ~10-km valley section from
the site called Swiete Miejsce to Lake Rospuda. In this section,
the river follows the depression of a subglacial trough (Ber,
1982). Sixteen boreholes were made in the valley floor, creating
cross-sections running transversely to the valley. Nine bore-
holes were also made in the channel bottom (Jabtonska et al.,
2014; Fig. 5).

In the Swiete Miejsce the valley floor is ~100 m wide. The
Rospuda channel reveals boulders and coarse gravels result-
ing from the winnowing of fluvioglacial deposits that constitute
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Fig. 5. Lithological cross-section of the Rospuda River Valley zone between Swiete Miejsce (A),
and Rospuda Lake (B) (after Jabtonska et al., 2014, changed); the cross-section runs through
the middle of a winding channel

1 - fluvioglacial sands and gravels, 2 — fine and medium sands, channel deposits, 3 — fine and medium sands
with mud intercalations, 4 — organic gyttia, 5 — peat with mud, 6 — organic mud
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the valley floor. Downstream from this zone, the valley expands
locally to over a kilometre, while the surface of the fluvioglacial
deposits constituting the valley floor becomes lower. The valley
is filled with peat and gyttja with a thickness exceeding 20 m. In
the channel zone, sands intercalated with organic mud, peat,
and gyttja were found, overlying the sloping surface of the flu-
vioglacial deposits. Sands also occur as intercalations and
probably as lenses within soft, plastic lake deposits; they were
encountered at various depths in boreholes drilled outside the
contemporary channel zone.

ODRA VALLEY BETWEEN CEDYNIA
AND BIELINEK

The Odra Valley section examined constitutes a distinct ex-
tension of the valley (Fig. 6). In the Cedynia area (the polder
area called Zutawy Cedynskie) the width of the valley is almost
4 km. On the floodplain surface are visible traces of a multi-
channel system similar to the Narew system between Suraz
and Tykocin (Falkowski, 1971; Gradzinski et al., 2003). The val-
ley floor is directly adjacent to the slope of the moraine plateau
or to the fluvioglacial accumulation terrace. The sands and
gravels that make up this form are extensively exploited: on the
Polish side, in Bielinek and Piasek, and on the German side,
near Hohensaaten.

Forty-six boreholes were drilled in the channel along the
mainstream zone (Fig. 6). These showed the presence of a
several-metres-thick layer of medium sand and gravel at the
bottom of the channel, lying on organic locally carbonates silt
and gyttja in a soft-plastic state. The sand thickness increases
especially in the vicinity of engineering structures. In the zones
of evorsion hollows accompanying groynes, the channel sands
reach several metres thick. The bedrock on which organic soils
rest is built of glacial tills and coarse-grained fluvioglacial de-
posits.

ORZYC VALLEY IN GRZEBSK

The Orzyc Valley section examined is an upstream reach,
where the river follows a NE-SW-aligned melt-out depression.
Downstream from Janowo the valley changes direction to
NW-SE on entering the Kurpie outwash plain (R6zycki, 1972;
Marks, 1990; Mojski, 2005).

The reach of the Orzyc Valley studied is an irregular depres-
sion (Fig. 7), of maximum width ~3 km. The valley floor is filled
with peats and gyttja lying on glacial sands and tills. The maxi-
mum thickness of organic deposits exceeds 8 m (Falkowska,
2015). On the peat surface of the valley floor, traces of a
multi-channel system are visible. These are similar to those of
the valleys described above. The modern Orzyc flows through
an artificial ditch, dug into the peat (Fig. 7).

WKRA RIVER VALLEY

Research in the Wkra River Valley was aimed at determin-
ing the diversity of underground outflow conditions (Falkowski,
1997). The analysis included purpose-drilled boreholes in the
valley bottom, and the use of drilling records from several engi-
neering-geological projects mostly for bridge crossings (Falko-

wski, 2003). The Wkra River Valley in the section analysed fol-
lows a series of melt-out depressions, transformed to varying
degrees during the valley’s development (Fig. 8). In the upper
reaches, the valley floor is built of organic soils: gyttja and peat
with an average thickness of 3-5 m. An artificial, straight river
channel is dug into organic soil. The width of valley sections var-
ies from several hundred metres to over 3 kilometres.

Downstream of Nowy Dwor (Fig. 8), the valley turns N-S
and runs along the eastern edge of the outwash plain (R6zycki,
1972; Marks, 1990; Kotarbiriski and Krupinski, 2000). The set of
glaciogenic depressions creating the valley was transformed
due to the concentrated flow of meltwater during the last glaci-
ation (Falkowski, 1997; Kotarbinski and Krupinski, 2000). In ad-
dition to buried lake deposits (Kotarbinski and Krupinski, 2000),
evidence of the original genesis of the form comprises also low
valley-bottom gradients which favour peat development. The
average surface peat thickness is up to ~2 m. However, in the
vicinity of Zuromin (Fig. 8), lacustrine soils: sapropel, and peat,
buried under fluvioglacial sands, reach a thickness of over 10 m
(Falkowski, 1997; Kotarbinski and Krupinski, 2000).

The wide sections of the Wkra River Valley are associated
with distinct narrowings. Those reaches of river-gorge type are
marked on the longitudinal valley profile by a noticeable in-
crease in bottom gradients (Fig. 8). In such places, in the chan-
nel bottom, there are outcrops of erosion-resistant deposits
such as morainic tills, ice-dam clays, and coarse-grained fluvio-
glacial deposits.

SUPRSAL RIVER VALLEY

Study here was aimed at determining the possibility of ex-
panding the water intake for Bialystok in the Supra$| River Val-
ley bottom, including by identifying differences in the aquiclude
properties of the surface deposits (Myslinska et al., 1993). In
the section examined, the Suprasl River runs along the edge of
a wide, irregular melt-out depression (Falkowska and Falko-
wski, 1994; Fedorowicz et al., 1995). On the valley floor, outside
the channel zone, there are peats with an average thickness of
~2 m. The deposits forming the plateau adjacent to the valley,
as well as the bedrock of organic-rich lithologies in the valley,
are strongly glaciotectonically disturbed. There are folds made
of morainic tills, ice-dam lake clays, silts, and coarse-grained
fluvioglacial deposits in the valley bottom (Fig. 9; Falkowska
and Falkowski, 1994; Fedorowicz et al., 1995).

PILICA RIVER VALLEY

Research took place within an ~12 kilometre section of the
middle Pilica River Valley between Inowtédz and Domaniewice
(Falkowski, 2010). Twenty five boreholes were drilled in the al-
luvial bed of the channel, and mapping of the valley floor was
carried out. Sub-alluvial bedrock protrusions were detected,
composed of morainic clays, fluvioglacial sands with gravels,
and ice-dam lake clays in the channel bed, as well as a zone
where siliceous sandstones of the Middle Jurassic were ex-
posed in the channel floor (Fig. 10). Between the basement
highs, the channel alluvia are up to 10 m thick. The depth of Ho-
locene reworking, marked by a layer of residual lag, is on aver-
age 2—4 m. The surface of the valley shows traces of the activity
of flood waters that dammed up on these resistant thresholds.
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Fig. 6. Longitudinal channel cross-section of the Odra River Valley in the area of Cedynia (A)
and Bielinek (B) (after Falkowski, 2006, changed); the cross-section runs through
the middle of a channel

1 - fluvioglacial sands and gravels, 2 — gyttia, 3 — channel alluvia
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Fig. 7. Geological cross-section of the Orzyc River Valley in the vicinity of Janéw
(after Falkowska, 2015, changed)

1 — glacial till, 2 — fluvioglacial sands and gravels, 3 — organic mud, 4 — fine sands, 5 — organic gyttia, 6 — peat
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Fig. 8. Geomorphological sketch of the upper course of the Wkra River Valley and longitudinal profile of the valley bottom
with location of hinge-points (thresholds) between post-lacustrine valley reaches (after Falkowski, 1997)

This activity partially erased the traces of the river's meandering
from the period of the Holocene climatic optimum (Falkowski,
2010; cf. Falkowski, 1971).

MIDDLE WIStA RIVER VALLEY

The section of the Wista River Valley studied runs from
Annopol to Modlin (Falkowski, 2006; Falkowska and Falkowski,
2015; Falkowska et al., 2016). In sections where evidence of
concentrated and repeated floodwater activity was identified on
the floodplain surface, drilling was carried out in the channel
bed. This showed the presence of sub-alluvial bedrock protru-
sions. Inside the section of the Vistula River Gorge (Pozaryski,
1953; Kondracki, 2001), such bedrock protrusions are built
mainly of Upper Cretaceous carbonate and siliceous rocks and
their clay-rich weathering products. Downstream from the
gorge zone, they are built of cohesive and coarse-grained
Paleogene, Neogene, and Pleistocene deposits. In the section
analysed, 21 such zones were found, ranging in length from
several to over 20 kilometres (Falkowski, 2006, 2007; Falko-
wska and Falkowski, 2015; Falkowska et al., 2016; Falkowski et
al., 2017). Echosound studies conducted during various river
states showed the stability of the current-line system (Falko-
wski, 2007; Falkowski et al., 2018). This stability sometimes

causes the failure of regulatory and flood protection structures
(Falkowski, 2007; Wierzbicki et al., 2018; Bujakowski and
Falkowski, 2019).

LOWER BUG RIVER VALLEY

Research was carried out in the Podlasie section of the river
(eastern Poland) (Ostrowski and Falkowski, 2021; Ostrowski et
al., 2023) and the vicinity of Matkinia and Brok (central Poland)
(Ostrowski, 2022). This showed the occurrence of a series of
sub-alluvial bedrock protrusions. As in the case of the Pilica and
middle Vistula valleys, a rich set of flood-flow erosional and
depositional landforms was found, related to the presence of re-
sistant thresholds in the channel (Fig. 11) . Some of these were
the result of ice-jam floods (as in the valleys of the other rivers
studied; cf. Falkowski and Popek, 2000; Fig. 12), evidence of
which were found even on the surfaces of higher terraces
(Ostrowski et al., 2023).

In subsequent years, changes in the density of channel allu-
vium in the zones of sub-alluvial bedrock protrusions were also
examined. The density index of channel sands in places outside
the main current zones increased in subsequent years. This
phenomenon contributes to the stabilization of the current lines
between extremely high floods.
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Fig. 9. Geological cross-section along the Suprasl River Valley near Wasilkéw and simplified photo-geological sketch
of the river valley bottom and adjacent plateau (after Falkowska and Falkowski 1994, supplemented);
the cross-section runs through the middle of a winding channel

MP — morainic plateau, P — peat, m, — valley surface built with mineral deposits (alluvial), 1 — glacial till, 2 — ice-dam lake deposits,
3 — fluvioglacial sands and gravels, 4 — Suprasl River Valley alluvia, 5 — organic mud

DISCUSSION dational processes, their common feature is morphogenetic im-
maturity, manifested by the lack of fully developed erosional
bases. This results mainly from the varied genesis of these

Even though the sections of the river valleys analysed are  forms, traces of which are still visible in the morphology and
located in areas with varying degrees of development of denu-  geological structure of the valley floor (Falkowski, 1971, 1997).
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Fig. 10. Thresholds built of erosion-resistant deposits in the Pilica River Valley in the vicinity of Inowtddz;
A - siliceous sandstones (middle Jurassic), B — ice-dam lake deposits (Pleistocene), C — glacial till residuum

The river valleys formed after deglaciation include sequen-
ces of glaciogenic and thermokarst depressions of various
sizes and shapes. The course of their adaptation to the valley
largely depended on the size of these forms, the size of their
partial catchment, and therefore mainly on the supply of sedi-
ment to the valley. In many cases, evidence of the original gen-
esis of valley sections is still visible, both in the shape of the
form and in the lithology of its infill (Klajnert and Wasiak, 1989;
Musiat, 1992; Btaszkiewicz and Krzyminska, 1992; Kobojek,
1996; Falkowski, 1997; Falkowska, 2015). The survival of evi-
dence of the original genesis of a valley section depends on the
age of the form, as well as its size and shape. Most such sec-
tions can be found in young glacial relief (Mojski, 2005), but
they also occur in areas where the relief was shaped in the Mid-
dle Pleistocene (Falkowski, 1971; Musiat 1992).

POST-LACUSTRINE SECTIONS

In polygenetic sections of river valley bottoms outcrops of
non-alluvial sediments, often of considerable thickness, are
very common. These are mostly weak, organic soils with low
load-bearing capacity. Most valley sections of this type can be
found in areas of young post-glacial relief. An example is the
section of the Rospuda Valley downstream of the Swiete

Miejsce, where the thickness of peats and gyttja commonly ex-
ceeds 20 m (Jabtoniska et al., 2014, Fig. 5). Sandy riverbed sed-
iments are being deposited in the delta zone created by the river
simultaneously with the deposition of organic sediments. Due to
differences in sediment compaction, alluvial deposits sink within
lake sediments and can currently be found as isolated bodies at
different depths.

The other example is a part of the lower Odra Valley in the
area of Cedynia and Bielinek, where the river uses a lake de-
pression filled with peat and gyttja. The channel zone is formed
in sands, which the river washed along the cut which was dug at
the end of the 19th century (Falkowski, 2006; Fig. 6).

Post-lacustrine valley sections can also be found in areas
with more mature relief (Falkowski, 1971), for example in the
area shaped during the Middle Polish Glaciations (Lindner,
1988; Lindner and Marks, 2012). Such a form is the section of
the upper Orzyc River Valley in the area of Janowo and
Grzebsk. The depression adapted to the valley is filled with
peats and gyttja with a thickness exceeding 6 m (Falkowska,
2015; Fig. 7).

An example from the history of the defensive war in 1939 in
Poland (Koztowski and Wrzosek, 1984) shows the scale of diffi-
culties that may result from attempts to cross post-lake sections
of polygenetic river valleys by subunits of mechanized troops. A
modest unit of the Border Protection Corps of the Polish Army
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Fig. 11. Remnants of ice jam in the Bug River Valley zone in the Mielnik vicinity and cross-section along
the channel reach (after Ostrowski et al., 2021)

1(a, b) — channel alluvia (Holocene), 2 — mud (Holocene), 3 — residual lag, 4 — glacial till, blue (7) — water;
191 — kilometre of the river course

under the command of Captain Wiadystaw Raginis, defending
the area where the Biebrza River flows into the Narew River,
stopped the 19th German armoured corps commanded by
General Heinz Guderian. The entire section of the Narew Valley
from Tykocin to tomza is a melt-out depression adapted to the
valley (Falkowski, 1971; Musiat, 1992; Mojski, 2005). A relic of
the lacustrine origins of the landform is Maliszewskie Lake, lo-
cated in the eastern part of the Wizna Marsh, where the thick-
ness of organic deposits exceeds 20 m (Zurek, 1978). The
Narew flows through a sandy dyke zone built within this depres-
sion.

Bedrock protrusions of stable, load-resistant deposits can
also be found within the post-lacustrine reaches. Their pres-
ence is usually associated with the complex genesis of the
melt-out depressions themselves, which may include
glaciotectonic processes (e.g., the Suprasl River Valley; cf.
Falkowska and Falkowski, 1994; Fig. 9). Convexities of the min-
eral substrate of organic sediments can also be dunes (Falko-
wski, 1971, 1988). Such places, suitable for heavy military vehi-
cle routes in post-lacustrine valley sections, can be located pre-
cisely based by remote sensing methods because the thick-
ness of the organic sediment layer is lesser in such areas (cf.
Ostrowski and Falkowski, 2016; Ostrowski et al., 2021).

RIVER GORGE SECTIONS

Within polygenic valley reaches, between post-lacustrine
sections, there are usually narrow river gorge-like zones. They
mark distinct knick-points on the longitudinal profile of the valley
floor and river bed (Falkowski, 1997; Ostrowski et al., 2021).
Within them, dense and erosion-resistant deposits from the val-
ley substratum are often exposed in the channel. An example is

the upper and middle Wkra River Valley, where between the
lake sections, coarse-grained fluvioglacial, moraine, and
ice-dam lake formations are exposed in the channel bottom
(Falkowski, 2003; Fig. 8).

ALLUVIAL RIVER VALLEYS

The lack of a developed erosional base is manifested in al-
luvial river valleys (see Schumm, 1971) by the occurrence of
zones of sub-alluvial bedrock protrusions. These are composed
of highly compacted cohesive deposits that are difficult to
erode, or highly compacted, coarse-grained fluvioglacial depos-
its. The sub-alluvial bedrock protrusions are often composed of
cohesive Paleogene and Neogene strata (Rozycki, 1972;
Falkowski, 1990), and even the Cretaceous Chalk (Falkowski,
2006; Ostrowski et al., 2021). In places, the sub-alluvial bed-
rock highs in the Polish Lowland river valleys are composed of
solid rocks or their clayey weathering products. An example is
the Pilica River near Inowtédz (Falkowski, 2010) where, in the
river bed and adjacent to glacial tills and ice-dam lake clays, sili-
ceous sandstones of the Middle Jurassic are exposed (Fig. 10).
Another example is in the Matopolska Vistula Gorge area,
where the bedrock protrusions comprise carbonate and sili-
ceous rocks of the Upper Cretaceous (Falkowski, 2006;
Falkowska et al., 2016).

The top of the sub-alluvial bedrock is often covered with a
layer of residual lag, which effectively increases its resistance to
erosion (Falkowski et al., 2017). Such channel sections can be
considered convenient for armoured vehicles to cross during
low river states. However, such features are often hidden be-
neath channel alluvia.
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Fig. 12. The morphodynamics of the Bug River floodplain (part) in the vicinity of Mielnik
(after Ostrowski et al., 2021, supplemented)

Geomorphological sketch: UT — upper terrace, UTT — upper transformed terrace, FMT —floodplain part created in the meandering period, FC
— floodplain created contemporary; depositional features: 1(a, b) — alluvial fans, 2(a, b) — crevasse splays, 3(a, b) — deltas in oxbow lake, 4(a,
b) — sand bars; 5(a, b) — erosional troughs; red polygons in the channel — sub-alluvial bedrock protrusions, blue arrows show directions of
flood flows derived from geomorphological features distribution; longitudinal channel cross-section: 1 — chalk (Cretaceous), 2 — glacial till, 3
—lag deposits, 4 — channel alluvia (sand with gravelly intercalations), blue- water; the rectangle shows a channel reach of the floodplain area
that is shown in the geomorphological sketch (up); the vertical blue arrows — show bedrock protrusions marked on the geomorphological

sketch in red

Evidence of concentrated flood flows on the valley bottom
may be the basis for searching for zones suitable for crossing
channels in alluvial river valleys. This issue has been previously
described (Falkowski, 2006, 2007; Falkowska and Falkowski,
2015; Falkowski et al., 2017; Ostrowski et al., 2021; Fig. 4). The
inability to deepen the river bed during a flood wave passage in
such zones causes water to enter the floodplain in the same
places each time. Since channel sections with shallowly located
sub-alluvial bedrock protrusions are also ice-jam sections, this
morphodynamic pattern also applies to ice-jam floods. In this
case, however, the blockage based on such a bedrock high (a
heavy or dead jam according to Grzes (1991), or grounded ice
jam according to Wiliams and MacKay, 1973) causes blockage
of the entire channel. In such cases, evidence of floodwater
erosion can be found not only on the floodplain but higher, on
the upper terrace surfaces (Ostrowski et al., 2021, 2023).

The location of the bedrock protrusions coincides with
places where ice jams formed in the past, including on a section
of the middle Vistula (Falkowski and Popek, 2000) and the
lower Bug (Ostrowski et al., 2021; Fig. 11). This has also been
recorded in the lower Vistula valley (Wierzbicki et al., 2013).

As noted in the introduction, the specific morphodynamics
of the floodplain in the zones with sub-alluvial bedrock protru-

sions are recorded by associations of erosional and depositio-
nal landforms, which can serve to identify them (Ostrowski et
al., 2021). Evidence of erosion and flood deposition is much
more visible in sections of alluvial river channels. In polygenetic,
post-lacustrine sections, the morphogenic activity of flood flows
is much weaker, mainly due to the large retention capacity of
such valley sections.

The inventory of forms that arise as a result of encroach-
ment on the surface of the floodplain in specific zones includes
flood erosion channels: crevasses of various sizes and shapes,
and crevasse-splays (Falkowski, 2007; Wierzbicki et al., 2013,
2018; Ostrowski and Falkowski, 2016; Ostrowski et al., 2021),
or transformed oxbow lakes and related forms (see Falkowska
and Falkowski, 2015; Falkowska et al., 2016; Ostrowski et al.,
2021; Fig. 12).

The presence of a stable bottom and sub-alluvial bedrock
protrusions in the channel, which influences the concentration
of flood flows in certain zones, may also be revealed through a
considerable lithological diversity of the floodplain surface
(Falkowska and Falkowski, 2015; Falkowska et al., 2016;
Ostrowski et al., 2021). This may be reflected in the greater
habitat diversity of the valley floor than in mature valley sections
(Demarchi et al., 2020). These features facilitate the identifica-
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tion of such sections through remote sensing (Ostrowski and
Falkowski, 2016, 2020).

A characteristic feature of channel sections in sub-alluvial
bedrock protrusion zones is the stability of the streamline sys-
tem. Very often, this influence is so strong that it may cause re-
peated failures of hydrotechnical facilities or flood protection
structures (Falkowski, 2007; Wierzbicki et al., 2018; Bujakowski
and Falkowski, 2019). The impact of sub-alluvial bedrock sur-
face relief is greatest during high water flows when its surface is
exposed. However, as shown by the results of serial bathy-
metric studies of sections of the middle Vistula (Falkowski,
2007; Falkowski et al., 2018) and the lower Bug (Ostrowski et
al., 2021, 2023), such stability is also observed in low and me-
dium states and discharges when the bedrock surface is cov-
ered with channel alluvia. Channel sediments deposited during
rare floods outside the mainstream zone become thicker over
time. During medium or low flows, the river finds it “easier” to
wash out loose sediments deposited in the mainstream zone
during the descent of the flood wave than dense sediments de-
posited outside it this phenomenon was called “channel mem-
ory” by the authors (see Falkowski et al., 2018).

The stability of the mainstream lines system and its relation-
ship with the density of channel alluvium may be the basis for
the decision to cross the channels of large braided rivers, e.g.
the reaches of the Vistula River in its middle and lower course.
The channels of such rivers (the high water channel) are often
~1,000 m wide. Crossing them must be divided into several
stages and requires the use of various crossing techniques.

CONCLUSIONS

Our review of research into the bottoms of lowland river val-
leys indicates a great diversity of geological and engineering

conditions in their floodplains and channel zones. The main rea-
son for this diversity is the lack of morphogenetic maturity of val-
ley forms, as well as the nature of the hydrological regime of
modern rivers. These show large variations in flow during the
hydrological year.

The possibility of using pontoon sets (Motorized Floating
Bridge) for crossing river channels is limited to brief periods of
high and medium river states. This emphasizes the importance
of geological studies of valleys to identify zones convenient for
crossing riverbeds by armoured military vehicles. With this as a
context, four major conclusions may be drawn:

—Unfavourable conditions for channel crossing occur in
post-lacustrine sections of polygenetic river valleys with out-
crops of weak, organic soils. Within them, marching routes may
follow outcrops of glaciotectonic bedrock highs (protrusions) of
glacial deposits that crop out in the channel zone (cf. Jabtoriska
et al., 2014). The recognition of such structures can be effec-
tively carried out by remote sensing. They are most often asso-
ciated with narrowings of the valley bottom. Glaciotectonic dis-
turbances are visible most often as a mosaic of outcrops of dif-
ferent lithologies (Falkowska and Falkowski, 1994).

— In the conditions of medium and low levels prevailing in
the hydrological year, convenient places for crossing river chan-
nels are zones where the sub-alluvial bedrock forms morpho-
logical protrusions made of deposits resistant to erosion.

— The presence of stable channel reaches is indicated by
the specificity of the floodplain morphodynamics, and the re-
lated habitat diversity. These features can be identified using
remote sensing methods on aerial and satellite imagery.

— The arrangement of current lines of the modern river
channels of the Polish Lowlands in the zones of sub-alluvial
bedrock protrusions is stable in medium and low water states
when these forms are covered with a layer of channel alluvia.
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