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Pronounced climatic warming associated with the Late Weichselian Pleniglacial-to-Lateglacial transition
caused considerable environmental changes throughout the former periglacial zones (in Europe ~53°-46°N).
During permafrost degradation and subsequent ground subsidence (i.e. thermokarst processes), the landscape
changed rapidly. In this study we investigated a flat mid-altitude area in south Bohemia, Czech Republic, lying
close to the southern limit of the Weichselian permafrost. We discovered palaeo-lake basins with sedimentary
infillings up to 11 m in depth. According to radiocarbon and palynostratigraphical dating, these basins were
formed at the onset of the Late Pleniglacial-to-Lateglacial transition, whereas the smaller depressions were
formed later. We suggest that the basins resulted from thermal and fluvio-thermal erosion of the former
permafrost and represent remnants of discontinuous gullies and possibly collapsed frost mounds (pingo/lithalsa
scars). The formation of this a fossil thermokarst landscape was climatically driven and multiple phased, with the
major phase during the climatic warming and wetting at the onset of GI-le (Belling) and the minor phase during
GlI-1c (Allered). This study enhances knowledge of the palacogeography of the former European periglacial zone
by showing that Late Pleistocene thermokarst activity could have had a significant impact on the evolution of the
landscape of at least some regions of central Europe along the southern limit of the continuous permafrost zone.
The research also points to a similar history for the physical transformation of the landscape of the former
European periglacial zone and current thermokarst landscapes and could be a valuable source of information
with respect to the future transformation of the Arctic under conditions of ongoing global warming.
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In recent permafrost environments, thermokarst encom-
passes the whole range of geomorphological landforms
affecting the landscapes of the Arctic and the Antarctic
(Jorgenson 2013; Kokelj & Jorgenson 2013; Farquharson
et al. 2016). Thermokarst is understood in terms of
processes associated with the thawing of ice-rich per-
mafrost that lead to local or widespread ground collapse,
erosion, and surface instability. Resulting landscapes are
characterized by pits, basins, and irregular depressions
that lack surrounding ramparts (French 2017). Thermo-
karst (thaw) lakes are the most ubiquitous of these land-
forms (Jones et al. 2011; Morgenstern et al. 2011, 2013;
Farquharson et al 2016), usually initiated by complete
subsurface ice degradation, ground collapse and the
subsequent accumulation of water in the closed depres-
sion (Van Everdingen 1988; French 2017). The sizes,
shapes and morphologies of thermokarst lakes and
depressions can vary enormously amongst and even
within various regions (Grosse et al. 2013), depending
mostly on the local relief resulting from geological struc-
ture (e.g. fault lines), the topography associated with
fluvial patterns (e.g. basins related to beaded streams;
Short & Wright 1974; Merck et al. 2012; Jorgenson 2013),
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or the post-formation history of erosion and deposition.
Widespread thermokarst initiation appears to have
coincided with the onset of the Holocene as a result of
warmer and wetter conditions relative to the Pleistocene
(Czudek & Demek 1970; Rampton 1988; Walter et al.
2007; Morgenstern et al. 2011; Biskaborn et al. 2013;
Lenz et al. 2016). Observations indicate that over the
past several decades, geomorphic processes in per-
mafrost regions have been intensifying (Biskaborn et al.
2019), affecting ecological and biological systems, and
destabilizing arctic infrastructure (e.g. Rowland et al.
2010). Some projections indicate accelerated modifica-
tions to permafrost in the near future as a system-wide
response to ongoing global warming (Hinzman et al
2005). Studying relict landforms of past periglacial
landscapes may provide useful information on how
modern periglacial landscapes will respond to ongoing
warming at high latitudes.

Throughout the Weichselian Pleniglacial-Lateglacial
transition (~18-15ka BP), rapid and pronounced climatic
oscillations caused distinct environmental changes
(Roberts2014) and induced large-scale physical landscape
transformation throughout the former European peri-
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glacial zone (Isarin 1997; Huijzer & Vandenberghe 1998).
Some structures such as gullies, pits or involutions have
been interpreted as relict thermokarst features result-
ing from the decay of former Pleistocene permafrost
(Vandenberghe & Pissart 1993). Of various types of
thermokarst depressions distinguished within recent
thermokarst landforms (Jorgenson 2013), collapsed
open-system pingos and lithalsas are the most frequent
kind, documented from numerous sites throughout the
lowlands of north, northwestern, and western Europe
(Svensson 1964; Hoek 1997; Pissart 2000). Both types of
depressionsare typically circular or elongated and rimmed
by a distinct rampart, which formed by the action of mass
wasting down the sides of a former mound that enclosed a
central depression where the ice-core had melted (French
2017; Harris et al. 2018). These depressions are usually
filled by colluvial sediments, peat and sometimes lacus-
trine sediments. In contrast to pingo and lithalsa scars,
evidence of landforms representing Pleistocene non-
ramparted thermokarst lakes is very limited. This could
be due to their low potential for preservation in the fossil
record (French 2017) once the permafrost had thawed,
such thawing reducing the terrain to the level of former
depression floor (Ballantyne 2018). In Europe, non-
ramparted thermokarst depressions filled by lacustrine
deposits have so far been described from severalsitesin the
Netherlands and eastern Germany (Bohncke et al. 1993;
Van Huissteden & Kasse 2001), northern Poland (Dylik
1963), southern England (Berry 1979; Banks et al. 2015),
and northern France (Van Vliet-Lano¢ ef al 2017,
Bertran et al. 2018). In contrast to N and NW Europe,
knowledge on thermokarst processes and their impor-
tance in the genesis of the Late Pleistocene landscapes of
central Europe remains poor (Czudek 1986, 2005; Van-
denberghe 2001; Zak et al. 2012).

In light of these considerations, the Trebon region in
south Bohemia (Czech Republic) could be a key area
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with respect to reconstructing the Late Pleistocene
environment of central Europe. Even though this
landscape had been extensively remodelled during the
Early Modern Age (~AD 1500-1600) construction of
fishponds, large non-ramparted palaco-lake basins have
been discovered in recent years by drilling (Sida &
Pokorny 2011; Hosek et al. 2013, 2016). High-resolu-
tion, up to 11-m-thick lacustrine sequences of the largest
palaeo-lake basins have provided detailed information
on supra-regional environmental transformation and
dynamics throughout the Late Pleistocene—Holocene
transition (Pokorny & Jankovska 2000; Pokorny 2002;
Pokorny et al 2010; Hosek et al. 2014, 2017). However,
the origin of these palaeo-lakes and depressions is so far
unknown. Here, we describe these rare landforms in their
geological and palacoenvironmental setting and examine
their mechanisms of formation in the context of the Late
Pleistocene landscape transformation of the former
periglacial zone. Knowledge of past landscape and
environmental dynamics could provide valuable infor-
mation on the interaction between permafrost and
climate during the last deglaciation (e.g. Kohler et al
2014), as well as insight into current permafrost defor-
mation, the mechanisms behind which are still not
sufficiently understood.

Regional settings

Geology and geomorphology

The study area is situated in South Bohemia, Czech
Republic (latitude 49°03'N, longitude 14°43’E, alti-
tude 400-430 ma.s.l.;; Fig. 1),in the northern part of the
Tiebon Basin, which consists of an area of generally flat
terrain, with elevations only 25-30 m in height. The
Trebon Basin is filled by Cretaceous clastic sediments
consisting of sandstones, conglomerates and mudstones.
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Fig 1. Map showing the location of the study area (red dot) within the Czech Republic (CZ) together with the maximum extent of the continuous
permafrost (dashed line), Scandinavian Ice Sheet and Alpine glaciation during the Last Glacial Maximum, ~20 ka ago (after Vandenberghe et al.
2014 and Ehlers & Gibbard 2004). [Colour figure can be viewed at www.boreas.dk].
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These Cretaceous sediments are partially covered by a  thermokarst depressions are situated on the upper part
layer of Miocene fluvio-lacustrine sediments up to 60 m  of the Miocene sequence (Fig. 2), which consists of
in thickness (Malecha ez al. 1991). All the studied layers of fine-sandy clays, sandy gravel, diatomite, and
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Fig. 2. Geological map of the study area (based on Dornic et al. 1977) and the spatial distribution of Late Pleistocene lacustrine sediments. The
most investigated areas in the surroundings of the Veseli (A), Svarcenberk fishpond (B) and Velky Tisy (C) fishpond are shown in detail together
with locations of sampling cores SVC (Svarcenberk Central Core), SVL (Svarcenberk Littoral Core), VTC (Velky Tisy Central), VTL (Velky Tisy
Littoral) and VSC (Veseli Central). [Colour figure can be viewed at www.boreas.dk].
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lignite. Miocene sediments fill the NNW-SSE graben,
which is a dominant tectonic and geomorphological
structure in the area. The boundary between Cretaceous
and Miocene sediments is characterized by a system of
faults perpendicular to the main tectonic structure. The
graben constitutes the shallow depression, up to 2 km in
width, in the generally flat terrain. The surface of this
zone is characterized by undulating terrain formed by
isolated elevations up to several metres in height and
depressions between them. The predominant orientation
of these features is NE-SW, i.e. in concordance with the
zone’s current surface drainage system.

Periglacial deposits include loess-like sediments and
stratified slope deposits. The area of loess deposits is nowa-
days restricted to the NW part of the study area. These
deposits are 1-6 m thick, slightly sandy and completely
decalcified. Within the low-lying water-saturated terrain
along the Luznice River, loess-like sediments were pre-
served only in isolated islands, due to intensive decalcifi-
cation and consequent erosion during the Early Holocene
(Hosek et al. 2017). Middle and Upper Pleistocene fluvial
sandy gravels are preserved discontinuously along the
Luznice River as alluvial terraces with surfaces 5 and 8 m,
respectively, above the Holocene flood-plain (Chabera &
Vojtéch 1972). Pleistocene fluvial sediments are partially
covered by numerous aeolian sand dunes formed here
during the Younger Dryas (Pokorny & Ruzickova 2000).

Hydrogeology

Groundwater in the northern part of the Tiebon Basin
currently flows through Cretaceous sediments from the
highlands lying southeastern of this area (Krasny et al.
2012). Along the contact between Miocene sediments
and crystalline bedrock, the groundwater flows upward
to the surface along faults. Artesian springs are localized
in these zones if the uppermost part of the Miocene
sequence consists of sufficiently thick clayey sediment
(aquitard; Kadlecova et al. 2016). Generally, these fine-
grained sediments and a low topographic gradient both
contribute to poor surface hydrological drainage across
the area and promote the existence of extensive and thick
Holocene peat bogs (Pokorny et al. 2010). These peri-
odically or permanently waterlogged depressions were
also used for the construction of large fishponds during
the Early Modern Age — today, artificial ponds are an
omnipresent feature of the local landscape.

Periglacial features

During the Last Glacial Maximum (LGM; ~23-19 ka,
Mix et al. 2001) the study area was located ~110 km
north of the Alpine piedmont glaciers and ~400 km from
the southern edge of the North European continental
ice sheet (Fig. 1). It was also deep below the LGM-equi-
librium line altitude of the glaciation of the Bohemian
Forest, which was about 1050-1150 m a.s.l. (Kfizek
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et al. 2012; Vocadlova et al. 2015). Pseudomorphs of
thermal-contraction-cracking features clustered into
polygonal nets previously documented in the south of
the Czech Republic (Kunsky 1946; Chabera & Mach
1977) suggest that this region underwent permafrost
evolution long enough to allow the growth of thick
ground ice bodies. Thermokarst features include soft-
sediment deformations (thermokarst involution), abun-
dantly presentin the poorly consolidated Cretaceous and
Miocene clayey sand as well as in the Upper Pleistocene
alluvial sediment. Thermokarst sediments accumulated
mostly along the foothills of asymmetrical valleys with
steeper slopes (Chabera & Mach 1977).

Material and methods

Fieldwork and imagery

The presence of lacustrine deposits at selected sites was
detected using more than 500 individual boreholes per-
formed within terrain depressions, almost all of which are
currently flooded by artificial fishpond bodies. On non-
flooded sites we also used electrical resistivity tomography
for detailed investigation of subsurface geology (for tech-
nical details, see Hosek ez al 2016). The extent of lacustrine
deposits and the morphology of basins were mapped using
hand-operated corers (25 mm in diameter) in several
transects with 20- to 100-m grids across the basins. Lake
sediments covered by fishponds were cored from a boat in
summer and from ice during winter seasons. Due to their
potential with respect to high-resolution palacoenviron-
mental reconstruction, the largest lake basins — Velky Tisy,
Svarcenberk and Veseli —were studied in greater detail (220
boreholesin42 transects) and, thus, a substantial part of the
findings relating to morphology and lithostratigraphy
discussed below arises from observations made at these
sites. Reference cores VITC, SVC and VSC were taken
from the central parts of these lakes using a pneumatic
hammer-operated piston-corer (tube 50 mm in diame-
ter) and the subsampled material (bulk gyttja and plant
macro-remains) was used for radiocarbon dating.

Our field interpretations were consolidated by the
analysis of aerial photographs (www.mapy.cz), and the
use of a high-resolution digital elevation model (DEM;
the Czech State Administration of Land Surveying and
Cadastre — CUZK, 1-m grid), which allowed the identi-
fication of inherited periglacial patterns at the scale of the
region. As the study area has been influenced significantly
by modern agricultural management and fishpond
building over the last 50 years, we also used historical
topographic maps and aerial photographs from the 1950s
(provided by the Office of Military Geography and
Hydrometeorology of the Ministry of Defence of the
Czech Republic), which were produced before agriculture
and fishpond management intensified and in which the
shapes of several former shallow depressions in the
landscape were evident. For expression of the shape of
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lake basins (elongated, semi-circular, circular) elongation
index was calculated. The elongation index (major axis/
minor axis) refers to the axes of a best-approximated
ellipse with an area equal to that of the object being
analysed (Morgenstern et al 2011).

Radiocarbon and OSL dating

The radiocarbon dating of plant remains and bulk
lacustrine sediment was performed in order to obtain
detailed stratigraphical information on the initiation and
evolution of palaeo-lakes. Sediment was sampled from
the profundal parts of palaeo-lakes to eliminate the effect
of possible redeposition. Overall, 21 radiocarbon ages are
presented in this study, some of them already published
(Pokorny 2002; Hosek et al. 2014, 2017; Table 1). Sam-
ples were prepared for '*C accelerated mass spectrometry
(AMS) and dated at the Poznann Radiocarbon Labora-
tory in Poland (abbr. Poz-), at the Center for Applied
Isotope Studies, University of Georgia, USA (abbr.
UGAMS-) and at the Radiocarbon Dating Laboratory,
Department of Quaternary Geology, Lund, Sweden
(abbr. LuA-; Table 1). All radiocarbon dates are pre-
sented as calibrated (ka BP) against the IntCall3 curve
using OXCAL v4.2 (Reimer ez al. 2013).
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Two samples for OSL dating were taken from the
sedimentary infill of a pseudomorph of thermal-contrac-
tion-crack exposed in the wall at the Zablati sand pit
(Zablati_1 and Zablati_2) and processed at the OSL
laboratory at the University of Gliwice (Poland). Details
on the method of pretreatment and the measurements of
samples are provided in Data S1 and Fig. S1.

Comparison of studied sections with modern thermokarst
forms — criteria selection

The interpretive syllogism of the study is based substan-
tially on comparison of our observations with known
recent thermokarst landforms and structures. Never-
theless, the studied structures represent past (palaeo)
features in the recent temperate region, and hence the
diagnostic criteria for periglacial processes were blurred
by Holocene surface re-shaping. Furthermore, almost all
the studied palaco-lakes are buried by recent fishponds,
which make them unavailable for the detailed evaluation
of some characteristic features and structures linked with
thermokarst processes. Consequently, comparison of the
studied palaco-lakes with modern ones is based on
characteristics that could be obtained by borehole
investigations. These characteristics include (i) basin

Tuble I. Results of radiocarbon dating from the Velky Tisy, Svarcenbek and Veseli palaco-lakes.

Lab. code Profile, depth (cm)  Type of material “Cage (a BP)  Calibrated age Reference
range (cal. a BP)
LuA-4590 SVC, 390-393 Woody stem fragment 9640+115 10 801-11 147 (68%) Pokorny (2002)
LuA-4591 SVC, 520-523 Bulk gyttja sample 10 7804115 12 654-12 877 (68%) Pokorny (2002)
LuA-4738 SVC, 680-683 Bulk gyttja sample 11750+120 13 464-13 813 (68%) Pokorny (2002)
LuA-4737 SVC, 985-995 Salix twigs 12 800+120 14 943-15 617(68%) Hosek et al. (2014)
Poz-71857 VTC, 50-52 Terrestrial plant seeds 960+30 796-886 (64.8%) This study
891-929 (30%)
Poz-72025 VTC, 92.5 Bulk gyttja sample 3230435 3380-3512 (84.2%) This study
3527-3558 (10.8%)
Poz-71858 VTC, 240-242 Bulk gyttja sample 7550450 8209-8261 (7.8%) This study
8294-8428 (87.1%)
Poz-71859 VTC, 330-335 Bulk gyttja sample 863070 9487-9788 (94.1%) This study
9850-9861 (0.6%)
9878-9883 (0.3%)
Poz-72027 VTC, 422-423 Bulk gyttja sample 9670460 11 061-11 214 (50.7%)  Hosek et al. (2017)
10 786-10 981(39.2%)
10 986-11 033 (5.1%)
Poz-72212 VTC, 487-488 Bulk gyttja sample 10 84060 12 672-12 823 (95%) Hosek et al. (2017)
Poz-72071 VTC, 536-537 Bulk gyttja sample 11 250460 13 019-13 249 (95%) Hosek et al. (2017)
UGAMS-25537  VTC, 590 Bulk gyttja sample 11 400+£30 13 152-13 306 (95%) Hosek et al. (2017)
Poz-72028 VTC, 617-618 Bulk gyttja sample 11 730470 13 448-13 717 (95%) Hosek et al. (2017)
Poz-71860 VTC, 678-679 Betula (seeds) 12 00060 13 729-14 037 (95%) Hosek et al. (2017)
Poz-71861 VTC, 730-735 Woody fragment 12 240+60 13 96014 449 (95%) Hosek et al. (2017)
UGAMS-17379  VTL, 66 Plant frag. 4400430 48675046 (94.1%) This study
5205-5210 (0.8%)
UGAMS-17380  VTL, 430 Plant frag. 13 090435 15 496-15 909 (95%) This study
UGAMS-25536  VSC, 282.5 Bulk gyttja sample 11 890+35 13 58013 776 (95%) Hosek et al. (2017)
UGAMS-23611  VSC, 355-360 Bulk gyttja sample 11 830+70 13 534-13 772 (89.8%)  Hosek er al. (2017)
13 483-13 527 (5.2%)
UGAMS-23612  VSC, 420-422 Salix/Populus (wood fragment) 12 140+£30 13 905-14 152 (94.7%)  Hosek et al. (2017)
13 88013 884 (0.3%)
UGAMS-30901 VS, lake bottom Wood 11 640+30 13 401-13 658 (95%) This study
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Table 2. Morphometric characteristics and ages of basal deposits of Velky Tisy, Svarcenbek and Veseli palaco-lakes.

Site Number Width xlength x maximum Surface of lake Perimeter of former Radiocarbon age of
of cores depth (m) sediment (km?) shoreline (km) basal deposits (cal. ka BP)
Velky Tisy_1 31 970x370x12 0.2 0.23 14.3;15.8
Velky Tisy_2 5 142x562x6.8 0.1 1.3 -
Svarcenberk 149 450x1280x10 0.44 3.1 15.3;13.7
Veseli_1 45 130x640x6 0.061 1.6 14.1
Veseli_2 35 154x420x6 0.049 1.02 13.5

morphology and morphometry, (ii) lithostratigraphy,
and (iii) the palaeoenvironmental context derived from
the sedimentary record.

Results and interpretation

Spatial distribution and morphology of palaeo-lakes

Overall, 31 sedimentary basins were documented in the
study area (Fig. 2). They were found solely on Miocene
bedrock (sand/clayey sand) within poorly drained
(waterlogged) low-lying areas determined mostly by
bedrock faults (Fig. 2). All of the basins are enclosed and
non-ramparted.

The shapes of most basins are rather irregular, elon-
gated or trough-shaped (n = 16). Nevertheless semi-
circular (n = 9) or circular (n = 6) shapes were also
mapped. The length of the longer axis of the lake basins
ranged from several metres to several hundred metres.
The predominant orientation of the longer axis of most
of the basinsis SW-NE, in concordance with the tectonic
fault system as well as with the current surface drainage
system (Fig. 2). The minimum lake depth was found to
bel m,and the maximum 11 m, while the surface area of
the current sediment of the former lakes ranged from 0.01
to0 0.44 km”.

On the basis of size and morphometric/morphological
characterization, the studied lake basins can be divided
into two groups. The first group is represented by basins
with an obvious elongated or trough shape, a longer axis
greater than 120 m, and adepth of between 6and 11 m
(Table 2). All of these basins were found within short
shallow valley-form depressions with low gradients
going from slightly elevated areas of SW slopes toward
the erosion base of the area, i.e. Luznice River flood-
plain (Fig. 2). The orientation of the longer axes of the
basinsisusually parallel to the axes of the short valleys. In
addition, a system of elongated elevations of Miocene
bedrock and depressions parallel to the directions of the
basin axes is typical for surfaces in the vicinity of the
palaeo-lakes and denotes past fluvial activity in these
zones (Fig. 2B, C).

The typical morphology and bottom bathymetry of
these basins are shown in Figs 3,4 for the examples of the
Svarcenberk (SV), Velky Tisy (VT) and Veseli (VS)
palaeo-lakes. The basins are characterized by an asym-
metrical profile with steep slopes and a cone-like shaped

bottom (see the longitudinal profiles through SVand VT
palaco-lakes). The basins can be partially divided by
internal ridges into semi-separate individual depressions.
This is most striking in the case of the SV palaeo-lake,
where ridges up to 3.5 m in height were found. Cross-
sections reveal V-shaped slopes with an internal valley
in the central part running parallel with the longer axis
and making a step-like profile (Fig. 3). Taking into
account the location of the palaeo-lakes within short
shallow valley-form depressions, these basins could be
remnants of past tributaries of the LuZznice River.
However, all basins were found to be entirely enclosed
and, consequently, no connection between the sedi-
mentary sequences of the palaeo-lakes and the Luznice
River valley was found. Therefore, this possibility can
be rejected (see also discussion below).

The second group of palaeo-lake basinsischaracterized
by a generally circular or semi-circular shape with a
diameterofless than 120 mand a maximum depth of 6 m.
In comparison with basins of the first group, these are
located farther from the downvalley axis. Cross-sections
revealed rather gentler slopes and pan-like shaped bot-
toms (Fig. 7B).

Lithostratigraphy of lacustrine sediments

Although the dating of thermokarst lake sediments has
been repeatedly reported as problematic (e.g. Gaglioti
et al. 2014), several sites from the circumpolar Arctic/
Subarctic were shown to provide useful palacoenviron-
mental archives (Bouchard et al 2017). In our study the
radiocarbon ages obtained from the plant macro-
remains and bulk gyttja sediment of the largest and
deepest palaeco-lakes (Table 1, Fig. 5) are in stratigraph-
ical order and reveal continuous sedimentation through-
out the Lateglacial and the Holocene. On the basis of
these data and lithological characterizations, sedimen-
tary records of the largest palaco-lakes can be divided
into three main zones (A-B-C), corresponding to major
environmental changes in the study area (Fig. 5).

Zone A consists of two units: (i) minerogenic sediments
(clayed sand/gravel and calcareous silt) and (ii) clayey
sand with layers of minero-organic sediment (gyttja).
Both units have a massive structure and rather low
contents of organic matter. The maximum thicknesses (up
to 3 m) of these strata were found in the central parts of
basins, while the thickness was reduced or even null



994

Jan Hosek et al.

BOREAS

Depth (cm)

Svarcenberk
\ :

Sediment thickness (m)

o2 [+ (S I

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
B
0 ) .
Fishpond sediment
o |
200 - Peat
= 300 7 | oytjargyttia with sand
400 ~
L 5001 | Gyttja with organic admixture
=
= 600 A : :
% Clayey sand with layers of gyttja
o 7004
800 4 - Organic rich clay/peat; terestrial veg.
2004 Sand with clay
1000
1100
100 200 300 400 500 600
0-
100 -
200
300
400
500
600
700 Sediment thickness (m)
800
= [o2[ 24 e]os o
1000
1100
€ B”
e 0
£ 1oo-
S 200
o 300
0O 400
500
600
700

100 4

200 -
300 -
400 -
500 -
600
700 -
800 -

- Fishpond sediment

- Peat
Gyttja/gyttja with sand

- Organic rich clay/peat; terestrial veg
Clayey sand with layers of gyttja

Sand with clay

900 -
1000 {
1100 -

200 300 400 500 600 700 800

900 1000 4400 1500 1600 1700 1800 1900 2000 2100

Distance (m)

Fig 3. Bathymetryand stratigraphical cross-sections of the Svarcenberk and Velky Tisy palaco-lake basins together with the locations of sampling
cores and the calibrated radiocarbon ages. [Colour figure can be viewed at www.boreas.dk].

toward thelittoralzones (Fig. 3). A distinctlayer of clayey
peat with the remains of terrestrial vegetation was often
found in impure sand within or at the surface of this
sequence. [t contained the remains of herbs, twigs of arctic
dwarf shrubs (Salix, Betula nana in the case of the
Svarcenberk palaeo-lake), and pine trunks (Veseli palaco-
lake). The radiocarbon dates of these remains of the
terrestrial vegetation (Table 1) together with palynos-
tratigraphical investigations (Pokorny 2002) revealed that
zone A accumulated throughout the late Pleniglacial/
Lateglacial transition (~16-15 cal. ka BP). Zone A
represents the initial phase of the lake infill. Diamict

sediments were relocated into the lake basin by surface
erosion and slope processes. They also could have
originated from retrogressive slumps of the thawing sides
of the lake and can be considered as thermokarst
sediments, which are colluvial in nature and consist of a
range of locally redeposited and heterogeneous materi-
als, or diamictons, which often incorporate clumps of
organic material (see also Murton 1996). The source of
allogenic components consisted primarily of exposed
Miocene and Cretaceous sediments in the catchment. An
additional source was probably loess washed from
watersheds, as indicated by the high concentration of
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medium/coarse silt and the substantially elevated con-
centration of calcium in these sedimentary strata (HoSek
et al. 2017).

Zone B consists of a sequence of organo-mineral
deposits (fine-detritus gyttja), up to 8 m in thickness. In
the lower part of this zone, an increased input of
allochthonous material (fine-grained sand and silt) mixed
with the remains of terrestrial vegetation was usually
found (subzone B;), whereas in the upper part the strata
are characterized by quiet lacustrine sedimentation
(subzone B,). On the basis of radiocarbon dates obtained
from plant macro-remains and bulk gyttja sediment, zone
B corresponds to the Lateglacial.

The above-lying zone C corresponds to the Holocene.
Thelithology of this zone is characterized by the presence of
coarse-detritus gyttja with high contents of organic matter
and low allochthonous input. In most cases, the lacustrine
sediments are overlain by a layer of ligno-herbaceous peat
1-3 m in thickness (Fig. 5). This lithological switch points
to a change in depositional conditions, from lacustrine to
terrestrial, which occurred in the Middle Holocene
(~4.9 cal. ka BP according to radiocarbon dating).

The palaco-lakes from the second group exhibited
similar lithostratigraphy to the largest palaco-lakes.

However, the thickness of the lacustrine/thematic sedi-
ment (zone B) was reduced (usually <1 m) and most of
the infill was formed by peat (zone C).

Overall, the lithostratigraphy of the studied lakes
shows a similar pattern to the sedimentary sequences of
most thermokarst lakes. Sediments of recent thermo-
karst lakes can usually be divided into two general for-
mations (Czudek & Demek 1970; Farquharson et al.
2016): (i) basal high-energy colluvial sediment with a
massive structure dominated by upland material from
bank thaw and collapse events (correlated with zone A),
and (ii) an above-lying low-energy central basin envi-
ronment dominated by lacustrine sediment and peat
(zones B and C).

Interpretation and dating of periglacial features

A 153-cm-high and 120-cm-wide structure exposed in the
wall of the Zablati sand pit (Fig. 6C) was interpreted as
pseudomorph of thermal-contraction crack. The host
material was unconsolidated sand and gravel of Creta-
ceous sediment. The pseudomorph infill consisted of
sandy silt with larger clasts (up to 2 cm in diameter),
which were mostly vertically aligned along the walls of



996 Jan Hosek et al. BOREAS
VTC O VSC &
? °R &
>\ ¢ AN
Q\OQQ@\ Q\C’Q)Q\‘(‘ )&\o’l’
SIS SIS
o Y ; Y s
& %
ENCE Y 50 Holocene
X,
% 1 1001 100
150 150
200 Holocene 4
5% Holocene .
. /:?‘6’) | 2504 250-
N 300 7 300 ~| Lateglacial
\"76\ k?) L —= g
7 7 350~ %5 =
7s % Ry 1 B=
9;(,(7 4004
% j—
20 %7 7 asor
' 450
7‘?776:’(@ 1500
5 % 75007
7?995(99 7 550~ %, : Late
TS0 Lateglacial ¥ 70| [ Lateglacial = Pleniglacial
% \x{%‘ 7 600~ ateglacia 1 & soo )23 g
& 7504 =
> 650 = . )
7y % 1 B Soil [ | Silty clay
CES =
00" % 0] 800 _ =%
‘%‘96\ 17 sl B Gyttja/clayey gyttja with sand
¢~ 750- i —
B Dark gyttja with molluscs
4 5
800 .
Late % ool AT Late Layers of gravel and wood pieces
850~ Pleniglacial %5 1 Pleniglacial ) )
" S —1000_ Clayey sand with layers of gyttja

= .
Gyttja/gyttja with sand [ Pea

1 Layers of gravel and wood pieces

- Organic rich clay
| Clayey sand with layers of gyttja

Fine

| Clayey sand

Clayey sand

Fine/coarse detritus gyttja

grained (aeolian) sand

Clayey gyttja/with organic admixture
Clayey sand with layers of gyttja

=] Clayey peat

1Clayey sand

Fig 5. Lithology and radiocarbon ages of references cores VTC, SVC and VSC. [Colour figure can be viewed at www.boreas.dk].

the pseudomorph. The infilling material was loess, which
had been (re)deposited in the wedge together with
surrounding sand and gravel by both acolian and
colluvial processes. Two OSL samples obtained from the
sediment infilling (Fig. 6C) yielded ages of 53.3+2.8 and
58.3+£2.5 ka (Table 3), dating the formation of the
pseudomorph of thermal-contraction crack to the Early/
Middle Pleniglacial (MIS 4/3). The OSL age of the
pseudomorph corresponds to the one period of per-
mafrost formation (~60 ka) in northern France described
by Bertran et al. (2014). Although no direct evidence of
the existence of permafrost during the Late Weichselian
(MIS 2) was obtained, its presence in the study area was
very likely, as, in central Europe, MIS 2isreported to have
been a significantly colder phase of the Weichselian
glacial than MIS 4 (Huijzer & Vandenberghe 1998).
Hexagonal thermal-contraction-cracking features
(10-25 m in diameter), visible in fields in aerial pho-
tographs (Fig. 6A), were interpreted as having a polyg-
onal pattern (Liljedahl et al 2016; Kanevskiy et al.
2017). Most of the observed polygons had sharp edges,

which, in aerial photographs, appeared darker than the
surrounding land. However, some polygons had more
rounded outlines and were delimited by wide depressions
or furrows, which may correspond to former thermal-
contraction-cracking features that underwent thermo-
karstic degradation (Bertran ez al. 2014; Andrieux et al.
2018). Larger terrain depressions often appeared irreg-
ularly covered with subcircular or elongated dark places,
a few metres to 100 m in length (Fig. 6A). This geomor-
phologically determined distinction is clearly visible
in historical maps and photographs, as the wet sites,
interpreted as thermokarst depressions, were used as
meadows, while arable fields were limited to the elevated
and thus drier areas (Fig. S2). On the basis of borehole
investigations, dark spots up to 3 m in depth corre-
sponded to wet organic-rich fine-grained sediment or
peat with minero-clastic diamicton deposits at the base,
whereas light spots indicated the coarser well-drained
sediment of bedrock. These structures could be remnants
of ‘sediment-filled pots’ (Conant et al. 1976; French
et al 2003), which presumably formed at the intersection
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Fig. 6. A. Aerial photograph (source: mapy.cz, year 2015) showing distinct structures visible on the agricultural field (49.12°N, 14.7°E) between
thermokarst basins (TB) interpreted as permafrost-related features. The structures include hexagonal polygonal nets and asymmetrical
permanently wet depressions filled by organic-rich fine-grained sediment or peat. B. An outcrop in the former sand pit near Zablati (49.1°N,
14.67°E) exposing the Cretaceous conglomerate and an upper layer of unconsolidated sandy gravel with silt. The unconformity between these units
was interpreted as the base of the palaeo-active layer; accordingly, the sediment deformations visible in the upper part of the outcrop probably
occurred during the deepening of the active layer and were interpreted as thermokarst involutions. C. The pseudomorph of thermal-contraction
crack, 1.5 mdeep and 1.2 m wide, filled by sandy silt (redeposited loess) dated by OSL at ~55 ka. [Colour figure can be viewed at www.boreas.dk].
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Table 3. Doserate, equivalent dose data and OSL ages of the ice-wedge pseudomorph infill exposed at former sand pit Zablati. H,O % = measured
water content (water mass over dry sediment mass); U = uranium; Th = thorium; K = potassium.

Lab. code Sample ID  Sampling ~ H,O (%) U(Bqkg ) Th(Bqkg') K(Bgkg!) Doserate(Gyka™!) OSL age (ka)
depth (cm)

GdTL-3531  Zablati_I 110 1545 30.1+0.5 53.240.8 384+10 2.54+0.1 58.342.5

GdTL-3532  Zablati 2 130 1545 30.1£0.5 53.240.8 38410 2.5140.1 53.3+2.8

of two or more wedges by a combination of thermal
erosion and the mixing, slumping and redeposition of
material from both the wedges and the enclosing
sediments. The modern permafrost analogue is the ‘thaw
sink’ (Hopkins 1949; French 2017).

The mound-like topography observed in the surround-
ings of some palaeo-lakes can also be interpreted as the
remnants of degraded thermal-contraction-cracking
features (probably ice wedges) (badland thermokarst
reliefs; Kokelj & Jorgenson 2013; Steedman et al. 2016),
and the shallow valleys between these reliefs are likely to
be meltwater channels (Fortier et al. 2007).

In the upper part of the exposed wall at the Zablati
sand pit, distinct large deformation structures occurred
in unconsolidated diamicton (grey sandy gravel with silt)
above the compact, white sandstone/conglomerate
(Fig. 6B). They included ball-and-pillow structures of
sand and silt,~0.6 m highand 0.5 m wide, round-topped
diapirs of melt-out diamicton up to 1.2 m high and 1 m
wide, and other types of cryoturbations in the uppermost
part of the outcrop. We interpreted these structures as
thermokarst involutions, formed by loading and lique-
faction in the permafrost active layer.

Discussion

The remnants of thermal-contraction-cracking features,
pitted and undulating topography, or structures inter-
preted as thermokarst involution (Fig. 6A, B) indicate
the previous existence of ice-rich permafrost in the study
area as well as past thermokarst landforms resulting
from its thawing. Irregular, non-ramparted depressions
are the most ubiquitous forms resulting from local
thermokarst processes. In a broad sense, thermokarst
forms originate from climate-induced and site-specific
causes (Toniolo er al. 2009). With regard to climate
change, the main factor is an increase in ground surface
temperature that alters the thermal balance. In mid-
latitudes of Europe the onset of the Lateglacial was
accompanied by a significant increase in temperature as
well as precipitation (Walker 1995; Huijzer & Vanden-
berghe 1998) and subsequently by permafrost degra-
dation within the former periglacial zones (see
Vandenberghe ef al. 2014 and references therein), with
the local development of thermokarst features including
shallow depressions filled by alluvial and/or colluvial
sediments (Bertran ez al. 2014). We propose that the
amelioration (overall warming) of the climate was,
similarly to in recent thermokarst regions, the funda-

mental trigger of intensive thermokarst processes and
thermokarst lake development in the study area.

Site-specific conditions influence the patterns and
amount of thermokarst settlement or the loss of surfi-
cial material. These processes are related mostly to the
quantity and type of ground ice (Shur & Osterkamp
2007; Wolfe et al. 2014), local hydrology and terrain
configuration (Jorgenson 2013). Therefore, to under-
stand the thermokarst processes in the Trebon Basin, we
need to take into account the geological, hydrogeological
and geomorphological contexts of the study area as well
as the palaeoenvironmental conditions throughout the
Late Pleniglacial — Lateglacial transition.

Massive ground ice formation

Due to a lack of information on cryostructures and
ground icing in the study area, the type of ground ice can
be only estimated on the basis of current hydrological and
geological conditions. All the studied palaco-lakes, as
well as most of the periglacial features identified from
aerial photographs, are located within poorly drained
low-lying areas. These water-saturated zones are derived
mostly from bedrock faults with structural controls
on groundwater upwelling, in some cases artesian. We
assume that during the cold conditions of the Late
Pleniglacial, subsurface ice had its highest occurrence
along these zones. All basins were formed in Miocene
sediments that consist of layers of sandy/silty clays,
clayey sands and sandy gravels with the thickness of
particular lithologies varying from several decimetres to
several metres. In this sequence, frost-susceptible fine-
grained sediments (i.e. layers of silty clay and clayey sand)
were particularly prompt in impelling unfrozen water to
thefreezing front(Wuet al 2012). Thisaction could have
induced the formation of discrete bodies of segregation
ice (Rampton 1988) and/or intrusive ice, when ground-
water was under (artesian) pressure (Mackay & Dal-
limore 1992; Mackay 1998). Observations from current
permafrost areas (e.g. Moorman ez al. 1998) imply that
such geohydrological conditions could promote the
formation of ice lenses up to several metres in thickness
and eventually heterogeneous tabular and/or folded
massive ice bodies parallel to the ground and subsurface
structures. In contrast to the deepest and largest basins
formed in the central parts of palaco-valleys, thermo-
karst lakes located farther from the downvalley axis tend
to be rather shallow, probably because of near-surface ice
segregation and shallow ice ground.
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Formation of palaeo-thermokarst depressions

Pingo and lithalsa scars. — Keeping in mind the assumed
hydrological and climatic conditions of the region, the
formation of perennial frost mounds, including both
open-system (hydraulic) pingos and mineral palsas
(lithalsas), can be expected.

Collapsed forms of these structures have the greatest
potential for preservation in the fossil record (French
2017)and have previously been described from numerous
sites in the past permafrost zone of north and north-
western Europe, for example in Wales (Watson 1971;
Ross et al. 2011), England (Watson & Watson 1972),
Scandinavia (Svensson 1971; Seppald 1972), Denmark
(Svensson 1971), Belgium (Pissart 2000, Pissart 2002),
Poland (Dylik 1963), northern France (Van Vliet-Lanog¢
et al. 2017) and the Netherlands (Hoek & Joosten 1995).
Both structures usually comprise circular or oval-
shaped depressions with a flat floor. They are usually
surrounded by a rampart, although this need not be
necessarily present due to either deposition in the scar
depression or erosion of the rampart (Flemal 1976).
Diameter ranges from several tens (lithalsa) to several
hundreds of metres (pingos) (Ahman 1976; Harris 1993;
Mackay 1998), depending on the size of the ice-core and
the amount of material that is relocated to the margins
through mass wasting (Wolfe et al 2014).

From this point of view, basins of the second group
show some morphological similarities to typical lithalsa
or pingo scars, as they are obviously circular with a pan-
like shaped bottom (Fig. 7). A possible explanation for
the absence of distinct ramparts in the surroundings of
the investigated lakes could be human action, which
completely disturbed the original geomorphology of the
sites during the construction of the fishponds and over
six centuries of intensive agriculture practices. This was
previously documented in areas of cultivation, for
instance from England (Watson 1972) or Paris Basin in
France (Pissart 2002), where ramparts were lowered
or completely destroyed and the overall micro-relief
strongly blurred. Another explanation for lacking ram-
parts may be removal by natural processes such as
slumping into the depression or lateral erosion by wave
activity, a mechanism described from current Arctic
areas (e.g. Miiller 1962; Wiinnemann et al. 2008). The
impure sand and gravel of the basal sediments (zone A)
could partially originate from the original rampart rims
destroyed during the later phase of the thermokarst
activity in the region (see also discussion below). Relicts
of potential ramparts could be preserved at the Blatny
site. When the water level of the fishpond is low, distinct
crescent-shaped sandy bars are visible (Fig. 7A). These
bars separate several circular depressions up to 3 m in
depth, which are filled by lacustrine sediments and peat
(Fig. 7B).

However, neither the morphometry nor the morphol-
ogy of the largest investigated basins (the first group)
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match the typical remnants of pingo/lithalsa scars, as
these basins tend to be rather elongated and irregular in
shape, with a V-shaped profile (Figs 3,4). These findings
point to the action of another thermokarst formation
process as well as a different post-formation history of
erosion and deposition. Given that all these basins are
associated with shallow valley-form depressions (Fig. 2),
itis possible they could have been influenced by processes
of fluvio-thermal erosion. The conceptual model of the
formation of such palaeo-lakes is presented in Fig. 8 for
the example of the Svarcenberk palaeo-lake.

Fluvio-thermal erosion. — Obviously elongated asym-
metrical basins of the first group arelocated within linear
shallow depressions, going from slightly elevated areas of
SW slopes toward the axial (Luznice) river flood-plain
(Fig. 2). These structures were presumably formed
during the Late Pleniglacial, and could be the remnants
of short palaco-tributaries of the Luznice River braided
plain (Chédbera & Vojtéch 1972). The drainage of slopes
probably occurred preferentially along the zones with
ice-rich ground (Fig. 8A). This is a readily identifiable
feature of arctic lowland terrain resulting in the common
thermokarst landform known as beaded streams (Merck
et al. 2012; Jorgenson 2013; Arp et al. 2015). Beaded
streams are generally associated with ice-wedge polygons
and locally with massive ground ice and thaw lakes
(Washburn 1973). When streams pass over networks of
ice wedges or massive ice, the thermal properties of the
flowing water cause complete ground ice degradation,
producing elliptical or irregularly shaped pools and thaw
pits often connected by long runs (Oswood et al. 1989;
Arpet al 2015). The highest intensity of thermal erosion
and thus the deepest ground ice degradation occurs
within low-gradient parts of channels.

The melting ofice and thereby ground subsidence could
have been intensified at the beginning of the Lateglacial
(Fig. 8B), during periods of climatic amelioration, when
surface water discharges were increasing and permafrost
was degrading. Increased flow through the valleys was
probably connected with lateral and vertical erosion
(scour) and the coalescence of separated pools, per-
mafrost scouring usually resulting in the formation of
irregular depressions often three to five times deeper than
the confluent channels (Rice et al. 2008). The strength of
bedrock deposits along zones of thawing ground was
reduced due to elevated pore pressures, rendering them
vulnerable to erosion along channel forms, whereas
permafrost zones with low contents of ground ice
provided cohesion for bed sediments. This heteroge-
neous fluvio-thermal erosion could have resulted in the
formation of discontinuous gullies. It might also explain
the elongated (up to 1 km in length) enclosed morphol-
ogy of the studied basins. Similar thermokarst processes
and landforms were observed, for instance, on Bylot
Island in northern Canada (Godin & Fortier 2012) and
are suggested to be the driving mechanism for the
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Fig 7. Aerial photograph (source: CUZK, year 2013) showing the Blatny fishpond during the low water table stage. Several circular, up to 3 m
depth palaeo-lake basins were mapped between distinct crescent-shaped sandy bars. Stratigraphical cross-sections of two palaeo-lake basins at the
Blatny site (yellow line) are shown below. [Colour figure can be viewed at www.boreas.dk].

formation of non-ramparted, up to 15 m deep, elon-
gated depressions (‘hollows’) described from the former
periglacial zone of England (Berry 1979; Banks et al.
2015).

Surface subsidence in zones of ice-rich permafrost
together with the incision of the Luznice River at the
transition from the cold Pleniglacial to the warmer
Lateglacial (Chabera & Vojtéch 1972) led to the discon-
nection of former streams from the Luznice flood-plain
and the sudden change in the hypsometric curve of
the stream. The shift of the erosion base toward SW
slopes was probably accompanied by backward ero-
sion (Fig. 8B) within developed basins resulting in the
formation of the steep north-facing slopes revealed at
the SVand VT palaeo-lakes (Fig. 3). Water flowing into
the depressions was able to amplify the deepening and
longitudinal extension of some basins and to cut down-
ward into their beds. The remnants of this process could
be internal valleys in the central part running parallel
with the longer basin axis (Figs 4, 5).

The central parts of basins were filled with relocated
terrigenous sediments (in some cases, with admixtures
of terrigenous plant remains), originating from the water-

shed of the channel and thaw slumps on adjoining
thermokarst slopes. The sedimentation of basal deposits
was probably followed by the accumulation of water
in initial depressions, as indicated by the presence of
aquatic plant macrofossils or cladocerans (Pokorny 2002).
The formation of a perennial water body in the depressions
could have significantly intensified thermokarst processes
as a result of its asymmetrical heat exchange during warm
and cold seasons, resulting in heat accumulation under the
water and the development of taliks under the deepening
lakes.

Evolution of lakes in the context of Lateglacial
environmental change

The possible mechanism of the formation of palaeo-lake
basins, derived mostly from their morphology, was
outlined above. The following section provides a chrono-
logical framework for their evolution obtained from their
sedimentary record.

The initial phase of thermokarst activity in the Ttebon
region (Fig. 8B) occurred shortly before ~16 ka, as
indicated by palynostratigraphy of the basal sediment of
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www.boreas.dk].

the Svarcenberk palaeo-lake (Pokorny 2002). This can be
correlated to the Weichselian Pleniglacial-Lateglacial
transition dated in central Europe to around 15 ka (Willis
et al. 2000). A sudden increase in air temperatures and
precipitation, datable to the onset of the Belling inter-
stadial (~14.6 cal. ka BP; GI-1e in NGRIP; Bjorck et al
1998), promoted the rapid deepening of depressions
(Fig. 8C). Thermokarst basin subsidence and increasing
water depth facilitated the accumulation of lacustrine
sediment (fine/coarse detritus gyttja). In many of the
studied lacustrine sedimentary records, autochthonous
lacustrine sediment alternates with distinct layers of a
sand/terrestrial vegetation admixture, which points to a
fluctuating lake level and/or the ongoing erosion of lake
banks. It also indirectly indicates that the soil surface in
the research area was rather unconsolidated and thus
vulnerable to erosion.

A decrease in autochthonous components together
with the high content of aquatic plants found in the B;
subzone (Pokorny 2002; Hosek ez al. 2017; P. Zackovd,
unpublished data) indicate lacustrine sedimentation
with a minimum input of slope material. This distinct
change in lacustrine sedimentation corresponds to the
onset of the Allered interstadial and suggests that the

evolution; see text for explanation. [Colour figure can be viewed at

main phase of the development of the largest lake basins
was established shortly after ~14 cal. ka BP. Conse-
quently, the initial phase of thermokarst subsidence and
lake growth must have occurred rapidly during less than
1000 years. This is in concordance with many observa-
tions from recent thermokarst regions, where the active
phase of thermokarst subsidence is assumed to have been
a short-term catastrophic event occurring over a few
centuries or even decades (e.g. Ballantyne 2018).
Although the deepest parts of the largest thermokarst
lakes were formed before the Allered, thermokarst
activity in the study area probably continued also during
later phases of the Lateglacial. As indicated by varied
palacoenvironmental records from the study area
(Pokorny 2002; Pokorny et al. 2010; Hosek et al. 2014,
2017), the Allered interstadial (~13.8-12.7 cal. ka BP;
GlI-1c) was warmer and significantly wetter compared to
the preceding periods. This climatic amelioration prob-
ably promoted further permafrost degradation and
caused the second (minor) phase of thermokarst activity
in the study area. In central Europe, a discontinuous/
sporadic permafrost table is assumed to have existed
during the Lateglacial (Isarin 1997; Huijzer & Vanden-
berghe 1998). In this environment, reshaping of the
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existing lake basins occurred and lithalsa scars could
form, as indicated by the results of the relative dating of
the basal lacustrine sediment of some lake basins of the
second group, which suggest Lateglacial (Allerad?) or
even Early Holocene age (Hosek et al. 2013). Further-
more, the radiocarbon date of ~13.7 cal. ka BP (wood)
from the interface between gyttja and basal sands in the
lake-shore sediments of the Svarcenberk site (Fig. 3,
Table 1) suggests that this part of the lake, semi-
separated from the main basin by a distinct ridge (Fig. 3),
had developed by the end of the Belling or at the very
beginning of the Allerad (Fig. 8D). Consequently, the
final shape of the Svarcenberk palaeo-lake was probably
established after this date by the coalescence of two basins
during a sudden increase in the water table. An increase in
lake level correlating with the Allered was documented in
many boreholes on the basis of changes in sediment
lithology and composition (e.g. the dominance of fine
detritus gyttja and the algal record; Pokorny 2002; HoSek
et al. 2016, 2017b). At the Veseli_2 palaeo-lake (Fig. 4),
the rise in lake level at the onset of the Allerod was
accompanied by the lateral expansion of the lake surface
and subsequently by the flooding of adjacent banks and
their intensive erosion. This is indicated by the distinct
layer of trunks and large branches of pine found within
colluvial sediment and dated to ~13.5 cal. ka BP (Fig. 4).
It is reminiscent of observations from recent permafrost
regions, where the early development of thermokarst
depressions was usually accompanied by the submergence
ofnearby standing trees (Fig. 8C; Czudek & Demek 1970;
Vitt et al. 1994). During the lateral expansion of the lake
surface and reshaping of the basins, destruction of
potential ramparts of some basins could occurred.

With the advent of the Younger Dryas stadial
(~12.7 cal. ka BP; GS-1), rapid cooling accompanied by
a decrease in precipitation occurred throughout central
Europe (Roberts 2014). In the study area, climatic
deterioration had a significant impact on both biotic
and abiotic processes (Pokorny 2002; Hosek et al. 2014),
resulting in sparser vegetation cover, and consequently an
increase in the input of allogenic material to lake basins
(Hosek et al. 2017), as manifested in the high silt content
and/or intermittent-to-common silt laminae within lacus-
trine sediments (Fig. 5). Overall, colluvial and aeolian
sedimentation together with physical weathering pro-
cesses prevailed. The surface was intensively remodelled
by cryoturbation, as documented in the area of archae-
ological excavation at the former shore of the Svarcenberk
palaeo-lake (Sida 2013). Wedge structures and cryotur-
bation phenomena observed throughout the Bohemian
Massif (Czudek 2005) suggest the occurrence of at least
sporadic permafrost or deep seasonal frost during the
Younger Dryas, although permafrost aggradation is
rather unexpected at these altitudes during this stadial
(Isarin 1997). Some small-size enclosed depressions and
hollows abundant throughout the study area could have
resulted in intensive landscape remodelling and the final

BOREAS

retreat of permafrost (or seasonally frozen ground), which
culminated throughout the Pleistocene—Holocene transi-
tion (~11.7 cal. ka BP). These small depressions or
thermokarst bogs were filled by colluvial sediment and
later, during the Early/Middle Holocene, by peat.

Conclusions

Dozens of large basins and enclosed depressions filled by
colluvial deposits, lacustrine sediments and peat were
discovered at the southern limit of the former European
permafrost zone. We assume that formation of these
basins is the result of a complex of several interdependent
thermokarst processes that occurred throughout the
Weichselian Pleniglacial-Lateglacial transition and dur-
ing the Lateglacial. These processes include the thermal
and fluvio-thermal erosion of ice-rich permafrost zones
and the consequent formation of discontinuous thermo-
karst gullies and possibly pingo or lithalsa scars. The
development of these rare post-thermokarst landforms
was possibly the result of the specific regional geological
and hydrogeological conditions. The formation and
subsequent stabilization of the lakes was climatically
driven and had two phases, with the major phase at the
onset of Pleniglacial/Lateglacial warming and rise in
precipitation (~16-15 cal. ka BP) and the minor phase
during the Lateglacial climatic oscillations (~14.7—
11.7 cal. ka BP). This study contributes to the knowledge
on the palaeogeography of the former European perigla-
cial zone by showing that Late Pleistocene thermokarst
activity could have had a significant impact on the
landscape evolution of some regions of central Europe
along the southern limit of the continuous permafrost
zone. Such findings also point to the involvement of
similar processes of physical landscape transformation
with respect to the former European periglacial zone and
current thermokarst landscapes of the Arctic.
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