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The Last Scandinavian Ice Sheet in Wielkopolska and Mid-Holocene Meteorite Impact Craters

Izabela Szuman-Kalita, Marek Ewertowski, Jakub Kalita, Leszek Kasprzak,
Aleksandra Tomczyk

1. The Last Scandinavian Ice Sheet in Wielkopolska — Introduction

The margin of the last Scandinavian Ice Sheet (SIS) attained its farthest southernmost position dur-
ing Vistulian (Weichselian) in western Poland and eastern Germany, advancing slightly south of lati-
tude 52°N (Figure 1A). During the fieldtrip, we will visit several sites in Wielkopolska, focusing on the
dynamics of SIS in this area. The exact chronology of glacial events is still somewhat unclear, but the
Last Glacial Maximum (LGM) in the area can be placed at c. 20 ka BP (Kozarski, 1986, 1995a) or c.
24 ka BP (Marks, 2002, 2010). The farthest southern line of the ice advance is known as the Leszno
(Brandenburger) Phase, and the subsequent retreat phase c. 18.8-20 kaBP (18.8 after Kozarski,
1995a; 20 ka BP after Marks, 2002, 2010) is called the Poznan (Frankfurter) Phase (Figure 1B).

The youngest geological cover in the western part of the Polish Lowland consists of Cenozoic
sediments, represented by marine (Tetyda Ocean) sediments from Eocene-Oligoceneand terrestrial
deposits in the Miocene epoch (Krygowski, 1961). Both sequences are composed of clays, sands,
gravels, and coal. The Miocene sequence is overlaid with thick Pliocene clays (Poznan clay forma-
tion; Krygowski, 1961). As such, the Pleistocene ice sheets in central west Poland advanced over
a thick, weakly permeable substratum, which had important implications for ice sheet dynamics.
Close to the Leszno Phase, and near Leszno and Gostyn, Tertiary clays form a ramp, with the high-
est elevated surface along the LGM margin, and the surface of clays dipping gently toward the
north but steeper toward the south (Augustowski, 1956; Kasprzak and Kozarski, 1991; Krzyszkowski
and Gratzke, 1994). The Elsterian till constitutes the first regular widespread Pleistocene horizon
in Wielkopolska (Czerwonka and Krzyszkowski, 1994; Czerwonka, 2004). The sediments associated
with Saalian glaciation are fragmented, but the Saalian till can in places achieve significant thickness
of 60 to 70 m (Kozarski, 1991). The Weichselian till horizon is much thinner, usually below c. 7 m
(Krygowski, 1975) with a maximum of up to c. 22 m (Krygowski, 1952; Kozarski, 1991). According to
several studies (Krygowski, 1975; Kozarski, 1991, 1992; Gdrska, 1995; Gérska, 2000), only one sub-
glacial Weichselian till horizon was recognised in Wielkopolska, albeit still currently being verified.

As already mentioned, the chronology of the Weichselian glacial events in central western Po-
land remains largely uncertain. Previously, recognition of glacial events in central western Poland
has focused mainly on lithological and morphological criteria, (e.g. Woldstedt, 1925, 1954; Kry-
gowski, 1961, 1967, 1972, 1975). One of the first studies to use absolute dating has suggested the
age of the maximum extent of glaciation in Poland for 21-20 ka BP, based on C-14 dates (Cepek,
1965). Other publications have also corroborated this first study (Tobolski and Mojski, 1979b, a;
Pazdur et al., 1980; Stankowska and Stankowski, 1988). A more modern stratigraphy of the We-
ichselian was based on further C-14 and new litho- and morpho-stratigraphic studies. New datings
for the specified phases were proposed during the 1980s based on new C-14 dates: Leszno phase:
~20 ka BP (Kozarski, 1986); 20.5 + 0.5 ka BP (Rotnicki and Boréwka, 1989); 18.8 ka BP (Liszkowski,
1987); Poznan phase: 18.4 ka BP (Kozarski, 1986); 17.6 ka BP (Liszkowski, 1987). The mean annual
retreat rate of the ice sheet was calculated to be 51 m a™* (Kozarski, 1995a). The assumption that
the maximum extent of the main stage in Wielkopolska did not take place any earlier than about
21 ka (Stankowska and Stankowski, 1988, 1991; Stankowski, 2000) is based on the TL dating of the
deposits in the Konin region. Recently, new dates based on OSL and terrestrial cosmogenic nuclide
(TCN) dating have been provided for Poland by Marks (Marks, 2012) and Rinterknecht et al. (2005)
among others, but these are based on samples located outside Wielkopolska. Still, a very small
number of sites in western Poland have been dated using OSL and/or TCN, and thus this region rep-
resents a gap between Germany, eastern and northern Poland. An extrapolation of the data from
Germany (Heine et al., 2009; Lithgens et al., 2010; Luthgens et al., 2011; Rinterknecht et al., 2014)
and other parts of Poland is only possible to a very limited extent, because the dynamics of the ice
sheet’s margin varied greatly in different regions (Rinterknecht et al., 2014). Moreover, most of the
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The Last Scandinavian Ice Sheet in Wielkopolska and Mid-Holocene Meteorite Impact Craters

above-mentioned dates were related to the deglaciation periods. Much less attention has been
paid to the timing during the advance of the Weichselian ice sheet, hence the advance velocity not
being well-known. In 2016, we embarked on a research project entitled ‘Reconstruction of glacial
history in central west Poland during the Weichselian glaciation’ (PI: Izabela Szuman-Kalita), aimed
at examining the timing of advance and decay of the SIS during Weichselian in central west Poland
based on extensive OSL and TCN dating. Therefore, in the next couple of years, our knowledge of
glacial chronology in those areas should improve.

1.1. Dynamics of the Weichselian ice sheet in central west Poland -
geomorphological background

The lobate shape of the LGM margin was related to the activity of the palaeo-ice streams, whose
occurrence was interpreted through satellite image analyses by Punkari (1997). According to those
investigations, during the Weichselian glaciation SIS over Poland was drained by two branches of
the Baltic ice stream: B2 and B3 (Punkari, 1997; Boulton et al., 2001), also known as the Odra and
Wista ice streams respectively (Marks, 2010), and while the area of Wielkopolska was in the in-
ter-stream zone. More recent studies by Kasprzak (2003) and Przybylski (2008) applied sedimento-
logical and morphological criteria to distinguish the three smaller branches of the Odra ice stream
in Wielkopolska: Wrzeénia, Leszno, and Stawa Slaska ice lobes. However, the increased availability
of high-resolution remote sensing products and digital elevation models has permitted a more
detailed mapping of the glacial landform in a regional scale for the area of west Poland, thus mak-
ing it possible to propose a new and more detailed interpretation. Recent works concerning the
marginal part of the Odra ice-stream (Przybylski, 2008; Szuman et al., 2013; Spagnolo et al., 2016),
or including it as a boundary region for the analyses (Wysota et al., 2009; Roman, 2017), took into
account the occurrence of mega-scale glacial lineations (MSGLs) and a dynamic perspective of the
ice masses’ activity, and revised ice stream patterns proposed by Punkari (1997) and Boulton et al.
(2001).

We enhanced the former approach and mapped a large number of new, previously unrecognized
streamlined features in the southern sector of SIS across west Poland. The basic dataset comprised
a high-resolution LIDAR point cloud that enabled the generation of a digital elevation model (DEM)
with a 0.4 m ground sampling distance. Our investigations revealed for the first time a wide variety
of streamlined bedform types. These features occupied especially the area of north east Poland in
the lower Odra region (see Hermanowski et al., 2019 for details), and the extensive topographic
lowering restricted from the east by Gniezno moraines complexes and from the west by Lubusz
elevation. We recognised several flow-sets and some single ridges indicating the existence of highly
dynamic ice streams in this region instead of slow-moving ice within the inter-stream zone. Based
on the distribution of flow-sets, we suggested an updated inventory of ice streams in west Poland.

1.2. A new pattern of ice streams in west Poland

The Odra ice stream in the lower Odra valley was divided into the Wielkopolski ice stream that
reached central Poland, extending up to the Jarocin-Pleszew area, the Lubuski ice stream to the
west, and the rest of the ice mass across north eastern Germany. Based on the distribution of
streamlined bedforms and the sedimentological evidence, we suggest that the main ice flux of the
Odra ice stream (sensu Marks, 2010) advanced toward the southeast, along the Wielkopolska ice
stream thus. Our analysis does not confirm the concept presented by Punkari (1997), who suggest-
ed that the main ice mass flowed south-westward. The Wielkopolska ice stream further split into
two branches: Wrzesnia and Leszno-Stawa ice stream. The latter was again divided into two smaller
branches (Leszno and Stawa) at around the higher elevated Lwéwek-Rakoniewice rampart (Figure
1), as indicated by Przybylski (2008).

The streamlined bedforms found along the ice steams in Wielkopolska are typically mega-scale
glacial lineations, drumlins and smaller flute-like features. MSGLs are usually 1-4 m high (mean
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¢. 2 m), with a main orientation of NW-SE (details of MSGLs along the Wrzesnia ice stream can be
found in Spagnolo et al., 2016). The length of the forms is difficult to measure because of human
activity, meltwater erosion, and aeolian processes. Nevertheless, they are up to 8.5 km long. The
drumlins have an average length of c. 700 m and a height of 3 to 9 m. The small flute-like features
are difficult to analyse morphometrically due to the aeolian cover, but their height is c. 0.7 m.

The full population and precise dimensions of the palaeo-ice streams in this southern sector
of the SIS are yet to be determined. However, the overall highly dynamic nature of the ice masses
in this sector can be explained, at least in part by the influence of the geothermal heat flux’s high
values (Section 1.3).

1.3. The relationship between geothermal heat flux and the last Scandinavian
ice sheet dynamics

Geothermal heat flux (GHF) is heat that is supplied to the base of the ice sheet. It plays an important
role in controlling ice sheet stability, and affects basal temperatures, melting, and ice flow velocities.
In a study by Szuman et al. (2018), we suggested that the high GHF might have been one of the fac-
tors influencing the last SIS’s behaviour in its southernmost sector.

Our data sources included maps of the heat flow density and temperature at a depth of 2000 m.
For Poland, we used the geothermal heat flow map published by Szewczyk and Gientka (2009), and
for Germany the data from the Global Heatflow database was used (at the International Heat Flow
Commission: http://engineering.und.edu/geology-and-geological-engineering/globe-heat-flow-da-
tabase; Abdulmalik (2015)). In addition, we used a temperature map at a 2000-metre depth for
Poland (Szewczyk, 2010) and Germany (LIAG, 2015), as the values for this depth are assumed to be
free from the effects of surface temperatures (Szewczyk and Gientka, 2009).

The GHF in western Poland reached even more than 100 mW m™ (Figure 2A), which is much
higher than that in eastern Poland, where GHF was <40 mW m™ (Szewczyk and Gientka 2009).
A similar trend was found for temperature values at a depth of 2000 m (Figure 2B).

For the analysed case, a GHF of 80 mW m™ approximates the level of upward heat conduction.
The difference in basal temperatures between areas with higher and lower GHF due to ice insula-
tion was about 3—4°C (Figure 3A, B). Such a difference could either increase the basal melting or
facilitate achieving the pressure melting point. The results of the upward heat conduction (G) for
ice thickness H = 300 m and surface temperature T = —8°C (French 2007, p. 316) show that G min
=60 mW m2is probable for the SIS in the area of central west Poland (Figure 3C). Any excesses in
GHF would lead to an increase in the basal melting rate. If the ice thickness was 300 m or more, the
significance of the GHF would be higher and with less uncertainty. The difference between the plots
for vertical advection of 5 and 10 cm per year shows that the upward heat conduction is not that
sensitive to the vertical advection parameter for the analysed case.

The shearing heat generation for fast moving ice streams (at least 500 ma™), with a low surface
slope of 0.4x107% and protruding over a relatively flat area with a well-lubricated bed, was calculated
to be below 15 mW m= (for details, see Szuman et al., 2018). In the case of GHF values of 80-100
mW m=2, we obtained 810 mm of meltwater from GHF. The difference in melt rates between GHF
of 40 and 80 mW m™ is about 4 mm. An additional 2 mm of meltwater was generated from shear
heating of 15 mW m™. Therefore, the meltwater production along the axial part was dominated by
GHF and can potentially have significant impact on ice sheet dynamics.

Based on the modelling results, we suggested that the high GHF contributed to the intense melt-
water production (Szuman et al., 2018). The water was at least partly stored subglacially due to
the low-permeable bed and lack of channelized drainage traces. The presence of elevated GHF
maintained a fast ice streaming over the gentle topography in central west Poland. In such a case,
a fast-moving ice stream over a well-lubricated bed could have been in a delicate thermal balance
(Figure 3D) — this fast ice flow is confirmed by the occurrence of MGSLs (Section 1.1) and sedimen-
tary structures visible in the outcrops (Szuman et al., 2013).
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Figure 2. (A) Geothermal heat flow based on Szewczyk and Gientka (2009) and Global Heatflow database;
and (B) temperature at a depth of 2000 m based on Szewczyk (2010) and LIAG (2015) in NW Poland and NE
Germany. Reproduced from Szuman et al., 2018 — The impact of geothermal heat flux on the last Scandinavi-
an ice sheet over W Poland and E Germany. Geografiska Annaler: Series A, Physical Geography, 100(4):388—
403 reprinted by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com).
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Figure 3. Differences in temperature between the base of the ice and distance in the direction of the surface
h for annual accumulation values of (A) 250 mm and (B) 100 mm; second scale (right) indicates the fraction
of the upward heat transfer at height h above the base of the ice sheet; (C) an upward heat conduction in
ice sheeet thickness for surface temperatures T =—-8°C and —28°C (corresponding to the SIS LGM and current
Antarctic mean annual temperatures, respectively) and heat generation due to basal shear stress (tb, —top
scale) for basal velocities u, = 500 and 1000 m a™ as probable for the analysed ice stream; co-horizontal
lines show low (40 mW m™2), average (80 mW m2), and high (120 mW m~2) GHF values for the analysed
region; (D) the relation between basal shear stress and velocity with a constant value of generated heat.
Less heat makes the balance state more sensitive to changes in the conditions. Modified from Szuman et
al. (2018).
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1.4. Development of permafrost after SIS retreat

In a study by Ewertowski et al. (2017), we described the occurrence of numerous cropmarks (< 400
sites) in central west Poland (Figure 4). Their geometry and distribution were studied using a large
number of low-altitude aerial photographs. Based on the field verification, we interpreted them
as past thermal-contraction-cracks, filled with aeolian sand (i.e. sand-wedge casts). We identified
seven principal types of polygon geometry based on the angle of the cracks’ intersection, their
dimension and spacing: Type A — large, irregular, orthogonal polygons (Figure 5A); Type B — small,
irregular, orthogonal polygons (Figure 5B); Type C — regular, orthogonal polygons (Figure 5C); Type
D —irregular, non-orthogonal polygons (Figure 5D); Type E — regular, non-orthogonal polygons (Fig-
ure 5E); Type F — mixed, orthogonal, and non-orthogonal polygons (Figure 5F); Type G —incomplete
polygons.

Figure 4. Distribution of polygonal nets in central west Poland. Reprinted from Geomorphology, 293, Ewer-
towski et al, Low-altitude remote sensing and GIS-based analysis of cropmarks: Classification of past ther-
mal-contraction-crack polygons in central western Poland, Pages 418-432., Copyright (2017), with permis-
sion from Elsevier.

1.5. Relationship between the ice sheet’s extent and geometry of polygonal nets

Many previous studies, (e.g Kozarski, 1995a, b; Kasprzak, 2003; Ewertowski, 2009), have suggested
that permafrost aggraded gradually following the frontal recession of SIS’s margin from the LGM
extent. Hence, we assumed that:

1) The older the polygonal nets, the better they are developed, i.e. they are characterised by
a complex structure, with the large primary polygons divided into smaller secondary and tertiary
cracks (e.g. Type F).

2) The oldest well-developed polygonal nets should occur to the south of our study area near the
LGM extent from where the ice sheet retreated earlier (e.g. Type F).

10
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Figure 5. Examples of different types of periglacial cropmarks in Wielkopolska: (A) Type A — net of large,
irregular, orthogonal polygons; (B) Type B — net of complex, small, irregular, orthogonal polygons; (C) Type
C — regular, orthogonal polygons; (D) Type D — irregular, non-orthogonal polygons; (E) Type E — regular,
non-orthogonal polygons; (F) Type F — mixed, orthogonal, and non-orthogonal polygons. Modified from
Ewertowski et al., 2017.

3) The youngest polygonal nets should occur to the north of our study area and be characterised
by less developed polygonal nets, i.e. simpler polygons (Type A) should be found closer to the
Chodziez subphase.

We expected the polygons from the northern part of the study area to be less developed than
those from the southern part, as they had less time to evolve due to the shorter period under
periglacial conditions. In order to test this hypothesis, we selected a group of polygonal nets in the
S-N transects, i.e. from the LGM margin toward the Chodziez subphase that developed under the
same lithological and geomorphological conditions (i.e. within till plains), and then investigated
their geometry.

11
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Figure 6. Relationship between polygonal nets’ geometry and distance from the LGM to the north. Nets
were counted in belts 100 km wide in W-E direction and 20 km long in N-E direction. Axis of the transect is
17°E. Reprinted from Geomorphology, 293, Ewertowski et al, Low-altitude remote sensing and GIS-based
analysis of cropmarks: Classification of past thermal-contraction-crack polygons in central western Poland,
Pages 418-432., Copyright (2017), with permission from Elsevier.

12



The Last Scandinavian Ice Sheet in Wielkopolska and Mid-Holocene Meteorite Impact Craters

We were not able to confirm the expected relationship. The development of a specific type
of polygons seemed unrelated to their geographic location, at least as far as the studied transect
was concerned (Figure 6). Besides, the general distribution of geometrical types does not exhibit
a strong relationship with the time of deglaciation. We did not find a higher accumulation of simple
(i.e. initial) polygonal nets (type A) to the north or more complicated (i.e. more mature) ones to the
south (types B—F). However, the total number of polygons was much lower in the northernmost
part of the studied transect compared to the southern part (i.e. 33 polygon nets were found within
the 60 km long northern part of the transect compared to 149 polygon nets observed for the 60 km
long southern part) (Figure 6). This tendency could be an indication that in the northern part of the
study area:

1) there were less thermal-contraction-cracking events due to change in climatic conditions as the
ice sheet retreated to the north (i.e. occurrence of generally milder climatic conditions); or
2) local conditions were not generally as favourable for cracking as further south.

To sum up, the broad occurrence of polygons of former thermal-contraction-cracks filled with
aeolian sediments (i.e. sand-wedge casts) indicated that continuous permafrost was widespread in
central west Poland after the termination of LGM. However, their spatial distribution did not allow
us to fully confirm the hypothesis regarding a gradual aggradation of the permafrost following the
retreating ice margin. Preliminary dating of the cracks’ infilling as well as polygon geometry suggest
that thermal-contraction-cracking occurred in several different phases, and that a time frame of
a few thousand years is enough to form even complex and mature nets.

This chapter is based on results of National Science Centre (Poland) grant No. 2015/17/D/ST10/01975.
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Witold Szczucinriski, Mirostaw Makohonienko, Krzysztof Pleskot

2. Site I: Morasko Meteorite Nature Reserve

2.1. Introduction

The surfaces of Mercury, Mars or our own Moon are scarred by numerous impact craters, suggest-
ing that collisions with planetoids and meteoroids are one of the most common geological process-
es in our solar system. Our own planet is no exception: we were reminded of this only recently, on
15 February 2013, when a meteorite struck near Chelyabinsk, injuring around 1,500 people and
partly destroying 7,200 buildings. Although, there are many impact craters on Earth, they can be
difficult to identify. This is mainly due to extensive erosion, sedimentation, and tectonic deforma-
tions taking place over long periods, all of which damage and destroy impact structures. The Earth
Impact Database (www.passc.net/EarthimpactDatabase/) lists over 190 confirmed structures. One
of them is a complex of impact craters near the village of Morasko, which falls within the adminis-
trative boundaries of the city of Poznan, western Poland (Figure 7). It is considered to be a site of
the largest iron meteorite shower in Central Europe.

The Morasko Meteorite has already a 100 years long history of investigations. The first findings
date back to 1914, when four meteorite pieces were found by dr. Cobliner while digging of military
trenches. The weights of these meteorites were 77.5 kg, 4.2 kg and two pieces of 3.5 kg each. Up to
now, almost 2,000 kg of extraterrestrial matter has been documented with particular pieces ranging
in weight from a few grams to more than 260 kg. Apart from meteorites, there are also depres-
sions, up to 100 m in diameter, interpreted already by Pokrzywnicki (1964) to be impact craters. The
presence of both, extraterrestrial metallic material and the morphological effects of its fall, make

Figure 7. Location of the Morasko site.

14
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the Morasko to be one from less than 20 documented sites worldwide, where the remnants of the
impacting body are found next to the craters.

2.2 The geological and geomorphological context

The most of meteorite founds and the craters are within a belt of recessional moraines that devel-
oped ca. 18.5 thousand years ago during the Poznan phase (the Frankfurt phase) of the last glacia-
tion (Karczewski, 1976; Chmal, 1990; Kozarski, 1995a; Stankowski, 2001; Stankowski, 2008). These
moraines are built mainly of late Pleistocene glacial and glacifluvial sediments — till, sand and grav-
el — as well as of the glacio-tectonically deformed “Neogene clays” of the so-called Poznan series
(Figure 8). The glacio-tectonic deformation had likely already developed during older glaciations
(Chmal 1990; Stankowski 2008). In the neighbourhood of the moraines, many depressions have also
formed as a result of the melting of dead ice blocks filling tunnel valleys or buried in glacifluvial sedi-
ments (Stankowski 2008). A number of depressions currently host lakes of various shapes and sizes,
filled with lacustrine sediments deposited since the time of dead ice degradation several hundreds
to a few thousand years after the ice sheet retreat (Pleskot et al., 2018).

Figure 8. Geomorphological and geological setting of Morasko craters field. Block diagram showing surfi-
cial geology of the study area after the Detailed Geological Map of Poland (Chmal, 1990), draped on Li-
DAR-based DEM (note the north direction). An arrow marks the probable meteoroid impact from the NE
direction at a dip angle of 45° (Muszynski et al., 2012; Bronikowska et al., 2017). Inset map shows position
of the area in northern Europe. (Figure after Wtodarski et al. (2017), Copyright: Elsevier — license number
4584740924765).

2.3. The meteorite

The Morasko meteorites have consistent chemical and mineral composition and their spatial dis-
tribution indicate that they originate from the disintegration of a single meteoroid (a “meteoroid”
is a cosmic body, whereas a “meteorite” is the rock material left behind after meteoroid strikes the
Earth). Meteorites are an invaluable source of information on the development of our solar system,
the internal structure of planets and processes occurring in space. The extensive studies of the Mo-
rasko meteorite have resulted in many fascinating discoveries, the most important of which concern

15
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its composition. It is a coarse-grain octahedrite meteorite containing 7% nickel (Ni) and 93% iron
(Fe) on average (Muszynski et al., 2012). The mineral composition is dominated by kamacite and
taenite (alloy of Fe and Ni) and sporadic occurrence of cohenite and schreibersite (Fe and Ni cal-
cites and phosphates). It also contains nodules with a diameter between 1 and 2.5 cm, comprising
graphite and troilite with trace silicates, sulfates, oxides and phosphates (Figure 9). Recently, two
new minerals known as moraskoite and czochralskiite — neither of which are found on Earth — have
been discovered in the Morasko meteorite (Karwowski et al., 2015; 2016).

Figure 9. One of the biggest chunks (164 kg) of meteorite Morasko, exposed in museum of Faculty of Geo-
graphical and Geological Sciences of Adam Mickiewicz University in Poznan. This coarse-grain octahedrite
(Muszynski et al. 2012) contains also rounded black nodules composed mainly of graphite and various trace
compounds. Among the latter are also two new minerals discovered in the Morasko meteorite: moraskoite
(Karwowski et al. 2015 ) and czochralskiite (Karwowski et al. 2016).

2.4. Craters

Not all meteorites cause the formation of impact craters. Many strike Earth’s surface without caus-
ing significant damage, and even the very fact that they are responsible for impact craters had been
guestioned until relatively recently. Jerzy Pokrzywnicki, one of the first scholars of the Morasko
meteorite in the mid-20th century, suggested that a few round depressions with a diameter of up
to 100 meters (Figure 10), found on the slopes of moraine hills, are impact craters (1964). However,
the identification of such relatively small structures was fraught with difficulties. Major impacts are
responsible for extremely high temperatures and pressures which cause visible changes in rocks;
the process is known as shock metamorphism. In more minor events, the conditions favoring the
formation of craters may not be significantly different from other processes shaping Earth’s surface.
This was just one of the problems facing the researchers studying the Morasko craters. Rounded
hollows are not unusual in post-glacial landscapes and they can be found in many locations in north-
ern Poland as so called kettle holes.

In Morasko’s case, it was the time of the ice sheet’s retreat which provided the key to solve
the problem of the origin of the round depressions. The largest crater is filled with water and its
bottom is covered with sediment including plant remains which have been radiocarbon dated to
being no older than 5,500 years. This suggests that their formation is significantly younger than
the surrounding post-glacial landscape. The impact origin of the depressions is indicated by their
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Figure 10. Final DEM and some of its derivative topographic attributes (slope convergence and terrain rug-
gedness), as well as reconstructed pre-impact topography. DEM and pre-impact topography are contoured
at 5-m intervals. White lines mark boundaries of impact craters. The labels of craters used here are the
same as those used in earlier studies (Pokrzywnicki, 1964, Karczewski, 1976, Stankowski, 2008). (Figure
after Wtodarski et al. (2017), Copyright: Elsevier — license number 4584740924765).

morphology (Figure 10), spatial distribution, age of sediment, findings of meteorites (Figure 9) and
micrometeorites, and the recently documented sediment displaced from the craters and found in
the surrounding area, called ejecta (Szokaluk et al. 2019, Figures 11-13). Initially it was interpreted
as glacial sediment; however, it has since been found that it covered soil whose age matches that
of the oldest sediments filling the craters — around 5,500 years (Figure 12). Geophysical, sedimen-
tological and mineralogical research continues to provide data which makes it possible to interpret
crater formation processes with increasing precision.

2.5. Environmental effects
Meteoroid strikes are rare and rapid, and they cannot be observed and measured in real time. The

only way of gaining insight into the processes and the forces behind them is studying indirect evi-
dence, such as crater size or shock metamorphism of rocks, as well as applying numerical modelling.
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Numerical experiments based on available data conducted by Bronikowska et al. (2017) show that
the meteoroid had an original mass between 600 and 1100 metric tons and moved at a speed be-
tween 16 and 18 km/s. It is likely to have disintegrated in the atmosphere; the largest crater was

Figure 11. Spatial and vertical distribution of the major sediment types in the area of the biggest crater A.
A) Surface sediment distribution (the modern soil is not included) based on over 100 sediment cores. B)
Geological cross sections based on new data from Szokaluk et al. (2019), in addition to the previously docu-
mented trenches by Karczewski (1976) and sediment cores from Stankowski (2008). The cross sections are
interpolated to the limit of existing data (drilling depth). In the figure, the locations of sediment cores and
trenches used for generation of the cross sections, and the cores with documented paleosoil under ejecta
layer are marked. (Figure after Szokaluk et al. (2019). Copyright: John Wiley and Sons — license number
4584750945787).
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Figure 13. Change in ejecta blanket thickness with
distance from the center of crater A, based on
the thickness of diamicton with clasts interpreted
as the ejecta layer in profile Il and profile VI and
the depth of the paleosoil horizon (various sites
around the crater, see Figure 11A for locations).

Figure 12. The lower part of thick ejecta layer, The modeled ejecta blanket thickness from the
close to the crater rim, composed of Neogene clay numerical model by Bronikowska et al. (2017) is
and diamicton with Neogene clay clasts, overlying provided for comparison. Note the logarithmic
Pleistocene sand with developed thin palaeosoil. vertical scale. (Figure after Szokaluk et al. (2019).
The age of the soil was **C dated to app. 5000 Copyright: John Wiley and Sons — license number
5500 cal. years BP (Szczucinski et al., 2016). 4584750945787).

made by a fragment approximately 3 m in diameter and moving at a speed of around 6 km/s. The
numerical results provided relatively similar results to the geological evidence, for instance in case
of ejecta deposits (Figure 13).

Did the event have any effect other than forming craters? Other well-known major impacts
caused fires, powerful impact waves, earthquakes, tsunamis, and even climate change. The peri-
od of 5,000-5,500 years ago marks the beginning of the Neolithic in the Wielkopolska region, so
naturally there are no historical descriptions of any effects. This means we need to rely on geolog-
ical archives, such as sediments found in lakes (Figure 14, Pleskot et al. 2018). There are several
post-glacial lakes near the craters which have accumulated sediments and plant and animal remains
over thousands of years, making it possible to interpret environmental changes in the area, climate
changes, results of human activity and local catastrophic events. Preliminary results indicate that
the effects of the impact were far less significant than intuition suggests. Extensive fires were unlike-
ly, and the range of the disaster was likely limited to the nearest surroundings of the actual impact
sites (Pleskot et al. 2018), as suggested also by numerical models (Bronikowska et al. 2017).

This chapter is based on results of National Science Centre (Poland) grant No. 2013/09/B/ST10/01666.
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Figure 14. Sedimentology and geochemistry of sediment core from the central part of Strzeszynskie Lake
located app. 5 km away from the Morasko impact craters. The figure includes: a parts used from the twin
cores for the core composite construction marked by black bars; b age scale based on the age-depth model;
¢ sediment depth scale; d sediment lithology; e positions of samples for *C datings and horizons included
in the age model; f magnetic susceptibility; g—i elemental ratios and properties revealed from XRF scanning.
Shaded area indicates the 95% confidence level calculated from replicate measurements; j units deter-
mined on the basis of lithological and geochemical properties. Note the peak of magnetic susceptibility in
the record around 5,500 cal. years BP. Figure after Pleskot et al. (2018).
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Aleksandra Tomczyk

3. Site Il: Skrzynki/Tomice — Inter-stream zone

3.1. Geological and geomorphological settings

Two sites near Tomice and Skrzynki are located at the foreland of the Poznan Phase (Figure 1) in the
vicinity of the Buk—Mosina esker system, (see Rotnicki, 1960 for details). The first one is situated on
glacial sands, whereas the Skrzynki is within an esker zone (Figure 15, 16). According to analysis of
DEM and interpretation of the distribution of streamlined bedforms, these sites are situated within
an inter-stream zone, between Wrzesnia and Leszno ice streams in the area where MSGLs are ab-
sent (Map 1).

3.2. Sedimentological characteristics

Tomice

In Tomice, the sedimentary sequences start with the lower diamicton, then the glacifluvial sedi-
ments aged 180 ka (OSL, unpublished) is overlapped by the upper diamicton (Figure17A). Multiple
sandy and silty intraclasts (e.g. Figure 17D) of varied lamination are found widespread within the
glacifluvial sediments. Ewertowski (2009) described several relict frost-cracks within those glaciflu-
vial sediments. Other permafrost features found within the outcrops are ice-wedge pseudomorph
(Figure 17C) and load structures, disrupted ball-and-pillows, and load casts (Figure 17E—F). The

Figure 15. Location of the Tomice and Skrzynki sites.
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Figure 16. Geological map of Tomice and Skrzynki study sites, based on Chmal (1991, 1997), with some
modifications.

Figure 17 (see next page). (A,B) The base of tectonically laminated diamicton. Continuous and discontinu-
ous layers of sand and diamicton occur, albeit with contact that is well-defined. The laminae tend to incline
from an angle of 40° (B) towards a horizontal position (A). Boudin structures can be found at the contact.
Notice that (A) and (B) sections are distant by only c. 20 m. Traces of boudinage and sediment reworking
are also clearly visible.

(C) ice-wedge pseudomorph directly beneath the diamicton horizon. It is c. 0.8 m long and 20-30 cm wide,
filled with massive sand. At the top, the secondary wedge, filled with the diamicton, has developed (Photo:
L. Szewczuk).

(D) Permafrost-related features in Tomice: silty sand intraclast with sharp edges and well-preserved primary
lamination within cross-bedded sandy gravel sediments. It is c. 2 m wide and c. 0.4 m thick.

(E) Sheared load casts in Tomice: (A) till-on-till gradual contact, with sheared sandy casts below. The sandy
bodies show little deformations along the edges, while the primary sedimentary lamination is well-pre-
served. The deformations occur within a c. 40 cm thick transition zone. The fine sand (the lightest one)
is slightly deformed along the edges (some micro-faults). However, the primary sedimentary structure is
generally well-preserved.

(F) Sheared silty sand load casts and disturbed thin sandy layers up to c. 0.6 m below the Weichselian diam-
icton. Beneath, there are quasi-horizontal disrupted layers of silty sand and sand which transit gradually
into the non-deformed sand and silt below.
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contact between diamicton and glacifluvial deposits is diversified, from sharp to gradual and defor-
mational (Figure 18). The thickness of the deformed sediments beneath the Weichselian diamicton
ranges from 0 (lack of deformations) to 2 m. The fine-grained substratum is locally heavily sheared
(Figure 18E). A clastic dyke with burst-out structures within the thrust zone is shown in Figure 19.
The displacement along the fault plane amounts to c. 1.0 m.
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Figure 20. Subglacial melt-out till. Notice the lighter (sand-rich, marked with white arrows) and reddish (rich
finer particles) layers; they are disturbed and locally discontinuous but still clearly visible.

The thickness of the Weichselian diamicton layer ranges from 0.8 to 2 m. Structural and colour
differences within this unit allow for dividing the whole diamicton layer into two parts. The lower
one (generally massive, c. 0.6—1.2 m thick) with single stringers of sand (see Figure 20) transits
gradually into the upper part, c. 0.4—0.6 cm thick. This upper part of the diamicton is quasi-banded,
consisting of lighter more sandy layers and darker finer ones, enhanced by a reddish-brown colour.
The layers are occasionally distorted and interrupted, and their thickness changes from 2 cm to 10
cm. The vertical variability of fabric orientation within the massive diamicton is low. The deviation
from the mean direction —224.75 (V1 eigenvector) — is only 9.52. Eigenvalues in Tomice show ‘high’
to ‘very high’ values — S1 between 0.87 and 0.95; cf. (Thomason and lverson, 2006).

Skrzynki Site

The section in Skrzynki (Figure 21) shows deformed sandy deposits, truncated by the diamicton
(most of the diamicton horizon was excavated) of up to 2 m thick. The clast fabric shows V1 equal-
ling 209 and moderate eigenvalue (51 — 0.69). The glacifluvial sands reach a depth of at least 2.5 m.
They are folded, faulted, thrusted and brittle-sheared with oversteepenings of up to 90°.

3.3. Depositional model

Two contrasting models can explain the formation and deformation of subglacial sediments. The
first assumes that subglacial deformations are pervasive, thereby requiring a thick deformation bed
and high strains (Boulton and Jones, 1979; Alley, 1990; Kamb, 1991; van der Meer et al., 2003; Men-
zies et al., 2006). In contrast, Piotrowski and Kraus (1997) concluded that pervasive deformation did
not occur beneath the Weichselian ice sheet in north-western Germany. This second model argues
that a glacial bed constitutes a ‘mosaic’ composed of deforming and non-deforming patches that
transit in time and space (Piotrowski and Kraus, 1997). Variability at the ice/bed interface develops
mainly in response to hydrological conditions (Hoffmann and Piotrowski, 2001; Piotrowski et al.,
2004) and lithology, though mainly with regard to the thermal regime. An additional factor influenc-
ing the glacier’s bed rheology was most likely related to the occurrence of subglacial permafrost.
Cutler et al. (2000) suggest that the ice/permafrost interactions were probably more significant
beneath the former ice sheets than had been previously proposed. The properties of sediments
at temperatures around the pressure melting point greatly depend on the grain-size distribution
and water/ice content within the sediment. The interpretation of sedimentary structures in terms
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of identifying the subglacial thermal regime, i.e. whether deformation occurred at temperatures
above or below the pressure melting point, is problematic (Hart and Boulton, 1991; Waller et al.,
2009; Hambrey and Glasser, 2012; Szuman et al., 2013).

The depth of deformations in the studied outcrops greatly varied — from a sharp erosional con-
tact and a deformation layer of a few centimetres thick to even up to c. 2 metres. The sharp erosion-
al contact between the homogeneous tills and undeformed sediments underneath contrasts with
the deforming bed model which assumes the glaciotectonic deformations of the substratum. But
the areas where the deformations occur remain consistent. However, the typical depth of the defor-
mations found in the Tomice area is smaller than the predicted deformation depth according to the
deforming bed concept. Also, the strains are low because the sandy casts are only slightly skewed
while other deformational structures are easily recognisable; the sediments are not homogenised.
The massive diamicton is interpreted as a traction till, and the banded one as a subglacial melt-out
till. Even though the traction till is massive, single sand stringers were observed. According to the
approach proposed by Hooyer and lverson (2000), the S1 values between 0.87 and 0.95 denote
a strain of between c. 10 and 40. The preservation of sandy stringers repudiates the concept of
pervasive strains within the deforming bed. Thus, it is suggested that basal sliding, rather than bed
deformation, was the main movement mechanism of the ice sheet over the Tomice site. Sliding was
supported by the high water pressure beneath the ice which arose within a thin thawing layer that
developed between the ice sole and the rigid, permafrozen substratum.

The ice sheet in the Tomice study site overrode and deformed the top part of the glacifluvial
deposits. However, the depth and style of deformation are swiftly changeable in space. The varia-
bilities in sedimentary structures confirm the co-occurrence of frozen dry and wet mobile spots in
kilometre-, metre- and even a dozen centimetre-scales. The ice-wedge pseudomorph, with subgla-
cial till on top, indicates that: (1) there was permafrost; and (2) that the till was deposited on it. The
ductile style of deformation (i.e. load casts and hydro-fracture) indicates a high subglacial pore-wa-
ter pressure, even if the sandy substratum has a high drainage capacity. The nature of deformations
in Tomice, indicating a high water content and pressure, suggests the occurrence fast-flowing ice.
However, the deformations in the Skrzynki site do not support the fast ice-flow model. These kinds
of structures are typical of slower compressive ice flow, (cf. Hart and Boulton, 1991), and are also
typical of proglacial deformations. They may be linked then to the phase of non-pervasive, localised
deformation sensu Jgrgensen and Piotrowski (2003). When pore-water pressure rose, the ice sheet
sped up and overrode the proglacially deformed sediments, ‘beheading’ its top part (like the trun-
cated and attenuated fold in Figure 21).

Because the shear stresses operating on the substratum are not identical in all points/regions,
especially on account of the changeable hydrological conditions that arise (i.e. from changes in the
sediments grain-size distribution), the mosaic pattern of deformations is common. Some patches
were ‘wet’ and mobile in favour of ice flow speeding up, while others were ‘frozen’, rigid, and cou-
pled with the ice sole. The second type of patches slowed the ice flow and caused a compressive ice
flow, mesoscale glacitectonic deformations, and sharp contacts. This is consistent with the sticky-
spots model (Alley, 1993; Stokes et al., 2007) or the mosaic bed conception (Piotrowski and Kraus,
1997; Jgrgensen and Piotrowski, 2003; Piotrowski et al., 2004; Piotrowski et al., 2006).

Additionally, taking geomorphology into account, the relief of the study area is slightly different
from neighbouring areas. The MSGLs are well-developed on the western and eastern sides of the
Tomice—Skrzynki area, suggesting that the fast ice stream flowed over the wet and warm substra-
tum. The lack of MSGLs within the Tomice—Skrzynki area and the occurrence of permafrost-related
features — i.e. (i) mesoscale glacitectonic, (ii) ice-cracks (Ewertowski, 2009), (iii) ice wedge pseu-
domorph and intraclasts within the glacifluvial unit, (iv) erosional contacts, (v) brecciation and tec-
tonic lamination, (vi) thaliks-marks, (vi) load structures similar to those described from Siberia — all
suggest that the ice flow was slower in this region (Szuman et al. 2013) when compared to the
MSGLs-rich regions. Both sedimentological and geomorphological evidences suggest that this area
was in the former inter-stream zone, implying the potential development of lateral shear moraines
and associated deformations.

This chapter is based on results of National Science Centre (Poland) grant No. 2015/17/D/ST10/01975.
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4. Site lll: Kuslin — Ice marginal deformations

4.1. Geological and geomorphological setting

According to the geological map by Pluczynski and Sydow (1993), the Kuslin site is located at the
border between an outwash plain and till plain at the east side of the Lwéwek—Rakoniewice ram-
part. On LiDAR DEM, there is also a clearly visible crest, located to the east of the rampart. As to the
geological maps (Pluczyriski and Sydow, 1993; Michalska and Winnicki, 2003), this crest comprises
of frontal moraines, eskers, thrust moraines, kames, and structural crevasse infill ridges. Beginning
to the east of the LwOdwek—Rakoniewice rampart is a streamlined bedform flow-set belonging to the
Leszno palaeo-ice stream (Figure 22).

Figure 22. Location of the Kuslin site.

4.2. Sediments’ description

The exposed sections are c. 250 m long and up to 7 m high, with varied orientations. A wide variety
of glacitectonic and permafrost features were found in this site. The bottom part of the sedimen-
tary sequence is composed of highly deformed sands, gravels, silts, and diamicton (Figures 23-25).
The top of deformations is either excavated or overlaid by silt deposits (Figure 24A), massive sand
(Figure 24B) or a banded diamicton that gradually transits into massive sand (Figure 24C). Sever-
al clastic dykes were identified along certain sections (Figures 23, 24C,D, 25A). Sands and gravels
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Figure 23. Highly folded glacifluvial sediments. Notice the subglacial till block to the right with preserved
sandy inclusions. A hydrofracture had developed between the deformed lithofacies.
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Figure 25. (A) Ductile deformations (to the left) and brittle one to the right — block of normally graded glaci-
fluvial sands and gravels with well-preserved layering. A hydrofracture developed between deformed units.
The top of deformed sediments is covered by subglacial melt-out till. (B) Recumbent isoclinals fold with
undisturbed sandy layering within it.

were injected under high pore-water pressure into veins formed between deformed lithofacies. The
surrounded sediments are intensively deformed (Figure 24D). The section revealed also series of
deformation structures, mostly different types of folds (Figures 23, 24E,F, 25B), blocks of deformed
subglacial (Weichselian?) till (Figure 23), and glacifluvial sediments with preserved horizontal lami-
nation (Figure 25A).

Figure 24 (see previous page). (A) Massive silty deposits on top of deformed sandy gravels; (B) gradual con-
tact between deformed sands and silty sediments on it. Multiple ductile deformations are visible within the
transition zone. (B) Massive sand (probably melted from the ice) on top of the deformed sands (C) Banded,
sandy diamicton on top of the deformed sand. Massive sand is deposited on top. (D) A hydrofracture filled
with sand and gravels, suggesting high pore-water pressure. The surrounding sediments are highly defored
(ductille deformations). (E) Overturned folds, developed within layers with low strength contrast (F) An
open overturned fold with preserved continuity of sandy layers. Notice the wedge-like structure (possible
deformed therml-contraction-crak pseudomorph) cross-cutting the fold, but with orientation almost paral-
lel to the fold axes, meaning that this feature had developed before the deformation event.
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4.3. Interpretation

The deformations in the Kuslin site can be related to older glaciations or were caused by the local
re-advancing of the local ice margin in subglacial permafrozen conditions. The Kuslin site is only c.
1.5 km away from the local marginal moraines, thus cold-based ice is highly probable in such a loca-
tion. However, the scale of deformations is quite large, which might suggest that some components
had been associated with older structures.

We did not find any subglacial till on top of the deformed sediments, which might suggest that
the whole sequence was not so much overridden by an ice sheet as being formed in a proglacial/
submarginal position. This interpretation may be bolstered by the diamicton raft (probably subgla-
cial Weichselian till) found at the lower part of the deformed sequence. While the investigation is
still ongoing, our current interpretation is that Leszno ice stream retreat was interrupted by a peri-
od of dynamic equilibrium in the local ice margin. Small oscillations have caused the production of
minor pushed moraines on the northern side of the Lwéwek—Rakoniewice rampart and along the
morainic crest (see the geological maps by Pluczynski and Sydow, 1993). The location of the Kuslin
site within the former submarginal position (c. 1.5 km from the inferred ice margin) implies favour-
able conditions for large-scale folding and thrusting. Subglacial meltwater was trapped between the
frozen cold-based ice snout (indicated by marginal moraines) east of the Kuslin site and elevation
of the Lwowek—Rakoniewice rampart west of Kuslin. Water was trapped but escaped with high
pressure between deformed units during bed deformation. Highly pressurised water can also cause
ice fragmentation. The thawing ice covered the unit of deformed sediments by melt-out deposits:
the localised silty kame deposits, subglacial sandy, and banded melt-out till or massive sand melted
from the ice. To the north and north east of Kuslin, the landscape is more closely associated with
the degradation of former belt of debris-covered snout and thus represents a chaotic hummocky
topography. Sedimentological analyses to verify these hypotheses are ongoing.

This chapter is based on results of National Science Centre (Poland) grant No. 2015/17/D/ST10/01975.
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