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Small-scale geologic evidence for Vistulian decline
cooling periods: case studies from the £6dz Region

(Central Poland)
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This study concerns small-scale features in the form of denivation structures, periglacial
involutions, sharp-edged blocks, fragipan layers and frost fissures observed in various
depositional environments of Central Poland. These are terrestrial evidence for the
Vistulian (Weichselian) decline cool-climate intervals (Older Dryas and Younger Dryas).
The structures developed in the presence of either permafrost or deep seasonal frost.
In this study, the authors analyse their distinctive properties and origins, and their
relations to the sedimentary successions and morphogenetic processes. The study
demonstrates that the discussed features can be useful supplementary diagnostic
markers for the comprehensive reconstruction of cold environmental conditions.
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1. Introduction

Despite their relatively short durations, the
Vistulian (Weichselian) decline cooling periods

during the Older and Younger Dryas promoted

significant changes in sedimentary environments.

These changes were recorded in river patterns, the
intensification of slope processes and the formation
of cold-climate aeolian sequences in dunes and

coversands (e.g. Koster, 1995; Antoine et al., 2003;
Starkel et al., 2015). Major geomorphological
responses to the climatic shifts were accompanied
by small-scale processes, which complete the picture
of environmental changes. The small-scale evidence
for cool climate is sometimes assumed to be limited
to strictly local phenomena and is neglected in
comprehensive palacogeographical interpretation.
The identification of such evidence is not always
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Figure 1. £6dZ Region in relation to selected glacial limits (a) and hypsometry of the £6dZ Region with distribution of the

presented small-scale features (b) (references in the text).

obvious, because the near-surface position and
soil-weathering processes could seriously blur the
diagnostic features. On the other hand, the small-
scale evidence from different sedimentary archives
can be compiled to become valuable markers of
conditions which affected the development of Older
and Younger Dryas cold-climate successions.
Small-scale cold evidence is understood as
phenomena, which generally only slightly influence
the geological pattern,
but, in the authors’ opinion, it is outstanding in
reconstructing the instability of the environment in
the Vistulian decline. The mechanisms responsible
for their formation are connected with cold
domains of either permafrost or rigorous seasonal

or geomorphological

frost conditions. Cold-related processes reworked
river bottoms locally, while thawing facilitated
sediment movement, and wind action contributed
onalarge scale.

Based on case studies from some localities
in the £6dZ Region (Fig. 1), this study discusses

the properties of denivation structures fashioned
as oversnow deposits, and the details of a newly
recognized site  with periglacially  involuted
sediments and sand blocks preserved in alluvia.
The authors aim to highlight their potential as
supplementary diagnostic markers to understand
cold environments. The present study is focused on
the analysis of relict small-scale features reported
from the Older and Younger Dryas sediments with
defined stratigraphical positions and indicating
differences in the inventory of structures from these
periods in relation to the specifics and evolution
stages of sedimentary environments.

The choice of the £6dZ Region as a type locality
for discussing the presented issue is supported by
the very good recognition of its palacogeographical
development in the Pleistocene, especially in the
Vistulian. In the studies carried out in the area,
novel concepts of environmental evolution under
periglacial conditions have been formulated and

developed (Dylik, 1953, 1967; Dylikowa, 1967;
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Figure 2. Features of natural environment in the £6dZ Region during the Vistulian decline (after Dylikowa, 1967;
Klatkowa, 1996; Manikowska, 1995; Petera, 2002; Dzieduszynska, 2011, in press; Roman et al., 2014).

Turkowska, 1988; Manikowska, 1995), which has
created a very good basis for understanding the
palacogeographical context of small-scale structures
in narrow time spans in the analysed cold time spans.

2. Climatostratigraphy

The conditions of the Vistulian decline in the £4dz
Region reflect rapid changes between warmer
and cooler phases, superimposed on the general
warming trend observed on a global scale (Lowe
et al., 1994; Brauer et al., 2000; Rasmussen et al.,
2014). The timescale covers the period between
14.2 ka cal BP and 11.65 ka cal BP and includes the
Bolling, Older Dryas, Alleréd, and Younger Dryas
oscillations (Fig. 2).

Reconstruction of the palacoenvironmental
changes in the £4dZz Region is based on proxy
records from organic successions of peatbogs
(Dzieduszyniska &  Forysiak, 2015)
geological and  geomorphological  evidence
(Manikowska, 1985, 1996; Turkowska, 1988, 2006;
Dzieduszynska, 2011; Dzieduszynska et al., 2014;

and on

Roman et al., 2014; Petera-Zganiacz et al., 2015).
Estimation of the regional duration of particular
periods is based on a set of 175 radiocarbon dates
(Dzieduszyriska, in press). The Bolling, of a duration
of ca. 700 calendar years (14.2—13.5 ka cal BP), was
awarm phase with a mean July temperature of about
15°C. An initial soil developed under vegetation
cover consisting of loose willow-birch forest. Drier
and colder climatic conditions, with summer
temperatures between 10.0°C and 13.0°C and the
disappearance of forest communities, prevailed
in the following cooling phase, the Older Dryas,
which lasted ca. 250 calendar years (13.5-13.25 ka
cal BP). The Alleréd, with the temperature raising
up to 17°C, lasted ca. 650 calendar years (13.25—
12.6 ka cal BP) and was a time of pedogenesis. It
was a tripartite period of warming subdivided
by the ca. 200-calendar-year-long inter-Allerod
cold oscillation with a temperature drop of about
2°C. Botanically the Allerdd consisted of a birch
phase followed by a phase dominated by pine
communities. A much colder climate is identified
in the Younger Dryas. Its first part was the coldest
and driest, with summer temperatures dropping to
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10.0°C and coldest months from -25 to -15 °C, and
vegetation dominated by heliophytes. In the second
part, mean July temperatures of 12-13°C and
increasing humidity were inferred from a recorded
reduction in dry habitat plants. The Younger Dryas
lasted ca. 950 calendar years (12.6-11.65 ka cal BP).

Vistulian  decline cold-climate conditions
are usually discussed in the context of a presence
of permafrost. According to the most common
opinion, in the northwestern continental and
central European territory, the ultimate permafrost
disappearance took place during the Allerdd (Bése,
1995; Kozarski, 1996; Gozdzik, 1996; Klatkowa,
1996; Marks, 1996). Recently, based on studies
in peatbogs of the £6dZ Region, Petera-Zganiacz
& Dzieduszyniska (2017) have proven that the

permafrost re-aggraded locally in the Younger Dryas.

3. Regional setting

The area of investigations is located in the Polish
part of the northern central European Lowland,
in the range regionally named the £6dZ Region
(Turkowska, 2006). It is an old morainic area,
limited from the south by the maximum extent
of the late Saalian ice sheet (Warta Stadial of the
Odranian  Glaciation in Polish stratigraphy)
whereas in the north it reaches the marginal zone of
the Vistulian ice sheet. The longitudinal boundaries
of the L6dz Region are delimited by morphological
criteria — in the west, the area is bounded by the
Warta River valley and in the east by the Pilica and
Bzura River valleys (Fig. 1b).

In the middle part of the region there is
meridional elevation, with heights up to 250 m
a.s.l. Most of that area has a typical flat or slightly
undulating lowland landscape. The relief is more
diversified on the outskirts, especially in the
northern part where the terrain descends through
a series of broad flat levels separated by zones of
steeper slopes (Fig. 1b). The study area remained
under periglacial conditions during the Vistulian
cold period, which largely reworked the glacial relief
(Turkowska, 2006). Following the last ice sheet

retreat (dated OSL at ca. 18.7 ka, after Roman et
al. (2014)) the area experienced a rapid transition
from the cold domain to the present interglacial
conditions, which had a strong impact on the
environment.

The sites with small-scale features have been
reported from the geomorphologically diverse
zones of the £6dZ Region: slopes of dry periglacial
valleys, river valleys, terraces, fossil slopes of dunes,
and coversands. Detailed studies were conducted in
the dry periglacial valley in the northern part of the
region (Rudunki site) and in the Warta River valley
in the north-west (Kwiatkéw D] site and Kwiatkéw
J] site) (Fig. 1b). The Rudunki site (N 51°52°507,
E19°25’50”, 195 m a.s.l.) is located on the slope
of the upper section of the N-S-oriented dry
valley, within a gravel pit. The Kwiatkéw DJ site
(N'52°5°58”, E 18°40°38”, 96.3 m a.s.l.) and
Kwiatkéw JJ site (N 52°5°30”, E 18°40'38”, 97.5 m
a.s.l.) were documented within the Adaméw Brown
Coal open pit, in the sediments of the lower terrace
on the left side of the Warta valley.

4. Methods

During the field studies, a range of geological
methods was used. The properties of sediments
were inferred from analysis of textural and structural
features. Grain-size analysis was carried out for the
Rudunki profile. Its results were used to calculate
Folk & Ward (1957) coeflicients: mean grain
size, standard deviation and skewness. Analysis
of sedimentary structures was carried out at the
Kwiatéw D] and Rudunki sites according to the
Miall (1978) code modified by Zieliriski (2015).
Based on the recognised lithofacies, sedimentary
environments have been interpreted. Directional
measurements (strikes and dips) were applied to
study discontinuous deformation structures at the
Rudunki site. Two samples of organic material from
the Kwiatkéw D] profile were radiocarbon dated
and calibrated using the IntCall3 calibration data
set (Reimer et al., 2013) and the OxCal calibration
programme ver. 4.2.3. (Bronk Ramsey, 2009).
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5. Results and interpretation

5.1. Oversnow deposits

Sedimentary series of the oversnow deposit at
the Rudunki site mantles the slopes of two dry
periglacial valleys (Fig. 3a). Series thickness varies
between 0.3 m in the uppermost slope section and
0.8 m downslope. It rests on the Vistulian infilling
of dry valleys, which is common in the Lédz
Region: this infilling of sandy-silty series deposited
under permafrost conditions by slopewash in the
Plenivistulian covered by an allochtonic gravel
pavement, which is a key Upper Plenivistulian
horizon (a synthesis of that issue is provided by
Turkowska, 2006). From the top, structureless
sand cover (Fig. 3¢c) overlies it. The series is built
mostly of medium and fine sand, and also thicker
sand and gravel fraction and even coarse pebbles
of over 10 cm in diameter are present. Grain-size
composition (Folk & Ward, 1957) points to a mean
grain size of about 2 phi, poor sorting and slight
enrichment in the coarser fraction. Horizontal
lamination of the material prevails, and locally the
layers are deflected or ripples appear (Fig. 4). Gravel
material accentuates lamination, while pebbles are
chaotically distributed. The distinguishing feature
of the series is its discontinuous deformations in the
form of distinct small faults and fissures (Fig. 3¢, d).
These are reversed and normal faults with a throw of
afew centimetres. The disturbances create a network
of cracks, which limit packages of rotated (but
undeformed) material, usually highlighted with
hard limonitic streaks. Within the blocks, strikes
and dips are variable, even in units directly adjacent
to each other (Fig. 3b).

The origin of the series is connected with
denivation phenomena. The leading process was
most probably slopewash over frozen snow patches,
which had been preserved for longer than one
season. Directional parameters set separately for
individual walls of the pit indicate that the strike of
the layers and the faults are approximately parallel
to the valley axes (Fig. 3b). We assume that the

slope surface was uneven and that the depositional
process in places where some obstacles occurred
(e.g. frozen snowdrifts) caused disturbances to the
lamination. In addition, the admixture of coarser
material may have resulted from unevenness of
the surface, which, together with transport in
a shallow water environment, facilitated transition
to turbulent flow (Gradzisiski et al., 1986). Larger
pebbles might have been transported by mudflow.
Discontinuous deformations were formed by
material collapse due to denivation. The well-
ordered strike directions of faults and fissures
result from settling on a sloping surface, whereas
the disordered pattern of the dip values indicates
the multi-directional course of the deformation
process (Fig.3b). The origin of the oversnow
depositis approximately dated at the Younger Dryas.
Environmental arguments for activation of eflicient
slope processes at that time, especially in parts of
the study area with steeper slopes were provided by
Dzieduszyriska (2011). The age 12.8+1.9 ka has
been also recognized by TL dating in the 1980s
(Klatkowa, 1989); dating has not been repeated.

5.2. Involutions

Small-scale structures were documented at the
Kwiatkéw DJ site, which is located in the east wall
of the KoZzmin North (Kwiatkéw) open pit of the
Adaméw Lignite Mine (Fig. 5a), within a profile of
fluvial sediments. The profile of alluvium includes
3.4 m of mostly sandy deposits with two horizons
of organic series involved in the deformation. In the
lower part of the profile, sand and sandy silt occur.
Horizontal and ripple lamination prevails, but in
medium-grained sand, trough cross stratification
appears (Fig. 5b). The deposition took place in the
not-very-dynamic sedimentary environment of
the overbank facies of the braided river (Zieliniski,
2015). Such fluvial deposits are typical in the
studied Warta River valley section, and are dated
at the end of the Upper Plenivistulian (Petera,
2002). Above lays organic silt of about 20 cm thick,
containing remains of wood. The layer developed
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Figure 3. Rudunki site: a) morphological situation of the site, b) directional elements of layers and discontinuous
deformations, ¢) schemes of excavation walls and d) oversnow deposits.
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Figure 4. Sedimentary profile and granulometric characteristics of deposits at the Rudunki site.

on the distal part of the floodplain, where the
slow accumulation was not interrupted by fluvial
processes. Radiocarbon dating of organic silt gave
a result of 10.72+1.0 ka "“C BP (12.79-12.43 ka
cal BP; prob. 95.4 %; MKIL-3335), indicating
its Younger Dryas age (Fig. 5¢). At the boundary
between the organic layer and the underlying
sandy series, small involutions of about 10 cm high
developed as quite regular structures (Fig. 5¢).

The organic layer is covered by 60-cm-thick
mineral deposits, which began to accumulate
with massive silt and ripple-laminated sandy silt,
followed by trough cross-stratified medium sand.
This sedimentary succession reflects the increasing

dynamics of fluvial processes with a tendency to
aggradation (Zieliriski, 2015). The accumulation of
the second organic-silt layer indicates a sedimentary
environment returning to extremely low dynamics
(Fig. 5b). The layer thickness reaches several
centimetres and, as does the lower one, contains
wood. The tree remains were radiocarbon-dated
at 11.36+0.7 ka "“C BP (13.34-13.07 ka cal BP;
prob. 95.4 %; MKL-3334) (Fig. 5¢). The dating
result gave an older value than for the lower organic
layer, so we conclude that the wood must have been
redeposited. The layer is undeformed in places,
and in places involutions developed, involving the
underlying mineral layer. The vertical dimensions
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of the structures reach 10 to 20 cm, whereas the
horizontal dimensions vary from less than 10 to
more than 50 cm.

The top part of the profile (0.15 m) is
dominated by fine grained sands and sand with silt.
It starts with flaser lamination in fine deposits and
is followed dominantly by horizontally laminated
sand. The sequence of the sedimentary structures
reflects increasing dynamics of fluvial processes
(Zieliniski, 2015). Near the topographic surface soil
processes (Fig. 5b) have disturbed the structure of
deposits.

In a similar geologic setting, small involutions
were documented in the south part of the studied
Warta valley section. During previous studies,
six types of involutions had been distinguished
(Petera-Zganiacz & Dzieduszyriska, 2017), and,
in terms of their features, deformations described
at the Kwiatkéw DJ site allow them to be classified
as the diapiric type in the lower organic layer
and the diapiric and flame-like involution type
in the upper horizons. As with the other nearby
sites, the age of the disturbed sediment and the
comparable palacogeographic conditions in which
the involutions developed both indicate that they
were formed in the periglacial environment of the
Younger Dryas, which provides evidence of cold
sediment  transformation

climate influencing

during the Vistulian decline.

5.3. Frozen blocks

During the studies carried out in the KoZmin North
(Kwiatkéw), another type of small-scale structures
was recognized to complete the picture of past
conditions; namely, a block of sand and sandy silt
deposited within the river channel (Kwiatkéw ]J
site). The block rests in the bottom of the channel
about 4 m below the present surface and 2 m below
the surface active during the channel development
(Fig. 5d, e). The results of the previous studies
show that a system of channels which formed in
the Warta River valley in the younger part of the
Younger Dryas eroded the frozen surface 2-3 m
down (Turkowska et al., 2004; Forysiak, 2005;

Petera-Zganiacz et al., 2015). The significant
dynamics of the fluvial environment resulted in
fast accumulation of channel fills, which favoured
the burial of eroded blocks, but preservation of
sandy and sandy silty material was possible thanks
to its frozen state (Dylik, 1969; Turkowska, 1988;
Mycielska-Dowgialto, 1998).

6. Discussion

Unlike in northwestern continental Europe, the
climatic conditions in central Poland during the
cold periods of the Vistulian decline (Isarin et
al., 1998; Isarin & Renssen, 1999; Renssen et al.,
2000; Brauer et al., 2008) were not fully suitable
for the formation of mature periglacial features. In
central Europe, there is still very scant evidence of
past permafrost to directly prove a cold climate. This
could be due to the atmospheric circulation pattern,
which at that time generated an increasing amount
of snowfalls eastwards, which protected the ground
from frost penetration (Kozarski, 1993; Isarin et
al., 1998). Permafrost tended to degrade because of
the general warming and relatively short intervals
of cooling periods (Fig. 2). The disappearance
of frost in the ground varied in space and time, so
that locally, under favourable site conditions, it
persisted longer and re-aggraded more easily in
response to the returning cold. As follows from the
study by Dzieduszyriska & Petera-Zganiacz (2016),
permafrost-related structures developed in the sites
favourable to frozen ground re-aggradation, such as
beneath peatbogs within river valleys.

The occurrence of discontinuous permafrost
patterns should oblige researchers undertaking
a comprehensive palacoenvironmental synthesis of
the Vistulian decline to take into account a larger
inventory of features than only strictly permafrost-
related ones. Although the features presented in this
contribution are climate-induced phenomena, their
formation also depends on local morphological
and lithological factors. The largest number of
small-scale features of short cooling periods in
the Lédz Region has been reported from the
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geomorphologically diverse zones of the study area:
slopes of dry periglacial valleys, river valleys, terraces,
fossil slopes of dunes, and coversands.

Cold-climate morphological phenomena are
clearly expressed in the slope environment in the
study area and was best recognized at the Rudunki
site (Figs. 1b, 3, 4). The origin of the series is
attributed to the deposition by wash, mudflow and
wind on frozen snow cover, while the development
of collapse structures resulted from denivation
processes, probably without permafrost involved.
Since geochronological control of these features
is approximate, it follows from the climatic
characteristics that the Younger Dryas deep cooling
was most favourable for the formation of oversnow
series (Dzieduszyriska, 2011). A similar mechanism
was recognized for the process by which the niveo-
aeolian, niveofluvial and niveo-fluviatile deposits
developed in the Netherlands (van der Hammen &
Maarleveld, 1952). Familiar features related to the
niveo-aeolian sedimentation have been reported
from the present cold zone (Koster & Dijkmans,
1988).

Small slides and flowage structures recorded
on the steep fossil slopes of late-glacial dunes below
the Allerdd soil (Manikowska, 1985, 1995) are also
connected by denivation processes (Fig. 1b). Their
origin is attributed to the mass-wasting of soil and
sand cemented with plant roots or with fragipan,
which provided a solid surface of movement
during melting of snow layers in the niveo-acolian
environment (Koster & Dijkmans, 1988).

Another phenomenon indicative of Vistulian
decline cold-climate periods is the presence, in
aeolian covers and dunes, of densified layers
slightly enriched in Fe, Al and Si, which were
most commonly registered within the Older
Dryas series below the Allerdd soil (Manikowska,
1985, 1995; Twardy, 2008) (Fig. 1b). These layers
— described as “fragipan” — could have resulted
from the consolidation of ice lenses and the
formation of increased density zones after melting
interacted with soil liquefaction (van Vliet-Lanoé
& Langhor, 1981; Scalenghe et al., 2004). Water
thermomigration and precipitation of iron and clay

on freezing probably also controlled the formation
of the iron strips superimposed on the Allersd soil.

The occurrence of small involutions is not
conclusive evidence of a periglacial environment.
Interpretation of their origin requires caution,
and consideration of as many aspects of the local
environment as possible (Anketell et al., 1970). In
the Lédz Region, involutions connected with the
Vistulian decline cold intervals were described from:
soil horizons (Jurkiewiczowa, 1961); both dunes
(Chmielewski, 1970; Twardy, 2008) and coversands
(Gozdzik, 1973) for aeolian environments; and the
boundary between sandy-silty series (deposit of
mixed fluvio-acolian-slope origin) and dune sands
(Kasse etal., 1998). The best recognized involutions
of the Younger Dryas age occur in the Warta River
valley, where they were studied over a wide area of
the brown-coal open pits and their development
under frozen ground conditions has been proven
(Petera, 2002; Petera-Zganiacz, 2016; Petera-
Zganiacz & Dzieduszyniska, 2017). The present
study completes the picture of the recognized
inventory of such structures (Figs. 1b, 5b, ¢). Isarin
(1997) has compiled the distribution of involutions
of this age in Europe.

Diagnostic indicators for cold conditions
survived buried in the alluvium of some rivers
in the £6dz Region (Figs. 1b, 5d, ¢). The block of
allochtonic material derived from frozen sediments
presented in this study is one of a few examples
recognized in the L6dZ Region. Small sharp-edged
lumps of medium-grained sand with preserved
original laminated internal structure were found
within channel deposits during previous studies of
the Warta sediments (Petera, 2002; Turkowska et
al., 2000, 2004; Petera-Zganiacz et al., 2015). Also
in the Ner River valley, fossilized blocks of fluvially
transported overbank deposits dated at the Younger
Dryas with traces of postsedimentary deformations
were recorded (Turkowska & Dzieduszyniska, 2011).
These features provide evidence of a floodplain
freezing, as well as rapid accumulation under
cold-climate conditions. Certainly, the erosion
processes responsible for their formation must have
been driven or significantly supported by thermal
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erosion (Dylik, 1969; Turkowska, 1988; Mycielska-
Dowgiatlo, 1998).

In deposits accumulated during the Vistulian
decline, structures have been documented which
developed due to thermal contraction (Figs. 1b,
2). The structures reported from the study area
usually take the form of epigenetic frost fissures
(Olchowik-Kolasiska, 1962; Gozdzik, 1973;
Manikowska, 1996; Twardy, 2008), syngenetic frost
fissures (Manikowska, 1995) or small sand wedges
(Gozdzik, 1973; Manikowska, 1997), whereas
well-developed ice-wedge pseudomorphs are scarce
(Gozdzik, 1973; Kasse et al., 1998). Examples of
thermal contraction structures provided from the
regional literature do not indicate anything about
their age, and the cited authors assign them to the
Vistulian decline in general. Most of the dated
thermal contraction features originated during
the Older Dryas, when discontinuous permafrost
aggraded in newly formed dunes and coversands
(Gozdzik, 1996; Manikowska, 1995).

Interesting and significant features, which
grew in the Younger Dryas cold interval, are ice-
wedge casts, ~-3m deep and ~0.2m wide and
small narrow sand wedges described from the
base of the aeolian dune sands in the Belchatéw
brown-coal open pit (Kasse et al., 1998). In the
Adaméw brown-coal open pit, frost fissures were
reported from fluvial sediments (Petera-Zganiacz
& Dzieduszyniska, 2017). The structures are 1.5 m
long and only up to a few centimetres wide, and
filled with sand in the bottom, host deposits in
the middle, and overlying material in the top. The
fissures developed because of repetitive cracking
in broadly same position during at least a few
winter seasons, which is proven by the occurrence
of finger-like elementary veins in their lower parts.
These frost fissures probably formed an initial
polygonal system. During the Younger Dryas, the
frost fissures could have developed on flat areas of
river valleys (Petera-Zganiacz & Dzieduszyriska,
2017), whereas Manikowska (1995) claims that
the dune environment of that time did not provide
suitable water conditions for ground ice formations.
Also in northwest Europe, thermal contraction

cracks of Younger Dryas age are scarce. They have
been reported from the Mass River valley in the

Netherlands by Bohncke et al. (1993) and in
northeast Germany by Borneretal. (2011).

7. Concluding remarks

* Newly documented small-scale geologic evidence
(oversnow deposits, small involutions, sand-
blocks in alluvium) were formed during the
Younger Dryas period of the Vistulian decline.

* Based on the new findings and literature review,
comparison between cold-climate evidence
dated at the Older Dryas and that dated at the
Younger Dryas points to a larger variety of small-
scale structures having developed during the
latter.

* The Older Dryas promoted the development
of numerous frost fissures, mostly in aeolian
attributed to the

environments, which is

Vistulian permafrostsstill having been present.

* For the Younger Dryas, frost fissures are less
common; the shortage of these features can be
explained by dry conditions and the absence of
permafrost. In wetter localities (e.g. bottoms of
river valleys or peatbogs) indirect proof related to
frozen ground, such as sand-blocks in alluvium or
small involutions, have been registered (in places
where re-aggradation of permafrost was possible).

* Denivation structures prove that snow played
a large role in the Younger Dryas environment;
the thickness of snow cover increasing eastwards
is in agreement with European palacoclimatic
simulations.

* The origin of the described structures was gener-
ally driven by climatic changes. Differences in the
inventory of structures result from the delayed
response of individual local sedimentary environ-
ments to the short events of the Vistulian decline.
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¢ The small-scale features are considered to have no
quantitative climate-diagnostic value, but they
can be successfully applied as supplementary
markers of climate and environmental inferences,
especially where they coincide.
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