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Abstract

The paper presents a research on a marginal zone near Knyszewicze in the southern part of Sokoétka Hills (northeastern
Poland). Terminal moraine hills are arranged amphitheatrically in a lobal pattern. Dynamics of the Knyszewicze fron-
tal ice-sheet lobe during the Saale Glaciation and successive stages of the marginal zone near the village of Knysze-
wicze were reconstructed based on sedimentary and geomorphological analysis, using a digital elevation model and
morpholineaments. Three main phases of the Knyszewicze glacial-lobe activity were identified including accumula-
tion of glaciofluvial deposits, advances of the ice margin and ice-lobe retreat. Moraine hills developed at a stable
ice-lobe terminus, initially as short end-moraine fans with the following sequence of lithofacies Gh=SGh=Sh or
Gm=Gh=>Sh. Such a sequence indicates cyclic sheet-floods. During a small but dynamic advance of the ice sheet ter-
minus, these deposits were moved forward and monoclinally folded, then furrowed with sloping faults due to horizon-
tal pressure. Typical thrust-block push moraines developed in this way. Ice sheet advance took place when permafrost
was present in the substratum and very high water pressure occurred at glacial terminus. Inside a lobal configuration of
moraines, there is a rich inventory of glacial forms with a classic terminal depression in the central part. Based on this
landform pattern, their shape, rhythm and glaciotectonic disturbances, the land relief may be referred to as a hill-hole
pair. The structure of Horczaki Knoll, deposited on the sub-Quaternary tectonic structure, significantly contributed to
a development of this marginal zone.
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INTRODUCTION

Glacial lobes represented a clear morphological element
in a marginal part of the Pleistocene ice sheets in Europe,
Asia and North America. Such situation is best known from
the Vistulian Glaciation area in Poland (e.g. Galon and
Roszko, 1961; Roszko, 1968; Kozarski, 1995; Karasiewicz,
2006; Kasprzak, 2007; Morawski, 2009b; Wysota and
Molewski, 2011; Narloch ef al., 2013) and other regions of
Europe (e.g. Boulton ef al., 2001; Houmark-Nielsen, 2004;
Johansson et al., 2011), as well as North America (e.g.
Punkari, 1997; Kovanen and Slaymaker, 2004; Mickelson
and Colgan, 2004) and Asia (e.g. Grosswald, 1998). Glacial
lobes were more dynamic compared to the main body of ice,

whereas the frontal ice-sheet lobes could be the effect of gla-
cial surges or ice streams as described by several authors
(Echelmeyer and Harrison, 1990; Echelmeyer et al., 1991;
Patterson, 1998; Marks, 2002, 2005; Holland et al., 2008;
Wysota and Molewski, 2011).

Mechanisms that favour development and functioning
of the Pleistocene glacial lobes on the European Plain were
described in detail by Narloch ez al. (2013). The authors point
out to complex relationships between the ice sheet, its sub-
strate, climate and water circulation within and beneath the
ice sheet body, as well several other factors.

The course and functioning of the outlet lobes are often
determined by substrate topography and rheological condi-
tions of subglacial sediments. According to Piotrowski
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Fig. 1. Location sketch of Knyszewicze area. A — terrain model, B

(2006) and Boulton (2006), subglacial meltwaters were of
major importance to the mechanism of ice movement and dy-
namics. Under favourable conditions, presence of water at
the ice-substratum interface could result in development of a
water film, which consequently may lead to décollement of
an ice-sheet from its base (Piotrowski and Kraus, 1997; Ar-
nold and Sharp, 2002; Woodward et al., 2003) and conse-

outcrop; C — relief of sub-Quaternary deposits.

quently, to basal sliding (Hermanowski and Piotrowski,
2009; Narloch et al., 2013). Basal sliding may cause an in-
creased rate of ice sheet advance (Iverson et al., 1995). Sci-
entific studies showing the influence of basal sliding on the
ice-movement acceleration were conducted based on the
analysis of glacial sediments and land relief in different mar-
ginal zones (Patterson, 1997; Piotrowski and Kraus, 1997,
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Piotrowski, 2006; Piotrowski and Tulaczyk, 1999; Stokes
and Clark, 2001; Hermanowski and Piotrowski, 2009). Such
studies were also conducted in contemporarily glaciated ar-
eas (e.g. Tulaczyk et al., 2000; Zwally et al., 2002).

In the 1970s, Mojski (1972) described a geomorphology
of the Podlasie Lowland in eastern Poland, drawing attention
to a lobal pattern of terminal moraines south of Sokdtka. He
presented an ice sheet gate near Knyszewicze as a peculiar
landform in a marginal zone that could arise as a result of a
glacial lobe or a small outlet glacier developed from the ice
sheet of the Saale Glaciation (MIS 6).

The objective of the fieldwork carried out in the mar-
ginal zone of the Knyszewicze lobe was to reconstruct: (1)
the accumulation conditions in the foreland of a glacial lobe,
(2) the nature of glaciotectonic disturbances affecting the
sediments, (3) the dynamics of the lobe terminus and (4) the
nature of post-deposition disturbances and the conditions of
their origin.

GEOLOGICAL SETTING

The study area is located in the North Podlasie Lowland,
in the area of Sokoétka Hills (Kondracki, 2000), at a distance
of ca. 40-50 km to the northeast of Biatystok. The relief of
this area results from a glacial motion during the Saale Glaci-
ation (Boratyn, 2003), which was sliding over the area of the
Sokotka Hills from two directions — the advance from the
north was connected with the Biebrza lobe and the advance
from the northeast was correlated with the Niemen lobe (Ber
etal.,2012). Small frontal ice sheet lobes developed in a mar-
ginal zone of both ice streams, including the lobe of Knysze-
wicze (Banaszuk, 2010).

The direction of ice lobe advances during the Saale Gla-
ciation (MIS 6) was reconstructed based on the geology and
geomorphology and analysis of glacial morpholineaments.
The described zone consists of several distinct moraine
ridges, the structure of which was thoroughly investigated in
the exposure at Knyszewicze. The site Knyszewicze is lo-
cated in the arch-shaped zone of terminal moraines open to
the northeast. It forms a lobe-like pattern that stretches from
the environs of Wojnowiec in the northeast, through the vil-
lage Horczaki Dolne to Knyszewicze in the southwest, and
then it turns towards the village of Mienkowce in the south-
east (Fig. 1). The lobe stretches over ca. 9 km in the SW di-
rection from the state border and has a width ranging from ca.
4 km in the most western partto 7.5 kmin the east. The length
of the moraine sequence is ca. 17.5 km. It consists of 27 dis-
tinct forms, mostly terminal accumulation moraines and push
moraines, particularly in the southern part of the lobe (Bora-
tyn, 2006), but also dead-ice moraines. These forms are ar-
ranged in two and in the north-western part of the ridge, even
three sequences parallel to each other (Fig. 1). The highest
point of these moraines is located northwest of the Wojno-
wiec village (240 m a.s.1.) and the lowest one near Knysze-
wicze (ca. 180 m a.s.l.). Their morphometry is varied, the
width at the base of the smallest terminal moraine is ca.
200-300 m and the width of the largest one ranges from 200
to 800 m, with a length of ca. 3.5 km. Most of the terminal
moraines have asymmetrical slopes; proximal slopes are
steeper than the distal ones — from 2 to 15-20 (Fig. 2). Mo-

raines near Knyszewicze and Horczaki Dolne have the steep-
est slopes.

In the north, the moraines are enclosed by a long ridge re-
ferred to as Horczaki Knoll, rising above the surrounding
land in the NE-SW direction, i.e. parallel to the moraines
marking the northern and the southern range of the Knysze-
wicze lobe (Fig. 2). The Horczaki Knoll had a very signifi-
cant impact on the palacogeography of this area and ad-
vances of the ice sheets, the tectonic settings of which are
connected with the activity of the Quaternary substratum
(Fig. 3). Probably already during the Elster Glaciation, and
certainly during the transgression of the Saale ice sheet, the
Horczaki Knoll represented a considerable barrier in the ter-
rain, causing the accumulation of ice sheet masses and sedi-
ments or diversion of the advancing ice sheet (Boratyn,
2000).

Outwash plains are located southeast of the moraines,
while dead ice moraines and less frequently kames occur in
the hinterland of the moraines. A large terminal depression
filled with silt deposit is located near the village of Suchy-
nicze (Fig. 2).

In the southwesternmost part of the moraine, near the
Knyszewicze village, a relatively large gate (up to 20 m
wide) with steep slopes cuts the moraines. According to
Mojski (1972), it is a classical example of a glacial gate (Figs
1, 2). A two-level excavation located in the hill adjacent to
the glacial gate provided access to the internal structure of the
moraine (Fig. 1). The excavation rose ca. 25 m above the sur-
face of the surrounding terrain. The width of the hill is ca.
200 m, and the absolute height before the exploitation was
over 192.5 m a.s.l., while inclination of slopes in the south-
western part was up to 10-15.

MATERIAL AND METHODS

The land relief near Knyszewicze and sediments ex-
posed in this area were analysed in detail to reconstruct the
spatial and temporal dynamics of the ice sheet in the area of
Sokotka Hills and Biatystok Plateau.

Analysis of the land relief

The analysis of the land relief in the environs of Knysze-
wicze consisted in the determination of glacial morpholinea-
ments over an area of 1447 km”. This has become an increas-
ingly versatile tool for integrated palacogeomorphological
and palacogeographical reconstruction (cf. Morawski, 2005).
The first stage of the study consisted in identification of lin-
ear elements of the postglacial relief according to the classifi-
cation of Rychel and Morawski (2014): moraines (Mo), cre-
vasses (Crev), terminal depressions (Depr), valleys (Val),
closed depressions with no outflow (Pit), outwash fans (Fan)
and hills on the outwash plains, uplands and dead ice mo-
raines (Hu). The analysis was performed by the GIS soft-
ware, using a shaded and coloured Digital Terrain Elevation
Data (DTED 2), an exaggerated digital elevation model (res-
olution of 30 m), topographic maps (WMS) and geological
maps, in particular the Sokoétka sheet of the Detailed Geolog-
ical Map of Poland in scale 1:50,000. The length of linea-
ments was counted within the groups of genetically and
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Fig. 2. Geomorphological sketch of the marginal zone of the Knyszewicze lobe (Boratyn 2003, Laskowski 2000, modified).

chronologically interrelated landforms, at intervals of every 5°.
Results are presented in rosette diagrams (Fig. 4).

The second stage of the analysis consisted of identifica-
tion of regions where genetically identical groups of glacial
lineaments had similar orientation, i.e. indicated different
dynamics of ice sheet body, including a direction of the ice
sheet advance. This in turn could be used to determine a
range of potential ice lobes (cf. Morawski, 2003, 2009a, b).

Structural analysis of sediments

A detailed lithofacial analysis of sediments was con-
ducted, following the code of Pisarska-Jamrozy and Zie-
linski (2012). Measurements of structures in the stratified
sediments and registered faults were made. In addition, the
maximum particle size (MPS) was measured in gravels.
Measurements of 10 clasts were made directly from the out-
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Fig. 3. Schematic geological cross-section.

crop wall and in the case of deposits filling a subglacial chan-
nel from a scree located at the base of the channel.

RESULTS

Palaeogeographical domains

Groups of postglacial elongated forms (e.g. terminal mo-
raines and eskers) were distinguished on the basis of glacial
morpholineaments near the Knyszewicze village, and conse-
quently the direction of ice-sheet transgression was deter-
mined (Fig. 4). Two domains, including the Horczaki Knoll
and Knyszewicze lobe moraines were distinguished, differ-
ent from each other in the orientation of the same groups of
glacial lineaments, i.e. indicating direction of the ice sheet
movement. The azimuth of the axis of the strongest thrust of
the continental ice sheet was equal to 171°, obtained for the
domain of the Horczaki Knoll, recurred throughout the ana-
lysed area and probably corresponded to the main direction
of the ice sheet advance during the maximum range of the
Saale Glaciation (MIS 6) from the north-northwest. On the
other hand, the azimuth of the thrust within the domain of the
Knyszewicze lobe moraine was 23° and was consistent with
measurements of the overthrust faults at the eastern wall of
the outcrop. This indicated a movement of the lobe from the
north-northeast (Fig. 4).

Sediments — description and interpretation

A series of sand and gravel deposits with a total thickness
of ca. 10 m is exposed at two levels of the excavation pit at

Knyszewicze. The distinguished lithofacies were grouped into
three units (U1-U3), contacting laterally with one another.

Unit 1 (U1)

It consists of horizontally-stratified gravel (Gh), massive
gravel (Gm), horizontally stratified sand with gravel (SGh)
and sand (S%). These sediments form gravel and sand se-
quences: Gh=SGh=Sh and Gm=Gh=Sh. The strata are
characterised by a large strike and tiled shape (Figs 5 and 6).
Massive gravel beds (Gm) are 5-20 cm thick, whereas
sand-with-gravel beds (SGm) from 15 to 25 cm. The depth of
washouts of occasionally recorded trough cross-stratified
sandy and gravelly sediments (SGf) does not exceed 40 cm.
Measurements of maximum particle size (MPS) of the ten
largest clasts from horizontally stratified gravel lithofacies
(Gh) and massive gravel (Gm) were 52—81 mm. The MPS
value increased towards the surface, both in the eastern and
northern part of the outcrop. The longer axes of clasts were
perpendicular to the water flow direction.

Unit 2 (U2)

Horizontally stratified fine-grained sand and fine-grai-
ned gravel (Sh, Gh), and sands with ripple-cross lamination
(Sr) were recorded in the eastern wall of the outcrop with
N-S orientation. The sediments were observed in a narrow
zone (up to 3 m) with a thickness of up to ca. 3.5 m. Sedi-
ments of the unit 2 are in a direct contact with the stratified
gravel-sand sediments (unit 1) from the south, and with sedi-
ments filling the channel (unit 3) from the north.
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Unit 3 (U3)

In the northern and southern wall of the upper part of the
outcrop, horizontally stratified sand-with-sand beds are cut
by channels. The channel observed on the northern wall is ca.
5mdeep and 7m wide in a lower partand ca. 15 mwide in the
upper part. The channel on the southern wall is ca. 4 m deep
and 11 m wide. In both cases, the channel’s slopes are very
steep, inclined at 60-90° (Fig. 7). The bottom of the channel
visible on the northern wall is located lower than the channel
on the southern wall and the washout surface is inclined
northwards, i.e. towards the inner parts of the Knyszewicze
lobe. The bottom part of the northern channel was filled with
massive gravel (Gm; ca. 1 m thick) with angular sandy clasts
of stratified fine-grained sand deposits with a diameter of up
to 20 cm and boulders with a diameter of up to 40 cm. This
deposit is overlain by massive matrix-supported gravels
(Gm) and tabular cross-stratified gravels (Gp) with poorly-
marked stratification. In the uppermost layer, a rhythmite of
Fig. 5.  Glaciotectonically disturbed sediments of the end-mo-  massive silty diamicton (Dm) and poorly sorted, horizontally
raine fan at Knyszewicze site. Ul — unit 1 — description in text. and high angle cross-stratified gravels (Gh, Gp) was re-

10 cm
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Fig. 6. Lithological log of the end-moraine fan
at Knyszewicze after Szymczuk et al. (2014).

MPS - maximum particle size
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Fig. 7.

Contact zone of sediments filling a deep channel (U3) and
disturbed sediments of the end-moraine fan (U1) after Szymczuk et
al. (2014).

corded, with a bed thickness of 1.5 m, which turned into
well-sorted, horizontally cross-stratified gravel deposits to-
wards the centre of a washout (high angle — Gp). MPS for the
recorded gravel deposits in the floor of the channel’s infilling
was 180 mm.

On the southern wall, massive gravel (Gm) with a thick-
ness of ca. 0.7 m was found below the channel, which cuts
across the gravel-sand sediments at a right angle in relation to
sediment stratification.

Sediment disturbances — description
and interpretation

All rthythmically stratified gravelly and sandy sediments
observed in the outcrop were strongly disturbed and mono-
clinally positioned at an angle of 40—55° northwards. Two
types of faults were noted: normal, steep and reverse faults.
The normal faults were steep and their fault planes dip
46-83° northwards. They were observed mainly in the north-
ern part of the wall (Figs 5, 6). The reverse faults with their
planes dipping 11-44° north-northeastwards indicated a
north-northeastern direction of the ice-sheet thrust. They
were observed in the eastern wall of the upper outcrop only,
mainly in sediments of the unit 2. Deposits filling the channel
(U3) were involved in discontinuous deformations (Fig. 7).
A total thickness of the disturbed sediments in the outcrop
was equal at least 30 m.

On the northern wall of the outcrop, a sediment flexure
occurred in the surface zone (up to 0.7 m), which was a result
of mass movements. It represented the so-called downslope
bending of strata. They developed at the time when persis-
tent, long-term permafrost retreated and sediments were
plastic. This is supported by a steep inclination of the slopes
of this landform.

PHASES OF GLACIAL-LOBE ACTIVITY

Based on the conducted study, three phases of the Kny-
szewicze glacial lobe activity were distinguished: phase I
with deposition of glaciofluvial deposits in the ice sheet

front, phase II with advances of the ice margin and phase 111
with the ice lobe retreat. The phases reflect a dynamics of the
ice front in the marginal zone near Knyszewicze.

Phase I: accumulation of glaciofluvial deposits

The first phase of the marginal zone of the Knyszewicze
lobe starts from the accumulation of glaciofluvial sediments
(U1 and U2) building the terminal moraine (Fig. 8). The pres-
ence of lithofacies sequences Gh=SGh=Sh and Gm=Gh
=Sh indicates that their deposition occurred during non-
channelized, extensive and shallow sheet-flows. This flow
was characterised by short-term surges, reflecting an abla-
tional rhythm of the ice-sheet (Zielinski, 1993; Krzysz-
kowski and Zielinski 2002; Zielinski, 2015). During the flow
maximum, strong aggradation prevailed and massive (Gm)
and horizontally stratified gravels (G/4) occurred. Horizon-
tally stratified sand-with-gravel and sand (SG# or Sh) devel-
oped during lower flow stages. According to Krzyszkowski
and Zielinski (2002), this type of sediment development indi-
cated location of sediments in a distal zone of the end mo-
raine fan (ice-marginal fan) of the type B2b. Sediments were
deposited in the ice-contact zone, on steep fan slopes (Blair
and McPherson, 1994; Krzyszkowski and Zielinski, 2002;
Zielinski, 2015). The same type of deposition was observed
in a southern part of the Knyszewicze lobe, at Babiki located
ca.2.5 km NE from Knyszewicze (Figs 1, 2). Thus, it appears
that this type of sedimentation was common in a foreland of
the Knyszewicze lobe. The end moraine fans were small and
overlapping. A similar type of deposition was recorded in
various parts of the Polish Lowlands (Kasprzak and Ko-
zarski, 1984; Krzyszkowski et al., 1999; Krzyszkowski and
Zielinski, 2002). The end moraine fan accumulation took
place when the ice front was stabilized or slowly oscillating
(Krzyszkowski and Zielinski, 2002). In the case of the end
moraine fan of Knyszewicze, a thickness of sediments sligh-
tly increased towards the uppermost layer (the roof), which
indicated that deposition took place during very slow ad-
vance of the ice front.

This ice sheet advance was followed by a retreat of the
Knyszewicze lobe front. Sediments of the push moraine lost
their support, which led to development of many normal
faults. Based on the collected data, it is not possible to deter-
mine. how far the ice sheet front retreated.

Phase II: advances of the ice margin

Three parallel sequences of hills can be identified in the
landscape of the northern and western part of the Knysze-
wicze lobe. They reflect subsequent advances or retreats of
the Knyszewicze lobe, interrupted by episodes of ice front
stabilization. On the other hand, a 15 m high single crest par-
allel to the ice margin occurs in the vicinity of Knyszewicze
(Fig. 1A). The advance was followed by deformations in the
end moraine fan, particularly in the eastern and central part of
the outcrop (Figs 2, 8). Deformations occurred as thrustings
of semi-coherent blocks along discrete fault planes. This
stage of deformation was connected with a system of sloping
faults, with a fault plane inclined at 1 1-44° northwards. They
were particularly well visible on the eastern wall of the out-
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crop (Figs 5, 6). Inclination of the fault planes indicates a
north-northeastward direction of the ice sheet thrust that was
responsible for deposition. Nevertheless, the advancing ice
sheet did not pass through the analysed form and the folded
structures did not develop either. The disturbed sediments
were cut through by a deep channel, the bounding surface of
which was dipping at low angle towards the north (upstream
dipping beds). This proved high energy of the water flow,
concentration (channel on the northern wall) and low disper-
sion of waters (channel on the southern wall).

The analysed form is a result of the forward advance of
the ice margin into the end moraine fan, which caused lateral
compression of the moraine fan. The glacial stress field was
generated by push-from-the-rear (Bennett, 2001). This type
of deformation was characteristic for the thrust-block push
moraines (Bennett, 2001) or thrust-dominated moraines
(Boulton et al., 1999). Boulton et al. (1999) identified four
ridge types in respect of compressive stress generated during
deformation. The form at Knyszewicze represents large (>5 m
high) push moraines, with a single crest orientated parallel to
the ice margin. According to Boulton (1986) and Boulton et
al. (1999), a development of the outwash fan is a pre-requi-
site for push moraine formation. Steeply inclined moraine
slopes at Knyszewicze may indicate a sudden advance of the
ice sheet or even glacier surges (surge-type overthrusts).
However, this approach is challenged by Boulton et al.
(1999). Given the shape of the moraine hills, especially a
steepness of the slopes and, in some cases, their clear asym-
metry, most moraines can be assumed to have been com-
posed of glaciotectonically disturbed sediments. Clarifica-
tion of this issue is additionally hindered by a lack of out-
crops in the moraines. The authors of the Detailed Geological
Map of Poland did not provide sufficient answers either
(Boratyn, 2006).

Numerous observations of the thrust-dominated push
moraines around the margins of the Laurentide and European
ice sheets indicated importance of permafrost in proglacial
thrusting (e.g. Clayton and Moran, 1974; Astakhov et al.,
1996). According to Boulton et al. (1999), permafrost is nec-
essary for deformation development, although not everyone
shares this view (e.g. Aber, 1988). Most probably, the perma-
frost was also present in the substratum during the advance of
the Knyszewicze lobe. The prevalence of such conditions
may be evidenced by presence of angular sandy clasts of
stratified sand deposits in the bottom sediments filling a
channel (Unit 3). This fact is also evidenced by the preserved
primary structure of sandy clasts; a frozen sediment only can
preserve an internal structure of loose sediments included in
the fluvial transport (Mycielska-Dowgialto, 1998; Pisarska-
Jamrozy and Zielinski, 2012; Weckwerth, 2010, Weckwerth
and Pisarska-Jamrozy, 2014). Most likely, presence of per-
mafrost in the substratum led to a high pressure of water in
the ice sheet terminus, which consequently broke through
and carved a deep channel, the erosion of which resulted
from the intensive drainage under the ice sheet. In such con-
ditions, the N-type channel was formed (Nye, 1973, 1976) in
sediments of the end moraine fan. Furthermore, the slopes of
the channel are vertical, which could be a further proof that
sediments of the end moraine fan were frozen at the time of
erosion. One can arrive at similar conclusions based on the

NE
A. STABILIZATION OF ICE-FRONT

SW

end-moraine fan

substratum, permafrost
e

permafrost
e

s glacial basin

D. RETREAT OF ICE LOBE

normal faults  strike-slip faults

thrust-block

“push moraine

i permafrost
RNy

Fig. 8. Genetic model for sediment succession and landform for-
mation at Knyszewicze. A — stabilized ice front and sedimentation
of the end moraine fan; B —retreat of the ice lobe, C —advance of the
ice margin, D — retreat of the ice lobe

network of faults intersecting the sediments, which also sug-
gests that the material exposed to disturbances was frozen at
that time. A similar situation was described by Gatazka et al.
(2009) from the site at Rozental in north-central Poland and
Piotrowski (1994, 1997) from Germany.

A large depression filled with fine-grained sediments is
located in the hinterland of the terminal moraine sequence of
the Knyszewicze lobe (Fig. 2; Boratyn, 2006). According to
van der Wateren (1995, 2005) and Beerten (2014), a push
moraine always seems to be associated with a terminal basin.
The existence of glacial basins can be explained by glacio-
tectonic processes, i.e. removal of attached frozen sediment/
bedrock from the underneath of the ice sheet.

At the second stage, small oscillations of the Knysze-
wicze lobe front could occur. This hypothesis may be con-



I

www.czasopisma.pan.pl P N www.journals.pan.pl

88 J.RYCHEL et al.

firmed by the fact that sediments filling the eroded channel in
the northern wall of the outcrop in the disturbed sediments
(Unit 2) of the end moraine fan are involved in the deforma-
tions (Figs 7, 8). Sediments filling the channel were most
likely frozen during the deformation. This fact is supported by
brittle deformations which affected sediments of the unit 2.
Phase II was probably the last stage of the outermost marginal
zone formation by the ice-sheet in the Knyszewicze lobe.

Phase III — ice-lobe retreat

The ice-sheet front retreated and consequently, the pre-
viously disturbed sediments lost their support. Most likely,
the second generation of steep normal faults is connected
with this stage of the marginal zone development. The pro-
longed stagnation of the ice sheet front resulted in a develop-
ment of the terminal depression in the hinterland of terminal
moraines. Slope processes occurred at the end of the final
stage.

DISCUSSION

The end-moraine zone near Knyszewicze is an example
of glaciotectonic disturbances recorded in the relief as a
hill-hole pair when a sequence of hills of similar size and
shape occurs along a relatively small distance of a terminal
depression (Bluemle and Clayton, 1984; Boulton, 1986;
Benn and Evans, 2010). This type of situation was described
by Kasprzak (2007) from the Wielkopolska region near
Stawa where an ice lobe developed from the Vistulian ice
sheet with the ice-contact fans at the terminus, subsequently
folded as aresult of the ice sheet front oscillation. Oscillatory
movements were induced by winter changes in the ice bal-
ance. The advance was followed by the ice sheet stagnation
and development of recessional moraine sequences.

Probably, the Knyszewicze lobe was most active and
caused large disturbances in the sediments accumulated in
the ice-contact zone near Knyszewicze as well as in other
parts of the southern moraine sequence. This hypothesis may
be supported by the fact that three arcs of moraines are pres-
ent in the relief of the northern and western part of the lobe;
they are not observed in the south, i.e. near Knyszewicze and
Babiki (Fig. 1). The thus developed relief may indicate that
the Horczaki Knoll could be a tectonically active and slowly
lifted form (Boratyn, 2005). Therefore, the northern wing of
the lobe was “sliding down” from the Horczaki Knoll, while
the southern part was compressed.

The analysis of morpholineaments clearly shows that a
subsequent advance associated with a development of the
Knyszewicze lobe followed from NNE or NE (Fig. 8). The
Horczaki Knoll (a large ridge with NNE-SSW course)
played a relatively important role in its course and direction
(Fig. 1). The knoll is probably a huge sub-Quaternary eleva-
tion with tectonic settings (Figs 1, 2, 4). During ice sheet
overthrusts, the knoll was an unstable (labile) zone and the
load of the advancing ice sheet resulted in indentation. The
unstable structure could affect fragmentation of the ice body
and development of ice sheet lobes. Presence of three mo-
raine arcs in the northern part of the lobe could be caused by
isostatic movements of the Horczaki Knoll and thus the “slip-

page” of the lobe in the southern direction. After reaching the
maximum range, the ice “push sideways”, most likely mainly
towards south or southwest, that is in agreement with sedi-
ment deformations at the site at Knyszewicze.

The flexure of glaciotectonically disturbed sediments of
the end moraine fan at the site Knyszewicze, on the eastern
wall in the surface layer (at a depth of ca. 0.7 m from the sur-
face) follows a slope inclination, i.e. ca. 10° (Fig. 5). The
structure of sediments represents an example of bent rock
layers developing in presence of permafrost. The flexure of
strata is an effect of mass movements, in this case — solifluc-
tion, which most likely took place during the Vistulian Glaci-
ation. It appears that mass movements covered the entire ac-
tive layer of the long-term permafrost, i.e. a thickness of
about 0.7 m. This process occurred during one-sided freezing
when solifluction consisted of two processes: (1) frost creep
that repeated diurnal frost throughout a year and (2) geli-
fluction during a spring (Jahn 1970; French, 2007). The
solifluction lobes being an effect of mass movements during
the Vistula Glaciation, were recorded at the site of Jaldéwka in
northeastern Poland (Woronko et al., 2013; Rychel et al.,
2014).

CONCLUSIONS

The deposits of the marginal zone in the Knyszewicze
recorded the dynamics of the small frontal ice-sheet lobe,
which was isolated from the compact ice sheet of the Saale
Glaciation (MIS 6) at the time of its retreat. The labile struc-
ture of the Quaternary substratum, which is manifested by the
Horczaki Knoll, had probably a major impact on formation
of the frontal ice sheet lobe in the vicinity of Knyszewicze
and, at the same time, a direction of'its advance. The marginal
zone at Knyszewicze was formed during three phases:

1. The first one was associated with the development of
the end-moraine fan, a deposition of which occurred within a
contact zone of the ice sheet terminus. At that time, the ice
sheet front was stationary, with only minor oscillations.

2. The next stage was connected with a dynamic advance
of the ice sheet front and disturbance in the end-moraine fan
deposits. Disturbances resulted in development of thrust-
block push moraines. The advance of the lobe took place at
presence of permafrost in the substratum of its terminus and
foreland. The permafrost was responsible for a very high wa-
ter pressure in a subglacial zone and erosion of a deep chan-
nel which cuts the disturbed moraine deposits.

3. The last phase is associated with a withdrawal of the
lobe front and development of a network of normal faults.

Such a scenario of events resulted in development of a
heterogeneous marginal zone of hill-hole pair type, with
well-developed terminal moraines and large, well-developed
terminal depression in the hinterland.

The collected data did not answer a question on a type of
the terminal lobe. Was it a result of surge advance the ice
sheet, connected e.g. with a sudden hydrological change in
the ice body? Or was it an ice-stream terminus connected
with isostatic effect of the tectonic structure near the Hor-
czaki Knoll. At this stage of the research, it is impossible to
answer these questions.
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